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2.1 Du bilan d’énergie de surface . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.2 Construction d’une base de données globale . . . . . . . . . . . . . . . . . 11
2.3 Utilisations actuelles et perspectives . . . . . . . . . . . . . . . . . . . . . . 18

3 Modélisation de processus de surface 19
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
3.2 De l’impact des flux de surface sur la couche limite atmosphérique . . . . . 20
3.3 Un exemple : impact de la forêt des Landes . . . . . . . . . . . . . . . . . . 21
3.4 Un processus de surface particulier : le gel . . . . . . . . . . . . . . . . . . 25
3.5 Vers une plateforme unifiée pour les échanges surface-atmosphère : SURFEX 26
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12.6 Le schéma de convection peu profonde . . . . . . . . . . . . . . . . . . . . 245

3



Première partie

Introduction

4



Chapitre 1

Introduction

1.1 Mes axes de recherches

Au sortir de ma thèse, je me suis orienté vers l’étude du climat urbain. Cependant,
j’ai toujours gardé dès le début une activité de fond sur l’étude d’une part de la couche
limite, et d’autre part sur la modélisation des surfaces végétales. En effet, le climat urbain
est intimement lié aux deux autres thèmes, et ne saurait être étudié à part : il n’est -
en quelque sorte -, qu’une perturbation du climat local, dépendant principalement des
interactions entre couvert naturel (ou cultivé) et les basses couches de l’atmosphère : la
couche limite atmosphérique. Depuis quelques années, mes recherches s’équilibrent à peu
près équitablement entre climat urbain et phénomènes turbulents dans la couche limite
atmosphérique.

La météorologie urbaine est un pan nouveau de recherche au CNRM, et je tiens à
remercier ceux qui m’ont permis de le lancer et de m’y investir : Philippe Bougeault au
début (c’était juste pour une petite étude de couche limite sur Paris...), Joël Noilhan,
gourou de la modélisation de la végétation au CNRM, mais dont j’ai appris alors qu’il
avait fait sa thèse sur les échanges radiatifs entre différentes faces d’un bâtiment, et Eric
Brun, spécialiste de la neige, mais ayant, en tant que directeur du CNRM, appuyé et même
initié des collaborations sur la ville avec des partenaires plus ou moins exotiques vis à vis
de la météorologie, pour des projets (j’y reviendrai en fin de ce document) qui ne le seront
pas moins.

Les différents travaux que je présente dans ce document ont été réalisés en collaboration
avec d’autres chercheurs, et de nombreux l’ont été par les thésards que j’ai encadrés ou
coencadrés, et que je remercie chaleureusement pour tous les bons moments passés avec
eux, tout ce qu’ils m’ont apportés au niveau scientifique et humain : Aude (qui essuyait
les plâtres et a bien voulu revenir dans l’équipe, ouf), Grégoire, Séverine, Irina, Julia et
Julien.

1.2 Les principes ayant guidé ma recherche

Les travaux que j’ai effectués en recherche ont tous étés guidés par quelques principes
généraux que je détaille ci-après, sur la façon de concevoir des modèles et sur la diffusion
de mes recherches. J’ai tenté de les inculquer aux étudiants que j’ai encadrés.
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1.2.1 Comment modéliser ?

J’ai passé la plupart de mon temps au CNRM à modéliser. Toutefois, modéliser ne
signifie pas uniquement conceptualiser, réaliser et mettre en œuvre un outil numérique.

En premier lieu, je considère qu’il faut toujours douter des modèles, et de ce fait conduire
des validations poussées systématiquement avec des observations. Ainsi, j’ai tenté de me
référer le plus possible aux mesures existantes dans la littérature (campagnes d’intercompa-
raisons passées pour la turbulence, observations in-situ de la végétation). Ceci m’a poussé à
participer et définir des campagnes expérimentales (mesures lors d’ESCOMPTE sur Mar-
seille et CAPITOUL sur Toulouse respectivement) et des expériences en laboratoire (thèse
Séverine Tomas).

En second lieu, lors du dysfonctionnement éventuel des paramétrisations physiques, au
lieu de modifier plus ou moins aveuglément les réglages d’un modèle dans le but d’obtenir
le résultat souhaité, je reviens systématiquement au processus physique de base . L’exemple
le plus flagrant a sans doute été mon refus de caler plus ou moins arbitrairement les pa-
ramètres d’un schéma de végétation pour représenter les effets urbains, ce qui m’a permis
de créer le schéma de ville TEB. Ceci permet de comprendre l’origine du dysfonction-
nement, et de le corriger en se basant sur des considérations physiques. Cette approche,
parfois longue à première vue, facilite à terme l’utilisation du modèle dans des conditions
autres que celles sur lesquelles il a été validé, car celui-ci répondra avec les bons processus.

1.2.2 Diffusion de mes recherches

De plus, j’ai toujours cherché à diffuser le résultat des recherches entreprises.
Ainsi, même si je travaille le plus souvent sur des phénomènes de petite échelle (je ne

vois pas plus haut que la couche limite, ou presque), j’essaie de faire en sorte de ne pas
m’enfermer dans mon cas d’étude, de façon à ce que je fasse ici puisse être utilisé, par
d’autres chercheurs, laboratoires ou institutions, là-bas, ailleurs.

Un effort de vulgarisation a été mené, principalement dans le cadre de la formation
universitaire au Master de Toulouse, mais aussi, épisodiquement, auprès du grand public.
Par exemple, dans le cadre de CAPITOUL, une exposition a été réalisée à l’aéroport de
Toulouse, ainsi qu’un reportage télévisé d’une heure sur le climat urbain et les mesures sur
Toulouse. C’est amusant d’expliquer le bilan d’énergie des surfaces urbaines avec son pot
de fleur, un arrosoir, une lampe de chevet et une brique.

Enfin, la diffusion - en interne ou externe - des différents modèles auxquels j’ai contribué
a été un soucis constant. Certes, celà était parfois consommateur en temps car des développe-
ments techniques importants étaient parfois nécessaires. Mais au final la satisfaction est
grande, car ces modèles sont mis à la disposition des équipes de recherche (principalement
au sein du modèle MESONH et de la plateforme SURFEX de schémas de surface par-
tagée par les divers modèles de Météo-France). Le développement du modèle de prévision
opérationnel à 2km de résolution AROME a été très enrichissant pour moi, car m’a permis
de me confronter - un peu - au retour des prévisionnistes sur le modèle. AROME inclut en
effet des paramétrisations que j’ai développées, parmi lesquelles la surface externalisée et
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le modèle de ville, TEB, le schéma d’interactions couche limite de surface/canopée et un
nouveau schéma adaptatif de convection sèche à peu profonde. Ces avis des prévisionnistes
permettent et permettront une amélioration constante des modèles. N’oublions pas : ”un
modèle inutilisé est un modèle mort”

1.3 Comment lire ce document

Tout au long de ce document, j’ai cherché à synthétiser les différents travaux que j’ai
menés, initiés ou sur lesquels j’ai collaboré étroitement. Je ne cherche pas à être exhaustif
dans la description de ceux-ci, et je propose au lecteur intéressé de se référer aux ar-
ticles cités. Trois grandes parties composent ce mémoire : j’aborderai d’abord les aspects
généraux liés à la modélisation de la surface, puis dans un deuxième temps les recherches
sur la turbulence et la couche limite atmosphérique en conditions relativement simples,
avant d’aborder les phénomènes complexes résultant des interactions entre hétérogénéités
de surface et couche limite dans le cas particulier de la météorologie urbaine. Bien sûr, mes
recherches ne s’arrêtant pas là, je finirai par deux chapitres de perspectives. De plus, j’ai
cherché à illustrer ce mémoire par de nombreuses figures pour faire ressortir la continuité
et les interactions des processus physiques sur lesquels s’est axé mon travail de recherche,
et afin de la rendre accessible au non spécialiste.
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Deuxième partie

Description des hétérogénéités de
surface
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Chapitre 2

La végétation à 1km de résolution
sur le globe : ECOCLIMAP

Sommaire
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2.1.2 Intérêt pour les modèles météorologiques . . . . . . . . . . . . . . . . . . 10
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2.2.1 Méthodologie . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.2.2 Ecoclimap . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.2.3 Détermination de l’ensemble des paramètres de surface . . . . . . . . . . 15

2.3 Utilisations actuelles et perspectives . . . . . . . . . . . . . . . . . . . 18

2.1 Du bilan d’énergie de surface

2.1.1 Généralités

La surface est un lieu privilégié d’échange de masse et d’énergie entre deux milieux très
différents : l’un solide (ou liquide) : la surface, l’autre principalement gazeux : l’atmosphère.
Du fait que la majeure partie de l’énergie solaire atteint la surface, les échanges au niveau
de la surface constituent la source d’énergie principale de l’atmosphère.

La détermination des flux radiatifs et des flux turbulents de chaleur et d’humidité de la
surface vers l’atmosphère sont naturellement dépendants des caractéristiques de la surface
en question, en particulier son albédo selon qu’elle est plus ou moins claire (rayonnement
solaire), sa température (pour le flux de chaleur et l’émission infra-rouge) et son humidité
(pour le flux de vapeur d’eau). L’évaporation sera plus forte sur une pelouse bien irriguée
que sur un désert.

La détermination de la température est intuitivement reliée à l’énergie disponible en
surface, qui peut alors être redirigée vers l’atmosphère. L’évaporation elle dépendra natu-
rellement du bilan en eau du sol, qui permettra de savoir combien d’eau est disponible.
Cependant, l’évaporation demande aussi de l’énergie. En effet, l’eau dans le sol est sous
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forme liquide, alors que celle relâchée dans l’atmosphère l’est sous forme vapeur. Il faut donc
évaporer l’eau, et cela demande de la chaleur latente. Ainsi, les deux quantités température
et humidité de surface sont contraintes conjointement par le bilan d’énergie disponible en
surface. Comme on le verra, il y a même compétition entre les deux effets.

De plus, la surface terrestre freine le vent (techniquement via un flux de quantité de
mouvement de l’atmosphère vers la terre). Ce ralentissement est fortement dépendant des
obstacles : le vent sera moins freiné au dessus d’un désert de sable ou de glace qu’au
dessus d’une forêt ou d’une ville (avec tous les intermédiaires). Ce frottement est souvent
paramétré par un paramètre clé, la longueur de rugosité, qui par ailleurs influe aussi les
échanges de chaleur et d’eau, car ceux-ci dépendent aussi du vent au dessus de la surface.

2.1.2 Intérêt pour les modèles météorologiques

La bonne représentation des échanges près du sol est primordiale dans les modèles
météorologiques quelle que soit l’échelle considérée, pour des raisons parfois différentes :

— A méso-échelle (10km de résolution et mieux), l’hétérogénéité de la surface induit
des phénomènes météorologiques particuliers : brises de mer, de terre, de vallées,
hauteur de couche limite atmosphérique constrastées, bancs de brouillard, etc...

— En prévision numérique du temps (à grande échelle comme à méso-échelle), une
bonne prévision du temps qu’il fait (dépressions, nuages, etc..) est primordiale, mais
la prévision de l’atmosphère près de la surface (température, humidité, vent) est tout
aussi importante, de part l’impact sur la vie des gens et les activités économiques
sensibles aux phénomènes météorologiques.

— En prévision du climat, il faut s’attacher à simuler correctement les grands équilibres
du système terre, dont ces échanges au niveau de la surface.

2.1.3 Caractéristiques de surface pertinentes

Afin de simuler ces échanges au niveau de la surface, il s’agit bien sûr de paramétriser
ces effets (ce que l’on verra dans les chapitres suivants). Mais il faut avant tout connâıtre
quelle est cette surface !

Dans ce but, j’ai contribué à développer une base de données décrivant la végétation,
ecoclimap (Masson et al 2003). Afin qu’elle puisse servir pour l’ensemble des applications
météorologiques citées ci-dessus, elle a été construite en suivant les spécifications suivantes :

1. La surface est décrite sur l’ensemble du globe (afin d’être utilisable pour les simu-
lations globales de prévision ou climat)

2. La résolution est forte (30” soit environ 1km) de façon à être utilisable pour les
applications à méso-échelle tenant compte des hétérogénéités de surface.

3. La base de données décrit non seulement le type de couvert (mer, forêt de feuillus,
zone urbanisée...), mais aussi les paramètres physiologiques décrivant la végétation :
en premier lieu l’indice foliaire (quantité de feuille en m2 / m2 de surface sous-
jacente) -ou Leaf Area Index, LAI-, ainsi que la fraction de végétation, l’albédo, la
rugosité, etc... Pour les besoins des schémas de surface futurs, d’autres paramètres
descriptifs des plantes ou du couvert doivent être facilement intégrables à la base de
données.
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4. La base de données doit être simple à utiliser, et accessible à l’ensemble de la com-
munauté de recherche.

Les deux premiers points permettent d’assurer une cohérence importante au niveau des
applications météorologiques, tous les modèles à différentes échelles interagissant avec une
végétation identique. Ainsi, par exemple, une simulation à méso-échelle (pour des besoins de
recherche ou de prévision) peut être menée en n’importe quelle zone du globe. Le troisième
point cadre les paramètres de végétation à décrire, tout en insistant sur les évolutions
nécessaires liées aux futurs modèles de surface, par exemple ceux prenant en compte la
photosynthèse et la croissance des plantes. Et ceci tout en restant simple d’utilisation.

Lorsque la décision de construire Ecoclimap a été prise, les bases de données à haute
résolution souffraient toutes d’au moins une des limitations ci après : (i) description du
type de couvert mais pas des paramètres décrivant les plantes (par exemple la carte de
l’université du Maryland, qui est un élément de base d’Ecoclimap) ; (ii) elle ne couvraient
qu’une portion de la terre (par exemple Champeaux et al 2000 sur l’Europe) ; (iii) Un
seul paramètre physiologique des plantes était cartographié à haute résolution, mais sans
autre indication quant au type de couvert ou autres paramètres. C’est typiquement le cas
des produits fournis à partir de programmes et mesures satellite dédiées, comme le LAI
(POLDER, à 10km de résolution).

Les bases de données globales et complètes (en terme de description et paramètres)
étaient typiquement à 1 degré de résolution (par exemple Dorman et Sellers 1989). On se
rend bien compte de la limitation que cela peut poser pour des études à méso-échelle, ou
pire de climat urbain. Même si de nombreux récits de science-fiction décrivent des ville-
monde, nous n’en somme heureusement pas encore là.

2.2 Construction d’une base de données globale

2.2.1 Méthodologie

Les bases de données de végétation sont construites selon deux philosophies différentes.
La première est de constituer une carte pour chaque paramètre (par exemple albédo, rugo-
sité), et ceci pour chaque période de l’année (typiquement tous les mois) pour les paramètres
variant selon la saison (comme le LAI, la fraction de végétation). Cette philosophie est ty-
piquement celle suivie pour l’observation du LAI par satellite. La seconde est de construire
une seule carte de types de couvert, et d’associer via des tables de correspondance des
paramètres à chaque type de couvert.
La première méthode a l’avantage de décrire la variabilité spatiale de chaque paramètre
librement, mais a deux inconvénients : d’être lourde à manipuler (nombre important de
fichiers) et de ne pas assurer forcément la cohérence entre les différents paramètres. La
seconde méthode n’a pas ces inconvénients, mais est fortement limitée dans sa description
spatiale au nombre de classes choisies (de l’ordre de la dizaine). Ceci conduisait par exemple
dans les bases de données globales de ce type à prescrire les mêmes paramètres pour une
forêt méditerranéenne ou une forêt boréale.

Ecoclimap a été bâti de façon à retenir les avantages de ces deux méthodes, mais en en
minimisant les inconvénients. Pour ce faire, la méthodologie se base sur une classification
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en type de couvert, mais sans limitation a priori du nombre de types de couvert. Celui-ci
sera déterminé à partir d’une classification climatique d’une part, et de données satellites
d’autre part.
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(a) Classes de couvert de l’université du Maryland.

(b) Classes de couvert de CORINE LAND COVER.

(c) Carte de climats.

Figure 2.1 – Land cover et climats utilisés pour construire Ecoclimap (Masson et al 2003).
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Figure 2.2 – Désagrégation de classes de couverture de sol en fonction des climats et des
indices de NDVI : exemples des zones semi-boisées (en haut) et des zones agricoles (en
bas). Chaque couleur correspond à un ”écosystème” selon ecoclimap.
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2.2.2 Ecoclimap

La méthodologie a consisté à croiser des informations de type de couvert - décrivant ce
que l’on rencontre - avec des informations de climat - décrivant l’environnement climatique
influençant le couvert -, l’information satellite servant ensuite à regrouper (éventuellement)
les types de couverts identiques (ex : forêts) qui sont semblables (même cycle annuel par
exemple) d’une zone climatique à l’autre.

La base de données de types de couvert provient de l’université du Maryland (Hansen
et al 2000i, figure 2.1(a)), avec un raffinement sur l’Europe (CORINE land cover, Heymann
et al 1993, figure 2.1(b)), soit 60 types de couverts (certains redondants entre les deux clas-
sifications). Cette information a été croisée sur chaque continent avec la carte de climats de
Koeppe et Delong (1958). Ceci conduisait à plus de 2000 combinaisons, dont on a calculé
l’évolution de l’indice de végétation NDVI à partir des images satellites AVHRR. En re-
groupant les combinaisons dont le comportement végétatif était visiblement similaire, ceci
a conduit à définir une classification avec 215 écosystèmes, à comparer aux 60 types de cou-
verts initiaux. La figure 2.2 montre ainsi le raffinement obtenu pour les zones semi-boisées
(initialement 1 type de couvert) et pour les zones de cultures (même remarque). Il reste à
présent à déterminer les paramètres physiologiques pour chacun de ces 215 écosystèmes.

2.2.3 Détermination de l’ensemble des paramètres de surface

Puisque l’on travaille sur l’ensemble du globe, la détermination des paramètres de sur-
face, en particulier ceux de la végétation, ne peut être réalisée à partir de données relevées
in-situ, car de nombreux écosystèmes ne sont pas documentés (les mesures étant surtout
nombreuses en Europe et Amérique du Nord- et parfois limitée au maximum végétatif-
, mais plus rares ailleurs). Les mesures satellites AVHRR de l’année 1992-1993 (alors la
seule disponible) sont donc utilisées pour décrire l’évolution de l’indice foliaire. Ceci nous
permet de couvrir l’ensemble des écosystèmes. Le minimum et le maximum du LAI sont
fixés à partir de connaissances in-situ, et le cycle annuel prescrit par l’observation satellite.
Le LAI ecoclimap est validé par comparaison avec d’autres bases de données de produits
satellitaires (mais à plus basses résolutions spatiales, figure 2.3), ainsi que sur un ensemble
de plus de 300 points de mesures in-situ (figure 2.4).

Outre le LAI, trois autres paramètres sont décrits individuellement pour chaque écosystème :
(i) la répartition entre 12 types différents de végétation (sol nu, rochers, glaces, feuillus,
conifères, feuillus persistants, cultures C3, cultures C4(type mäıs) , cultures irriguées, prai-
ries, prairies tropicales, zones humides), (ii) la hauteur des arbres -le cas échant -, et (iii)
la profondeur des racines (en se basant sur Canadell et al 1996]). Les autres paramètres
(fraction de végétation, rugosité, albedo, tout paramètre spécifique au schéma utilisé -ici
ISBA, Noilhan et Planton 1989-) sont déterminés à partir de relations entre le LAI et les
12 types de végétation. L’albédo (figure 2.5) tient aussi compte de la nature du sol (plus
ou moins sableux).

Ecoclimap ainsi construit (Masson et al 2003) a été testé dans une simulation clima-
tique avec ARPEGE-climat (Déqué et al 1994). Par rapport à Dorman et Sellers (1989),
Ecoclimap améliore un peu la température journalière maximum dans l’hémisphère sud,
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Figure 2.3 – Leaf Area Index (LAI) pour le mois de juillet : ecoclimap (1km de résolution,
en haut), Polder (10km de résolution, au milieu) et ISLSCP2 (1 degré de résolution, en
bas).

mais surtout améliore globalement la température nocturne (figure 2.6), par en général une
meilleure description des couverts hétérogènes (type zones semi-boisées septentrionales ou
savannes).

En pratique, seule la carte des 215 ecosystèmes et les deux cartes de texture du sol
(argile et sable) sont nécessaires pour dériver toute carte d’un paramètre de végétation
quelconque, les données liées à celui-ci étant incluses dans des tables de correspondance.
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Figure 2.4 – Validation des LAI ecoclimap à partir de plus de 300 points de mesures
in-situ de LAI.

Figure 2.5 – Albedo dans ecoclimap.

Ceci permet une diffusion simple d’ecoclimap, qui est d’ailleurs libre d’accès pour des
activités de recherche sur le web :
http ://www.cnrm.meteo.fr/gmme/PROJETS/ECOCLIMAP/page ecoclimap.htm

17



Figure 2.6 – Validation de ecoclimap à partir de simulations de 10 ans d’ARPEGE-Climat
(étoiles : ancienne base de données, carrés : ecoclimap ; plus le score est bas, mieux c’est).

2.3 Utilisations actuelles et perspectives

Ecoclimap est actuellement utilisé dans des modèles à méso-échelle (MésoNH en re-
cherche et AROME en prévision du temps). Il sera d’ici la fin de l’année intégré au sein
des différents modèles de Météo-France (Arpege, Arpege-Climat, Aladin), grâce à un ef-
fort d’unification de code (SURFEX) que j’évoquerai dans un prochain chapitre. Surtout,
Ecoclimap a été diffusé à différents laboratoires, de part sa simplicité d’utilisation et la
large gamme d’échelles spatiales qu’Ecoclimap peut représenter. Il sert de référence dans
le projet européen GMES sur l’étude des flux de carbone en Europe.
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Chapitre 3

Modélisation de processus de surface
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3.5 Vers une plateforme unifiée pour les échanges surface-atmosphère :
SURFEX . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3.1 Introduction

Une modélisation atmosphérique ne se conçoit plus sans une modélisation, la plus exacte
possible (en fonction des objectifs de recherche), de la surface sous-jacente. Mes travaux
m’ont ainsi conduit à étudier comme un fil rouge les paramétrisations de surface. Je re-
viendrai plus tard dans ce mémoire sur la modélisation des surfaces urbaine. Je n’ai que
-relativement- peu travaillé sur le développement de nouvelles paramétrisations des surfaces
naturelles ou végétales (j’en présente néanmoins quelques uns dans ce chapitre). Mais j’ai
tenté en permanence conservé une expertise sur la plupart des nouveaux processus phy-
siques pris en compte dans les paramétrisations, ne serait-ce que vis à vis de l’influence des
paramètres physiologiques des plantes sur ces processus (en lien avec Ecoclimap) et leur
influence sur les échanges d’énergie (cf ci après) et les basses couches de l’atmosphère. Ceci
me permet de voir (mais bien sûr de manière très limitée), l’intérêts de divers processus
pour des questions de recherches futures : on peut citer par exemple la version multi-couche
du sol du schéma de végétation (pour les prévision de brouillard, l’étude du permafrost ou
les questions d’hydrologie), la photosynthèse et le cycle du Carbone des plantes (pour les
questions relatives au changement climatique).

Plus que de garder simplement une vision générale de la surface, j’ai œuvré à ce qu’une
communauté, d’abord au CNRM, travaille ensemble sur les schéma de surface, permet-
tant de capitaliser et échanger les expertises de chacun sur ces divers processus de surface.
Je ne l’ai pas fait via des réunions ou en coordonnant des groupes de travail. J’ai, pour
ainsi dire, saisi une opportunité suite à une réunion au lancement des développement sur
le modèle de prévision à forte résolution AROME : la décision de développer la physique
de surface d’AROME à partir des schémas du modèle de recherche MesoNH. La décision

19



était la même pour la physique d’altitude, mais la question pouvait se poser puisque le
schéma de végétation Isba (Noilhan et Planton 1989), sous deux versions complètement
différentes (sans une ligne de code en commun), existaient dans l’univers opérationnel et
dans MesoNH. Toutefois, ceci permettait de diffuser vers AROME d’autres développements
de surface, comme le schéma de ville TEB. Créer un outil commun pour la modélisation
de surface, appelé SURFEX, était ma manière à moi de créer une communauté soudée
autour de ces thématiques.

Ainsi, j’ai voulu avoir pour la surface une vision plus large que juste une synergie
AROME-MesoNH. J’ai, relativement arbitrairement, repensé à partir de zéro l’architec-
ture du code de surface, afin qu’il soit (strictement) identique, utilisable et partageable
par l’ensemble des modèles atmosphériques du CNRM et pour les études en mode forcé
(”off-line”). Ceci soulevait plusieurs difficultés (couplage, format de fichiers, parallélisation,
utilisation de plusieurs surfaces simultanément). J’ai d’abord réalisé cette externalisation
dans MesoNH et AROME, mais en gardant à l’esprit de construire un outil le plus général
et modulaire possible, SURFEX, afin qu’il soit ensuite interfaçable avec les modèles de
climat et de prévision du temps ARPEGE-climat, ARPEGE et ALADIN. Après environ
un an de travail, l’intégration en mode forcé, dans AROME et dans MesoNH a été menée à
bien en 2007. De nouveaux développements scientifiques au sein de SURFEX sont menés,
notamment en assimilation de données (non présente dans la version initale de SURFEX),
afin de le rendre utilisable pour la prévision du temps. L’intégration dans ARPEGE-climat,
ARPEGE et ALADIN sera finie en 2009. Ceci a été possible grâçe à l’effort -très important-
de nombreuses personnes du CNRM, en particulier dans les groupes de prévision et de cli-
mat que je salue ici.

Je présenterai dans ce chapitre quelques exemples de travaux auquels j’ai contribué sur
les surfaces végétales et naturelles, avant de décrire brièvement SURFEX plus en détail
dans la dernière partie.

3.2 De l’impact des flux de surface sur la couche limite

atmosphérique

L’énergie en surface est reçue principalement par rayonnement, d’une part par rayon-
nement solaire (R↓

S) et d’autre part par le rayonnement de l’atmosphère vers le bas dans
l’infrarouge (R↓

L). Cette énergie est répartie via plusieurs processus. Tout d’abord, une
partie est perdue elle aussi par rayonnement. Une partie du rayonnement solaire incident
est réfléchie, et ceci d’autant plus que la surface est claire (albédo fort). C’est le terme R↑

S.
La surface emet elle aussi en infrarouge, en se comportant presque comme un corps noir
(émissivité proche de 1). C’est le terme R↑

L. Le bilan des deux termes solaire est bien sûr
un gain pour l’atmosphère, et le bilan des termes infrarouge est une perte. Si ces termes
sont très importants dans l’évolution de la surface (en particulier de sa température), ce
ne sont pas les termes couplant la surface et l’atmosphère. Le couplage se fait principale-
ment via les échanges directs par turbulence avec l’air proche de la surface. Cette énergie
sert soit à chauffer/refroidir les parcelles d’air au contact du sol (flux sensible, QH), soit à
évaporer l’eau dans le sol, ce qui se traduit par un transfert d’eau sous forme vapeur vers
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l’atmosphère (QE, flux ”latent”), elle aussi transportée plus haut vers l’atmosphère par les
mouvement turbulents. Enfin, une partie de l’énergie est transmise vers le sol plus profond
-le jour- ou revient de celui-ci -la nuit- (ΔQs).

Le bilan d’énergie de surface peut ainsi s’écrire :

R↓
S − R↑

S + R↓
L − R↑

L = QH + QE + ΔQs

Les échanges turbulents en surface vont rapidement modifier les caractéristiques des
basses couches de l’atmosphère : la Couche Limite Atmosphérique (CLA). ”rapidement”
ici signifie avec des constantes de temps de l’ordre de l’heure, en tout cas inférieures à la
journée. La CLA présente ainsi un cycle diurne marqué (il fait plus froid la nuit que le
jour !), alors que l’atmosphère au-dessus varie plus lentement dans le temps.

Je décrirai plus amplement la théorie de la CLA dans les chapitres suivants. Le présent
chapitre a pour but d’être descriptif sur les échanges surface atmosphère et les phénomènes
intervenant lors de ceux-ci.

3.3 Un exemple : impact de la forêt des Landes

L’impact météorologique d’un changement de type de surface est clair dès lors que
les surfaces sont assez étendues (le terme ”assez” restant assez dépendant du lieu et du
phénomène étudiés). Ainsi, une brise de mer nâıt dès que les conditions sont favorables.
Une brise similaire (mais concentrique) peut avoir lieu en présence d’un lac important
(comme celà est souvent observé en Floride par exemple). Dans le même genre d’idée,
des constrastes dans la CLA peuvent être simplement liés à des transitions végétales. Par
exemple la campagne HAPEX-MOBILHY (André et al 1986) a étudié l’impact de la forêt
des Landes sur la CLA. Le même site (la forêt des Landes et le Sud-Ouest) sera repris
dans la campagne CARBO-EUROPE (Dolman et Noilhan 2006) pour l’étude sur les flux
de carbone et du transport de celui-ci dans la CLA (Sarrat et al 2009).

Le contraste de comportement entre forêt et champs cultivés est bien décrit par l’évolution
des flux turbulents observés (et bien simulés) pour chaque site (figure 3.1). Alors que le flux
net radiatif en journée est similaire (un peu plus élevé en forêt car elle est plus sombre),
l’évaporation est importante au dessus des champs (irrigués), alors que c’est le flux sensible
de chaleur qui domine pour la forêt. En milieu de journée (figure 3.2), un modèle de 1km
de résolution (MesoNH, Lafore et al 1998), permet de bien reproduire ces différences, mais
aussi les effets d’Oasis des grandes clairières cultivées au milieu de la forêt (Bélair et al
1998). Du fait du flux de chaleur sensible plus fort, la couche limite est plus élevée (non
montré) et plus turbulente au dessus de la forêt, comme l’attestent les mesures avion et la
simulation (figure 3.3).
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(a) Forêt des Landes. (b) Sur des cultures.

Figure 3.1 – Variabilité spatiale des flux d’énergie pour deux types de couvert (Bélair et
al 1998) : Forêt des Landes (à gauche), cultures (à droite).

(a) modèle à 10km. (b) modèle à 1km.

Figure 3.2 – Variabilité spatiale des flux d’énergie simulés par MESONH sur Hapex-
Mobilhy (Bélair et al 1998).
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(a) Trajectoire de l’avion. (b) Flux turbulent de chaleur observé à
trois altitudes par l’avion et simulé.

(c) Idem pour la turbulence

Figure 3.3 – Impact des flux de surface sur les paramètres turbulents (Bélair et al 1998).

La campagne CARBO-EUROPE a poursuivi 20 ans après HAPEX-MOBILHY les
études de la couche limite sur le Sud-Ouest, en s’attachant toujours aux interactions entre
surface et couche limite atmosphérique. Le point novateur était de quantifier les interac-
tions en terme d’échanges de CO2, ainsi que les conséquences sur la concentration en CO2.
Afin de simuler ces processus, le schéma de photosynthèse ISBA-AGS (Calvet et al 1998)
a été utilisé au sein de SURFEX (cf plus bas) et le CO2 ajouté dans Meso-NH. Le modèle
reproduit fidèlement l’évolution de la concentration en CO2 de la masse d’air dans la couche
limite entre le matin (masse d’air océanique avec concentration constante) et l’après-midi,
en aval de la forêt et des cultures, lorsque la concentration a baissé suite à l’assimilation
de carbone par les plantes (figure 3.4). Ceci est possible grâce à la bonne représentation
des flux de CO2, aussi bien de nuit (respiration) que de jour (photosynthèse) pour divers
sites instrumentaux décrivant divers types de couverts (figure 3.5).

(a) (b)

Piper−Aztec flight 06−06 0800UTC upwind Piper−Aztec flight 06−06 1700UTC downwind

Figure 3.4 – Concentration de CO2 mesurées par l’avion et simulées dans Meso-NH le 6
juin 2005 (Sarrat et al 2009).
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Figure 3.5 – Flux de CO2 (µmol.m−2.s−1) dans Meso-NH en diverses stations pour la
journée du 6 juin 2005 (Sarrat et al 2009).

Ces travaux, basés sur la simulation systémique des processus physiologiques des plantes,
permettront par exemple l’estimation du bilan de carbone d’une région, maintenant ou dans
l’avenir, alors que les conditions atmosphériques (climat, concentration moyenne en CO2)
auront changé.
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3.4 Un processus de surface particulier : le gel

De part son hétérogénéité intrinsèque et les divers forçages auquelle elle est soumise, la
surface peut mettre en œuvre des processus physiques et physiologiques très divers. Parmi
ceux-ci, il m’a été donné de contribuer à l’étude du gel dans le sol. Lorsque, soumis à des
refroidissements forts, le sol se refroidit en dessous de 0C, l’eau dans celui-ci se met à geler.
Ceci a plusieurs impacts induits : premièrement, en gelant, l’eau libère de l’énergie latente,
ce qui limite le refroidissement du sol ; deuxièmement, l’eau gelée ne peut plus être captée
par les plantes, et donc celà limite l’évaporation, jusqu’à ce que l’eau soit dégelée. Si le
processus semble simple à décrire, sa prise en compte est complexe dans les modèles. L’eau
ne gèle pas ”en bloc”, mais d’abord depuis la surface, ce qui met déja en avant le lien avec
la discrétisation verticale du modèle de surface. Ensuite, une partie de la perte d’énergie
par la surface sert à geler l’eau, mais des transferts de chaleur depuis le sol plus profond
sont aussi à prendre en compte, ainsi qu’un rôle atténuateur de la canopée végétale ou du
manteau neigeux éventuel.

(a) ISBA diffusion (en haut) versus ISBA force-
restore (en bas).

(b) températures à différents niveaux dans le sol,
ISBA diffusion.

Figure 3.6 – Evolution sur 5 jours de la température du sol en condition de gel fort.
simulation I (ice) : prise en compte du gel graduée ; simulation NI (no ice) : pas de prise
en compte du gel ; simulation IA (Ice All) : prise en compte de toute l’énergie disponible
pour geler. (Boone et al 2000).

Le gel dans le sol a été introduit dans deux versions du schéma de sol-végétation ISBA
par Boone et al (2000). Ces deux versions diffèrent par la discrétisation du sol : dans la
première (la version ”historique”, encore la plus utilisée), une méthode ”force-restore” à
2 couches est utilisée (avec un rappel en température entre ces couches). Dans la version
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diffusion, le sol est finement discrétisé, et l’équation de conduction de la chaleur (ou de
l’eau liquide) est résolue par une équation de diffusion. Quelle que soit la version utilisée,
la non-prise en compte du gel dans le sol conduit à un refroidissement irréaliste de la
température du sol en conditions froides, comme celles rencontrées sur les Grandes Plaines
pour cette étude (figure 3.6(a)). Le fait de prendre en compte tout ou seulement partie
de l’énergie pour geler l’eau est moins critique. La version ”diffusion” permet d’obtenir un
meilleur résultat que la version ”force-restore”, ainsi qu’un détail fin du profil de glace dans
le sol, ce qui ouvre des perspectives scientifiques intéressantes pour par exemple l’étude du
permafrost dans le cadre du changement climatique.

3.5 Vers une plateforme unifiée pour les échanges surface-

atmosphère : SURFEX

Afin que les diverses avancées scientifiques effectuées sur la surface soient échangées,
mises en commun et finalement utilisées par les équipes scientifiques travaillant sur le sujet,
j’ai travaillé activement à et coordonné l’élaboration d’une plateforme commune contenant
divers modèles de surface. Il s’agit de mettre en commun les développements entrepris plus
ou moins indépendamment dans plusieurs thématiques. Comme décrit sur la figure 3.7, sui-
vant son domaine de recherche ou d’application, on aura affaire à des processus spécifiques
de surface ou des échanges (de matière, d’énergie, ...) avec celle-ci. Tous n’ont bien sûr pas
les mêmes besoins, mais souvent ceux-ci se recoupent partiellement. L’ambition de SUR-
FEX était ainsi non seulement une ambition technique, mais surtout scientifique.

D’un point de vue technique, il fallait réussir à ”externaliser” le code, c’est-à-dire réussir
à le coupler et le faire fonctionner pour divers modèles ou applications. La méthodologie
de couplage proposée par Best et al (2004) identifie bien les variables à échanger entre
atmosphère et surface à chaque pas de temps, ainsi que les méthodes numériques associées
à ce couplage (explicite/implicite). Ceci a permis la définition d’une interface commune
d’échange, étendue par rapport à celle de Best (2004) pour prendre en compte -de manière
générique- par exemple les échanges de CO2, d’émissions/dépôt d’espèces chimiques ou de
poussières désertiques. Toutefois, l’ensemble des filières de définition des champs physio-
graphiques et des champs initiaux, ainsi que les diagnostiques, ont du être construits, et
ceci indépendamment des modèles atmosphériques pour lesquels SURFEX sera utilisé.

Le point techniquement le plus délicat a en fait été le traitement des formats de fichiers
et du découpage, le cas échéant sur les processeurs. Chaque modèle atmosphérique utilise
son format préféré de fichiers, et sa technique de parallélisation. De façon à ce que SUR-
FEX soit utilisable par le plus grand nombre, au moins au CNRM et dans le consortium
ALADIN, SURFEX devait supporter l’ensemble des types de fichiers. Le problème de la
parallélisation a été abordé en incluant le découpage au niveau de chaque lecture/écriture
de champ dans un fichier. Ainsi, SURFEX ne traite que la partie ”physique” de la surface
(les paramétrisations), tout ce qui concerne les entrées/sorties restant spécifique à chaque
modèle atmosphérique auquel SURFEX est couplé. De cette façon, le code a pu être par-
tagé, au prix certes de beaucoup d’efforts de la part de tous dans cette phase initiale, mais
les mêmes paramétrisations physiques (à la ligne de code près) sont maintenant utilisables
depuis le modèle de climat ARPEGE-Climat, les divers modèles de prévision du temps, le
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modèle de recherche MésoNH, jusqu’aux applications ”off-line” déconnectées des modèles
atmosphériques.

prévision du climat prévision du temps recherche 
atmosphérique

recherche 
hydrologique

processus de surface

processus couplés 
à méso-échelle

cycle végétatif,
photosynthèse, CO2
cycle lent du carbone

océan couplé, banquise

crues, 
plaines inondables

permafrost, neige

Quleques thèmes scientifiques de surface en fonction du domaine scientifique

assimilation des obs. à 2m
dans les modèles atm.

assimilation de surface:
données satellites,
nouvelles observables

météorologie urbaine,
aérosols

zones montagneuses &
vents de pente

bilans d’énergies
séparés pour sol/arbres

brises (lac, mer)

transferts d’eau
du sol superficiel
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changement climatique
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modèle d’océan 3D
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de la canopée

temps sensible

qualité de l’air

Figure 3.7 – Principe de SURFEX.

D’un point de vue scientifique, l’enjeu est de permettre à chacun de ”retrouver ses pe-
tits”, ou en langage scientifique, de pouvoir paramétrer au sein de SURFEX les processus
clés pour répondre à sa question scientifique. Or, comme schématisé sur la figure 3.7, selon
son domaine de recherche en général et sa question scientifique en particulier, les attentes
en terme de processus sont très variées. Par exemple, pour les études de climat, on doit
maintenant s’intéresser au cycle du carbone, voire à la simulation du cycle de vie de la
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végétation en fonction des conditions climatiques, ou encore au retrait du permafrost dans
les régions septentrionales. Toutefois, une étape importante demeure, à savoir le couplage
avec un océan 3D. Des réflexions sont en cours pour effectuer ce couplage entre océan 3D et
SURFEX. En prévision du temps, une prise en compte (i.e. assimilation) des observations
(classiques ou à partir de satellites) est développée par J.-F. Mahfouf. En plus des quantités
physiques (moment, énergie, eau), pour certaines applications comme la qualité de l’air,
des échanges d’espèces chimiques (gaz, aérosols) sont nécessaires. Ainsi émissions (soit à
partir de cadastres pour les émissions anthropiques, soit à partir de paramétrisations pour
les émissions biogéniques) et dépot sec sont intégrés dans SURFEX. En hydrologie, SUR-
FEX permet le traitement physique de l’hydrologie de surface (dans les premiers mètres de
sol), l’écoulement plus en profondeur étant réalisé par des modèles hydrologiques distribués
(comme TOPMODEL (couplage réalisé par K. Chancilbault au Laboratoire Central des
Ponts et Chaussées). Notons aussi la relative simplicité de SURFEX pour intégrer (et ceci
d’un coup pour l’ensemble des applications visées) de nouvelles paramétrisations, comme
par exemple le modèle de lac FLake, permettant de simuler explicitement l’évolution du
profil de température dans un lac (R. Salgado figure 3.8). FLake sera ainsi d’abord uti-
lisé pour étudier l’influence à mésoéchelle d’un lac au Portugal (R. Salgado) et en Hongrie,
mais permettra aussi d’améliorer les prévisions dans les régions nordiques couvertes de lacs.

La mise en commun d’expertise et d’utilisation des diverses paramétrisations de surface
au sein de SURFEX permettra, je l’espère, une meilleure synergie entre les chercheurs sur
les questions transversales de recherche ayant un lien avec la surface, et de fait des avancées
plus efficaces sur la paramétrisation des processus physiques et physiologiques y ayant lieu.

Figure 3.8 – Validation du schéma de lac FLake dans SURFEX (travaux R. Salgado et
P. Lemoigne).
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Troisième partie

La turbulence dans la couche limite
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Chapitre 4

La couche limite nuageuse
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4.1 Motivations

Au dessus de la surface, se trouve ce que l’on appelle la couche limite atmosphérique. J’ai
toujours été intéressé par son étude, peut-être parce que, contrairement aux écoulements
plus en altitude qui sont par exemple bien trop abstraits pour moi, je peux me rendre
compte réellement et directement des phénomènes qui s’y produisent. Je peux donner deux
exemples concrets : les tourbillons turbulents qui faisaient tourbillonner les feuilles dans la
cours de mon collège étant petit, et lors de mon apprentissage de pilote privé, les tourbillons
qui secouent l’avion, les cisaillements près du sol et ... la zone calme au dessus quand l’on
se trouve au dessus de la couche limite. D’ailleurs (est-ce en relation avec ma thèse sur les
ondes et turbulence en aval du relief), j’ai une fois volé au dessus en conditions de vent de
sud, et ai mesuré avant les ascendances à +/-3 ms−1 en conservant le régime de l’avion
et étudiant le vario. Puis, après le col du Tourmalet j’ai été pris dans un rotor en dessous
d’une onde piégée, et ai pu me rendre compte ce qui signifiaient ces chiffres que je simulais
avec MesoNH sur la POI3 de PYREX. Plein gaz en aval vers Lourdes, en tentant de tenir
l’assiette, et c’est passé...

J’ai modélisé et étudié l’hétérogénéité de la couche limite à différentes échelles. Soit à
l’échelle de la structure moyenne de celle-ci, lorsque des variations de surface influencent
fortement l’écoulement au dessus (comme les couches limites urbaines), soit à l’échelle des
hétérogénéités turbulentes au sein de celle-ci, donnant parfois naissance à des nuages de
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couche limite. Je vais présenter dans ce cahpitre et le suivant les travaux que j’ai réalisé,
encadré ou auquels j’ai simplement participé sur la paramétrisation de la turbulence.

4.2 La couche limite convective

4.2.1 Phénoménologie

Un des régimes les mieux connus de la CLA correspond à la phase diurne par temps
non perturbé. Le bilan d’énergie en surface est alors positif pendant la journée, et cette
énergie est restituée à l’atmosphère (QH , mais variable dans le temps et dans l’espace). Il
en résulte une phénoménologie très particulière que l’on va maintenant décrire.

La structure type d’une couche convective (développée, i.e. en milieu de journée) est
alors la suivante à un instant donné (depuis le sol) :

— une couche limite de surface (CLS) fortement instable
— une couche mélangée, très turbulente
— une zone dite d’entrâınement
— une inversion brusque de quelques degrés
— l’atmosphère libre stable au dessus

La hauteur de la CLA est dans ces conditions clairement définie, et facile à identifier
expérimentalement. Elle cöıncide avec le niveau de variation brusque de la température
potentielle (virtuelle) θv, ou ”inversion sommitale.

On l’appelle h ou zi. Cette hauteur est déterminée à un instant donné par le profil initial
de θv en début de journée, et par l’historique des flux de chaleur et d’humidité (déterminant
le flux de flottabilité w�θ�v) depuis le début de la journée (règle de la conservation de la cha-
leur). Le cas échéant, il peut aussi y avoir un effet dû à l’advection moyenne. Plus le flux
de flottabilité (i.e. principalement de chaleur) w�θ�v a été grand, plus h est élevée. Comme
w�θ�v dépend de la saison (via le bilan dénergie de surface), du passage éventuel de nuages,
et des caractéristiques de la surface (végétation, humidité du sol...), il ne peut y avoir de
règle générale pour h(t). On peut toutefois citer des ordres de grandeur typiques dans nos
régions : de 600 à 1500m. Dans les zones plus arides ou en cours de sécheresse, elle peut
atteindre 2 à 3 km, voire plus au dessus des déserts.

4.2.2 Méthodologie d’étude : de la LES vers le 1D

L’objectif poursuivi dans toutes ces études sur la couche limite atmosphérique est de
parvenir à des paramétrisations de plus en plus précises des phénomènes sous-maille de
couche limite. La méthodologie, résumée sur la figure 4.1 est classique. C’est celle uti-
lisée par exemple par le GCSS (GEWEX CLOUD SYSTEM STUDY group). A partir
d’observations (typiquement des campagnes de mesures dédiées), les phénomènes clés sont
modélisés à très forte résolution (Large Eddy Simulations, LES, Δx ∼ 50m), de façon à
servir (i) à la compréhension physique des processus (ii) à la comparaison et validation des
paramétrisations sous-maille pour les modèles à plus grande échelle.
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Pour appliquer cette méthodologie, j’ai effectué un travail technique important de mise
en place de diagnostiques appropriés aux études LES dans MesoNH comme les statistiques
des variables turbulentes des tourbillons résolus par le modèle ou sous-maille. Ces diag-
nostiques qui devaient être non seulement compatibles avec des contraintes techniques du
modèle (la parallélisation, le gridnesting, les fichiers et le logiciel de tracé), mais aussi
suffisament intuitive (du point de vue du codage) de façon à ce que d’autres chercheurs
après moi puissent ajouter d’autres diagnostiques propres à leur objet d’étude (comme la
description fine des distributions de température ou humidité dans la couche limite, ou des
paramètres intégrés liés aux interactions nuage-rayonnement).

(a) Observation.
→

(b) LES.
→

(c) Simulations 1D.

Figure 4.1 – Méthodologie générale des LES.

4.2.3 Le rôle des intrusions sèches

Couvreux et al (2005) analyse comment les intrusions d’air sec de l’atmosphère libre
dans la couche limite influencent le mélange de vapeur d’eau dans la couche limite convec-
tive, que celle-ci soit en cours de croissance (le matin) ou établie. Cette étude reflète
la complémentarité des approches observations et simulations LES pour approfondir la
compréhension d’un phénomène particulier. Je présente cette étude, bien que j’y ai peu
contribué, car elle permet de décrire les types d’étude phénoménologique que l’on peut
réaliser en étudiant une LES et en la comparant directement à des observations.

La campagne de mesures IHOP 2002 sur les grandes plaines américaines (Weckwerth
2004) était dédié à la compréhension de la variabilité spatio-temporelle du champ de va-
peur d’eau dans la couche limite, et de son impact sur l’initiation de la convection. Divers
instruments ont été déployés, dont des avions et des moyens de mesures par télédétection
(comme un lidar aéroporté, figure 4.2(a)). Couvreux et al (2005) a réalisé une simulation
LES à partir des données des sondages du 14 juin 2002. Cette simulation a été validée à
partir des autres observations disponibles. Le champ de vapeur d’eau simulé permet de
reproduire la structure qualitative observée par le lidar (figure 4.2(a)), ainsi que les distri-
butions quantitatives des fluctuations des paramètres thermodynamiques dans la couche
limite, tels que mesurés par les avions (figure 4.2(b)).

Les intrusions d’air sec gouvernent les échelles caractéristiques du champ de vapeur
d’eau dans la couche limite convective. Ces échelles sont plus grandes que celles liées à
la température ou la vitesse verticale (qui sont elles pilotées par les thermiques issus du
chauffage au sol). Ces intrusions impliquent une distribution décentrée avec une asymétrie
négative pour la vapeur d’eau. Couvreux et al (2007) par une analyse conditionnelle de
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ces intrusions sèches montre leur importance dans les variances et flux de vapeur d’eau.
La croissance rapide de la couche limite en matinée explique pourquoi l’assymétrie de la
distribution de vapeur y est plus prononcée. Le mélange turbulent ne permet pas une
complète homogénéisation de la couche convective pendant cette période. L’analyse des
budgets d’asymétrie de vapeur d’eau montre le rôle important du transport turbulent, qui
redistribue la skewness produite au sommet et à la base de la couche limite au sein de
celle-ci. Les intrusions sèches contribuent de manière significative à ce transport turbulent.

(a) Coupe verticale de l’humidité spécifique (en haut :
observations lidar, en bas : modèle).

(b) fonctions de distribution de la vitesse verticale,
de la température et de l’humidité spécifique au mi-
lieu de la couche limite (lignes : mesures avion, rec-
tangles : modèle).

Figure 4.2 – Caractérisation des intrusions sèches depuis la zone d’entrâınement vers la
couche limite atmosphérique (Couvreux et al 2005).
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4.2.4 Modélisation du transport par les thermiques

Les mouvements verticaux organisés, que ce soient les thermiques (issus du sol) ou les
intrusions sèches, sont des éléments turbulents cruciaux pour le mélange dans les couches
limites convectives. Pour ce qui est de leur rôle sur la croissance de la couche limite et des
échanges de chaleur sensible, les thermiques issus du sol sont primordiaux.

La figure 4.3 présente les termes de création/destruction de variance et flux de chaleur
dans une couche limite convective (les grandeurs sont normalisées par la normalisation
convective). Les résultats de la LES, à droite, montrent un rôle prépondérant du transport
pour la production de ces deux quantités dans la moitié haute de la couche limite convective.
Ce transport est si efficace qu’il permet à cette zone d’être légèrement stable : c’est la zone
à contre-gradient. Ceci se traduit par une production dynamique négative.

Dans les modèles colonnes, lorsque l’on utilise une paramétrisation classique de tur-
bulence, en K-gradient (w�θ� = −K ∂θ

∂z
), ces termes de transports ne sont pas représentés.

Ceci conduit à une mauvaise reproduction des termes créateur/destructeur de flux (bien
que le flux lui-même soit à peu près correct, linéaire dans la couche limite) et de variance
(figure de gauche). La couche est instable jusqu’à l’inversion, comme le montre la produc-
tion dynamique positive (alors seul terme de création de flux). Tomas et Masson (2006)
ont montré qu’il est possible de modéliser simplement les termes d’ordre 3 (w�2θ� et w�θ�2)
dans un schéma en énergie cinétique turbulente à l’ordre 1.5 (i.e. sans équation pronos-
tique supplémentaire pour les flux et variances). Alors, (figure 4.3, au centre), les termes
de transports liés aux thermiques sont bien reproduits par le modèle 1D.
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Figure 4.3 – Effet de la paramétrisation des moments d’ordre 3 dans le budget des termes
de destruction/production de variance de température (Tomas et Masson 2006).
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4.3 Les nuages de couche limite

4.3.1 Des thermiques secs dans la couche limite aux cumulus

Les cumulus sont des nuages très connus en forme de chou fleur. Leur base se situe vers
le sommet de la couche limite, et ils sont reliés aux phénomènes ayant lieu dans celle-ci.
Tant que le cumulus reste d’étendue verticale raisonnable (’cumulus peu profond’, typique-
ment inférieure à 4km), le cycle de vie de celui-ci sera contrôlé par l’évolution de la couche
limite sous-jacente (bien que celle-ci puisse ne pas être le seul facteur de contrôle, l’air froid
disponible en altitude, par exemple dans les trâınes, étant aussi un facteur important). Une
fois le nuage plus développé, lorsque les phénomènes pluvieux apparaissent et s’intensifient,
la dynamique interne du nuage prend le dessus : un nuage d’orage, ou cumulonimbus, dicte
sa loi à la couche limite (par exemple par l’apparition de poches d’air froid et courants de
densité), et non l’inverse. Mais revenons au cumulus peu profond.

Lorsqu’un thermique de couche limite percute l’inversion au sommet de la couche limite,
l’air (plus humide) au sein de celui-ci peut condenser (car lors de l’ascension la pression,
donc la température, diminuent, alors même que l’air au sein du thermique conserve la
même température potentielle). Lors de la condensation, de la chaleur latente est libérée
(transformation d’eau vapeur en eau liquide), et cette chaleur réchauffe l’air du thermique,
qui se retrouve alors plus léger que son environnement et continue son ascension, tout en
échangeant de l’air avec son environnement (sec). Les cumulus peu profonds ont été par
le passé paramétrés souvent indépendamment des processus de couche limite, en se fiant
à la détermination de l’altitude du niveau de condensation et d’une ”fermeture” liée à
des facteurs contrôlant l’intensité de la convection (comme la CAPE, utilisée couramment
en convection profonde). Une nouvelle école de pensée (Siebesma et al 2000, Hourdin et
al 2002) a commencé à paramétrer les thermiques de couche limite à la manière des pa-
ramétrisations des cumulus : en flux de masse. L’idée est de se représenter un thermique
idéalisé, qui transporte, sur une partie supposée faible de la maille du modèle, un flux
de masse M d’air de caractéristiques thermodynamiques θu et rtu (l’indice u étant pour
”updraft”, thermique en anglais). La température potentielle moyenne θ (ou l’eau totale
moyenne rt) dans la maille du modèle atmosphérique va alors évoluer selon la variation
verticale de ce transport :

∂θ

∂t
=

∂

∂z
M(θ − θu) + ...

∂rt

∂t
=

∂

∂z
M(rt − rtu) + ...

Rien n’empêche alors, lorsque les conditions sont favorables, de poursuivre l’extension
verticale de ce thermique une fois qu’il a condensé en cumulus, comme dans Soares et al
(2004)(figure 4.4). L’avantage de cette approche est d’assurer formellement la continuité
physique entre thermique sec et cumulus, ce qui permet en particulier un traitement propre
des périodes de transitions.

Notre ambition a été, tout en utilisant cette approche physique, d’améliorer certains as-
pects. Dans Soares et al (2004) (et dans d’autres), le défaut qui nous semblait majeur était
la non prise en compte de la variabilité des échanges (entrâınement/détrâınement) entre le

35



Figure 4.4 – Schématisation des transports par les thermiques dans la couche limite et
les cumulus (Soares et al 2004).

thermique (ou cumulus) et son environnement en fonction des conditions de couche limite.
Par exemple, l’entrâınement/détrâınement ne dépendait que de la hauteur de la couche li-
mite et non de son degré d’instabilité (plus une couhe limite est instable, plus le thermique
doit être efficace), et ils étaient constants dans le nuage.

Ainsi, le cahier des charges pour notre paramétrisation était le suivant :
— Le mélange dans la couche limite doit tenir compte, physiquement, des caractéristiques

de celles-ci et de son environnement. Il en est de même pour le nuage.
— Le cumulus doit être uniquement défini par le thermique sous-jacent, sans hypothèse

spécifique au niveau de condensation (autre que le changement d’entrâınement/détrâınement).
— Elle doit produire des caractéristiques nuageuses (fraction, quantité d’eau) correctes.
— Elle doit, en plus des variables thermodynamiques, mélanger verticalement le vent.
— La paramétrisation ayant vocation à être utilisée dans des modèles opérationnels,

elle doit être peu sensible même pour des résolutions verticales faibles et fonctionner
pour des grands pas de temps (30min).

La principale innovation de notre paramétrisation (Pergaud et al 2009) a ainsi été de
définir des entrâınement/détrâınement adaptatifs, qui s’adaptent d’eux-même aux condi-
tions ambiantes de stabilité. Dans le nuage, la formulation de Kain-Frisch (1993), développée
pour les cumulus en utilisant un tri par flottabilité, a été utilisé. Dans la zone sèche sous-
nuageuse, ou en l’absence de cumulus, les paramétrisations précédentes dépendaient unique-
ment de la géométrie de la couche limite (en fonction de la distance au sol ou à l’inversion).
Ici, par analyse dimensionnelle, nous avons relié les taux d’entrâınement et détrainement
aux caractéristiques physiques du thermique : la vitesse verticale wu (déterminée par une
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équation propre indépendante du flux de masse) et sa flottabilité Bu (dépendante de l’écart
entre la température dans et hors du thermique, Bu = g

θ
(θu − θ)).

� ∝ Bu

w2
u

δ ∝ −Bu

w2
u

Plus le thermique est flottable, plus il va entrâıner d’air (ce qui se passe près du sol),
mais ceci va être limité par la vitesse de celui-ci (plus l’ascension est forte, plus il est
découplé de la couche limite environnante). Au niveau de l’inversion, la flottabilité devient
négative et le détrâınement sera important, d’autant plus que le thermique aura été freiné.
Plus l’inversion est forte, plus le détrâınement sera fort et moins il sera probable que le
thermique donne naissance à un cumulus. De plus, la fraction du cœur du thermique est
déduite du flux de masse et de la vitesse verticale (Mu = ρauwu), et sert à déterminer
la fraction nuageuse. Celle-ci est transmise au schéma micro-physique, afin de produire
éventuellement de la pluie (faible) au sein du cumulus peu profond.

Cette paramétrisation a été testée sur 6 cas variés de couche limite, nuageuse ou non,
bien connus dans la littérature (car ayant servis de base à des exercices d’intercomparaisons)
et simulés en LES avec Meso-NH :

— IHOP (Weckwerth et al 2004, Couvreux et al 2005) : cas de couche limite sèche.
La paramétrisation reproduit bien la croissance de la couche limite et la zone à
contre-gradient (grâce au mélange en flux de masse par les thermiques).

— Wangara (Clarke et al 1971) : autre cas sec, dans le désert australien
— BOMEX (Holland and Rasmusson 1973) : cumulus stationnaire d’alizés. La pa-

ramétrisation simule correctement ce cas stationnaire sur océan
— ARM (Brown et al 2002, Lenderink et al 2004). L’évolution des caractéristiques

moyennes sur la maille (figure 4.5) ainsi que celles du nuage (apparition, disparition,
base, sommet, quantité d’eau, figure 4.6) sont bien simulées pour ce cas de cumulus
continental.

— FIRE (Duynkerke et al 2004) : cas de stratocumulus marin. La but était ici plus
de montrer que le schéma était vraiment adaptatif et produisait un flux de masse
faible. C’est le cas, le stratocumulus n’est pas détruit (alors qu’il l’est avec les taux
d’entrâınement/détrâınement de Soares 2004), il est même légèrement amélioré.

— RICO : cas récent de cumulus d’alizés peu profond mais toutefois faiblement précipitant.
La paramétrisation, couplée au schéma microphysique, permet de simuler ces pluies
faibles.

L’utilisation de cette paramétrisation dans le prototype du modèle AROME à 2km5
de résolution a permis une amélioration objective des faibles pluies (plus fréquentes), une
couverture nuageuse plus homogène, ainsi que la disparition de rouleaux de couche limite
(souvent mis en évidence par des rues de nuages) irréalistes à l’échelle du modèle : le
mélange propre aux thermiques secs n’était pas réalisé correctement par le schéma de tur-
bulence seul, et ce sont des mouvements explicites par l’advection même du modèle qui
prenait le relais. Cette paramétrisation est maintenant incluse dans la première version du
nouveau modèle opérationnel AROME.
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Figure 4.5 – Profils thermodynamiques (θl à gauche, rt à droite) simulés par le nouveau
schéma de thermiques/cumulus pour le cas ARM de cumulus continentaux (Pergaud et al
2009).
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Figure 4.6 – Caractéristiques du nuage pour le cas de cumulus d’ARM. Fraction de nuage
et contenu moyen en eau nuageuse dans l’arpès-midi (après 8h de simulation, en haut).
Evolution temporelle de la base et du sommet du Cumulus (en bas) (Pergaud et al 2009).
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4.3.2 Stratocumulus : phénoménologie et modélisation

Les stratocumulus (Sc) sont des nuages situés au sommet de la couche limite, de grande
extension horizontale. Ils sont surmontés d’une forte inversion en température et humidité,
limitant les échanges avec l’atmosphère libre (contrairement aux cumulus). Les processus
physiques interagissant dans les Sc sont complexes, en particulier liés à une forte interac-
tion entre rayonnement (refroidissement infrarouge au sommet, réchauffement solaire dans
le nuage), turbulence (échanges avec la couche sous-nuageuse et entrâınement dans la zone
de forte inversion) et microphysique (bruine). De part leurs impacts sur la taille des gout-
telettes nuageuses, les aérosols sont connus pour jouer des rôles importants dans le cycle
de vie de ces nuages.

Les aérosols ont au sein de ces nuages deux effets, appelés effets indirects (l’effet direct
correspondant aux effets radiatifs des aérosols en couche sèche). Le premier effet indirect
est une modification des propriétés radiatives des goutellettes, donc au final de l’albédo du
nuage, en fonction de la taille des gouttes. Plus il y a d’aérosols qui se sont transformés
en gouttelettes (”activés”), plus celles-ci sont nombreuses et donc fines (à contenu en eau
total égal), et plus l’albédo du nuage est élevé (Twomey 1977). Ceci a été confirmé par des
mesures dans les sillages des cheminées de bateaux. Le second effet indirect concerne le rôle
des aérosols dans le cycle hydrologique des Sc, de part leur impact sur la microphysique et
plus précisément la formation de bruine. En effet, on s’attend à ce qu’en présence de masse
d’air plus chargée en aérosols, les gouttes soient plus nombreuses et petites, et donc que ceci
inhibe la formation de bruine. Selon cet effet, le contenu en eau du Sc aurait donc tendance
à augmenter (moins de bruine) lorsque les aérosols augmentent (Pincus and Baker 1994).

Pour étudier ces interactions, Sandu et al (2008) a réalisé une simulation de Sc marin
couvrant plus d’un cycle diurne (36h). L’objectif était d’étudier le second effet indirect des
aérosols. La simulation commence en période nocturne (à minuit). Trois nuages initiale-
ment identiques ont été simulés, à ceci près que leur concentration en aérosols activables
était différente, l’un correspondant à un cas de masse d’air marin (50 cm−3), les deux
autres à des masses d’air d’origine continentale plus polluée (200 et 600 cm−3). Comme
escompté, lors de la première nuit, du fait de la suppression de la bruine, le contenu en eau
du nuage est plus important en masse d’air polluée qu’en masse d’air purement marine (fi-
gure 4.7). Toutefois, ce n’est plus le cas la deuxième nuit, au cours de laquelle les résultats
sont contraires. L’étude de Sandu et al (2008) a permis de montrer et de comprendre ce
paradoxe : il y a moins de bruine mais aussi moins d’eau dans le nuage !

En fait, ceci vient de l’interaction avec le 3ème processus : la turbulence. L’entrainement
est plus intense en absence de bruine (Stevens 2007, Bretherton et al 2007), cette dernière,
lorsqu’elle est présente, ayant tendance à inhiber les ascendances au sein du Stratocumu-
lus. Ainsi, plus d’air chaud et sec de l’atmosphère libre est entrâıné dans la couche limite.
De plus, dans la journée, l’absence d’évaporation de la bruine juste en dessous du nuage
conduit à un découplage avec la partie basse de la couche limite, limitant l’apport d’eau
par évaporation de la mer. Au final, lors du recouplage de la couche limite la deuxième
nuit, celle-ci est 1 degré plus chaude en présence de la masse d’air polluée (figure 4.8), et
plus sèche, ce qui explique que moins d’eau condense dans le nuage.
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Figure 4.7 – Evolution temporelle du Liquid Water Path (LWP) pour un Sc composé
d’aérosols marins (50 cm−3, ou composé d’aérosols continentaux (200 et 600 cm−3), (Sandu
et al 2008).
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Chapitre 5

Structure de la turbulence et
influence du sol
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5.1 Etude d’une couche limite neutre

5.1.1 Problématique et objectifs

La structure de l’écoulement en conditions neutres est très différente de ce qui se passe
en conditions convectives. Les échanges ne sont plus gouvernés par la flottabilité, mais par
les structures dynamiques créées par l’écoulement, en réponse à la surface sous-jacente. Ces
structures sont sous forme de rouleaux, allongés plus ou moins dans le sens du vent, de plus
en plus fin au fur et à mesure que l’on s’approche du sol. Dans ce type de couche limite, la
composante dans l’axe du vent moyen joue un rôle particulier, et contraint, comme nous
allons le voir, les autres composantes.

Pour étudier cette turbulence, Tomas et al (2009) a réalisé une expérience dans la veine
hydraulique du CNRM. L’objectif était de mesurer expérimentalement les divers termes
des équations d’évolution des flux et variances, afin de servir de base à des paramétrisations.

5.1.2 Mise en œuvre

Le dispositif expérimental a été réalisé de façon à mesurer directement le plus pos-
sible de termes de second et troisième ordres, afin de quantifier les termes des budgets de
l’énergie cinétique turbulente, des flux et variances de vitesses (longitudinale et verticale).
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Les mesures à diverses abscisses à partir du point de changement de rugosité permettent de
mesurer à partir de quand ces termes de budgets sont en équilibre. Toutefois, la résolution
voulue et les contraintes techniques ne permettent pas d’avoir accès à la couche Limite
de Surface (CLS) dont je parlerai dans la prochaine section. La grande veine du CNRM
a été utilisée (figure 5.1). Après une zone de tranquilisation de l’écoulement, un plancher
de briques de lego crée une couche limite qui se développe en aval. Les mesures ont étés
effectuées gràce à une technique de Particle Image Velocimetry (PIV), par éclairement de
particules dans l’eau par un laser et acquisition de paires d’images par caméra CCD. Des
fenêtres placées à diverses abscisses avant et après le changement de rugosité permettaient
d’observer la croissance de la couche limite neutre. Le nombre de prises par fenêtres était
suffisant pour assurer une convergence statistique des différentes variables et moments me-
surés. Le développement est quantifié à partir de deux méthodes (à partir du vent moyen
ou du profil du flux u�w�, figure 5.2). La loi classique de croissance en x0.8 est retrouvée.

-5.9 -1 16.10 12.32

Rough wall

-5
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x(m)

(a) (b)

Figure 5.1 – Dispositif expérimental dans la veine hydraulique du CNRM.
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Figure 5.2 – Croissance de la couche limite neutre à partir du changement de rugosité.
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5.1.3 Résultats

Les termes d’évolution des variances et flux de vitesse (longitudinale, u et verticale, w)
déduits de cette expérience en veine sont présentés sur la figure 5.3. Certains termes sont
observés directement (ceux faisant intervenir les vitesses moyennes, moments d’ordre 2 ou 3,
comme la production dynamique, le transport turbulent ou l’advection moyenne). D’autres
termes proviennent d’hypothèses classiques. Enfin, il reste (malheureusement pourrait-on
dire car ceci ne permet pas de vérifier la fermeture des bilans) un terme qui est estimé à
partir du résidu.

Pour l’équation de l’énergie cinétique turbulente, e, on suppose que v�2 = 1
2
(u�2 +w�2) et

que le terme de presso-corrélation est nul. L’advection et le transport turbulent sont faibles,
le terme de dissipation DISS (obtenu comme le résidu) contrebalançant la production par
cisaillement. Le flux de vitesse résulte d’un équilibre classique entre production dynamique
(PD) et perte par presso-corrélations (PC).

L’analyse des termes pour les variances est plus intéressant. u�2 est créé par produc-
tion dynamique (PD), celle ci étant contrebalancée par la dissipation moléculaire DISS
mais surtout par presso-corrélation (PC, trouvée par résidu de l’eq. de u�2). Ce terme de
presso-corrélation sert à alimenter les autres composantes. Ainsi, c’est le terme de presso-
corrélation (PC, trouvé comme résidu de l’eq. de w�2) qui permet la création de mouvements
verticaux w�2.

De plus, on constate que l’équilibre des différents termes après l’apparition de rugosité
(en terme de variables adimensionnelles) est plus rapide pour les mouvements verticaux
que pour les mouvements longitudinaux, ceux-ci n’étant pas encore en équilibre 1m après
le changement de rugosité.

Si l’on revient aux termes de presso-corrélations on trouve un résultat intéressant.
Les presso-corrélations sont des termes de redistribution entre composantes. Celles liés
aux vitesses longitudinales (PCu�2) alimentent celles pour la vitesse verticale (PCw�2 , es-
timées indépendament) et pour la vitesse transverse (PCv�2 , estimée comme résidu de
PCu�2 + PCv�2 + PCw�2 = 0). Cette étude expérimentale montre (cf figure 5.4) que cet
échange de u� vers v� et w� se fait de manière équitable vers les deux composantes trans-
verse et verticale.
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Figure 5.3 – Détermination expérimentale des différents termes des équations d’évolution
des flux et variances.
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Figure 5.5 – Force du vent longitudinal normalisé à 4 altitudes (de haut en bas : près du
sol à 9m, à 28m, à 47m, à 150m) (Drobinski et al 2007).
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5.2 La couche limite neutre au voisinage de la surface

La Couche Limite de Surface (CLS) est observée relativement aisément dans l’at-
mosphère réelle, car elle est accessible par des moyens de mesures simples (un mât ins-
trumenté par exemple). Le profil de vent logarithmique en condition neutre est connu de
puis les années 1920 par exemple. Cependant, les moyens de mesures récents, comme les
lidars, permettent une exploration spatiale étendue. Drobinski et al (2007) a ainsi utilisé à
la fois des mesures et la modélisation LES (à laquelle j’ai participé) pour étudier la struc-
ture de la CLS en conditions neutres.

Un cas de la campagne CASES-99 (Poulos et al 2002) dans le Kansas a été simulé avec
Meso-NH (figure 5.5). Le modèle retrouve la structure verticale des rouleaux longitudinaux
au sein de la couche limite, plus petits et serrés au fur et à mesure que l’on s’approche
du sol. Cette simulation se compare bien aux observations du lidar doppler de la NOAA
(Environmental Technology Lab.), comme on le voit sur la figure 5.6.

a) b)

c)

Figure 5.6 – Vent lidar observé (à gauche, CASES99) et simulé (LES, à droite) (Drobinski
et al 2007).

A partir de la LES, Drobinski et al (2007), en utilisant des analyses par quadrant (figure
5.7) et spectrales, confirment l’existence d’une plage en -1 dans le spectre d’énergie de la
vitesse longitudinale dans la CLS (alors que seule la plage en -5/3 existe plus haut). Ceci
est dû aux fortes interactions dans la CLS entre l’écoulement moyen et les fluctuations
de vorticité. En ce qui concerne le flux de quantité de mouvement, dans la partie basse
de la CLS, mouvement subsidents (”sweeps”, w� < 0 et u� > 0) et éjections (w� > 0 et
u� < 0) contribuent de manière égale, alors qu’au dessus de 20m (et jusqu’au sommet de
la CLS), là où la CLS est plus influencée par le cisaillement de vent (et moins par le sol),
les éjections, c’est à dire les mouvements ascendants (w� > 0) associés à des vitesses faibles
(u� < 0) (en tireté pointillé sur la figure 5.7) sont plus énergétiques. Celles-ci contribuent
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ainsi fortement au frottement (i.e. au flux négatif u�w� < 0).

Figure 5.7 – Variances normalisées (en haut), occurrence des flux par quadrants (au
milieu) et valeur de ces flux (en bas), pour les schémas de turbulence Cuxart et al 2000 (à
gauche) et Smagorinskli (1963) à droite. (Drobinski et al 2007).
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5.3 Une nouvelle méthode de modélisation de la Couche

Limite de Surface

5.3.1 Principe et méthodologie

La CLS est décrite la plupart du temps par un équilibre entre les conditions météorologiques
à une certaine hauteur (dans la CLS) et les flux turbulents au sein de celle-ci. On néglige la
variation des flux turbulents du fait de la faible épaisseur de la CLS, qu’on dénomme aussi
de ce fait la ”couche à flux constants”. De cette constatation, Monin et Obuhlov (1954)
ont déduit leurs célèbres lois de similitudes de la CLS. Celles-ci, plus ou moins améliorées
selon les auteurs, sont à la base des paramétrisations de la CLS dans quasiment tous les
modèles atmosphériques et de surface.

Toutefois, ces lois ne permettent pas de connâıtre les variables moyennes ou turbu-
lentes au sein d’une canopée. Pour ces études, le recours à une discrétisation verticale très
fine du modèle atmosphérique, auquel a été intégré une paramétrisation des effets de ca-
nopée (comme une trâınée pour chaque niveau atmosphérique rencontrant les obstacles),
est nécessaire. Ces paramétrisations auront été développées à partir de campagnes de me-
sures ou LES.

L’objectif du travail que j’ai effectué était de permettre une modélisation très fine des
profils verticaux dans la CLS (avec ou sans canopée), sans avoir recours à un accroissement
de la résolution du modèle atmosphérique lui-même. La solution, physiquement basée sur
les mêmes hypothèses que celles qu’ont utilisées Monin et Obuhkov, n’est pas basée sur des
lois de similitudes mais selon le principe suivant : on rajoute des niveaux atmosphériques
entre le modèle atmosphérique et le schéma de surface !

Actuellement, les schémas de surface interagissent avec l’atmosphère soit à un seul ni-
veau (cas classique utilisant des lois de similitudes, figures a et b de la figure 5.8, soit
comme indiqué plus haut, sur plusieurs niveaux (figure 5.8 c). L’objectif est de confec-
tionner un mini-modèle atmosphérique à partir des équations de l’atmosphère, de la tur-
bulence, et d’hypothèses valables dans la CLS. Ceci est décrit dans la figure 5.9. Le
développement théorique est présenté dans Masson et Seity (2009). En résumé, ce mini-
modèle atmosphérique de CLS, techniquement inclus dans SURFEX, permet de prendre
en compte (directement ou indirectement) :

— l’évolution de ”grande échelle” liée à l’advection, au rayonnement, à Coriolis, etc...
— les échanges turbulents
— l’influence d’une canopée sur les profils de l’air dans le couvert

La canopée peut être soit végétale, soit urbaine (cf Hamdi et Masson 2008), et perturbe
la CLS via des termes dynamiques (trâınée, création/destruction additionnelles de turbu-
lence), thermiques (flux de chaleur) ou hydriques (flux de vapeur d’eau). La paramétrisation
de turbulence utilisée (Cuxart et al 2000 modifiée selon Redelsperger et al 2001) permet
de simuler les phénomènes turbulents propres à la CLS, comme l’intensification de la dis-
sipation du fait de l’impact du spectre en -1 (en conditions neutres).
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Figure 5.8 – Etat actuel des interactions turbulence-canopée dans les schémas de surface
(Masson et Seity 2009).

Figure 5.9 – Objectif de modélisation avec la méthodologie proposée (Masson et Seity
2009).

5.3.2 validation dans un modèle mésoéchelle de prévision

Ce schéma de CLS, inclus dans SURFEX, a été validé avec AROME sur le quart Sud-
Est de la France (qui a l’avantage de présenter des contrastes importants en termes de type
de surface et de relief). Deux mois de simulations ont été réalisés, en janvier et juillet 2007.
Le schéma de CLS améliore les scores de variables à 2m et 10m. Ainsi, les températures
trop froides sont corrigées (parfois trop d’ailleurs). On peut voir sur la figure 5.10 que l’im-
pact est plus important en zones de relief. Le premier niveau du schéma de CLS (50cm),
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comparé aux 17m du premier niveau d’AROME, évite le syndrôme du découplage noc-
turne : les schémas de surface, en conditions très stables, ont tendance à simuler des flux
de chaleurs très faibles, ce qui coupe le lien physique entre température de surface (libre
alors de se refroidir) et la température de l’air au premier niveau du modèle atmosphérique.
Avec le schéma de CLS, les flux restent significatifs, avec jusqu’à -50Wm−2 de différence
avec la simulation de référence (sans CLS, figure 5.11, en haut). Cet échange de chaleur
de l’atmosphère vers la surface évite le découplage, ce qui conduit à des températures de
surface (figure 5.11, milieu) et à 2m (figure 5.11, en bas) plus chaudes.

REF
SBL

REF
SBL

REF
SBL

REF
SBL

Figure 5.10 – Scores (biais en fin et déviation standard en gras) sur janvier (à gauche) et
juillet (à droite) de température et humidité à 2m. Ligne pleine : référence (sans schéma
de CLS). ligne pointillée : avec schéma de CLS.

L’utilisation de ce modèle de CLS permet :
— une prise en compte des interactions canopée-turbulence dans la CLS, permettant

une meilleure connaissance de l’état de l’atmosphère dans la canopée, par exemple
pour des études de micro-climat urbain.

— une interaction turbulence-surface plus précise, évitant le syndrome du découplage
en conditions très stables.

— une meilleure description des profils turbulents dans la CLS, ce qui peut avoir une
application par exemple pour les modèles de dispersion ou de chimie atmosphérique.

— un calcul pronostique (et non plus à partir des lois de Monin-Obukhov) de pa-
ramètres standards à 2m et 10m. Ceci a permis une amélioration significative des
scores dans le prototype AROME. Ce schéma de CLS pronostique est maintenant
utilisé en opérationnel dans AROME.
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Figure 5.11 – impact (simulation avec - sans) de la modélisation explicite de la CLS (en
haut : flux de chaleur en surface, au milieu : température de l’air à 2m, en bas : température
de surface).
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Quatrième partie

La ville dans les modèles
atmosphériques
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Chapitre 6

Le schéma de canopée urbaine : TEB
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6.1 La spécificité des surfaces urbaines

6.1.1 La main de l’homme

Plus de la moitié de la population mondiale vit maintenant en ville. Or, celles-ci créent
un micro-climat particulier, à la fois en terme de température (et humidité) et de pollution
de l’air, auxquelles les citadins sont de fait soumis. De plus, les villes étant le lieu pri-
vilégié des activités économiques, des enjeux économiques majeurs sont liés au changement
climatique et à sa spécificité en ville : on peut citer comme exemple la modification pos-
sible de la demande énergétique en termes de chauffage hivernal et de climatisation estivale.

Ainsi, l’amélioration de la connaissance des processus physico-chimiques intervenant
dans la couche limite urbaine (CLU) est primordiale pour avancer sur ces aspects (Hidalgo
et al 2008c). Plusieurs approches sont utilisées dans la communauté : les campagnes de me-
sures, les expérimentations de laboratoire ou à l’aide de maquette, et enfin la modélisation.
J’ai choisi d’exploiter deux des approches ci-dessus pour l’étude de la météorologie ur-
baine : la modélisation naturellement (pour moi) mais aussi l’observation in-situ, dans le
souci constant de validation des modèles numériques.

La Couche Limite Urbaine peut être considérée comme une des couches limites les plus
complexes et hétérogènes, du fait de l’hétérogénéité du comportement énergétique de la
surface. Le présent chapitre décrit les processus spécifiques du bilan d’énergie de surface
en ville, leurs impacts sur le micro-climat urbain étant détaillés dans les deux chapitres
suivants.
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(a) Vue aérienne de Marseille. (b) Un toit sur Marseille

Figure 6.1 – L’anthropisation des surfaces.

6.1.2 Influences sur les bilans énergétiques et hydriques

Les échanges d’énergie en surface peuvent s’écrire, selon Oke ( 1988) :

Q∗ + QF = QH + QE + ΔQs + ΔQA

Où le terme Q∗ représente le rayonnement net (apport d’énergie le jour, perte la nuit
par rayonnement infra-rouge), QF est l’apport anthropique lié aux activités humaines, QH

est le flux turbulent de chaleur sensible vers l’atmosphère (par convention ici QH positif est
un gain pour l’atmosphère), QE est le flux d’énergie lié à l’évaporation de l’eau en surface,
ΔQs est le flux de stockage/destockage d’énergie dans les surfaces (bâti, sol) et ΔQA le
flux lié à l’advection de température. Le flux ΔQA peut être important en présence de forts
gradients horizontaux au sein de la couche limite, comme au voisinage immédiat de la côte
en condition de brise de mer (Pigeon et al 2007a).

Dans le cadre de ce chapitre, on se place dans le cas où le flux advectif est faible, qui
contient l’essentiel de la physique des échanges énergétiques urbains (à noter que du point
de vue de la mesure, la minimisation de ce flux dû aux effets individuels des bâtiments
nécessite d’effectuer des mesures pour une surface représentant typiquement un quartier).
Ainsi :

Q∗ + QF = QH + QE + ΔQs

Ces différents termes évoluent au cours d’un cycle diurne très différement de ce qui se
passe aux alentours (i.e. pour la campagne). Etudions ainsi les observations de la journée
du 4 juillet 2004, durant l’expérience CAPITOUL (figure 6.2).

Rayonnement net

En journée, Q∗ varie peu entre la ville et la campagne, car il est principalement piloté
par le rayonnement solaire. Les effets de cavité (ombrages) en ville piègent le rayonnement
solaire, conduisant à un albédo plus faible (plus sombre). Ceci a tendance à augmenter
le rayonnement net. Par contre, les surfaces sont souvent plus chaudes que la végétation
alentour, ce qui a tendance à diminuer le rayonnement net (pertes infra-rouge plus impor-
tantes).
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(a) Centre-ville ancien, Toulouse. (b) Champ de mäıs, St-Sardos

Figure 6.2 – Bilans d’énergie de surface observés le 4 juillet 2004. R est le résidu (égal à
ΔQs − QF )

La nuit par contre, Q∗ est sensiblement différent. A la campagne, à la tombée de la nuit,
le sol émet fortement en infra-rouge (Q∗ fortement négatif), mais se refroidit en quelques
heures, ce qui conduit finalement à un rayonnement net faiblement négatif tout au cours
de la nuit, compensé exactement par un apport de chaleur (faible) depuis le sol profond.
En ville, Q∗ est aussi fortement négatif après le coucher du soleil, mais le reste toute la
nuit. Ceci est dû au fait que les températures de surface restent chaudes toute la nuit,
soit du fait du stockage de chaleur pendant la journée (en été), soit à cause du chauffage
domestique (en hiver). De plus, le refroidissement radiatif des surfaces est encore plus limité
par le piégeage dans les rues, la perte par rayonnement d’un mur par exemple pouvant être
réabsorbée par le mur d’en face (ou la rue).

Flux de chaleur latente

Le flux de chaleur latente est en général bien plus faible en journée en ville qu’à la cam-
pagne. En effet, alors qu’à la campagne l’eau du sol profond est transpirée par les plantes
lors de la photosynthèse, la forte anthropisation urbaine (en particulier l’imperméabilisation
des surfaces) limite la disponibilité en eau. L’évaporation est faible et Le flux latent associé
l’est aussi, quelque soit l’heure de la journée. En zone périurbaine, du fait de la présence
de jardins, le flux d’évaporation va être plus important, au détriment du flux de chaleur
sensible.

Flux de chaleur sensible

Peu d’énergie étant utilisée pour l’évaporation de l’eau sur oudans le sol, une grande
partie de l’énergie disponible en journée (de part le rayonnement solaire) sera transformée
directement en chaleur dans l’air via le flux turbulent de chaleur sensible. Ceci est parti-
culièrement vrai l’après-midi, où l’on voit par exemple sur la figure 6.2(a) un flux sensible
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aux alentours de 300 Wm−2 alors que le flux latent est nul. Au contraire, en campagne, le
flux sensible est faible. En matinée toutefois, le flux de chaleur sensible se met en place en
général plus tardivement qu’en campagne, car une partie de l’énergie solaire est absorbée
par les matériaux.

La nuit, le flux de chaleur sensible reste strictement positif en ville. L’énergie provient
d’une partie du flux ΔQs (la majeure partie étant perdue par rayonnement). Ce flux positif
permet, on le verra au chapitre suivant, d’expliquer l’̂ılot de chaleur urbain et la structure
de la couche limite nocturne.

Flux de stockage/déstockage

En ville, les matériaux utilisés pour la construction du bâti (pierre, brique, béton) et
les routes stockent très efficacement la chaleur. A la campagne, ce flux est généralement
faible en présence d’un couvert végétal.

6.2 Paramétrisation des surfaces urbaine : TEB

Lorsque l’on vise l’étude du climat urbain par modélisation, il convient de paramétrer
correctement les effets que la ville peut avoir sur l’atmosphère, en terme d’échanges d’énergie
et de matière. Lorsque j’ai débuté l’étude sur Paris (cf section suivante), l’état de l’art en
modélisation du climat urbain dans les modèles météorologiques se résumait à remplacer
les surfaces végétales par du sable ou des rochers. Certes, ceci permettait d’augmenter le
chauffage le jour ou d’augmenter la rugosité, mais il était impossible avec une telle ap-
proche de reproduire un ı̂lot de chaleur.

Figure 6.3 – Principe de TEB.
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Le schéma TEB (Masson 2000, breveté en 1999) se différencie ainsi complètement des
schémas de végétation ou de sol existants. Les deux effets principaux menant au bilan
d’énergie spécifique des villes étant la géométrie et les matériaux, TEB se base sur une
structure 3D idéalisée de la ville, avec des toits, des murs et des rues, chaque surface étant
construite avec ses propres matériaux. Toutefois, l’objectif étant d’utiliser TEB dans un
modèle atmosphérique, il fallait que cette géométrie idéalisée le soit beaucoup. Ainsi, TEB
considère une géométrie de type ”rue canyon”, avec des bâtiments à toits plats. Les deux
murs de part et d’autre sont identiques, et évoluent de la même façon, car on ne suppose pas
une orientation particulière de la rue : les rues dans un quartier - ou ce qui est équivalent
une maille de modèle atmosphérique - sont supposées aller dans toutes les directions avec à
peu près la même probabilité. Dans sa version ”historique”, TEB est couplé à l’atmosphère
à un niveau (supposé dans la CLS) au dessus des toits (en général une dizaine de mètres
au dessus). Le développement d’un schéma de CLS prognostique (cf section 5.3) permet de
transformer TEB en un schéma couplé à plusieurs niveaux atmosphériques (figure 6.4(b)),
ce qui ouvre de nouvelles perspectives pour l’étude du micro-climat dans les rues.

(a) Schémas à 1 niveau atmosphérique.

(b) Schéma à plusieurs niveaux avec trâınée.

Figure 6.4 – Deux façons de modéliser la canopée (Masson 2006).
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6.3 Validations de TEB

6.3.1 Bilan d’énergie sur le centre-ville de grandes agglomérations

Concevoir un modèle ne suffit pas, il faut aussi le valider. Les données expérimentales
de bilan d’énergie en sitess urbains ou périurbains sont relativement rares, du fait prin-
cipalement de la petite communauté scientifique s’intéressant au sujet de la physique du
climat urbain. Les premières études ont été menées par l’équipe canadienne de Tim Oke,
et c’est sur leurs données que TEB a d’abord été validé (Masson et al 2002) : sur un site
industriel de Vancouver et sur Mexico City (Oke 1999). TEB permettait de reproduire
assez fidèlement les flux sur Mexico City (comme le phénomène d’hystérésis entre rayon-
nement net et flux de stockage, cf figure 6.5) ainsi que sur Vancouver pendant une semaine
de campagne. Toutefois, des différences existaient pour la première semaine de mesures sur
Vancouver, alors soumis à une brise de mer. Nous reviendrons sur les interactions ville -
brise de mer au chapitre suivant.

Figure 6.5 – Validation de TEB sur Mexico : hystérésis (Masson et al 2002).

L’opportunité s’est alors présentée de la campagne ESCOMPTE (Cros et al 2003). Le
CNRM, déja impliqué dans l’aspect premier de la campagne - à savoir l’étude de la photo-
chimie et des épisodes de pollution estivale à l’Ozone par la région de Fos à Marseille-, a
décidé d’ajouter un volet d’étude de la météorologie urbaine sur Marseille. Dans ce cadre
(plus détaillé au chapitre suivant), un site de mesure de bilan d’énergie a été installé dans
le cœur historique de la cité phocéenne, à la cour Administrative d’Appel de Marseille
(CAAM, figure 6.6). L’instrumentation a été laissée au soins des spécialistes mondiaux
de la question ... Tim Oke et Sue Grimmond (Grimmond et al 2006). En plus du bilan
d’énergie, dans le but de valider TEB plus avant, des mesures de température de l’air dans
le canyon ainsi que de températures de surfaces selons diverses orientations (Voogt) ont
été réalisées.

Lemonsu et al (2004) a alors utilisé ce nouveau jeu de données pour améliorer la pa-
ramétrisation. La mesure de température de l’air dans le canyon a permis de modifier
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(a) Cour d’Appel Administrative de Marseille. (b) Vue aérienne

Figure 6.6 – Le site de mesure de flux sur Marseille (Lemonsu et al 2004).

(a) Température de l’air dans les rues.

(b) Températures de surface

Figure 6.7 – Validation de TEB sur Marseille : cycle diurne moyen des températures
(Lemonsu et al 2004).
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la formulation des échanges entre air dans le canyon et air au dessus (qui est en fait
intrinsèquement différent des échanges surface-air), comme le montre la figure 6.7(a). Le-
monsu et al (2004) aussi vérifié, pour la première fois, que TEB était capable de reproduire
la moyenne des températures de chaque surface (figure 6.7(b)), ce qui valide l’approche
omnidirectionnelle des rues, tout en reproduisant toujours bien le bilan d’énergie (6.8).

Figure 6.8 – Validation de TEB sur Marseille : cycle diurne moyen des flux d’énergie
(Lemonsu et al 2004).
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L’expérience BUBBLE (Rotach et al 2005) sur Bâle réalisée en 2002 avait, entre autres,
pour but de mesurer le profil des variables moyennes et turbulentes au sein même de la
canopée. Si cet aspect n’est pas crucial pour la version historique de TEB, elle permet de
valider celle couplée au schema de CLS (Masson et Seity 2009). C’est ce qu’ont fait Hamdi
et Masson (2008), à partir des mesures à plusieurs niveaux sur une tour instrumentée (fi-
gure 6.9).

Dans cette version, TEB est couplé au sein de la canopée, et par exemple, les flux de
chaleur des murs vers l’atmosphère sont répartis selon la verticale. Les flux des rues et des
toits affectent le niveau atmosphérique qui leur est immédiatement au dessus. La trâınée
appliquée à l’écoulement par les bâtiments permet de retrouver la forme du profil de vent,
avec en particulier le classique point d’inflexion au dessus des toits (figure 6.10(a)). La
décroissance du flux de quantité de mouvement dans la canopée est aussi bien reproduite
(figure 6.11(a)). En ce qui concerne la température, les profils au dessus des toits sont
très bons, la température étant parfois sous-estimée à certaines heures dans la canopée (de
0,5K, figure 6.10(b)). Les profils des flux de chaleur pourraient être encore améliorés (figure
6.11(b)), mais les flux globaux du bilan d’énergie (non montrés) au dessus de la canopée
sont bien reproduits.

Cette version de TEB permet même d’améliorer un peu les simulations sur Vancouver,
Mexico et Marseille. Ces développements permettent d’envisager l’utilisation de TEB pour
des applications plus pointues au niveau du micro-climat à l’intérieur de la rue, comme
le confort thermique des passants- mais d’autres développements sont alors probablement
nécessaires pour par exemple prendre en considération l’orientation des rues, la végétation
et les effets d’ombrages.

(a) Positionnement des niveaux de CLS. (b) site expérimental.

Figure 6.9 – Validation de TEB sur Bâle : expérience BUBBLE (Hamdi et Masson 2008).
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(a) Profil de vent. (b) Profil de température.

Figure 6.10 – Validation de TEB sur Bâle : profils moyens.

(a) Profil de flux de quantité de mouvement. (b) Profil de flux de chaleur.

Figure 6.11 – Validation de TEB sur Bâle : profils turbulents.
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6.3.2 Etudes hydrologiques locales

Les villes, de part la forte proportion de surfaces urbanisées, ont un comportement
hydrologique particulier. Bien que divers modèles d’hydrologie urbaine existent, ceux-ci
sont basés soit sur des chroniques statistiques pluie-débits, soit pour ceux favorisant une
approche physique (comme Berthier 1999), sur une représentation fine du sol superficiel,
mais sans lien avec le bilan d’énergie. L’idée a donc été, en collaboration avec le LCPC,
d’étudier comment un modèle comme TEB, utilisable -a priori- à plus grande échelle que
les modèles hydrologiques existants, parvient à reproduire l’écoulement dans les réseaux.
Un site périurbain de lotissement de la région de Nantes, instrumenté par le LCPC, a été
choisi (figure 6.12(a), Berthier 1999b).

Lemonsu et al (2007) a montré que TEB, associé à ISBA pour les jardins, pouvait
représenter correctement les débits sur ce petit bassin versant (figure 6.12(b)). Toutefois,
en complément d’une calibration (légère) des réservoirs d’interception des toits et des rues,
a été mis en évidence la nécessité de prendre en compte un nouveau processus physique : les
rues ne sont pas imperméables ! Ceci peut être dû à plusieurs phénomènes liés au vieillisse-
ment de la route ou à la jointure entre route et jardins (non nécessairement étanche). Un
paramètre d’infiltration a ainsi été ajouté à TEB. L’eau qui s’infiltre au travers des rues se
retrouve ainsi dans le réservoir racinaire d’ISBA. Le devenir de cette eau est alors géré par
ISBA. Ce couplage améliore la représentation des épisodes pluvieux (figure 6.13). Suite à
ces résultats, une réflexion est en cours pour coupler TEB (dont il faudra améliorer l’hy-
drologie du sous-sol) à un modèle hydrologique distribué à l’échelle de plus grands bassins
versants périurbains nantais.

(a) Site de mesure du Rezé. (b) Scores pour les 6 années de simulation.

Figure 6.12 – Simulation des débits sur un petit bassin versant urbain après amélioration
des processus physiques d’échange en eau entre surfaces imperméables (bâti, voirie) et les
jardins (Lemonsu et al 2006) (Lemonsu et al 2006).
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Figure 6.13 – Exemple d’épisode pluvieux (Lemonsu et al 2007).

6.3.3 Conclusion

Le schéma TEB est mainenant inclus dans divers modèles atmosphériques outre at-
lantique : ARPS (avec une étude de Rozoff et al 2003 sur l’impact de l’̂ıot de chaleur de
Saint-Louis sur la formation des orages), RAMS. Aude Lemonsu a effectué son post-doc à
Montréal, afin d’implanter TEB dans le modèle canadien de prévision GEM, et d’améliorer
TEB en conditions hivernales, ce qui l’a conduit à mener deux campagnes de mesures sur
Montréal : MUSE 2005 et MUSE 2006 (Lemonsu et al 2008). Et nous collaborons toujours
avec eux dans le cadre du projet EPiCC, dans lequels des mesures de bilan d’énergie (et
des caractéristiques de la neige) sont menées pendant deux ans sur Montréal et Vancouver.
Le Centre de Météorologie du Canada utilise ces données afin de valider et améliorer TEB
pour les conditions climatiques des villes canadiennes.
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Chapitre 7

Modélisation de la couche limite
urbaine estivale

Sommaire
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7.1.3 Impact sur la qualité de l’Air . . . . . . . . . . . . . . . . . . . . . . . . 68

7.2 Interactions entre Atmosphère Urbaine et Brise de Mer . . . . . . . 70

7.2.1 L’expérience ESCOMPTE . . . . . . . . . . . . . . . . . . . . . . . . . . 70
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7.2.3 Influence d’une brise de mer sur des mesures de flux proche de la côte . 71

7.2.4 La ville sous l’influence d’une brise de mer . . . . . . . . . . . . . . . . . 74

7.1 Dynamique de la Couche Limite Urbaine

De nombreuses campagnes expérimentales ont été réalisées récemment en milieu urbain
et péri-urbain. De part la demande sociétale forte sur le sujet, la plupart de ces grandes
campagnes s’intéressent à la description de la qualité de l’air (par exemple MEDCAPHOT-
TRACE sur Athènes (Klemm 1995), ESQUIF sur Paris (Menut et al 2000) et ESCOMPTE
sur Marseille (Cros et al 2003, Drobinski et al 2007b) -), en axant plus les observations
à l’échelle d’une région sur les émissions chimiques et la pollution dans la couche limite.
Peu d’expériences documentent les processus physiques, thermodynamiques voire même
chimiques à plus petite échelle, propres à la couche limite urbaine. En Europe, la campagne
ESCOMPTE-UBL (Mestayer et al 2005) sur la ville côtière de Marseille (France) a permis
de documenter finement les échanges énergétiques en période estivale (Grimmond et al
2006), et les complexes interactions entre brise de mer et couche limite urbaine (Pigeon
et al 2006, Bastin et Drobinski 2005, Lemonsu et al 2006a, Lemonsu et al 2006b). La
campagne expérimentale BUBBLE (Rotach et al 2005) a eu lieu sur Bâle (Suisse) (Rotach
et al 2005). Des mesures très fines ont été réalisées au sein même de la canopée urbaine,
ce qui a permis d’avancer sur la connaissance de la structure de la turbulence dans une
rue canyon (Hamdi et Masson 2008). Dans ces deux cas (Marseille et Bâle), de part la
géographie des sites (Marseille est une ville côtière, Bâle est située dans une vallée alpine),
la couche limite urbaine est en interaction complexe avec l’écoulement généré par les brises
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(de mer et de pente respectivement). Aux Etats-Unis, les campagnes de mesures récentes se
sont intéressées à l’écoulement de fine échelle : URBAN 2000 à Salt Lake city (Allwine et al.
2002) plus récemment Oklahoma Joint Urban 2003 à Oklahoma City (Allwine et al. 2004).
L’objectif scientifique principal était d’étudier la dispersion de polluants dans les centre-
villes, afin de construire des stratégies de modélisation et d’intervention en cas d’attaques
chimiques ou biologiques terroristes. Ces campagnes se sont basées sur la mesure le plus
précisément possible (incluant mesures au sol, télédétection et hélicoptères), du devenir de
traceurs passifs (SF6) relâchés en différents sites. Les aspects de modélisation, et même
d’assimilation de données (pour améliorer en temps réel le champ de vent dans les modèles
de dispersion), ont été inclus dans ces campagnes.

Avant d’aborder l’étude de la couche limite urbaine sur l’ensemble d’un cycle annuel à
travers l’expérience CAPITOUL (chapitre suivant), je présente ici les études numériques et
expérimentales sur la structure générale de la couche limite au dessus des villes (ou couche
limite urbaine) en situations estivales que j’ai encadrées ou auxquelles j’ai participé : sur
Paris (en se focalisant sur les effets purement urbains) et sur Marseille (en étudiant l’in-
fluence de la brise de mer).

7.1.1 L’̂ılot de chaleur

La première étude de modélisation a été menée sur la région parisienne. Il s’agit du stage
de DEA d’Aude Lemonsu. Cette étude a été menée afin de quantifier l’influence de l’ag-
glomération parisienne sur la météorologie locale pour diverses situations anticycloniques.
L’étude s’est focalisée sur une situation estivale, le 11 juillet 1994 (Lemonsu et Masson
2002, revue de Priringer et al 2002). La méthodologie de travail a été de tout d’abord
comparer la simulation avec les observations assez denses des stations de Météo-France
disponibles sur la région (figure 7.1). Le modèle MesoNH couplé avec TEB a ainsi essuyé
avec succès son baptême du feu en zone urbaine, en simulant correctement l’̂ılot de chaleur
et son évolution (8 degrés la nuit, 2 degrés le jour).

7.1.2 Couche Limite, Ville et Turbulence

La deuxième étape fut ensuite de quantifier l’impact des échanges énergétiques et dyna-
miques avec la ville sur la couche limite. Pour ce faire, deux simulations ont été réalisées :
une simulation de référence avec TEB, et une simulation idéalisée rurale où l’agglomération
parisienne est tout simplement remplacée par des champs. En comparant les deux simula-
tions (figure 7.2), on met en évidence la formation d’une brise urbaine diurne (produite par
l’̂ılot de chaleur diurne) : dans les basses couches près du sol, une circulation convergente
se forme, menant à une ascendance au dessus de Paris et à une circulation divergente vers
le sommet de la couche limite. L’intensité de ces mouvements horizontaux atteint 5ms−1.
Il faut noter que ces vents convergents sont maximum en zone périurbaine, là où la rugosité
du terrain est forte. En ne considérant qu’un effet local, le vent devrait être freiné. Au lieu
de celà, les effets thermiques à l’échelle de l’agglomération, ”la brise urbaine”, y créent et
maintiennent des vents forts. Pour une autre situation, avec un vent synoptique plus fort,
la branche divergente de la circulation de brise est décalée en aval de la ville (non montré
ici, cf Lemonsu et Masson 2002).
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(a) Stations synoptiques.

(b) Ilot de chaleur.

(c) Ilot d’humidité

Figure 7.1 – ı̂lot de chaleur sur Paris le 11 juillet 1994 (Lemonsu et Masson 2002).

Figure 7.2 – Simulation de brise urbaine le 11 juillet 1994 (Lemonsu et Masson 2002).
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7.1.3 Impact sur la qualité de l’Air

Pour en revenir aux priorités des citadins en terme d’atmosphère urbaine (tout au moins
avant la canicule de 2003), regardons maintenant l’influence des effets thermiques de l’ur-
banisation (hors émissions) sur la qualité de l’air. Bien sûr, les concentrations des polluants
sont en tout premier lieu dépendantes des émissions polluantes (gaz et particules), très im-
portantes en ville. Toutefois, les effets thermodynamiques liés aux flux de chaleur en surface
et à l’̂ılot de chaleur urbain peuvent moduler ces concentrations, soit par une modification
du transport (par une brise urbaine par exemple), soit comme on va le voir ici du fait d’un
changement radical de la stabilité des basses couches au dessus de la ville (Sarrat et al 2006).

En campagne, la nuit, la couche limite nocturne présente une forte inversion en température,
qui inhibe les échanges turbulents vers le haut. Ainsi, toute pollution émise en surface sera
piégée près du sol, conduisant à de fortes concentrations de polluants primaires (comme le
NO). En ville, au contraire, une couche limite nocturne d’environ 100 à 200m de hauteur
se forme, ce qui mélange les polluants émis et limite les concentrations. La figure 7.3(a)
présente deux simulations de la campagne ESQUIF, avec les mêmes émissions, une où l’on
tient compte de l’effet thermodynamique de l’̂ılot de chaleur urbain et une sans (ce qui
correspondrait à la physique de surface des modèles de chimie-transport utilisés pour la
qualité de l’air). La nuit (à partir de l’heure 18), la concentration en NOx est aux alentours
de 20 ppbv dans la simulation ”URBAN”, alors qu’un pic à 150 ppbv est présent en début
de nuit dans la simulation ”NO-URBAN” (pic d’émission du soir en lien avec une couche
limite urbaine stable -irréaliste-). Les observations sont entre les deux. Ceci conduit à une
destruction complète de l’Ozone dans la simulation NO-URBAN, alors que ce n’est pas
observé. La simulation URBAN, bien que surestimant la concentration d’Ozone en ville,
reproduit mieux la tendance observée (pas de chute brutale). En zone périurbaine ou ru-
rale, il y a peu de différence entre les deux simulations. Les concentrations nocturnes trop
fortes de NOx dans la simulation sans ville se retrouvent advectées en aval de Paris (figure
7.3(b)), avec le NOx toujours piégé en surface par la stabilité. La simulation avec TEB
produit des concentrations plus réalistes, et un panache en aval mais moins intense.
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(a) concentrations de d’Ozone et Nox pour au centre de Paris (à gauche), une station périurbaine (au
milieu) et une station rurale (à droite).

(b) Concentration de NOx à minuit dans une simulation avec ville (à gaughe) et sans ville (à droite).

Figure 7.3 – Modélisation de la pollution sur Paris durant ESQUIF le 17 juillet 1999
(Sarrat et al 2006).
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7.2 Interactions entre Atmosphère Urbaine et Brise

de Mer

7.2.1 L’expérience ESCOMPTE

Le CNRM s’est fortement impliqué dans ESCOMPTE, bien sûr au niveau de l’objectif
général de la campagne, l’étude régionale de photochimie, mais aussi, en ce qui concerne
mes activités de recherche, sur la météorologie urbaine sur Marseille et les interactions
complexes avec les brises de mer et le relief. Cette campagne de mesures sur Marseille a
aussi, point important, permis de sceller une collaboration avec les équipes canadiennes
et (alors) américaines spécialistes du sujet au niveau mondial, à savoir celles de Tim Oke,
James Voogt et Sue Grimmond. Cette collaboration avait été entamée avec la validation de
TEB sur Vancouver et Mexico City (Masson et al 2002). Cette fois, ces équipes sont venues
à Marseille pour participer à ESCOMPTE-UBL (Urban Boundary Layer). Leurs contri-
butions, principalement expérimentales, ont complété nos approches plutôt modélisatrices.
L’expérience acquise par le CNRM au cours de cette campagne sera réutilisée ensuite pen-
dant CAPITOUL (cf chapitre suivant).

7.2.2 L’̂ılot de chaleur d’une ville côtière

Jusqu’à présent, les variations spatiales et temporelles de l’̂ılot de Chaleur Urbain (ICU)
avaient été étudiées séparément au moyen de deux types de dispositifs expérimentaux. Res-
pectivement, il s’agissait de véhicules instrumentés explorant la variabilité de température
selon les diverses zones d’une agglomération ou d’un nombre restreint (2 ou 3) de stations
situées en zones plus ou moins urbanisées pour caractériser la variation temporelle de l’ICU.
Constatant cette déficience, le CNRM a déployé un réseau de 20 stations automatiques sur
Marseille pendant la campagne ESCOMPTE-UBL afin d’observer continûment l’ICU en
différents points de la ville (Pigeon et al., 2006). Afin d’optimiser la capacité de ce réseau
à capturer les caractéristiques spatiotemporelles de l’ICU sur Marseille, une simulation
numérique avec le modèle atmosphérique Méso NH a été réalisée, en utilisant le schéma
TEB pour le calcul des échanges surface urbaine/atmosphère. La simulation s’est faite
sur 4 grilles embôıtées. Le plus petit domaine couvrait l’agglomération de Marseille à une
résolution de 250 m. La simulation concernait trois jours consécutifs de la pré-campagne
ESCOMPTE en juin et juillet 2000. La qualité de la simulation a pu être évaluée en la
confrontant aux observations de la pré-campagne. Une attention toute particulière a été
portée sur la capacité de la simulation à reproduire la variabilité spatiale de la température
entre la zone urbaine et les zones environnantes. Ensuite, des informations synthétiques
et statistiquement pertinentes de la simulation sur la zone urbaine ont été extraites par
une analyse en composante principale. La disposition du réseau a été choisie dans le but
d’échantillonner les structures spatiales et temporelles les plus significatives des champs de
température et d’humidité (Figures 7.4(a) et 7.4(b)).

La structure spatiale de l’ICU a ensuite été analysée en fonction de paramètres objec-
tifs de l’urbanisation. Autour de chaque site de mesure (500 m), la fraction couverte par
les surfaces imperméables et le rapport entre la hauteur des bâtiments et la largeur des
rues (appelé rapport d’aspect ou prospect) ont été évalués à partir d’une base de données
géographiques. Il a été montré une très bonne corrélation entre la structure spatiale de l’ICU
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(a) Réseau retenu après l’étude numérique. (b) Quelques sites d’implantation.

Figure 7.4 – Définition de l’implantation du réseau de capteur (Pigeon et al 2006).

la nuit et la fraction de surface couverte par des matériaux imperméables ainsi qu’avec le
rapport d’aspect des rues entourant les sites de mesure (Figure 7.5(a)). Le jour, par contre,
la relation entre la température et la fraction occupée par les surfaces imperméables est
faible (Figure 7.5(a)), et le critère le plus pertinent est la distance à la côte.

Ces mêmes corrélations ont été retrouvées dans l’analyse de la simulation de l’̂ılot de
chaleur utilisée initialement pour optimiser la disposition du réseau. Ce résultat souligne à
la fois la validité de l’outil numérique utilisé, de la méthode mise en place pour optimiser
l’implantation du réseau de stations et la stabilité dans le temps des relations entre les
caractéristiques de la surface urbaine et la variabilité du champ de température puisque la
simulation et les observations correspondaient à deux années différentes (2000 et 2001).

7.2.3 Influence d’une brise de mer sur des mesures de flux proche
de la côte

L’air marin est frais et humide. Lorsque la brise de mer se forme, cet air est advecté
au dessus de surfaces urbaines très chaudes (en journée) qui de plus évaporent peu. De ce
fait, se forme un gradient horizontal fort de température de l’air (de l’ordre du degré par
kilomètre) quand on se déplace de la côte vers l’intérieur de la ville (figure 7.6 à gauche).
Le réchauffement de l’air est dû d’une part à l’apport de chaleur par le flux de chaleur
sensible à la surface, et d’autre part (ce qui se voit sur la coupe verticale), à l’entrâınement
d’air chaud initialement au dessus de la couche limite marine lorsque la couche limite crôıt
au dessus de la ville (par turbulence à la fois dynamique et thermique). Pour ce qui est
de l’humidité, seul ce deuxième phénomène (l’entrâınement sommital d’air sec) a lieu, vu
qu’il n’y a pas de flux d’évaporation significatif en surface. Ceci conduit à un gradient en
humidité spécifique (figure 7.6 à droite).
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(a) Première composante principale pour la température la nuit.

(b) Première composante principale pour la température le jour.

Figure 7.5 – Relations entre température la nuit et taux d’urbanisation (à gauche) et
prospect des rues ou distance à la côte (à droite) (Pigeon et al 2006, 2008).

Ces fort gradients horizontaux de température et humidité de l’air ne sont pas sans
conséquence sur les mesures de flux turbulents avec un mât instrumenté. En effet, lorsque
l’on place un mât de mesures, on suppose que celui-ci est dans la Couche Limite de Surface
(CLS) à flux constant ; et donc que les flux qu’on mesure à 30m de haut (i.e. assez haut
pour ne pas subir les effets individuels de chaque bâtiment) sont les mêmes que ceux émis
par la surface. Cependant, comme on le voit sur le schéma de la figure 7.6, en présence
de forte advection moyenne horizontale (ici à cause de la brise de mer), des flux différents
entrent et sortent par les parois latérales de la ”bôıte” schématisant la CLS. De ce fait, les
flux ne sont plus constants sur la verticale dans la CLS, et il faut apporter une correction
aux flux mesurés à 30m pour retrouver le flux de surface. Le flux sensible réel en surface
est donc ainsi plus important que le flux mesuré à 30m, alors que le flux latent lui est plus
faible que celui mesuré (la vapeur d’eau provenant non pas de la surface mais de l’air marin
advecté puis mélangé et entrâıné vers le haut).

Pigeon et al (2007a) a quantifié pour plusieurs journées de brise de mer durant ES-
COMPTE ces corrections, indépendamment à partir des observations (du réseau de mesure
de l’̂ılot de chaleur) et du modèle (MesoNH, cf ci après). Ils montrent (figure 7.7) que la
correction à apporter aux flux de chaleur sensible peut être aussi forte que 150 à 200 Wm−2

si on place le mât en bordure immédiate de la mer, et qu’à 2km de celle-ci (là où était
effectivement placé le mât de mesures), la correction peut atteindre au plus fort de la brise
50 à 100 Wm−2 pour des valeurs absolues du flux atteignant 300 à 400 Wm−2 (figure 6.7).
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7.2.4 La ville sous l’influence d’une brise de mer

Afin d’étudier à l’échelle de l’agglomération les interactions entre couche limite urbaine
et brise de mer, Lemonsu et al (2006a) ont modélisé les 6 jours consécutifs de la POI2
d’ESCOMPTE avec le modèle MesoNH, jusqu’à 250m de résolution sur Marseille, afin de
prendre en compte au mieux les effets locaux (figure 7.8). Cette POI2 se caractérise par
deux périodes bien distinctes : les 3 premiers jours correspondent à un Mistral faiblissant,
c’est à dire un vent venant plutôt de l’intérieur des terres du Nord-Ouest ; durant les 3
derniers jours une brise de mer se forme chaque jour (et aussi à une pollution importante).
Ainsi, l’étude de cette POI2 va permettre d’étudier les caractéristiques de la couche limite
urbaine suivant deux situations de méso-échelle contrastées.

Figure 7.8 – Domaines de simulation pour ESCOMPTE (Lemonsu et al 2006a).

Le 22 juin 2001 (faible Mistral, figure 7.9 à gauche), la structure en température en
journée (observée et modélisée) est simplement gouvernée par le passage ou non de la
masse d’air au dessus de la baie. La couche limite atteint 1250m de haut au dessus de la
ville. Le 26 juin (figure 7.9, à droite), l’écoulement est plus complexe. La zone urbaine la
plus chaude est en aval du massif du Puget, indiquant un effet orographique marqué. Les
zones les plus froides sont au Sud et au Nord de Marseille. En utilisant conjointement les
sorties du modèle et le Lidar Vent 3D qui était positionné au Nord de Marseille, Lemonsu
et al (2006b) ont mis en évidence ce jour là une structure en 4 couches sur la ville (figure
7.10). Les deux couches supérieures sont liées à la présence de deux masses d’air d’origines
synoptiques différentes sur la région. Mais intéressons nous plutôt aux deux plus basses
couches. (i) La première couche (A) est une couche de ”brise de mer mince”, provenant du
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Figure 7.9 – Température le 22 juin (brise composée avec du Mistral) et le 26 juin (brise de
mer de Sud-Est) ; observations (en haut) et modèle à 250m de résolution (en bas) (Lemonsu
et al 2006a).

Sud mais bloquée par et contournant les reliefs des calanques. La brise aborde Marseille
par le Sud-Ouest et le Nord Ouest après le passage au dessus de la baie (d’où les zones
plus frâıches à ces endroits). (ii) la deuxième couche (B), ou ”brise de mer épaisse”, cor-
respondant à la brise de mer d’échelle régionale provenant du Sud (la côte est globalement
orientée Ouest-Est), qui passe les reliefs et surplombe la brise de mer mince.

Ainsi, en journée, la structure de la couche limite au dessus de Marseille est peu in-
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fluencée par la ville mais est dûe aux interactions entre brise de mer et relief. L’influence
de la ville se limite à une modulation de la température de l’air grâce au flux de chaleur
sensible en surface important, mais même la structure générale de la température de l’air
au voisinage du sol est d’abord dictée par l’origine de la masse d’air (distance à la côte
qu’a parcouru la brise de mer mince, effet de relief). La nuit par contre, on a vu que le
rôle de l’urbanisation était plus important (figure 7.5(a)). Suite à ces nombreuses études
sur Marseille, afin de se focaliser sur l’étude d’effets purement urbains, j’ai mis en place et
conduit la campagne de mesures CAPITOUL.

Figure 7.10 – Structure stratifiée de la couche limite en 4 couches au dessus de Marseille
le 26 juin mise en évidence par la vitesse radiale du vent (négatif = vers le Lidar Vent
Transportable) observé (à gauche) et simulé (à droite), à 11h, 14h et 17h. Nord à gauche.
Centre-Ville à droite. (Lemonsu et al 2006b).
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Chapitre 8

La campagne de météorologie
urbaine CAPITOUL
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8.2.4 Hétérogénéité des températures des surfaces urbaines . . . . . . . . . . . 80
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8.1 Introduction

Afin de compléter notre connaissances des diverses composantes du climat urbain,
j’ai monté une campagne de mesures expérimentales complémentaire des campagnes déja
réalisées, à savoir principalement le volet urbain de ESCOMPTE sur Marseille et BUBBLE
sur Bâle. Cette nouvelle campagne expérimentale s’est déroulée sur Toulouse (ville loin -
d’un point de vue micro-météo - de la mer ou de la montagne), pour s’affranchir d’effets à
méso-échelle (brises). C’est la campagne CAPITOUL (Masson et al 2008) : ”Canopy and
Aerosol Particles Interactions in TOulouse Urban Layer”.
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Afin de réaliser ses objectifs, CAPITOUL devait être une campagne de mesures colla-
borative, car l’expertise (et même l’instrumentation) n’était pas disponible au CNRM pour
tous les aspects scientifiques à aborder. Ainsi, une dizaine de laboratoires ont participé : le
CNRM, le Laboratoire d’Aérologie, l’INRA de Bordeaux, l’IRSN, l’ONERA, l’université de
Birmingham et nos incontournables canadiens préférés : J. Voogt de l’université de Western
Ontario et T. Oke de l’université de Colombie Britannique.

Ce fut une expérience nouvelle pour moi. Même si (et sans doute parce que) il y a eu
quelques couacs imprévus dans la mise en œuvre de la campagne (comme par exemple
un retard dans l’installation du mât sur le Monoprix, ou la nécessité de compensations en
espèces sonnantes et trébuchantes pour les astreintes ou vacations de nuit, qui n’étaient
alors prévues qu’en récupération en congés), j’ai trouvé très enrichissant de quitter mon
bureau et d’aller voir ce qui se passe en vrai dehors. Je n’ai jamais été aussi souvent à
Toulouse que lorsque que l’on allait (parfois plusieurs fois par semaine) manœuvrer le mât
télescopique. CAPITOUL m’a donné l’occasion d’aller rencontrer des élus (rencontres pour
lesquelles j’ai acheté mon seul et unique costard), dont le maire de Toulouse de l’époque
(Monsieur Douste-Blazy).

J’ai découvert qu’une campagne expérimentale, ce sont bien sûr des aspects techniques
de mesures et financiers, mais aussi des aspects logistiques, administratifs (comme les ta-
bleaux de services), et surtout humains. Je tiens à remercier toutes les personnes que
j’ai cotoyé pendant cette campagne, et qui ont fourni un travail extraordinaire, ainsi que
Philippe Bougeault qui m’a soutenu dès le début pour lancer CAPITOUL si près d’ES-
COMPTE.

Figure 8.1 – Le Capitole comme vous ne l’avez jamais vu.
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8.2 Objectifs de l’expérience

Rentrons maintenant dans le vif du sujet. La campagne CAPITOUL s’attache en prio-
rité à quantifier les interactions entre surfaces urbaine, évolution et structure 3D de la
couche limite urbaine et aérosols urbains, à l’échelle de l’agglomération et des quartiers.
L’objectif ne sera pas comme dans BUBBLE de documenter précisément la turbulence
dans la canopée, mais plutôt de quantifier le rôle de la ville (par ses échanges turbulents au
dessus de la canopée urbaine) sur la couche limite urbaine (CLU), et les circulations liées
à la ville qui s’y développent (brise, panache). De plus, un intérêt particulier sera porté à
la description et la compréhension de la variabilité temporelle des processus au cours d’un
cycle annuel.

Les aspects de modélisation, en vue d’améliorer les modèles d’études de processus ou de
prévision du temps en ville, ont été incorporé à la réflexion dès le départ. Plus précisément,
les objectifs se décomposent ainsi :

8.2.1 Compréhension des échanges surface urbaine - atmosphère

L’objectif est de documenter ces échanges énergétiques, ainsi que leurs causes, au cours
d’un cycle annuel. Les aspects les plus novateurs visés concernent :

— La description des différents flux de ce bilan pour un ensemble varié de conditions
météorologiques, en continu sur une année,

— la mesure et la modélisation du flux anthropique QF ,
— le comportement du flux d’évaporation QE juste après des conditions pluvieuses
— la modélisation de ces flux
Un objectif complémentaire et novateur est de mesurer directement les émissions d’aérosols

urbains, tant au niveau des processus turbulents de transfert de la canopée vers l’at-
mosphère que de la composition et propriétés microphysiques des aérosols eux-mêmes.

8.2.2 Structure et évolution de la Couche Limite Urbaine

Un des objectifs principaux de CAPITOUL est de quantifier les processus et interactions
au sein de la CLU. On peut noter que ceci suppose un dispositif expérimental explorant
spatialement la couche limite (notamment aéroporté), et pas seulement la surface. En se
focalisant sur les conditions anticycloniques de vent faible, on s’est intéressé à documenter
pour des cycles diurnes au cours des saisons :

— la structure et l’évolution intra-urbaine (à l’échelle des quartiers) de l’̂ılot de chaleur
urbain, ainsi que le champ d’humidité.

— l’impact dynamique et thermodynamique sur l’ensemble de la couche limite urbaine,
diurne ou nocturne, afin de mettre en évidence des phénomènes comme la brise
urbaine.

— l’impact de la ville, via la modification de la couche limite nocturne par le chauffage
sous-jacent, sur le brouillard, tant au niveau de sa formation, son évolution ou sa
dissipation.

8.2.3 Transformation des aérosols urbains

Un des objectifs de ce projet était donc de mieux comprendre les liens existant entre les
propriétés dynamiques de la CLU d’une part et les propriétés chimiques et micro-physiques
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des aérosols tout au long de leur temps de séjour dans l’atmosphère d’autre part. Pour cela,
il est indispensable de documenter correctement la façon dont les polluants sont transportés,
mélangés et transformés dans la CLU. Cette étude a donc été subdivisée en 3 volets :

— caractérisation physico-chimique de l’aérosol urbain,
— vieillissement de l’aérosol urbain au cours de leur transport dans la CLU,
— impact radiatif de l’aérosol urbain.

8.2.4 Hétérogénéité des températures des surfaces urbaines

Les surfaces urbaines, de par leur structure de petite échelle très hétérogène (bâti,
orientations des surfaces, matériaux), s’échauffent très différemment, induisant une forte
hétérogénéité des températures des surfaces (Voogt and Oke 1997, 2003). Ceci influe sur
les échanges thermiques avec l’atmosphère (Voogt and Grimmond 2000), que l’on cherche
à documenter et paramétrer finement dans CAPITOUL. Un autre impact est la forte
variation de la température de surface apparente vue par un satellite (à l’échelle d’un
quartier), pouvant atteindre plusieurs degrés sur des villes en été (c’est l’effet d’anisotropie
directionnelle, présenté dans Lagouarde et al 2004). L’objectif est ici toujours d’étendre la
description puis la modélisation des hétérogénéités des températures de surfaces urbaines
de jour mais aussi de nuit, pour différentes saisons.

8.2.5 Dispersion à courte distance

La dispersion de gaz ou des particules dans la couche limite atmosphérique est essen-
tielle à beaucoup d’études sur l’environnement. La modélisation de cette dispersion devient
une priorité élevée, dans un cadre d’urgence, quand il y a un rejet accidentel comme par
exemple l’explosion AZF le 21 septembre 2001 dans la région de Toulouse. Météo-France et
l’IRSN (Institut de Radioprotection et de Sureté Nucléaire) sont impliqués dans la cellule
de crise nationale quand un rejet accidentel se produit. La campagne CAPITOUL était
une bonne occasion pour les deux organismes de mesurer la dispersion d’un traceur (SF6)
afin de valider des systèmes de modélisation, utilisée dans le cas d’une urgence, pour la dis-
persion de contaminant à courte distance (quelques kilomètres). L’objectif était d’étudier
la dispersion dans la couche limite convective sur un secteur péri-urbain, type de couvert
sur lequel les zones industrielles sont généralement implantées.

8.3 Réseau expérimental

8.3.1 Stratégie de mesure

L’expérience s’est déroulée de début mars 2004 à fin février 2005 sur la ville de Toulouse.
L’agglomération de 20km de diamètre environ, comporte 900000 habitants, ce qui est a
priori suffisant pour obtenir des ı̂lots de chaleur de l’ordre de 8 degrés (Oke 1987), et des
circulations tri-dimensionnelles dans la couche limite atmosphérique au dessus de la ville.

Cette ville a été choisie pour plusieurs raisons :
— la ville est située relativement loin de reliefs significatifs et de la mer, de sorte

qu’elle ne subit pas d’effets locaux de brises de vallée ou de brise de mer. De petites
collines de moins de 100m de haut sont présentes au sud-est de l’agglomération.
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(a) Vue aérienne du centre-ville. (b) Vue depuis le site de mesures de flux.

Figure 8.2 – Centre-ville de Toulouse.

La météorologie est ainsi principalement gouvernée par l’évolution synoptique, ce
qui fait qu’en conditions anticycloniques, les effets urbains tels que ı̂lot de chaleur,
panache ou brise urbaine peuvent se développer.

— Le centre-ville ancien, qui s’étend sur environ 3,5km2, est très homogène, aussi bien
vis à vis des hauteurs de bâtiments (environ 20m) que des matériaux de construc-
tion : briques rouges et tuiles (Figure 8.2). Ces conditions sont favorables pour
effectuer des mesures de flux turbulents pertinentes pour un centre-ville dense.

— La ville comporte peu d’industries polluantes, l’essentiel de l’activité économique
tournant autour du spatial et de l’aéronautique. La principale source de pollution
est dûe a la pollution automobile et au chauffage domestique au fioul, ce qui permet
d’étudier plus spécifiquement les aérosols carbonés et les sulfates.

— Le Centre National de Recherches Météorologiques est situé a Toulouse, facilitant
les aspects logistiques et permettant une instrumentation plus importante. En par-
ticulier, l’avion instrumenté est basé à Toulouse, ce qui permettait d’effectuer des
mesures aéroportées au dessus de l’agglomération dès que des conditions anticyclo-
niques se présentaient.

Le réseau expérimental est composé d’instrumentation fixe durant toute l’année de me-
sure, afin de documenter le cycle annuel complet de divers processus (échanges turbulents,
ı̂lot de chaleur, composition chimique des aérosols,...). Les divers sites de mesures sont
décrits brièvement dans la figure 8.3. Ce dispositif est complété lors de Périodes d’Obser-
vations Intensives (POI), notamment par des moyens aéroportés (avion, ballons), afin de
documenter la structure tri-dimensionnelle de la couche limite urbaine. L’instrumentation
additionnelle en POI est présentée en figure 8.7. Ces 17 POI de un ou deux jours ont eu
lieu durant des saisons différentes afin de documenter le cycle annuel.

8.3.2 Mesures permanentes

Site urbain dense

Afin de documenter les processus d’échanges énergétiques entre le centre-ville ancien
de Toulouse et l’atmosphère, un important dispositif expérimental, schématisé sur la figure
8.4, a été mis en place. Ce site central a été équipé d’un mât téléscopique sur lequel ont
été installé des mesures de turbulence pour estimer les flux de chaleur, d’évaporation et
de CO2 (fig 8.5(a)). Le mât a été opéré selon plusieurs altitudes de mesure en fonction de

81



�
�

� ����� �����

� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ���

������������������������� � � � � � � � � � � � � � � � � � � � � � � � �

��������������������������������������� � � � � � � � � � � � � � � � � � � � � � � � �

�������������������������� � � � � � � � � � � � � � � � � � � � � � � � �

���������������������������� � � � � � � � � � � � � � � � � � � � � � � � �

������������������� � � � � � � � � � � � � � � � � � � � � � � � �
������������������������ � � � � � � � � � � � � � � � � � � � � � � � �
�������������������������������� � � � � � � � � � � � � � � � � � � � � � � � �

������������������������ � � � � � � � � � � � � � � � � � � � � � � � �
������������������������� � � � � � � � � � � � � � � � � � � � � � � � �
������������������ � � � � � � � � � � � � � � � � � � � � � � � �
����������������������� � � � � � � � � � � � � � � � � � � � � � � � �
�������������������������� � � � � � � � � � � � � � � � � � � � � � � � �
��������������������������������� � � � � � � � � � � � � � � � � � � � � � � � �
����������������� � � � � � � � � � � � � � � � � � � � � � � � �

Figure 8.3 – Mesures permanentes pendant CAPITOUL (grisé : instrumentation
opérationnelle et données validées).

l’intensité du vent, ce qui a induit une organisation importante au niveau des astreintes,
puisque la manipulation du mât nécessitait 4 personnes. Les rues de la Pomme et Alsace,
adjacentes à la terrasse ont été équipées de perches au sommet du canyon urbain, et ces
perches ont été équipés de mesures de turbulence et de températures de surface (fig 8.5(b).

Les mesures d’aérosol ont été réalisées sur le toit de la poste centrale, à environ 30 m
au-dessus du niveau du sol. La spéciation chimique des aérosols (Calvo et al., 2008) a été
établie à partir de prélèvements hebdomadaires sur filtre.

De plus, suite à l’étude positive effectuée à Marseille pendant ESCOMPTE sur ce type
d’instrument, un scintillomètre a été installé au dessus du centre-ville par l’équipe EPHYSE
de l’INRA (J.-P. Lagouarde) afin de mesurer un flux de chaleur sensible intégré. Ce type
d’instrument, facile à mettre en œuvre, pourrait ainsi à terme se substituer aux mesures
par corrélations sur un mât pour des études long-terme ou opérationnelles en milieu urbain.

Sites ruraux

Trois sites ont été équipé de mesures météorologiques moyennes (Mondouzil, Auzeville,
Launac) et de flux radiatifs. Deux autres sites sont en plus équipés de mesures de flux
turbulents et d’humidité et température dans le sol : Le Fauga (au sud de Toulouse) et
Saint Sardos (à l’ouest de Toulouse, cf De Rosnay 2006).

Réseau de mini-stations (mesure de l’̂ılot thermodynamique)

21 stations de mesures de température et d’humidité sous abri (6m) ont été installées
dans différents quartiers représentatifs de l’agglomération. Ces stations ont fonctionné en
continu pendant toute la durée de l’expérience.
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Figure 8.4 – Site du centre-ville.

Profileurs

Un radar UHF a été installé en centre-ville afin de mesurer en continu le profil de vent
au dessus de la ville. Sur le même site un télémètre modifié complète cette information en
observant l’évolution de la couche limite, à partir de la réflectivité de la vapeur d’eau et
des aérosols.

Cadastre urbain et inventaire énergétique

Un inventaire de la consommation d’énergie pendant la période de la campagne a été
conduit à l’échelle de l’agglomération (Pigeon et al. 2007b, figure 8.6). Cet inventaire tient
compte du trafic, de l’électricité, du gaz ainsi que d’autres sources d’énergie minoritaires
(fuel, bois, charbon, réseau urbain). Ces données sont disponibles dans un système d’infor-
mations géographiques (SIG). L’ensemble de ces données ont été analysées en relation avec
les caractéristiques d’occupation des sols (Masséra, 2005). Il a ainsi été possible d’établir
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(a) Vue du mât de mesures. (b) Vue de la perche de la rue de la Pomme.

Figure 8.5 – Instrumentation du site central.

l’inventaire de consommation d’énergie à une résolution horizontale de 100 m. L’inven-
taire a été confronté aux mesures du bilan d’énergie (Pigeon et al. 2007b) et les résultats
montrent une bonne cohérence entre ces deux informations.

(a) L’été. (b) L’hiver.

Figure 8.6 – Ça, c’est QF (Pigeon et al 2007b, 2008c).

Analyse en laboratoire des caractéristiques radiatives des matériaux

Une caractérisation des matériaux des bâtiments/routes employés à Toulouse a été faite.
Nous avons ainsi accès simultanément à des informations dans trois domaines : une liste
des matériaux principaux présents dans la ville, les propriétés optiques de chacun d’eux
(spectraux et directionnels) et leur variabilité dans une classe donnée.
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8.3.3 Mesures en POI
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Figure 8.7 – Mesures en POI pendant CAPITOUL (grisé : instrumentation opérationnelle
et données validées).

Mesures aéroportées

Afin de documenter avec une forte résolution spatiale la couche limite urbaine, un avion
PIPER-Aztec bimoteur instrumenté a effectué des vols au dessus de l’agglomération tou-
lousaine. En POI, des vols étaient effectués en matinée, lors de la croissance de la couche
limite, et en début d’après midi, au moment où les conditions semblent favorables à des
effets urbains en altitude (ainsi que la montré l’étude numérique de Lemonsu et Masson
(2002) sur la brise urbaine sur Paris). Ont ainsi été mesurés à différentes hauteurs dans la
couche limite les champs de vent horizontal, de température et d’humidité. Lors de quelques
POI, un néphélomètre a été installé pour aider à caractériser le vieillissement de l’aérosol
dans le panache.

Ces mesures aéroportées sont complétées par des radiosondages, lachés d’une part de-
puis le centre-ville historique à partir d’une cour, et d’autre part, et simultanément, depuis
un site rural 25km en amont du centre-ville (suivant la direction du vent, un site au
nord-ouest ou un au sud-est est utilisé). La stratégie de mesure simultanée en ville et à
la campagne permet de quantifier en journée l’éventuelle différence de température ou de
hauteur entre couches limites urbaine et rurale, et la nuit de mesurer la structure thermique
(intensité de l’inversion en campagne, hauteur de la couche mélangée en ville), et ainsi l’in-
tensité de l’̂ılot de chaleur en fonction de la hauteur et le phénomène de ” cross-over ” (air
surplombant l’̂ılot de chaleur la nuit plus froid que son environnement).

Mesures d’aérosols

Durant les POI, la spéciation chimique des aérosols effectuée à partir de prélèvements
sur filtre a été complétée par une mesure dans la fraction PM1. Pour chacune des 3 classes
(PM1, PM2.5 et PM10), le pas de temps des échantillonnages a été réduit à quelques heures
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Figure 8.8 – Instruments de mesures d’aérosols, sur le toit de la Poste centrale de Toulouse.

En ce qui concerne les propriétés micro-physiques et optiques de l’aérosol (Gomes et al.,
2008), différents paramètres complémentaires ont pu être mesurés durant les POI grâce à la
mise en place d’une batterie d’instruments supplémentaires (fig 8.8) : diffusion, absorption,
concentration, forme. Des informations sur les propriétés hygroscopiques des particules ont
aussi été mesurées.

Durant la POI d’été (25 juin - 10 juillet), un camion laboratoire instrumenté pour la
mesure des gaz (CO, O3, SO2) et des aérosols (CN, néplélomètre, aéthalomètre, ...) a été
installé sous le vent de Toulouse (sud-est), près de la commune d’Esqualcens, afin de per-
mettre d’étudier l’impact des émissions toulousaines et le processus de vieillissement des
aérosols urbains.

Voiture instrumentée

Deux véhicules légers ont été instrumentés en mesures de température, humidité sous
abri ventilé et de température de chaussée. Ces véhicules étaient localisés par GPS . Pendant
les deux derniers mois de l’expérience, 16 trajets Nord Sud-Est et 9 trajets Ouest Est a
travers l’agglomération ont été réalisés.

Mesures infra-rouge thermique

Les mesures infrarouges thermiques (IRT) ont été effectuées à l’aide de 2 caméras,
placées à bord de l’avion. Le protocole des mesures comprend plusieurs courts palliers de
vol à 300m au-dessus de la surface selon différentes directions se croisant au dessus du
centre ville. Afin de documenter la variabilité journalière et saisonnière de l’hétérogénéité
de température de surface, les vols dédiés aux mesures IRT ont été faits pendant l’été,
l’automne et l’hiver, le matin, l’après-midi et aussi la nuit. Les vols nocturnes sont originaux
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et ont permis d’étudier l’impact du chauffage sur l’hétérogénéité de température de surface
pendant l’hiver. En outre, afin de récupérer des températures de surface de l’image d’avions,
des rasiosondages ont été faits une fois pendant chaque vol (du centre ville), et ont été
réalisées des mesures manuelles sur les routes, les parois et certains toits sur plusieurs
blocs dans le centre ville.

(a) Camion laboratoire SF6. (b) Mesures de SF6
au sol.

(c) Mesures de SF6 dans l’avion.

Figure 8.9 – Mesures de SF6.

Etude de dispersion

Les lâchers et mesures de traceur (SF6) ont été pilotés par le Laboratoire de Ra-
dioécologie de Cherbourg-Octeville de l’IRSN. Le choix préalable du SF6 est lié à son
caractère non toxique, anthropique (applications industrielles restreintes), et mesurable à
de très faibles niveaux de concentration. Le SF6 a été rejeté au sol à proximité de Fran-
cazal (Fig. 8.9(a)). Les prélèvements ont eu lieu au sol (Fig. 8.9(b)) et à 100m et 200m
d’altitude à bord du Piper Aztec grâce à un rack comprenant 30 seringues à gaz fabriqué
par le Centre d’Aviation Météorologique (Fig. 8.9(c)). Les analyses de SF6 ont ensuite été
effectuées à bord du camion laboratoire de l’IRSN.
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8.4 Premiers résultats

8.4.1 Variabilité intra-annuelle du bilan d’énergie, flux anthro-
piques

Les mesures effectuées sur Toulouse ont permis de confirmer les connaissances acquises
par d’autres campagnes de mesures de flux en milieu urbain dense, comme le fort stockage
d’énergie ΔQs en journée ensoleillée, permettant de maintenir un flux de chaleur sensible
QH positif la nuit (BUBBLE - Rotach et al 2005-, ESCOMPTE -Grimmond et al 2005-,
Mexico -Oke et al 1999-). Mais elle a surtout permis des avancées sur certains aspects
peu ou pas étudiés expérimentalement par le passé, comme la variabilité intra-annuelle des
différents flux ou la quantification à la fois expérimentale et à partir de cadastres des flux
anthropiques.

Figure 8.10 – Cycle annuel du flux radiatif net (noir) et du flux anthropique (rouge)
mesuré par la mât en centre-ville.

Le flux thermique anthropogénique est d’abord estimé à partir des mesures directes
du bilan énergétique de surface (au site central). La connaissance instantanée du flux
thermique anthropogénique n’est pas disponible, seul le résidu (la différence entre le sto-
ckage et le flux thermique anthropogénique ΔQs − QF ), est connu. Néanmoins, Pigeon
et al (2007b) montrent que sur une période intégrée, disons un jour ou plus, l’intégrale
du stockage devient petite : la chaleur stockée le jour étant libérée la nuit. L’évolution
mensuelle du flux thermique anthropogénique déduit par cette méthode est montrée sur
la figure 8.10. Tandis que le flux thermique anthropogénique est environ 20 W/m2 pen-
dant l’été, il augmente pendant l’automne et est maximal pendant l’hiver, atteignant en
moyenne 80 W/m2, quand le chauffage domestique est important. Tandis que la source
principale d’énergie est classiquement le rayonnement net pendant l’été (grâce au rayon-
nement solaire reçu), pendant l’hiver, le rayonnement net devient faible (l’apport solaire
étant contrebalancé par l’émission infrarouge des surfaces chauffées), et la chaleur anthro-
pogénique devient la source d’énergie principale de la canopée urbaine. L’estimation de QF

88



à partir des observations de bilan énergétique de surface montre une bonne compatibilité
avec l’inventaire moyen de consommation d’énergie pour un rayon de 500m autour de la
tour équipée, reproduisant correctement le cycle annuel du flux anthropogénique.

Ces mesures ont été utilisées pour valider le schéma numérique de ville TEB pour une
période hivernale (Pigeon et al 2008a). Ce cadastre a été étendu aux émissions chimiques
par les véhicules par Benjamin Aouizerats qui effectue actuellement une thèse au CNRM
avec MesoNH à haute résolution (avec la base de données de la figure 8.11) sur Toulouse
sur les liens entre thermodynamique de la couche limite et aérosols.

(a) Image aérienne. (b) Types de couverts. (c) Couverts à l’échelle de l’agglomération.

Figure 8.11 – Construction d’une base de données décrivant la surface urbaine (G. Pigeon).

8.4.2 Brise urbaine : observation et simulation

La brise urbaine est un concept présenté par Oke (1987) par analogie à une brise de mer
ou de lac : de par le contraste thermique lié au chauffage différentiel entre deux surfaces, le
gradient de pression horizontal formé tend à produire une circulation d’air, allant en basses
couches des surfaces froides vers les chaudes. Dans le cas d’une ville, ceci revient à observer
une convergence en basses couches et une divergence au sommet de la couche limite. Si
ce phénomène a déjà été simulé (Lemonsu et Masson 2002), il n’a jamais été observé in
situ. Les mesures aéroportées déployées pendant CAPITOUL ont permis de mettre en
évidence expérimentalement une telle brise, pour une journée d’été très chaude (Hidalgo
et al 2008a). Ainsi, la figure 8.12, montre l’anomalie de champ de vent (par rapport au
vent synoptique) mesuré au cours de l’après-midi par le Piper-Aztec instrumenté. Une
convergence de quelques mètres par seconde se forme dans les basses couches (pallier de
vol à 300m), ainsi qu’une divergence du vent au sommet de la couche limite.

Cet épisode de brise urbaine a été simulé avec le modèle MESONH (Lafore et al 1998)
par Hidalgo et al (2008b). La simulation reproduit bien la chronologie et l’intensité des
évènements (̂ılot de chaleur nocturne, chauffage diurne et flux de chaleur). La brise se
forme en fin de matinée dans le modèle. Les vitesses reproduites sont comparables à celles
des observations. La vitesse verticale moyenne au dessus de la ville associée à cette brise
atteint 0,5 m/s. De plus, une analyse adimensionnelle de la vitesse du vent dans la brise
urbaine est proposée par Hidalgo et al (2009) à partir des travaux antérieurs liés à la brise
de mer.
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(a) Convergence en très basses couches (b) Divergence au sommet de la couche limite.

Figure 8.12 – Observation de la brise urbaine le 4 juillet 2004 (anomalie de vent, Hidalgo
et al 2008a).

8.4.3 Brouillard urbain

C’est un fait d’observation courant que le brouillard est plus rare en ville. Ainsi, le
brouillard d’origine radiative apparâıt assez souvent en hiver à la campagne, lorsque la
surface et l’air se refroidissent la nuit (Oke 1987). Le brouillard se forme ainsi près du sol,
à la base de l’inversion nocturne, puis s’épaissit par la suite par refroidissement radiatif
au sommet du brouillard. Par contre, les grandes agglomérations modifient, comme on l’a
vu, le bilan énergétique nocturne, les flux anthropiques (chauffage hivernal) et de chaleur
sensible résultant limitant le refroidissement, et formant une couche neutre de l’ordre de
100m de haut en lieu et place de l’inversion nocturne.

On s’attend donc à avoir en ville un brouillard qui se forme plus tard et se dissipe plus
tôt. Les mesures de CAPITOUL ont permis de confirmer ceci, mais ont aussi mises en
évidence, sur plusieurs cas de brouillard, un phénomène contre-intuitif : lorsqu’il parvient
à se former, le brouillard en ville est plus épais (au sens où le sommet de la couche de
brouillard est plus haut) qu’à la campagne.

La figure 8.13 montre les radio-sondages effectués le 6 janvier 2005 en soirée (20UTC)
et le lendemain après-midi (14UTC), à la campagne (à gauche) et en centre-ville (à droite).
Cette figure montre qu’à la campagne, une inversion thermique s’est développée sur quelques
dizaines de mètres, et que le brouillard s’y est formé. Celui-ci s’épaissira ensuite classique-
ment au cours de la nuit, pour atteindre sa hauteur maximum le lendemain.. Par contre, la
couche de brouillard en ville atteint de suite (dès 20UTC) sa hauteur maximum, étant alors
3 fois plus grande qu’à la campagne. L’hypothèse avancée pour expliquer ceci, qui devra
être approfondie par modélisation, est que lorsque l’humidité est suffisante, le brouillard se
forme quasiment en bloc dans la couche limite nocturne mélangée (d’environ 100m de haut).
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Figure 8.13 – Radiosondages en ville (a gauche) et à la campagne (à droite) pour le 6
janvier à 20h (en haut) et le lendemain à 14h (en bas).

L’instabilité thermique liée aux flux de surface permettrait ainsi de distribuer l’humidité
rapidement par turbulence.

De plus, la forte concentration en aérosol urbain (principalement du carbone suie, voir
ci-dessous) joue sans doute un rôle important dans l’évolution et surtout la dissipation du
brouillard, de part les interactions radiatives entre les noyaux de condensation dans les
gouttelettes et le rayonnement solaire. Les mesures de CAPITOUL permettront d’avancer
dans la compréhension de ces phénomènes.
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8.4.4 Avancées sur l’aérosol urbain

Dans le cadre de l’expérience CAPITOUL, nous nous sommes essentiellement intéressés
aux propriétés physiques, chimiques et optiques des aérosols en milieu urbain afin de mieux
comprendre leur impact à l’échelle locale sur le forçage radiatif qu’ils induisent. Ces pro-
priétés ont surtout été mesurées de façon intensive lors de POI sur un site central de
Toulouse mais nous disposons aussi de l’évolution de la composition chimique des aérosols
pendant un cycle annuel.

Grâce à une analyse factorielle en composante principale, Calvo et al. (2008) ont d’abord
montré que les sources majeures de particules d’aérosol dans l’atmosphère de Toulouse
étaient d’origine crustale, marine, automobile et industrielle. Les principales conclusions de
cette étude montrent que l’aérosol toulousain est enrichi en nitrate d’ammonium l’hiver et
en sulfate l’été. Le carbone total (TC=OC+BC) domine largement (généralement supérieur
à 50%) dans la fraction PM2.5 avec un rapport carbone organique (OC) /carbone suie
(BC) compris entre 2 et 3 selon les saisons. Gomes et al. (2008) ont montré que l’aérosol est
majoritairement composé de deux populations de particules submicroniques constituant un
mode fin (mode d’accumulation, diamètre compris entre 0.1 et 0.5 µm) et un mode ultrafin
(mode d’Aitken, particules plus petites que 0.1 µm). Le mode ultra fin est essentiellement
de carbone suie (BC), de carbone organique (OC) et de sulfate. Le mode fin est plutôt
composé de OC, de nitrate et de sels de mer.

C’est également une observation courante que les concentrations d’aérosols en ville
augmentent avec l’affaissement de la couche limite (effet couvercle) au cours d’un cycle
diurne ou saisonnier. Les mesures de concentration d’aérosols comparées à celles de la
hauteur de la couche limite mesurée soit par radio sondage soit à l’aide du télémètre
pendant CAPITOUL montrent d’ailleurs bien l’existence d’une relation entre chimie et
dynamique de l’atmosphère (figure 8.14). Mais les mesures effectuées pendant CAPITOUL
ont aussi permis de mettre en évidence une relation liant le forçage radiatif local lié aux
aérosols urbains à la dynamique de la CLU. En effet, les concentrations de BC dans la CLU
toulousaine sont apparues très dépendantes de la dynamique de la CLU, en particulier de
son épaisseur. Or, BC est l’espèce majoritaire qui contrôle l’albédo de simple diffusion (avec
des valeurs aussi basses que 0.4 mesurées pendant la campagne) et donc le forçage radiatif
lié aux aérosols urbains.

8.4.5 Hétérogénéités spatiales, annuelle et diurne des températures
de surface

L’̂ılot de chaleur a été documenté classiquement utilisant les postes météorologiques
proches de la surface, mais aussi la température de surface radiative de la caméra aéroportée.
On constate que pour les nuits d’hiver, l’̂ılot de chaleur est plus grand en température de
surface (3 à 5 K) qu’en température de l’air (2K). Au contraire, le matin, la température
de surface dans les zones urbaines s’avère légèrement plus frâıche en moyenne que dans la
zone rurale (0,5K), et redevient plus chaude dans l’après-midi (2K). Ce décalage entre le
matin et l’après-midi a été observé également en été par Hidalgo et al (2008a), et est lié
à l’effet du stockage de chaleur efficace par le tissu urbain, qui limite le chauffage de la
surface, contrairement à la campagne.

Ces ı̂lots de chaleur sont défnis à partir des températures moyennes. Cependant, les
températures de surface sont très hétérogènes (Voogt et Oke 2003). Lagouarde et al (2008)
ont confirmé sur Toulouse un effet de ’hot-spot’ jusqu’à 5K le matin et 14K dans l’après-
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Figure 8.14 – (a) Evolution de la couche limite le 27 juin 2004 (couleurs : télémètre modifié,
losanges : radio-sondages) (b) Evolution de la concentration en particules d’aérosols par
classes de tailles en surface, le même jour.

midi (pendant l’hiver), en raison de l’exposition au soleil des surfaces. Pendant les nuits
d’hiver, aucun effet azimutal n’existe, comme attendu, mais une dépendance zénithale
de la température de 1K entre 0 et 45 d’angle d’observation zénithal est trouvée. Cette
dépendance est due à la proportion de toit/paroi vus par la caméra, les parois étant plus
chaudes que les toits, en raison du piégeage radiatif dans le canyon et d’effets thermiques,
des mesures à main ayant montré des gradients verticaux de températures de paroi de 3K
la nuit.

Ces hétérogénéités radiatives de la surface urbaine, montrées par les données infra-
rouges acquises pendant la campagne, seront modélisées à l’échelle d’un pâté de bâtiments
avec le modèle Lachérade et al (2008) (présentant une résolution spectrale très fine des
équations radiatives) et à une plus grande échelle (approximativement 1km2) avec le modèle
de Gastellu-Etchegorry (2008). Les images thermiques aéroportées sont déja utilisées par
l’Ecole Centrale de Nantes et le CERME (de Nantes), laboratoires n’ayant pas participé à
la phase expérimentale de la campagne, pour valider le modèle thermo-radiatif 3D de ca-
nopée SOLENE (au sein duquel les équations de diffusion de la chaleur et de flux turbulents
sont adaptées de TEB), comme le montre joliment la figure 8.15.
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�
�Figure 8.15 – Modélisation thermo-radiative de la canopée sur le site central de CAPI-

TOUL : à gauche le modèle SOLENE, à droite l’observation (A. Hénon, Ecole Centrale de
Nantes).

8.5 Conclusions

La campagne CAPITOUL a visé à décrire les interactions entre la surface urbaine,
les circulations atmosphériques dans la couche limite (comprenant la brise urbaine, le
brouillard ou la dispersion) et les aérosols. L’expérience a eu lieu sur la ville de Toulouse
pendant une année entière, afin de saisir la variabilité saisonnière des procsessus physiques
et chimiques.

Les résultats préliminaires couvrent un large spectre du microclimat urbain. CAPI-
TOUL confirme certains résultats des études précédentes, comme l’importance du stockage
de chaleur dans le budget énergétique de surface ou la grande quantité de carbone suie au
moment des pics journaliers de pollution. Néanmoins, cette expérience a permis d’avancer
dans notre connaissance des processus de la couche limite urbaine :

— Une méthodologie pour mesurer directement le flux de chaleur anthropique à partir
des mesures classiques de bilan de surface a été développée (Pigeon et al 2007b), et
validée contre les inventaires.

— Pour la première fois, une brise urbaine a été observée, un jour chaud d’été, le 4
juillet 2004 (Hidalgo et al 2007a). Les mesures d’avions montrent que la brise urbaine
commence en début d’après-midi, avec une convergence dans les basses couches (avec
des vents convergents entre 1 et 2 m/s), et divergent dans la CL supérieure et la
zone d’entrâınement. Cet épisode a été simulé avec succès par Hidalgo et al (2007b).

— Lors des POI de brouillard, on a observé un phénomène curieux. Le brouillard se
forme plus tard que dans la campagne et se dissipe plus tôt, comme attendu, mais
quand il est présent, la couche de brouillard est plus épaisse (en hauteur) sur la ville,
probablement du fait de l’existence d’une couche limite urbaine nocturne mélangée.

— Le carbone suie est majoritaire dans le mode ultra-fin, ce qui conduit à un albedo
de simple diffusion des aérosols à se trouver en moyenne entre 0.5 et 0.9. Le lien
fort entre la hauteur de la CLU et la concentration d’aérosol a été confirmé. Les
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premières analyses en ondelettes des mesures turbulentes d’aérosol montrent qu’à
la fois la saison et la forme du canyon influencent les échanges d’aérosols depuis (ou
vers) le canyon.

— Les hétérogénéités de températures de surface ont été observées par deux caméras
IRT aéroportées. Aucun effet azimutal n’est visible la nuit, mais une dépendance
zénithale de la température de surface de 1K entre 0 et 45 d’angle d’observation
zénithal est trouvée. Cela est lié à la proportion d’observation de toits et au gradient
vertical des températures de surface des murs, ce dernier induit par le piégeage
radiatif et peut-être le chauffage domestique.

— Les mesures de traceur (SF6) in-situ et d’avions dans et sur un secteur péri-urbain
montrent différents comportements du panache, par rapport à la turbulence ther-
mique (Lac et al, 2008). Les données ont été utilisées pour valider un modèle couplé
de météorologie-dispersion utilisé en cas de risque industriel semblable à l’explosion
de l’usine chimique AZF à Toulouse en 2001.

Les données de l’expérience CAPITOUL sont à la disposition de la communauté scienti-
fique sur le site web de campagne (http ://medias.cnrs.fr/capitoul). De cette manière, tout
scientifique intéressé pourra utiliser cet ensemble unique de données couplées énergétique
/ dynamique / aérosols sur la couche limite urbaine afin d’améliorer la connaissance sur le
climat urbain.

95



Cinquième partie

Perspectives
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Chapitre 9

Turbulence

Lors de mon activité de recherche passée, j’ai focalisé mes études sur la turbulence selon
deux axes : l’étude phénoménologique de la turbulence à partir de modélisation LES, et le
développement de paramétrisations, en s’aidant des LES, dans les modèles à méso-échelle
(ou plus grande échelle) des échanges turbulents verticaux (de la couche limite sèche aux
Cumulus de beau temps). A présent, de part l’accroissement des capacités de calculs dans
les modèles de prévision du temps ou de recherche sur l’atmosphère, de nouveaux défis
s’offrent à la communauté de chercheurs.

Je présenterai deux de ces nouvelles problématiques : l’impact des diverses hétérogénéités
de surface sur la turbulence sus-jacente, et la paramétrisation de la turbulence dans des
modèles à échelle kilométrique.

9.1 Les schémas de turbulences aux échelles kilométriques

9.1.1 Position du problème

Le problème est simple : arrivent des modèles de prévision du temps à des mailles hori-
zontales de 1km ou même moins (et les modèles de recherche y sont déja). La solution est
... loin d’être simple.

Deux types de modèles étaient utilisés jusque là en sciences de l’atmosphère et météorologie :

— les modèles ” LES ”, pour Large Eddy Simulation, (de l’ordre de 50 m de résolution
horizontale pour les couches limites diurnes) ont vocation à étudier la théorie de la
turbulence atmosphérique, notamment dans la couche limite mais aussi maintenant
pour les nuages.

— Les modèles de prévision, de climat, ainsi que les modèles de recherches à méso-
échelle, ont en général une maille variant entre quelques centaines de km et quelques
kilomètres.

Comme nous l’avons vu, ces deux types de modèles représentent la turbulence de
manières très différentes. Dans les modèles ” LES ”, la résolution du modèle est suffisam-
ment fine pour que les plus gros tourbillons (” Large Eddy ” en anglais) soient représentés
explicitement par le modèle (i.e. par l’advection). C’est ce que l’on nommera la turbulence

97



” résolue ”. Ces tourbillons sont les éléments clés pour comprendre la thermodynamique du
phénomène étudié. La majeure partie de l’énergie cinétique de la turbulence est contenue
dans ces gros tourbillons, et seule une partie faible de la turbulence -les tourbillons de taille
inférieure à la taille de la maille, typiquement 50m - reste à paramétriser. C’est la turbu-
lence ” sous-maille ”. Différents schémas de turbulence, dont la tâche est de représenter
les effets résiduels de cette turbulence inférieure à la maille (dont la dissipation), existent
(par exemple Smagorinski 1963, Cuxart et al 2000), mais tous supposent (plus ou moins)
que l’on se situe dans ce que l’on appelle la ” zone inertielle ”, qui permet de simplifier
la formulation (turbulence isotrope homogène, formulations de Kolmogorov (1942) pour
la dissipation). L’analyse de la turbulence totale (partie résolue plus la petite partie sous-
maille), en utilisant des moyennes spatiales horizontales des LES, permet classiquement la
validation des schémas de turbulence 1D verticaux.

Quand la maille du modèle est typiquement supérieure à la taille de la couche limite
(2km), tous les tourbillons sont plus petits que la maille (les branches ascendantes et des-
cendantes de tous les tourbillons sont inclus dans la même maille horizontale). Il n’y a
plus de turbulence résolue, et elle est entièrement sous-maille. Elle doit cependant être pa-
ramétrisée pour prendre en compte ses effets de mélange et de frottement sur l’écoulement
moyen. De tels schémas de turbulence (Mellor and Yamada 1974, Cheng et al 2002, Cuxart
et al 2000, ...), visant à représenter les flux turbulents verticaux dans la couche limite,
tiennent compte de toutes les tailles de tourbillons, en particulier les plus gros (via par
exemple des longueurs de mélange comme la longueur de Bougeault et Lacarrère 1989). La
turbulence est entièrement sous-maille dans ces modèles, qu’ils soient de climat, prévision
ou recherche.

Mais Quid des échelles intermédiaires ?

Figure 9.1 – La problématique des échelles intermédiaires.

Ainsi, comme indiqué en traits pleins sur le graphique 9.1, la séparation entre turbulence
résolue et sous-maille est actuellement bien représentée par les modèles atmosphériques
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pour les cas asymptotiques (ou extrêmes) de mailles horizontales de ces modèles : les très
petites mailles (modèles Large Eddy Simulations, LES) et les très grandes mailles -vis à
vis de la couche limite - (modèles de prévision du temps, comme ARPEGE, ALADIN ou
même AROME à 2km500). Mais quid des échelles intermédiaires ? C’est à ce problème que
je désire m’attaquer.

9.1.2 Objectif scientifique

L’objectif scientifique de la démarche que je propose est double :

1. Quantifier, pour une échelle spatiale donnée (par exemple Δx=1km) et pour un
type de couche limite donné (par exemple convective avec une inversion à 1,5km),
la part de turbulence ” résolue ” (c’est à dire contenant les tourbillons plus grands
que l’échelle spatiale étudiée) et la part de turbulence ” sous-maille ” (tourbillons
plus petits). En quelque sorte, il s’agit de compléter les courbes en tireté de la figure
9.1.

2. Proposer (et explorer) des pistes pour paramétriser la turbulence sous-maille dans
les modèles de façon à ce que la partition résolu/sous-maille soit la plus correcte
possible.

En résumé :
— Le point 1 correspond à la question : ” Quelle est la vérité ? ”
— Le point 2 correspond à la question : ” Comment atteindre cette vérité ? ”

9.1.3 Méthodologie

L’ensemble du travail sera mené avec le modèle atmosphérique de recherche Méso-NH,
développé en collaboration antre le CNRM et le Laboratoire d’Aérologie (Lafore et al 1998).
Ce modèle est particulièrement bien adapté à cette étude, car il peut être utilisé pour une
maille quelconque entre la LES (50m) et le 1D (5km et plus). Un schéma de turbulence
3D permet de tourner en LES, et un schéma 1D permet de modéliser les flux verticaux en
1D. Toutefois, le schéma de turbulence n’est pas construit (comme aucun d’ailleurs) pour
fonctionner aux échelles intermédiaires (500m à 2km).

Quantification des parts résolues et sous-maille

La quantification résolue/sous-maille sera effectuée pour 3 types de couche limite :
convection libre, convection forcée, neutre. Le cas stable ne sera pas abordé dans un premier
temps (les échelles de transition sont a priori très différentes, car les plus gros tourbillons
sont relativement petits, du fait de la stabilité). L’objectif est, pour chaque type de couche
limite, de définir la variation des profils d’une quantité turbulente résolue et de la même
quantité sous-maille, à partir de l’analyse d’une simulation LES, censée être la référence.
Les quantités turbulentes étudiées seront, non exhaustivement, l’énergie cinétique turbu-
lente, la variance de la température et de la vapeur d’eau, les divers flux turbulents, la
longueur de mélange.

Pour cette première partie, la méthodologie va être la suivante :
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Figure 9.2 – Méthodologie proposée.

Pour chaque type de couche limite, une simulation de ” référence ” sera effectuée, en
mode LES (maille de l’ordre de 50m). L’analyse à différentes échelles se fera à partir de
cette simulation, au moyen par exemple de moyennes spatiales, que l’on assimilera à des
moyennes de Reynolds. Les échelles spatiales étudiées seront 125m, 250m, 500m, 1km, 2km,
4km, 8km (figure 9.2).

L’objectif technique est d’abord de quantifier la part résolue de l’énergie en fonction
de la résolution visée. Ainsi, si à 62,5m la variabilité des champs (par exemple la vitesse
verticale) est très importante, elle le sera moins à 125m, 250m ou 500m. Quand on moyen-
nera sur des mailles horizontales grandes (4km, 8km), l’intensité du champ sera naturelle-
ment moins importante (de par la moyenne de vitesses verticales positives et négatives par
exemple), tendant vers zéro (pour l’exemple de la vitesse verticale). Ainsi, la part résolue
devient négligeable à grande échelle.

Une fois la part résolue connue, il reste à connâıtre la part sous-maille à l’échelle étudiée.
Ceci est simple. La part résolue à notre échelle d’étude (par exemple Δx=1km) est connue
(cf plus haut). Le champ turbulent total est connu (grâce à la somme des parts résolues
et sous-maille dans la LES de référence). Par différence, il ne reste plus qu’à déterminer la
part sous-maille (à Δx=1km).

La synthèse des résultats se fera dans la mesure du possible de manière synthétique,
en faisant appel à la théorie de similitude (Buckingham 1914) et la mise en évidence des
nombres sans dimension pertinents du problème (comme sans doute le rapport entre maille
horizontale du modèle et hauteur de la couche limite).

Proposition de pistes pour modéliser correctement la turbulence à toutes les
échelles

La première étape de cette deuxième partie consistera d’abord à déterminer l’erreur ef-
fectuée en activant diverses options actuelles du schéma de turbulence, pour une résolution
horizontale donnée. En effet, le schéma de turbulence, ne produira probablement pas la
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bonne solution physique (i.e. la bonne valeur de turbulence sous-maille). De par sa dy-
namique, le modèle va avoir tendance à ” corriger ” ce défaut par une circulation et
des mouvements d’air irréalistes. Ainsi actuellement, quand Méso-NH est utilisé à 1km
de résolution environ, le schéma de turbulence ne mélange pas assez, et des rouleaux de
couche limite irréalistes ont très souvent tendance à se former dans le modèle pour apporter
plus de mélange. Toutefois, outre le fait que la partition n’est pas bonne, rien ne garantit
non plus que l’énergie totale soit correcte.

Pour ce faire, on effectuera des simulations (successivement pour chaque type de couche
limite), avec des résolutions de 125m, 250m, 500m, 1000m, 2000m, 4000m et 8000m, sur
des domaines de 8km x 8km. En utilisant les diagnostics du modèle (adaptés à l’analyse
de la turbulence), on comparera les parts résolues et sous-mailles des divers paramètres
turbulents (et à différentes hauteurs) avec la référence issue de l’étude de la partie 9.1.3
pour les résolutions correspondantes. L’interprétation se fera à nouveau, dans la mesure
du possible, à l’aide de nombres sans dimension caractéristiques du problème.

Une fois mis en évidence les défauts du schéma actuel de turbulence pour ces diverses
échelles, une analyse critique des hypothèses du schéma de turbulence sera entamée afin de
tenter d’en comprendre les causes, et de proposer des pistes d’amélioration, par exemple
sur la formulation de la longueur de mélange (i.e. la taille des plus gros tourbillons sous-
maille), qui devrait continûment varier de la hauteur de la couche limite (en 1D) vers une
taille plus petite aux échelles kilométriques (loi de variation encore inconnue) jusqu’à la
taille de la maille en LES.

9.2 Rôle des hétérogénéités de surface sur la couche

limite

Un autre axe de recherche à propos de la turbulence, que je développerai dans un
second temps (et donc moins dans ce document), concerne l’étude et la paramétrisation
de l’impact des hétérogénéités de surface sur diverses couches limites. En particulier, deux
sujets particuliers seront probablement abordés :

9.2.1 Impact des hétérogénéités de surface sur le brouillard

Le brouillard est un phénomène complexe, car couplant phénomènes de couche limite
nocturne (très sensibles à nombres de paramètres) et turbulence nuageuse (et lien entre
aérosols - refroidissement radiatif - mélange turbulent). De nombreuses données à haute
résolution spatiale viennent d’être recueillies pendant PARIS-fog, Toulouse-fog et CAPI-
TOUL. L’analyse de ces campagnes est menée par T. Bergot en collaboration avec les autres
participants aux campagnes de mesures, en premier lieu l’IPSL et le CEREA. On notera
que ces campagnes ont toutes eu lieu en milieu plus ou moins urbanisé, où les hétérogénéités
de surfaces sont importantes. T. Bergot vient de débuter une étude de brouillard en LES
en sol homogène puis en présence d’une rivière (avec des différences significatives dans la
structure du brouillard), avant d’étudier des cas plus complexes (arbres, bâtiments, faible
pentes et vents catabatiques associés -cf aussi ci après-). Je compte participer à ces études
théoriques de LES, afin d’améliorer la paramétrisation du brouillard dans les modèles à
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méso-échelle.

9.2.2 Ecoulement orographiques et influence du relief sous-maille

Ma thèse avait porté sur les vents régionaux autour des Pyrénées (Autan, Cierzo, Tra-
montane), dans le cadre de l’exploitation de la campagne PYREX (Bougeault et al 1993,
Georgelin et al 2000). Ici, je souhaite approfondir deux aspects :

1. En me plaçant à plus fine échelle, étudier les vents de pentes, en lien avec la surface
et les ombrages, et leurs conséquences sur le mélange turbulent et la météorologie en
zone montagneuse. Je compte tout d’abord aborder progressivement ce thème, en
suivant les études théoriques récemment commencées au LEGI sur les interactions
vents catabatiques/stratification en LES avec MesoNH. Le LEGI développera des
paramétrisations de ces phénomènes, et je souhaite étudier ensuite leurs conséquences
à une échelle quelque peu plus grande, à l’échelle de quelques vallées, en terme de
météorologie locale (inversion, nuage en fond de vallée, sillage turbulent en aval
des crêtes, écoulements sur des sites ”remarquables” -comme la thèse en cours au
CNRM d’A. Boilley sur le site côtier complexe de l’aéroport de Nice-, etc...). On
peut noter que ces études, en particulier celles faites au LEGI (et au LMD), vont
aussi permettre d’améliorer d’une manière générale (hors des montagnes) la turbu-
lence en couches stables.

2. Modifier le traitement actuel du frottement en longueur de rugosité effective. Se ba-
ser sur une formulation en longueur de rugosité pour représenter le fort frottement
dû au relief est une solution très largement diffusée dans les modèles. Cependant,
elle ne me satisfait pas. En effet, les formulations actuelles de longueurs de rugo-
sité effectives z0 (par exemple Mason et al 1988, 1991) produisent facilement des
rugosités de l’ordre de 10m à 100m sur les chaines montagneuses. En théorie, on
ne peut appliquer les loi logarithmiques (en conditions neutres) qu’à partir de 10 à
20 fois z0, soit typiquement 1km au dessus de la montagne. On n’est plus du tout
dans l’hypothèse de la Couche Limite de Surface à flux constants pour laquelle la
base de la théorie de Monin-Obuhkov s’applique. Je souhaite plutôt m’orienter vers
une formulation de trâınée interagissant avec les niveaux atmosphériques (comme
celle de Beljaars et al 2004). Cette trâınée s’effectuant sur typiquement les 20 pre-
miers mètres de l’atmosphère (avec décroissance exponentielle avec l’altitude), elle
pourrâıt être intégrée dans le schéma de CLS (partie 5.3). Une étude de faisabilité
a été réalisée avec succès lors d’un stage visant à étudier la capacité d’AROME
à simuler le vent (et la température) dans les montagnes au Nord de la Finlande.
Toutefois, il se peut que celà ne soit pas si simple...
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Chapitre 10

Le climat urbain

Une nouvelle thématique se développe en météorologie urbaine, appuyée par le recru-
tement au CNRS d’Aude Lemonsu. Certes nous continuerons à développer notre expertise
en climatologie urbaine et en modélisation de ces processus, mais nous allons aller plus
loin, en étudiant l’évolution à long terme du climat urbain, en s’aidant de modélisation
intégrée des divers processus urbains (dans diverses disciplines), c’est à dire en suivant une
approche systémique.

Ces axes de recherches nous conduisent à dévelloper des projets de recherches et des
partenariats avec des laboratoires et organismes relativement ”exotiques” vis à vis de la
météorologie (ce qui soit dit en passant est très enrichissant) :

1. Des spécialistes de la ”physique” de la ville

— pour le bâti : le CSTB (Centre Scientifique et Technique du Bâtiment)
— pour l’hydrologie urbaine : le LCPC (Laboratoire Central des Ponts et Chaussées)

2. Des urbanistes et architectes :

— des architectes ayant déja une approche de modélisation du bâti : le CERMA et
plus généralement l’IRSTV à Nantes, le GRECAU à Toulouse

— des urbanistes, ayant une vision globale des différents acteurs et systèmes ur-
bains, commes le cabinet Descartes d’Yves Lion à Paris

3. Des chercheurs en sciences humaines et sociales, le facteur humain étant très impor-
tant dès que l’on regarde la ville sous un angle un peu global (ou systémique) :

— des socio-économistes pour évaluer l’évolution future de la ville sur le XXIème
siècle : le CIRED (Centre International de Recherches sur l’Environnement et
de Développement)

— des géographes : le GEODE (Géographie de l’Environnement à Toulouse Mirail),
l’ESO (Espace et société, Université de Nantes)

— des sociologues : le CIEU (Centre Interdisciplinaire d’Etudes Urbaines, au Mi-
rail à Toulouse), avec lesquels nous participons à un projet exploratoire sur la
perception du micro-climat dans le péri-urbain toulousain.

4. Des collectivités territoriales ou agences d’urbanisme, comme l’Agence d’Urbanisme
et d’Aménagement du Territoire de Toulouse.
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10.1 Evolution à long-terme du climat urbain

10.1.1 Un jeu (amusant ?) d’interactions complexes

En ville, la question de l’évolution du climat urbain (par exemple l’augmentation de la
fréquence de canicules comme celle de 2003), de sa mitigation (comment diminuer les effets
néfastes) et de l’adaptation de la ville au changement climatique, est très complexe, du
fait principalement d’interactions de processus ayant des échelles de temps comparables, le
siècle :

— le réchauffement climatique
— l’expansion ou mutation de la ville
— l’évolution des modes de vie (recours à la climatisation, technologies de transport,

etc...)
Ainsi, ne serait-ce que pour se poser la question ”Quelle sera la température à Paris à la

fin du XXIème siècle”, il faut non seulement regarder l’impact régional du réchauffement
climatique (disons par exemple 4 degrés sur le Nord de la France pour un scénario et
modèle de climat donné), mais aussi l’expansion de l’agglomération (une ville plus étendue
et peuplée a tendance à former un ı̂lot de chaleur plus intense), les évolutions et adapta-
tions éventuelles du bâti (toits végétalisés ou réfléchissants par exemple), le changement
des modes de vie (la climatisation pouvant, par dégagement de chaleur à l’extérieur, ac-
crôıtre encore la température). Et ceci ne concerne qu’une question relativement simple et
”météorologique”.

(a) End of XVIIth century (b) 1835 (c) 1880 (d) 1945

(e) 1680 (f) Avant 1777 (g) Après 1779 (h) 1866

Figure 10.1 – Plans de Nantes (en haut) et iconographies (en bas) du XVIIeme siècle à
1945.

Je voudrais illustrer ce propos par deux exemples. Le premier provient d’une étude
menée (au début de TEB dans les années 2002) avec un architecte, Mohamed Benzer-
zour, effectuant alors sa thèse au CERMA à Nantes. Son objectif était de reconstituer
l’évolution des impacts des modifications urbaines sur la ville de Nantes depuis le XVIème
siècle jusqu’au lendemain de la deuxième guerre mondiale (figure 10.1). Pour ce faire, il a
construit 5 états typiques de la ville, avec des modifications bien identifiées entre chaque
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(a) Evolution de Nantes (point de vue de l’urbaniste). (b) Simulation du micro-climat nantais (point
de vue du météorologue).

Figure 10.2 – Modélisation du climat passé de Nantes.

état, puis modélisé avec TEB le bilan d’énergie en surface et le climat dans les rues pour
ces 5 états (figure 10.2(a)) (le reste, c’est à dire la météorologie à la campagne restant
identique). Il trouve ainsi (figure 10.2(b)) une augmentation constante de la température,
mais plus prononcée au moment de la généralisation du chauffage domestique, une diminu-
tion de l’humidité (surtout lors du pavage des cours), et une diminution du vent dans les
rues en début de période lors de la densification et de l’aggrandissement des bâtiments, le
vent se renforçant au milieu du XIXème lors des grandes percées de boulevards dans la ville.

Le deuxième exemple est plus récent, et provient d’une collaboration dans le cadre de
l’étude lancée par le ministère de la culture sur le ”Grand Pari de l’Agglomération Pa-
risienne”. Dix consortia autour de cabinets d’urbanisme ont ainsi effectué des études sur
des pistes générales sur la manière de faire évoluer l’agglomération parisienne à échéance
2030. Tous ont proposé d’une manière ou d’une autre de ”verdir” l’agglomération (pour
lutter contre le réchauffement climatique via une captation des émissions de CO2). Nous
avons participé à un des consortia, celui du groupe Descartes coordonné par le cabinet
d’urbanisme d’Yves Lion. Dans cette étude, nous avons proposé de quantifier l’impact sur
le micro-climat de scénarios à échelle 2030 fournis par les autres membres du consortium
(extension massive des forêts - forêts exploitées pour la menuiserie ou le bois de chauffage-,
retenues d’eau étendues, toits et routes plus réfléchissants). En intégrant ces scénarios dans
MesoNH, nous avons pu montrer (figure 10.7) une diminution de l’̂ılot de chaleur nocturne
(en période de canicule) de 3 degrés en zone périurbaine et 2 degrés dans Paris intra-muros,
alors même qu’aucune modification n’était proposée à l’intérieur du boulevard périphérique.

Cette approche de modélisation de l’impact environnemental des aménagements ur-
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(a) En 2008. (b) En 2030.

Figure 10.3 – Scénario du Grand Pari de l’Agglomération Parisienne par le consortium
du cabinet Descartes (Yves Lion).

bains, a beaucoup intéressé les urbanistes. Dans les prochaines années, nous allons appro-
fondir la question de l’évolution du climat urbain à travers deux thèmes : la vulnérabilité
aux canicules et l’évolution de la demande et production énergétique en ville.

10.1.2 Vulnérabilité aux canicules

(a) Evolution future du climat (GIEC). (b) Paris pourrait se retrouver à Cordoue en 2100 (Halle-
gatte et al 2007).

Figure 10.4 – Réchauffement climatique : le cadre général.

Les villes sont particulièrement concernées par le changement climatique. Premièrement,
elles concentrent une grande partie des activités humaines, et par là même contribuent
fortement au réchauffement climatique à l’échelle globale : l’énergie utilisée pour l’alimen-
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tation des agglomérations (industries, transport, habitat) est la source majeure des rejets
anthropiques de gaz à effet de serre (GES, comme le CO2 et CH4) (projet fast track 2000 ;
http ://www.globalwarmingart.com/) qui sont, avec une quasi-certitude d’après le 4ème
rapport du GIEC (IPCC 2007a), la cause principale du réchauffement climatique observé.
Celui-ci perdurera à plus long terme et sera significatif à l’horizon 2070, comme illustré
dans la figure 10.4(a).

Pour la fin du siècle, Hallegatte et al. (2007) recherche pour quelques grandes villes eu-
ropéennes, des analogues en température et précipitations (Figure 10.4(b)). Ainsi, d’après
certaines simulations climatiques (en scénario A2), Paris connâıtrait le climat de Cordoue
en 2100.

Deuxièmement, à l’échelle locale au sein des zones urbaines, ces tendances de grande
échelle sont accentuées par la formation d’̂ılots de chaleur urbains. Dans un contexte
d’augmentation de la population urbaine (environ 80% de la population dans les pays
développés), d’extension et de densification des villes, ces anomalies de températures peuvent
augmenter encore. Les conséquences de ce changement du climat à l’échelle des villes sont
nombreuses et leur évaluation n’est généralement pas triviale. Par exemple, une augmen-
tation des températures en ville, sera probablement bénéfique en période hivernale en
réduisant la demande énergétique de chauffage. Par contre, elle peut être néfaste lors des
épisodes caniculaires, probablement plus fréquents et intenses avec le changement clima-
tique (Déqué, 2007) et entrâıner des conséquences sur le plan sanitaire (la canicule de 2003
a causé environ 15000 décès en région parisienne).
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(a) Hauteur des bâtiments.

SURFACE TOITS

Paris_Stricto

MF_INT.SURF_T

0,000000 - 10000,000000

10000,000001 - 20000,000000

20000,000001 - 30000,000000
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Figure 10.5 – Description de Paris par l’APUR (Atelier Parisien d’URbanisme) pour des
simulations de la canicule 2003, projet EPICEA.

Dans ce contexte, le projet Vulnérabilité URbaine aux épisodes Caniculaires et stratégies
d’Adaptation (VURCA), venant d’être financé par l’ANR et auquel le CNRM participe,
propose une approche interdisciplinaire (CNRM, CIRED, CSTB) où la prise en compte des
aspects environnementaux, techniques et socio-économiques permet de décrire l’interaction
complexe entre économies urbaines et changement climatique afin d’évaluer l’efficacité de
solutions d’adaptation données.

Une première étude des aspects météorologiques sur la canicule 2003 (sans prendre
en compte l’évolution de la ville sur le long terme) a été effectuée dans le projet EPI-
CEA (”Etude Pluridisciplinaire des Impacts du Changement climatique à l’Echelle de
l’Agglomération parisienne”) ; projet financé dans le cadre du plan climat de la ville de
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Paris, entre Météo-France (bureau d’étude de Paris et CNRM) et le CSTB, avec une col-
laboration active d’un acteur urbain : l’Atelier PArisien d’URbanisme (figure 10.5). Dans
VURCA, il est prévu d’intégrer au sein d’un cadre d’étude commun les résultats de trois
méthodes analytiques différentes : (i) un modèle climatique, (ii) un modèle de climat ur-
bain et (iii) un modèle couplé transport/logement. Le programme de travail est construit
autour de la construction de deux indicateurs :

— L’indicateur de gravité de la vague de chaleur sera construit afin de lier informa-
tions climatiques globales et ampleur des effets locaux (en terme de confort ther-
mique). Puis, des simulations de climat urbain seront menées pour une vague de
chaleur identique à celle de 2003 à Paris et un panel de villes stylisées issues de
scénarios d’urbanisme et socio-économiques simples prenant en compte l’évolution
démographique et économique.

— L’indicateur de vulnérabilité urbaine aux vagues de chaleur liera les caractéristiques
du tissu urbain et sa vulnérabilité à une vague de chaleur. L’efficacité des stratégies
d’adaptation sera évaluée sur la base de leurs coûts économiques (prix du logement,
besoins de transport) et de leurs bénéfices (en termes de confort thermique). Des
applications pourraient se situer dans le domaine de l’action publique pour appuyer
l’idée que la planification spatiale n’est pas seulement une stratégie de mitigation
mais peut être vue comme une mesure d’adaptation au changement climatique.

10.1.3 Vers une ville à ”énergie positive” ?

Afin de limiter le réchauffement climatique, le protocole de Kyoto, signé et ratifié à ce
jour par 187 pays, planifie les objectifs de réduction d’émission de GES jusqu’en 2012. Les
scientifiques recommandent de poursuivre cet effort sur un plus long terme (IPCC 2007b).
A l’échelle européenne, les objectifs des directives (notamment 2001/77/CE) et du ”Paquet
énergie climat” sont de réduire, en 2020, les émissions de GES de 20% par rapport à 1990
en s’appuyant sur une part croissante des sources d’énergie renouvelable (20% en 2020).
En France, l’objectif est d’atteindre une réduction d’un facteur 4 des émissions de GES
pour 2050 par rapport à 1990 (Loi de Programme fixant les orientations de la politique
énergétique du 13 juillet 2005). Un des objectifs phares du Grenelle de l’environnement
concernent directement les domaines des bâtiments et de l’énergie :

— la rénovation du parc de bâtiments existant (environ 30 millions de logements et 850
millions de m2 de tertiaire) pour diminuer sa consommation énergétique de 38% ;

— l’application de normes énergétiques de plus en plus exigeantes pour les bâtiments
neufs : basse consommation à partir de 2012 et bâtiments à énergies positives à
partir de 2020 pour toutes les constructions ;

— l’augmentation de la production d’énergie à partir des sources renouvelables de 20
Mtep en 2020.

Sur le terrain, les actions politiques locales se multiplient sous la forme de création
d’écoquartiers, de plans climat (Paris, Lyon, ...). En pratique, au delà des objectifs fixés,
la mise en place de la rénovation thermique du parc bâti dépendra principalement de la
rentabilité économiques des opérations de rénovation.

C’est sur la base de ce contexte que l’étude prospective AGORA 2020 menée par le
Ministère de l’Ecologie, du Développement et de l’Aménagement Durables (Bain 2008),
a montré des attentes particulièrement fortes, à la fois du grand public et des acteurs
institutionnels (comme les collectivités locales), concernant la recherche sur l’impact du
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changement climatique sur les environnements urbains.

(a) MUSCADE : un projet durable.
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(b) La ville, ce n’est pas que l’̂ılot de chaleur urbain...

Figure 10.6 – Un objet d’études interdisciplinaire.

Pour apporter des réponses à ces question, le CNRM, en collaboration avec le CIRED,
le CSTB, le GRECAU et l’ESO, a proposé à l’ANR ”Villes Durables” (réponse en de-
hors de nos délais de bouclage) le projet MUSCADE (Modélisation Urbaine et Stratégies
d’adaptation au Changement Climatique pour Anticiper la Demande et la production
Energétique). L’objectif scientifique du projet est d’étudier, de nos jours à 2100, les inter-
actions entre structure de ville, procédés constructifs, consommation d’énergie, production
d’énergie décentralisée, micro climat urbain, et changement climatique. Le � système ville
� sera constitué progressivement, à partir des éléments intervenants dans les processus liés
à l’énergie : il s’agit tout d’abord du bâtiment, avec ses différents matériaux et procédés
constructifs, sa consommation d’énergie mais aussi ses potentiels de production d’énergie ;
puis l’̂ılot, formé de plusieurs bâtiments selon un agencement défini par les règles d’urba-
nisme, et porteur également de contraintes et opportunités en terme de bilan énergétique ;
enfin la ville, constituée d’ilots types, mais également soumise à une expansion, de type
socio-économique, dont la densité par exemple peut influer la question énergétique et l’ilot
de chaleur urbain.

L’objectif technique du projet est de développer un modèle numérique d’expansion
urbaine (développé au CIRED, schématisé sur la figure 10.6(b)), de simulation du climat
urbain et de simulation du couple offre-demande énergétique du bâti à l’échelle urbaine,
appliqué ici à l’aire urbaine de Paris. Le modèle sera alimenté par des scénarios combinés de
climat, d’évolution urbaine, d’aménagements urbains, de types et de technologies du bâti,
et de types de production d’énergie. Ce modèle permettra de simuler différents paramètres,
d’étudier leur sensibilité et quantifier les incertitudes. Les principaux résultats, pour chaque
scénario étudié, concerneront :

— La consommation d’énergie liée au chauffage et à la climatisation dans le bâti
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— La production décentralisée d’énergie et la répartition des différents types d’énergie
— L’̂ılot de chaleur urbain
— Les émissions de gaz à effet de serre.

10.2 Modélisation intégrée de la ville

L’approche abordée, à savoir la modélisation systémique de la ville, permet de prendre
en compte de nombreux paramètres, tout en simplifiant le � système ville � afin de le
restreindre à un nombre de données exploitables. Les deux projets cités ci-dessus, VURCA
et MUSCADE visent à répondre à des questions scientifiques sur l’adaptation de la ville au
changement climatique en s’appuyant sur des modèles numériques, dont on voit toute la
puissance pour ces questions prospectives à l’échelle du siècle. Toutefois, dans ces projets,
les modèles ne sont pas intégrés et couplés au sein d’une même plateforme informatique.
Une telle plateforme (vue du côté météorologie) pourrait ressembler au schéma de la figure
10.7. Il illustre par exemple les besoins d’échanges avec les autres laboratoires du projet à
travers les nombreuses couches d’informations géographiques (trafic, hydrologie, chauffage
etc...) qui sont nécessaires à l’alimentation des modèles numériques.

Figure 10.7 – Méthodologie d’étude de l’impact d’un scénario météorologique et d’un
scénario d’aménagement sur le micro-climat urbain de l’Ile de France dans le cadre de la
consultation du Grand Pari de l’agglomération parisienne en association avec les Ateliers
Y. Lion, les ateliers A. Peter et Transsolar.

C’est pour réaliser un prototype d’une telle plateforme numérique que nous avons pro-
posé au RTRA le projet ACCLIMAT (Adaptation au Changement CLIMatique de l’Ag-
glomération Toulousaine), en mettant en place un consortium de 9 partenaires, laboratoires
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de sciences ”dures”, de sciences humaines et sociales et acteurs de l’aménagement urbain
(l’AUAT). Le projet ACCLIMAT propose d’étudier les interactions entre les processus de
développement urbain, de micro-climat urbain et le changement climatique, à l’aide d’une
plateforme interdisciplinaire de modélisation numérique. Des modèles de base physique (at-
mosphère, échanges ville-atmosphère, morphologie urbaine) et urbanistique (expansion ur-
baine et spatialisation) seront mis en oeuvre, couplés entre eux puis forcés par des scénarios
locaux du changement climatique et des scénarios socio-économiques de développement
urbain. L’évaluation scientifique, à l’aide d’indicateurs multicritères, apportera des pistes
pour l’adaptation de la ville au changement climatique, en identifiant d’une part les leviers
socio-économiques qui agissent sur les processus d’expansion urbaine, et d’autre part les
impacts de leur interaction avec le changement climatique, en terme de micro-climat ur-
bain, consommation énergétique, bilan de CO2, état hydrique du sol, confort des habitants.

L’étude sera réalisée à l’échelle du siècle, pour tenir compte de l’inertie des modifica-
tions structurelles de la ville, et des scénarios climatiques issus du 4 ème rapport du GIEC,
montrant des effets globaux du changement climatique significatifs à partir de 2070. La com-
plexité du � système ville � et l’échelle de temps lointaine seront appréhendés à travers une
modélisation des processus et de leurs interactions (développement urbain et micro-climat
urbain, expansion et spatialisation, morphologie urbaine et consommation énergétique), et
s’appuieront sur le développement de méthodes (descente d’échelle, couplage de bases de
données et de code). Ainsi, ces modèles et méthodes, appliqués dans le cadre d’ACCLIMAT
à l’aire urbaine toulousaine, se veulent généralisables à d’autres métropoles Européennes
(en particulier Paris, cible d’étude des projets VURCA et MUSCADE). L’architecture mo-
dulaire de la plateforme permettra d’intégrer les évolutions des modèles (par exemple celles
issues des deux projets sus-cités) et de l’enrichir d’autres modèles (hydrologie, transports).
Cet outil de recherche souhaite ainsi répondre aux questions émergentes, scientifiques et
interdisciplinaires, que pose la ville durable.

111



Bibliographie

Allwine, K. J., M. J. Leach, L. W. Stockham, J. S. Shinn, R. P. Hosker, J. F. Bowers, and
J. C. Pace, 2004 : Overview of joint urban 2003 - an atmospheric dispersion study in
oklahoma city. Planning, Nowcasting, and Forecasting in the Urban Zone Symposium,
84th AMS Annual Meeting, Seattle W.A., USA..

Allwine, K. J., J. H. Shinn, G. E. Streit, K. L. Clawson, and M. Brown, 2002 : Overview
of urban 2000. Bull Amer Meteor Soc, 83, 521–536.
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(vrai) Directeur de thèse
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thèse européenne approach to the daytime urban-breeze circulation

in Inland Cities”

Encadrant principal
2000 - 2003 Aude Lemonsu ” Modélisation des processus de surface et

de la couche limite en milieu urbain ”
2005 - 2008 Julien Pergaud ”Etude et Paramétrisation de la Turbulence
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binski en 2005, sur le thème : ”Dynamique de la couche limite atmosphérique : de la
turbulence aux systèmes dynamiques de méso-échelles”.

Jury de thèse

Outre les six jurys de thèses que j’ai encadré ou co-encadré (Aude Lemonsu, Julia Hi-
dalgo, Séverine Tomas, Julien Pergaud, Grégoire Pigeon, Irina Sandu), j’ai participé en
tant qu’examinateur aux cinq jurys de thèses suivants :

— Javier Dı́az de Argandoña González, 2000, Université du Pays Basque, ”Estudio
del viento de valle Cierzo producido por la interacción del viento sinóptico con los
Pirineos”. A noter que je ne parle pas espagnol, l’exercice était intéressant, mais
heureusement lors de la soutenance on disposait de la traduction simultanée...

— Mohamed Benzerzour, 2004, Université de Nantes, ”Transformations urbaines et
variations du microclimat : application au centre ancien de Nantes et proposition
d’un indicateur Morpho-climatique”

— Sandrine Pallotta, 2006, Ecole Nationale Supérieure de l’Aéronautique et de l’Es-
pace, ”Compréhension du signal issu d’une surface hétérogène rugueuse dans le
domaine infrarouge en télédétection : analyse de l’agrégation des propriétés thermo-
optiques de ses constituants”

— Clément Fesquet, 2008, Laboratoire de Météorologie Dynamique, ”Structure de la
turbulence atmosphérique à proximité de la surface”

— Morgane Colombert, 2008, CSTB - Université Paris-Est, ”Intégration des enjeux du
climat urbain dans les différents moyens d’intervention sur la ville”
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11.5 Activités de recherche

11.5.1 En résumé

— 36 publications internationales de rang A
— 2 publications nationales ou internationale de rang B
— 1 brevet
— une vingtaine de proceedings (dont 10 en premier auteur)
— 16 conférences internationales et séminaires à l’étranger

11.5.2 Cinq publications les plus significatives

— Masson V., 2000 : A Physically-based scheme for the Urban Energy Budget in
atmospheric models. Boundary-Layer Meteorol., 94, 357-397.

— Masson, V., J.L. Champeaux, F. Chauvin, C. Meriguet, and R. Lacaze, 2003 : A
global data base of land surface parameters at 1 km resolution in meteorological
and climate models. J. of Climate, 16, 1261-1282.

— Masson, V., L. Gomes, G. Pigeon, K. Liousse, J.-P. Lagouarde, J. Voogt, J. Salmond,
T. Oke, D. Legain, O. Garrouste, and P. Tulet, 2008 : The canopy and aerosol
particles interactions in toulouse urban layer (CAPITOUL) experiment. Meteorology
and Atmospheric Physics, 102(3-4), 135-157.

— Masson, V. and Y. Seity, 2009 : Including atmospheric layers in vegetation and
urban offline surface schemes. Journal of Applied Meteorology and Climatology, in
press.

— Pergaud, J., V. Masson, S. Malardel, and F. Couvreux, 2009 : A parameterization
of dry thermals and shallow cumuli for mesoscale numerical weather prediction.
Boundary- Layer Meteorol., in press.

11.5.3 Publications à comité de lecture

Articles parus dans des revues à comité de lecture (rang A)

1. Bélair, S., P. Lacarrère, J. Noilhan, V. Masson, and J. Stein, 1998 : High-resolution
simulation of surface and turbulent fluxes during hapex-mobilhy.Mon. Wea. Rev.,
126, 2234-2253.

2. Boone, A., V. Masson, T. Meyers, and J. Noilhan, 2000 : The influence of the
inclusion of soil freezing on simulations by a soil-vegetation-atmosphere transfer
scheme. J. Appl. Meteorol., 39, 1544-1569.

3. Couvreux, F., F. Guichard, V. Masson, and J.-L. Redelsperger, 2007 : Negative water
vapour skewness and dry tongues in the convective boundary layer : observations
and les budget analysis. Boundary-Layer Meteorol., 26, 269-294.

4. Couvreux, F., F. Guichard, J.-L. Redelsperger, C. Kiemle, V. Masson, J.-P. Lafore,
and C. Flamant, 2005 : water vapor variability within a convective boundary layer
assessed by large-eddy simulations and ihop observations. Quart. J. Roy. Meteor.
Soc., 131, 2665-2693.

5. Drobinski, P., P. Carlotti, J.-L. Redelsperger, R. M. Banta, V. Masson, and R. K.
Newsom, 2007 : Numerical and experimental investigation of the neutral atmosphe-
ric surface layer. J. Atmos. Sci., 64, 137-156.

126



6. Drobinski, P., F. Säıd, G. Ancellet, J. Arteta, P. Augustin, S. Bastin, A. Brut,
J. L. Caccia, B. Campistron, S. Cautenet, A. Colette, I. Coll, U. Corsmeier, B.
Cros, A. Dabas, H. Delbarre, A. Dufour, P. Durand, V. Guénard, M. Hasel, N.
Kalthoff, C. Kottmeier, F. Lasry, A. Lemonsu, F. Lohou, V. Masson, L. Menut,
C. Moppert, V. H. Peuch, V. Puygrenier, O. Reitebuch, and R. Vautard, 2007b :
Regional transport and dilution during highpollution episodes in southern france :
Summary of Findings from the Field experiment to constraint models of atmospheric
pollution and emissions transport (ESCOMPTE). J. Geophys. Res., 112, D13105,
doi :10.1029/2006JD007494.

7. Georgelin, M., P. Bougeault, T. Black, N. Brzovic, J. Calvo, V. Cassé, M. Desgagné,
R. El- Khatib, J. Geleyn, T. Holt, S. Y. Hong, T. Kato, J. Katzfey, K. Kurihara,
B. Lacroix, F. Lalaurette, Y. Lemaitre, J. Mailhot, D. Majewski, P. Malguzzi, V.
Masson, J. McGregor, E. Minguzzi, T. Paccagnella, and C. Wilson, 2000 : The se-
cond compare exercice : a model intercomparison using a case of a typical mesoscale
orographic Flow, the PYREX iop3. Quart. J. Roy. Meteor. Soc., 126, 991-1029.

8. Gimeno-Presa L., V. Masson and J. Arnfield, 2008 : Editorial : special issue on
CAPITOUL (Canopy and Aerosol PArticle Interactions in TOulouse Urban LAyer)
experiment. Meteorology and Atmospheric Physics, 102(3-4), 131-133.

9. Hamdi, R. and V. Masson, 2008 : Inclusion of a drag approach in the town energy
balance (TEB) scheme : offline 1-d validation in a street canyon. Journal of Applied
Meteorology and Climatology, 47, 2627-2644.

10. Hidalgo, J., V. Masson, A. Baklanov, G. Pigeon, and L. Gimeno, 2008 : Advances
in urban climate modelling. Annals of the New York Academy of Science, 1146,
354-374.

11. Hidalgo, J., V. Masson, and G. Pigeon, 2008 : Urban-breeze circulation during the
capitoul experiment : Numerical approach. Meteorology and Atmospheric Physics,
102(3-4), 243-262.

12. Hidalgo, J., G. Pigeon, and V. Masson, 2008 : Urban-breeze circulation during the
capitoul experiment : Experimental approach. Meteorology and Atmospheric Phy-
sics, 102(3-4), 223-241.

13. Lafore, J.P., J. Stein, N. Asencio, P. Bougeault, V. Ducrocq, J. Duron, C. Fischer,
P. Héreil, P. Mascart, V. Masson, J.P. Pinty, J.L. Redelsperger, E. Richard, and J.
Vila-Guerau de Arellano, 1998 : The Méso-NH atmospheric simulation system. Part
I : Adiabatic formulation and control simulation. Ann. Geophys., 16, 90-109.

14. Lemonsu, A., S. Bastin, V. Masson, and P. Drobinski, 2006 : Vertical Structure of the
Urban boundary layer over Marseille under sea breeze condition. Boundary-Layer
Meteorol., 118, 477-501.

15. Lemonsu, A., C. S. B. Grimmond, and V. Masson, 2004 : Modelling the surface
Energy Balance of an old Mediterranean city core. J. Appl. Meteorol., 43, 312-327.

16. Lemonsu, A. and V. Masson, 2002 : Simulation of a summer urban Breeze over
Paris. Boundary-Layer Meteorol., 104, 463-490.

17. Lemonsu, A., V. Masson, and E. Berthier, 2007 : Improvement of the hydrological
component of an urban SVAT model. Hydrological Processes, 21, 2100-2111.

18. Lemonsu, A., V. Masson, G. Pigeon, and C. Moppert, 2006b : Sea-Town Interactions
over Marseille : 3d Urban Boundary Layer and thermodynamical fields near the
Surface. Theoretical and Appl. Climatology, 84, 171-178.
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19. Masson V., 2000 : A Physically-based scheme for the Urban Energy Budget in
atmospheric models. Boundary-Layer Meteorol., 94, 357-397.

20. Masson V., 2006 : Urban surface modeling and the meso-scale impact of cities.
Theoretical and Appl. Climatology, 84, 35-45.

21. Masson V. and P. Bougeault, 1996 : Numerical Simulation of a Low-Level Wind
Created by Complex Orography : A Cierzo Case study. Monthly Weather Review,
4, 701-715.

22. Masson, V., C.S.B. Grimmond, and T.R. Oke, 2002 : Evaluation of the Town Energy
Balance (TEB) scheme with direct Measurements from dry Districts in two Cities.
J. Appl. Meteorol., 41, 1011-1026.

23. Masson, V., L. Gomes, G. Pigeon, K. Liousse, J.-P. Lagouarde, J. Voogt, J. Salmond,
T. Oke, D. Legain, O. Garrouste, and P. Tulet, 2008 : The canopy and aerosol
particles interactions in toulouse urban layer (CAPITOUL) experiment. Meteorology
and Atmospheric Physics, 102(3-4), 135-157.

24. Masson, V., J.L. Champeaux, F. Chauvin, C. Meriguet, and R. Lacaze, 2003 : A
global data base of land surface parameters at 1 km resolution in meteorological
and climate models. J. of Climate, 16, 1261-1282.

25. Masson, V. and Y. Seity, 2009 : Including atmospheric layers in vegetation and
urban offline surface schemes. Journal of Applied Meteorology and Climatology, in
press.

26. P. Mestayer, P. Durand, P. Augustin, S. Bastin, J.-M. Bonnefond, B. Bénech, B.
Campistron, A. Coppalle, H. Delbarre, B. Dousset, P. Drobinski, A. Druilhet, E.
Fréjafon, S. Grimmond, D. Groleau, M. Irvine, C. Kergomard, S. Kermadi, J.-P.
Lagouarde, A. Lemonsu, F. Lohou, N. Long, V. Masson, C. Moppert, J. Noilhan,
B. Offerle, T. Oke, G. Pigeon, V. Puygrenier, S. Roberts, J.-M. Rosant, F. Säıd,
J. Salmond, M. Talbaut, and J. Voogt, 2005 : The urban boundary layer field ex-
periment over marseille ubl/clu-escompte : Experimental set-up and first results.
Boundary-Layer Meteorol., 114, 315-365.

27. Pergaud, J., V. Masson, S. Malardel, and F. Couvreux, 2009 : A parameterization
of dry thermals and shallow cumuli for mesoscale numerical weather prediction.
Boundary- Layer Meteorol., in press.

28. Pigeon, A. Lemonsu, J. Barrié, V. Masson, and P. Durand, 2006 : Urban thermo-
dynamic Island in a coastal City analyzed from an Optimized Surface Network.
Boundary-Layer Meteorol., 120, 315-351.

29. Pigeon, G., D. Legain, P. Durand, and V. Masson, 2007 : Anthropogenic heat release
in an old european city (toulouse, france). International Journal of Climatology, 27,
1969-1981, dOI :10.1002/joc.1530.

30. Pigeon, G., A. Lemonsu, C. Grimmond, P. Durand, O. Thouron, and V. Masson,
2007 : Divergence of turbulent fluxes in the surface layer : case of a coastal city.
Boundary-Layer Meteorol., 124, 269-290, 10.1007/s10546-007-9160-2.

31. Pigeon, G., M. A. Mosciki, J. A. Voogt, and V. Masson, 2008b : Simulation of fall
and winter energy balance over a dense urban area using the teb scheme. Meteorology
and Atmospheric Physics, 102(3-4), 159-171.

32. Piringer, M., C. S. B. Grimmond, S. M. Joffre, P. G. Mestayer, M. W. Rotach, A.
Baklanov, K. D. Ridder, J. Ferreira, E. Guilloteau, A. Karppinen, A. Martilli, V.

128



Masson, D. R. Middleton, and M. Tombrou, 2002 : Investigating the surface energy
budget in urban areas -recent advances and future needs. Journal of Water, Air and
Soil Pollution, 2, 1-16.

33. Sandu, I., J.-L. Brenguier, O. Geoffroy, O. Thouron, and V. Masson, 2008 : Aerosols
impact on the diurnal cycle of marine stratocumulus. J. Atmos. Sci., 65, 2705-2718.

34. Sarrat, C., A. Lemonsu, V. Masson, and G. Guédalia, 2006 : Impact of urban heat
island on regional atmospheric pollution. Atmos. Environ., 40, 1743-1758.

35. Sarrat, C., J. Noilhan, S. Donier, P. Lacarrère, V. Masson, A. Butet, E. Ceschia, P.
Ciais, A. Dolman, J. Elbers, and N. Jarosz, 2009 : Co2 budgeting at the regional scale
using a lagrangian experimental strategy and mesoscale modeling. Biogeosciences,
6, 113-127.

36. Tomas, S. and V. Masson, 2006 : A parameterization of third order moments for
the convective boundary layer. Boundary-Layer Meteorol., 120, 437-454.

Articles soumis dans des revues à comité de lecture (rang A)
— Briottet, X., J.-P. Lagouarde, G. Fontanilles, A. Hénon, G. Pigeon, J.-P. Gastellu-

Etchegorry, P. G. Mestayer, I. Calmet, V. Masson and A. Brut, 2009 : Intercompa-
rison Exercice of Infrared Radiative Transfer Models in the Urban Canopy. Remote
Sensing Environment, submitted

— Hidalgo, J., V. Masson, and L. Gimeno-Presa, 2009 : Scaling the daytime urban-
breeze circulation. Journal of Applied Meteorology and Climatology, submitted.

— Karam, H. A., A. J. Pereira Filho, V. Masson, J. Noilhan and E. P. MArques Filho
2009 : A new tropical urban surface energy budget scheme (t-TEB). Part I : concept
and formulation. Theoretical and Apllied Climatology, submitted.

— Tomas, S., O. Eiff, and V. Masson, 2009 : Experimental investigation of the turbulent
momentum transfers in a neutral boundary-layer over a rough surface. Boundary-
Layer Meteorol., submitted.

Brevet
— Masson, V., 1999 : Procédé permettant de déterminer l’influence d’une zone ur-

baine sur l’atmosphère en contact avec celle-ci . Brevet français N99 01713, Institut
National de la Propriété Industrielle, déposé le 12 Février 1999.

Articles parus dans d’autres revues à comité de lecture
— Champeaux J.-L., V. Masson and F. Chauvin, 2005 : ECOCLIMAP : a global da-

tabase of land surface parameters at 1 km resolution. Meteorological applications, 1,
29-32.

— Pigeon, G., A. Lemonsu, V. Masson, and J. Hidalgo, 2008 : From urban climate
observation to integrated modelling of the city. La Météorologie, 62, I-IX.
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11.6 Organigramme du laboratoire

J’ai conduit ma recherche au sein du Groupe de Météorologie à Moyenne Echelle du
CNRS/GAME. J’ai été affecté à diverses équipes (certaines aujourd’hui disparues au gré
des réorganisations internes), dont les thèmes allaient de la modélisation de la surface à
celle de la couche limite atmosphérique et des nuages. Je suis maintenant chef d’une équipe
que j’ai contribué à créer, regroupant au printemps 2009 5 chercheurs permanents et 2009
une ingénieur, deux thésards et une stagiaire ingénieur : l’équipe TURBAU.

��������������������������������������������������
 

ORGANIGRAMME DU CNRS/GAME 

 
 

Directeur – Philippe BOUGEAULT 
Dir.Adjoint/Toulouse  –  Joël Poitevin 
Dir. Adjoint Scientifique –  Jean Pailleux 
Dir. Adjoint/Paris – Pascale DeLecluse 

 

  
 SERVICES TECHNIQUES COMMUNS 
  Toulouse 

  
 GROUPE DE METEOROLOGIE EXPERIMENTALE ET INSTRUMENTALE 
  Chef de Division : Jean-Louis Brenguier GMEI/Toulouse 
  
 GROUPE DE METEOROLOGIE DE GRANDE ECHELLE ET CLIMAT 
  Chef de Division : Serge Planton GMGEC/Toulouse 
  
 GROUPE DE METEOROLOGIE DE MOYENNE ECHELLE 
  Chef de Division : Joël Noilhan GMME/Toulouse 
  
 Projet AROME 
 Responsable de projet : François Bouttier                     AROME/Toulouse 
  
 GROUPE DE MODELISATION POUR L’ASSIMILATION ET LA PREVISION 
  Chef de Division : François Bouttier GMAP/Toulouse 
  
 CENTRE D’ETUDES DE LA NEIGE 
 Chef de Division : Pierre Etchevers CEN/Grenoble 
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GROUPE METEOROLOGIE 
DE MOYENNE ECHELLE 

 
 

CHEF DE DIVISION 

 D -          Joël Noilhan 

Secrétariat Régine Darros 

   
   
 MESO NH Equipe MESO-NH 
 Christine Lac  
   
 MICADO Modélisation et Initialisation de la  
 Véronique Ducrocq Convection, Analyse et Diagnostic des 

Observations 
   
 MOANA MOdélisation de l’Atmosphère 

Nuageuse  
 Jean-Philippe Lafore et Analyse 

   
 MOSAYC MOdélisation Surface-Atmosphère-

hYdrologie Couplée 
 Eric Martin  
   
 TURBAU TURbulence, Brouillard et Atmosphère 
 Valéry Masson Urbaine 
   
 VEGEO Végétation, Eau et GEOphysique 

 Jean-Christophe Calvet  
�
�
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Chapitre 12

Sélection d’articles

12.1 Cinq publications

Voici la liste des 5 publications que je considère les plus significatives de mon travail.
Elles couvrent l’ensemble de la palette de mes travaux (et de ceux et celles que j’ai encadrés).

— Masson, V., J.L. Champeaux, F. Chauvin, C. Meriguet, and R. Lacaze, 2003 : A
global data base of land surface parameters at 1 km resolution in meteorological
and climate models. J. of Climate, 16, 1261-1282.

— Masson V., 2000 : A Physically-based scheme for the Urban Energy Budget in
atmospheric models. Boundary-Layer Meteorol., 94, 357-397.

— Masson, V., L. Gomes, G. Pigeon, K. Liousse, J.-P. Lagouarde, J. Voogt, J. Salmond,
T. Oke, D. Legain, O. Garrouste, and P. Tulet, 2008 : The canopy and aerosol
particles interactions in toulouse urban layer (CAPITOUL) experiment. Meteorology
and Atmospheric Physics, 102(3-4), 135-157.

— Masson, V. and Y. Seity, 2009 : Including atmospheric layers in vegetation and
urban offline surface schemes. Journal of Applied Meteorology and Climatology, in
press.

— Pergaud, J., V. Masson, S. Malardel, and F. Couvreux, 2009 : A parameterization
of dry thermals and shallow cumuli for mesoscale numerical weather prediction.
Boundary- Layer Meteorol., in press.

12.2 La base de données Ecoclimap
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A Global Database of Land Surface Parameters at 1-km Resolution in Meteorological
and Climate Models

VALÉRY MASSON, JEAN-LOUIS CHAMPEAUX, FABRICE CHAUVIN, CHRISTELLE MERIGUET,
AND ROSELYNE LACAZE

CNRM/GAME Météo-France/CNRS, Toulouse, France

(Manuscript received 28 January 2002, in final form 9 August 2002)

ABSTRACT

Ecoclimap, a new complete surface parameter global dataset at a 1-km resolution, is presented. It is intended to
be used to initialize the soil–vegetation–atmosphere transfer schemes (SVATs) in meteorological and climate models
(at all horizontal scales). The database supports the ‘‘tile’’ approach, which is utilized by an increasing number of
SVATs. Two hundred and fifteen ecosystems representing areas of homogeneous vegetation are derived by combining
existing land cover maps and climate maps, in addition to using Advanced Very High Resolution Radiometer (AVHRR)
satellite data. Then, all surface parameters are derived for each of these ecosystems using lookup tables with the
annual cycle of the leaf area index (LAI) being constrained by the AVHRR information. The resulting LAI is validated
against a large amount of in situ ground observations, and it is also compared to LAI derived from the International
Satellite Land Surface Climatology Project (ISLSCP-2) database and the Polarization and Directionality of the Earth’s
Reflectance (POLDER) satellite. The comparison shows that this new LAI both reproduces values coherent at large
scales with other datasets, and includes the high spatial variations owing to the input land cover data at a 1-km
resolution. In terms of climate modeling studies, the use of this new database is shown to improve the surface
climatology of the ARPEGE climate model.

1. Introduction

Because the evolution of the atmospheric system,
from weather and pollution forecasting to climate, is a
major concern of mankind, it has become mandatory to
provide a detailed portrait of the physical processes oc-
curring near the ground. Richardson (1922) first noted
the importance of the role of the vegetation represen-
tation in numerical weather prediction. During recent
decades, several investigations have confirmed the
strong coupling that exists between the tropospheric air-
mass circulation and the energy exchanges at the surface
of the atmospheric boundary layer (Woodward 1987;
Melillo et al. 1995). Recent climate modeling has also
focused on the representation of CO2 fluxes between
the land surface and the atmosphere (Sellers et al. 1996)
in order to explicitly represent the biomass evolution.
Thus, there is a need to have a thorough and realistic
description of the land surface characteristics in mete-
orological models, from mesoscale research and nu-
merical weather prediction (NWP) models (describing
phenomena of horizontal scale of a few kilometers) to
general circulation models (GCMs).

Corresponding author address: Dr. Valéry Masson, CNRM/
GAME, Météo-France/CNRS, 42 avenue Gaspard Coriolis, Toulouse
Cedex 31057, France.
E-mail: valery.masson@meteo.fr

In atmospheric models, surface exchanges are param-
eterized by soil–vegetation–atmosphere transfer (SVAT)
schemes. A rather comprehensive list of them can be
found in the literature (see the review by Chen et al.
1997b). SVATs need the right allocation of the land–
water mask and of the soil–vegetation characteristics
for the calculation of the surface fluxes of momentum,
heat, and moisture. The latter two are defined by the
surface energy budget, which is written as

Q* � Q � Q � �Q .H E S (1)

• Here Q* is the net radiation, governed by solar ra-
diation during the day and therefore directly influ-
enced by the albedo, while at night only the infrared
longwave radiation budget remains and emissivity be-
comes important.

• The sensible and latent heat fluxes are QH and QE,
respectively. They are small at night, but utilize almost
all the net radiation energy during the day. The larger
the QH, the more the temperature will increase in the
low atmosphere. The more QE is significant, the more
this temperature increase is limited, with the energy
being used to evaporate water. The ratio between the
two fluxes, called the Bowen ratio, is then very im-
portant and it strongly depends on the vegetation pa-
rameters: a large leaf area index (LAI), a large veg-



1262 VOLUME 16J O U R N A L O F C L I M A T E

etation fraction, a small stomatal resistance (influenc-
ing transpiration process through the leaves), and a
deep soil reservoir will favor QE. Dry soils or leafless
vegetation (which dampens the transpiration process)
limit QE and favor QH.

• Finally, �QS is the surface/soil energy storage term.
It is small compared to the other terms during the day,
especially if roughness length is large (the turbulent
heat fluxes being stronger). At night, this term is sig-
nificant and is the same order of magnitude as Q*.
Also, �QS is mostly governed by the thermal char-
acteristics of the vegetation and soil. The heat capacity
of the soil is strongly influenced by the water content
in it.

In addition to these impacts on the surface energy
budget, one can note that the roughness also has an
influence on the momentum fluxes and therefore on the
profiles of wind, temperature, and humidity in the lowest
tens of meters of the atmosphere.
In climate models, two complete datasets of surface

parameters are widely used. The first one was derived
by Wilson and Henderson-Sellers (1985), at a resolution
of 1�, using lookup tables to derive parameters from 18
land cover types. The second one is from the Interna-
tional Satellite Land Surface Climatology Project
(ISLSCP-2) initiative (at 0.25�, 0.5�, or 1� resolution).
The ISLSCP-2 database encompasses satellite obser-
vations in the time period 1982–90 (more information
available online at http://islscp2.gsfc.nasa.gov). Even
though these two datasets are useful for classic global
climate modeling, new needs have arisen for other ap-
plications. First, as regional climate modeling studies
increase, the need for higher resolution is evident. The
need is also obvious for NWP and mesoscale research
models. Some actions were performed recently to in-
crease the resolution for specific regions, for example,
over Europe (Champeaux et al. 2000). Second, surface
schemes evolve, representing more and more complex
phenomena, and this evolution must be taken into ac-
count. In this respect, it is paramount to allow the ini-
tialization of surface schemes using the so-called tile
approach (see, e.g., Avissar and Pielke 1989; Koster
and Suarez 1992; Wetzel and Boone 1995), where a
SVAT is run separately on different tiles (subgrid veg-
etation cover) within a given grid box. Surface fluxes
are averaged with respect to the fractional coverage of
each tile in the grid mesh. A typical tile decomposition
is to compute separate energy budgets on bare soil, low
vegetation, and woody vegetation parts (van den Hurk
et al. 2000). Therefore, not just one but several values
of a particular surface parameter (say LAI) are needed
for each grid mesh.
The objective of this paper is to present a new global

database, at a very high resolution (1 km), for use in
atmospheric models at any scale, that follows the evo-
lution of surface schemes; that is, allowing for both the

tile and the classic aggregated approaches for the surface
description.
This database is built using the following:

• A land cover map at a 1-km resolution [built from a
digital chart of the world (DCW) for the water mask,
University of Maryland (UMD; Hansen et al. 2000)
and the International Geosphere–Biosphere Pro-
gramme Data and Information System (IGBP/DIS;
Loveland et al. 2000) databases for vegetation over
the globe, and Coordination of Information on the
Environment (CORINE; Heymann et al. 1993) and
Pan-European Land Cover Monitoring (PELCOM;
Mucher et al. 2001) databases over Europe].

• A climate map [Koeppe and De Long (1958) over the
globe and Forest Information from Remote Sensing
(FIRS; European Commission 1995) over Europe].

• Normalized difference vegetation index (NDVI) in-
ferred from 1-km observations of the Advanced Very
High Resolution Radiometer (AVHRR) instrument on
board the National Oceanic and Atmospheric Admin-
istration (NOAA) satellites.

• The Food and Agriculture Organization [(FAO) 1988]
database at 10-km resolution for soil texture.

Section 2 details the different steps of the method that
resulted in an ecosystem classification map using these
land cover and climate maps together with time series
of the NDVI. Section 3 details how a set of surface
parameters was assigned to each pixel of the classifi-
cation map based on lookup tables. Validation of this
dataset against in situ data and comparison to other re-
mote sensing data is carried out in section 4. Finally,
section 5 presents the application of this new dataset in
the ARPEGE climate model (Déqué et al. 1994).

2. Derivation of an ecosystem map

a. Overview of the method

The large variability of the vegetation does not permit
a straightforward derivation of the land surface param-
eters based uniquely on a general land surface inventory
(Brown et al. 1993). For instance, for vegetation sharing
the same nomenclature but located under different cli-
mates, different behavior of the vegetation may, how-
ever, be obtained. In this regard, the forests of northern
Europe and the Mediterranean basin yield a typical il-
lustration. This can also occur for the case of crops that
present a time shift in their seasonal physiological status.
To avoid any misinterpretation, it is mandatory to first
stratify the landscape into homogeneous zones (Love-
land et al. 2000; Mucher et al. 2001). The goal here is
to segregate areas of the same land cover type into such
homogeneous zones using climate information.

b. Derivation of the land cover map

The production of a land cover map was achieved by
gathering various sources of data. The coastlines, lakes,
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and rivers are delineated from the information content
of the DCW data at a 1-km resolution. The DCW was
digitized under contract of the U.S. Defense Mapping
Agency (DMA).
Two global land cover datasets were available at 1-

km resolution: the IGBP/DIS (Loveland and Belward
1997; Loveland et al. 2000) and the University of Mary-
land database (Hansen et al. 2000), which are both de-
rived from the 1992–93 AVHRR dataset (Eidenshink
and Faudeen 1994). These two land cover maps have
notable differences (Hansen et al. 2000). The mosaic
class in the IGBP/DIS product, which is a merging of
natural vegetation and cropland, is not very convenient
for our purpose. In this study, the designation of the
cover types is essentially derived from the UMD global
land cover map. However, the permanent snow occu-
pation and wetland bodies are based on the IGBP/DIS
database. Such information is used at 1-km resolution.
Actually, 15 land surface types are referenced (see Fig.
1). They are evergreen needleleaf forest, evergreen
broadleaf forest, deciduous needleleaf forest, deciduous
broadleaf forest, mixed forest, woodland, wooded grass-
land, closed shrubland, open shrubland, grassland, crop-
land, bare soil, urbanized areas, permanent snow and
ice, and wetlands.
Over the European continent, the cover types from

the CORINE land cover classification are preferred.
They are at a 250-m resolution (Heymann et al. 1993;
our Fig. 2) and are degraded to a 1-km resolution for
the purpose of our study. The CORINE land cover da-
tabase is made by visual interpretation of high-resolu-
tion satellite images, for example, Landsat Thematic
Mapper and Spot XS scanner images, at a scale of 1:
100 000, with simultaneous consultation of ancillary
data. At present, the CORINE land cover database is
the most detailed land cover database that covers a large
part of Europe. Forty-four land cover categories are rep-
resented, notably encompassing 11 urban types, 5 water
types, 3 major forest types (broadleaf, needleleaf, and
mixed), and a cropland class. The characteristics of the
crop, such as its vegetative cycle, are not detailed. The
role of the UMD land cover map is to compensate for
the lack of CORINE data in certain areas, except over
Scandinavia where the PELCOM database information
(Mucher et al. 2001) was preferred.

c. Derivation of the climate map

The use of a climatologically based classification rep-
resents crucial additional information to discriminate
two areas of vegetation that are from the same land cover
class but that belong to different geographic domains,
and, hence, evolve differently in response to different
environmental factors. For instance, an open shrubland
can represent tundra in polar regions and a savannah in
tropical areas, and it is clear these two vegetation can-
opies behave differently. The shrubland is a typical ex-
ample, which can be found in other parts of the world.

The map of the terrestrial climates considered herein is
based on the work of Koeppe and De Long (1958).
Actually, 16 climates were identified: dry summer sub-
tropical, tropical desert, semiarid tropical, wet and dry
tropical, wet equatorial, trade wind littoral, humid sub-
tropical, semiarid continental, intermediate desert, mod-
erate polar, cool marine, polar, cool littoral, humid con-
tinental, extreme subpolar, and marine subpolar. Similar
to the land cover strategy, the resolution of the climate
map was increased over Europe owing to the investi-
gations of the FIRS project [European Commission (EC)
1995]. Europe has been divided into regions based on
geofactors, such as climate, soil, and topography. Figure
3 exhibits the global composite climate map.

d. NDVI datasets

Remotely sensed data can provide useful information
at the appropriate temporal and spatial scales. Most
widely used satellite information relies on the full res-
olution maps of the vegetation index NDVI derived from
the AVHRR visible and near-infrared spectral bands. For
the sake of this study, data covering an annual cycle
were used: the IGBP 1-km AVHRR monthly NDVI
composites, corresponding to the range period of April
1992–March 1993 (the only one available at the global
scale at such a fine resolution), and the monthly NDVI
composites created by the Deutsches Zentrum für Luft-
und Raumfahrt (DLR), corresponding to the year 1997,
for Europe (Mucher et al. 2001). The processing steps
of the IGBP dataset have been described by Eidenshink
and Faundeen (1994).
It is worth emphasizing that no major atmospheric

anomaly, such as an El Niño event, occurred within the
period 1992–93. The impact of such phenomena is to
change the location of regions of convective systems,
thereby leading to severe rainfall or drought anomalies,
and therefore vegetation development anomalies. A
strong El Niño (or La Niña) could have biased such a
study. The Pinatubo eruption of June 1991, notably in-
creased the aerosol concentration in the stratosphere
during the second half of 1991. However, the NDVI
anomaly plotted between 1981 and 1995 does not show
a strong deviation during the period 1992–93 (Buer-
mann et al. 2002). The impact of the extreme solar
zenith angle due to an orbital drift of the NOAA satellite
had a dramatic effect on the measured NDVI, but only
in the latter part of 1993 and for most of 1994 (Gutman
1999). Furthermore, in Europe, no important climatic
anomalies were detected during the year 1997.
Despite the above limitations, no major climatic

anomalies were detected at global scale; so, even if the
more arid ecosystems (as some grassland or shrublands)
would still be expected to vary from year to year, these
data can be considered as representative of the vege-
tation for a normal year.
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FIG. 3. Climate map from Koeppe and De Lond (1958) outside Europe, and the FIRS project climate map over Europe. Climates of FIRS
are not labeled.

e. Merging land-use and climatic information

The combination of the 15 cover types with the 16
climates for the 5 continents has led to a large number
of ecosystems. Some of them fill in a very small area
and are no longer representative. Interestingly, others
belonging to different climates or continents show a
similar trend. The NDVI profiles are averaged for each
ecosystem (defined by its land cover, climate, continent,
and hemisphere). Then, the selection of representative
ecosystems relies on the analysis of the temporal profile
of the monthly NDVI products. The fusion of different
ecosystems into one was performed according to the
following rules.

1) Two merged ecosystems must share the same land
cover types as cited above. An exception to this is
that some forests could be fused, especially when
one is much less representative than the other. It is
then referred to as a pure forest, given the name of
the dominant species (needleleaf or broadleaf, ev-
ergreen or deciduous) or as a mixed forest.

2) The merging was performed by comparing the NDVI
annual profiles (peak values, temporal trends). If two
profiles have their extreme values separated by at
least a month, they are perceived as being represen-
tative of different vegetation and are not merged.

3) Ecosystems in the humid equatorial climate are as-
sumed to be identical on both sides of the equator.

4) Two ecosystems corresponding to the same cover
type but located on different continents could be
merged.

In the following, for sake of simplicity, the term ‘‘eco-
system’’ will stand for ‘‘representative ecosystem.’’

f. Overview of the new classication

The final procedure leads to 125 major terrestrial eco-
systems over the globe, with the exception of Europe. Each
of them represents a vegetation entity, which promotes a
possible assignment of parameter sets. For example, the
various ecosystems issued from the UMD nomenclature
woodland and crop classes are displayed in Figs. 4a and
4b. Based on NDVI and climate information, splitting
those land covers into 17 categories for the woodland and
30 categories for the cropland is allowed.
Over the European continent, the differentiation of 90

ecosystems is required. Most of them arise from splitting
the nonirrigated cropland cover, the grassland type, and
the three forest types initially in the CORINE dataset.
The differentiation of all these ecosystems allows a

better estimation of the evolution of each of the vege-
tation parameters (minimum and maximum LAI, its an-
nual variation, or the evolution of roughness and veg-
etation fractional cover).
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FIG. 4. Representative homogeneous ecosystems derived from (top) the woodland land cover and (bottom) the crop land
cover. In each panel, a specific color corresponds to one ecosytem.

3. Derivation of surface parameters

SVAT scheme parameters (such as vegetation param-
eters) must be derived from the 215 ecosystems to provide
consistent datasets that can be used in meteorologicalmod-
els. In addition, the soil texture, merely based on the per-
centages of clay and sand, is taken from the FAO data (at
10-km resolution; FAO 1988).

a. Composition of the land ecosystems

The first necessary information that is used to con-
veniently assign the surface parameters is a basic dis-
tinction of the landscape units. They are the sea, the
inland water bodies, the human-built surfaces, and the
land (vegetation or soil). Knowledge of the proportion
of the corresponding surface spatial extensions is clearly
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TABLE 1. Fractions of woody vegetation, herbaceous vegetation, and bare soil for each land cover. The variations of fractions inside a
land cover depend on climate.

Bare soil:
Bare soil/rocks/permanent

snow

Woody vegetation:
Evergreen broadleaf/
deciduous broadleaf/

needleleaf

Herbaceous:
C3/C4/irrigated
crops/natural

herbaceous (temperate)/
natural herbaceous (Tropics)/

wetland and irrigated
herbaceous

Any forest
Woodland
Wooded grassland
Closed shrubland
Open shrubland
Grassland
Crops
Bare soil; rock,
permanent snow

0%–10%
0%–20%
20%–30%
20%–60%

90%–100%

100%
40%–50%
20%–30%
20%

50%
50%–70%
50%–60%
40%–80%
100%
100%
0%–10%

of primarily importance in atmospheric modeling for
the use of different surface schemes. Note that some
ecosystems in reality can be a mixture of these surfaces,
such as for wetlands (land and inland water) and sub-
urban areas (land and artificial surfaces).
Over the urban areas, the surface parameters solely

include the impervious surfaces. A single urban cover
type is considered in the UMD data, and urban param-
eters are estimated for typical North American suburban
areas. In Europe, the city parameters are more realistic
owing to the special attention paid to the urban areas
in the CORINE land cover database. In particular, sur-
face parameters are prescribed for the city centers, the
suburban areas, and the commercial or industrial areas,
and even for some remaining urban covers. The surface
parameters are from the Town Energy Balance (TEB)
scheme (Masson 2000; Masson et al. 2002).
Over natural areas, the problem of correctly allocating

the surface parameters is much more complex due to
the high variability and diversity of the vegetation types.
Each ecosystem is truncated into the fractions of woody
vegetation, herbaceous vegetation, and bare soil. In fact,
a subdivision is necessary for further parameter assign-
ment (see section 3c). This leads to 12 vegetation types
in 3 categories: (i) bare soil, rocks, permanent snow and
ice; (ii) C3 crops, C4 crops, irrigated crops, natural her-
baceous (temperate), natural herbaceous (Tropics), wet-
land herbaceous or irrigated grass; (iii) needleleaf trees,
evergreen broadleaf trees, and deciduous broadleaf
trees. Most of the 215 ecosystems are composed of only
one of these 12 vegetation types (so-called pure eco-
systems). Over Europe, almost all of the ecosystems are
pure. However, some land covers in the UMD classi-
fication (‘‘woodland,’’ ‘‘wooded grassland,’’ ‘‘closed
shrubland,’’ ‘‘open shrubland’’) are composite, and lead
to ‘‘mixed’’ ecosystems.
Table 1 shows the relationship between the initial land

cover of an ecosystem and its composition with respect
to these vegetation types. Note the existence of small
variations for the same initial land cover and the derived

coverage fractions. These variations are a function of
climate. The fraction of each type (one type of woody
vegetation, one type of herbaceous, and bare soil) was
set in agreement with recent studies (Defries et al. 2000;
Hansen et al. 2000). Hence, an ecosystem coming from
the ‘‘grassland’’ land cover is assumed pure, namely,
composed of natural herbaceous vegetation; while a
woodland ecosystem is considered mixed, namely,
formed of herbaceous and forest types. For crops, the
C3 type is omnipresent except in the tropical and equa-
torial belts, and where corn is intensively cultivated.
The C4 crops category is applied in such situations.

b. Vegetation types, tiles, and aggregation scheme of
the parameters

As stated before, the database must allow for both
the surface ‘‘tile’’ and the classic aggregated approach-
es. A derivation of the surface parameters is then needed
for each vegetation type of each of the 215 ecosystems.
However, in the classic case (only one SVAT run per
grid point), as is the case for most applications, a pa-
rameter aggregation procedure is carried out (following
Noilhan and Lacarrère 1995; Mahfouf et al. 1995; see
Fig. 5a). For sake of coherence, exactly the same pro-
cedure is used for aggregation at a coarser resolution
(Fig. 5b). The prescription of the various parameters is
the objective of the remaining subsections.

c. Leaf area index (LAI)

The LAI is defined as the surface area of leaves con-
tained in a vertical column normalized by its cross-
sectional area. It has been addressed as a crucial param-
eter of SVAT models since it determines the plant tran-
spiration. It is important to consider not only its seasonal
variation, but also its regionalism according to climates,
because of the vegetation dynamics.
The effort of merging, described in section 2, per-

mitted the construction of homogeneous ecosystems.
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FIG. 5. Aggregation rules used to derive surface parameters: (a) aggregation of the surface characteristics of a mixed ecosystem pixel,
and (b) aggregation toward a coarser resolution of the surface characteristics of several pixels, whether they are mixed or not. Here CD is
the neutral drag coefficient at 10 m, equal to �2/ln2(10/z0), where � is the von Karman constant and z0 is in meters. The Veg1, Rsmin1, z01,
�1 (Veg2, Rsmin2, z02, �2) are estimated from LAI1 (LAI2) and the vegetation type 1 (2) according to Table 2.

Because of this, the actual variability of the vegetation
parameters within each ecosystem can be reasonably
assumed to be weak spatially, even if it is large tem-
porally. From this, it is legitimate to derive a set of
biophysical properties per ecosystem. A number of stud-
ies have demonstrated the close relationship between
the LAI and NDVI (Asrar et al. 1984; Baret and Guyot
1991). ISLSCP LAIs are computed using relations be-
tween the LAI, the fraction of photosynthetically active
radiation (FPAR), and NDVI (Sellers et al. 1994), while
the Polarization and Directionality of the Earth’s Re-
flectance (POLDER) and the Moderate Resolution Im-
aging Spectroradiometer (MODIS) based LAIs are de-
duced from NDVI values using surface radiative
schemes (Roujean and Lacaze 2002; Lacaze et al. 2001;
Knyazikhin et al. 1998). Here, contrary to these three
datasets, the LAI is not computed for each pixel, but
instead it is estimated for a whole ecosystem. The meth-
od is much more simple, but robust. In particular, the
LAI values vary between realistic limits prescribed for
each ecosystem. The LAI is obtained according to the
following rules.

1) PURE ECOSYSTEMS

Each pure ecosystem includes a single vegetation type
with a corresponding LAI. Note that the understory LAI
is incorporated for the forests. Due to the lack of a
unique relationship between LAI and NDVI, this NDVI
information serves to make a dynamic adaptation of the
LAI from the minimum and maximum values found in
the literature:

LAI � LAImin

NDVI � NDVImin� (LAI � LAI ) .max min NDVI � NDVImax min

(2)

2) MIXED ECOSYSTEMS

Each mixed ecosystem can include one herbaceous
vegetation type and/or one woody vegetation type.
Therefore, LAI must be defined for both of them. Two
following cases must be distinguished.
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1) Over North America, eastern Europe, central Russia,
and Southeast Asia, the woodland and wooded grass-
land UMD land covers represent transitions between
crops and forest. Then the LAI of the dominant crop
(forest) ecosystem in the area is assigned to the her-
baceous (woody) vegetation type of the mixed eco-
system.

2) For a landscape composed of trees and natural her-
baceous vegetation, and possibly bare soil, like from
equatorial forests to tropical deserts and from boreal
forests to tundra, a procedure similar to the pure
ecosystems is applied for each type of the mixed
ecosystem. The LAI time profile is then given by the
NDVI time profile. This holds for all vegetation
types of the ecosystem.

The (aggregated) LAI maps at 1-km resolution de-
rived using these rules are plotted in Figs. 6a (January)
and 7a (June). Comparisons with ISLSCP2 and POL-
DER datasets are described in section 4b.

d. Other vegetation parameters

SVATs commonly use additional surface parameters,
such as the vegetation fraction (the fractional area on
the ground that is occupied by vegetation), the rough-
ness length, the minimal stomatal resistance (that plays
a role in the transpiration of plants), albedo, and emis-
sivity. Rooting depth used in surface models generally
depends more on vegetation types than on the soil type
(Calvet et al. 1997; Delire et al. 1997). The total soil
depth is also related to the vegetation type based on the
aforementioned works. Thus, they are initialized in this
new dataset for each ecosystem, independently of the
soil properties. All of these parameters, computed in a
coherent manner for each vegetation type, are presented
in Table 2.

1) WOODY VEGETATION AND FORESTS

Due to the constant height of the trees on an annual
basis, the roughness length is assumed constant for the
woody vegetation in each ecosystem. It is computed
from a typical tree height (h), ranging from 30 m for
equatorial forests to 15 m for temperate forests and 2
m for bushes, the latter to be consistent with the defi-
nition of the UMD closed shrubland cover. The vege-
tation fraction is assumed to remain near unity for for-
ests all year along, in considering both green and se-
nescent material. In summer, green leaves evidently cov-
er most of the surface, and in winter for deciduous trees,
they are replaced by dead leaves over the ground and
eventually moss. Root depth of trees is assumed to range
from 8 m in equatorial forests (Canadell et al. 1996;
Delire et al. 1997) to 2 m for bush trees and temperate
and boreal forests (Canadell et al. 1996). Albedo differs
following the woody vegetation type. For coniferous
trees, a vegetation albedo of 0.10 is retained as a good

estimate of both boreal (Betts and Ball 1997) and tem-
perate (Gash et al. 1989) coniferous forests. It is ap-
proximately 0.13 for the equatorial forests (Shuttleworth
et al. 1984; Culf et al. 1995, 1996; Wright et al. 1996),
and 0.15 for deciduous broadleaf trees (Betts and Ball
1997). Minimal stomatal resistance (Rsmin) is well doc-
umented for equatorial forests, leading to a value of 250
s m�1 (Delire et al. 1997), but it is less for other forests.
A value of 150 s m�1 is set, in accordance with Hy-
drological Atmospheric Pilot Experiment-Modelisation
du Bilan Hydrique (HAPEX-MOBILHY) field mea-
surements in the Landes (France) coniferous forest
(Bougeault et al. 1991; Noilhan et al. 1991).

2) NATURAL HERBACEOUS TYPES, GRASSLANDS

As for the forests, the vegetation fraction does not
vary with time, as vegetation stands where it is, even
if dryed (in dry summer climates) or dead in winter (in
colder climates). However, contrary to trees, the height
of herbaceous vegetation varies with time, depending
on its phenomenological state. Therefore, we related the
height of this vegetation to the LAI, h � LAI/6, as used
in Calvet et al. (1998). Root depth is generally set to
1.5 m (Canadell et al. 1996), and the total soil depth is
0.5 m deeper. The vegetation albedo for herbaceous veg-
etation is set to 0.20 (Shuttleworth et al. 1984; Culf et
al. 1995, 1996; Grant et al. 2000). The Rsmin is much
lower for herbaceous vegetation than for woody vege-
tation (approximately 40 s m�1; Noilhan and Planton
1989; Jacquemin and Noilhan 1990), except in the Trop-
ics, where values are larger (Delire et al. 1997; Dorman
and Sellers 1989; Douglas 2001; Pitman et al. 1999;
Zhao and Pitman 2000). A value of 120 s m�1 is pre-
ferred there.

3) CROPS

Cultivated lanscapes evolve very differently from the
unmanaged ones. Because of ploughing, bare soil is
directly in contact with the atmosphere once the crop
is harvested. Therefore, the vegetation fraction is far
from being constant, even varying from near zero after
plowing, to almost one when crop is fully developed.
Therefore, for crops, the vegetation fraction is related
to the LAI (after Kanemasu et al. 1977), which gives
the seasonal variability. As for natural herbaceous veg-
etation, roughness length is related to LAI, with an ex-
ponential form, and has a height of 1 m before maturity
(for a LAI of 3.5; J.-C. Calvet 2001, personal com-
munication). Rooting depth, soil depths, Rsmin, and veg-
etation albedo (0.20) are similar to the natural herba-
ceous ones.

4) MIXED ECOSYSTEMS

As explained in section 3b, the surface parameters
are evaluated for each vegetation type present in the
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FIG. 6. LAI for Jan from (a) this study, (b) POLDER (Roujean and Lacaze 2002), and (c) the
1982–90 average of the ISLSCP-2 data.
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FIG. 7. Same as Fig. 6, but for Jun.
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TABLE 2. Formulations of surface parameters for this database.

Vegetation
type

Total
vegetation
fraction

Roughness
length
(m)

Albedo
of

vegetation

Minimal
stomatal
resistance
(s m�1)

Emissivity
of

vegetation

Bare soil 0 0.013
Rocks 0 0.13
Permanent snow and ice 0 0.0013
C3 crops 1 � e�0.6LAI 0.13 min[1, ](LAI�3.5)/1.3e 0.20 40 0.97
C4 and irrigated crops 1 � e�0.6LAI 0.13 min[2.5, ](LAI�3.5)/1.3e 0.20 120 0.97
Natural herbaceous (Tropics) 0.95 LAI/60.13 0.20 120 0.97
Other herbaceous 0.95 LAI/60.13 0.20 40 0.97
Needleleaf trees 0.95 0.13 h 0.10 150 0.97
Evergreen broadleaf trees 0.99 0.13 h 0.13 250 0.97
Deciduous broadleaf trees 0.95 0.13 h 0.15 150 0.97

mixed ecosystem (the relevant woody vegetation pa-
rameters for the woody vegetation part of the ecosystem,
and the relevant natural herbaceous or crop parameters
for the herbaceous part). Aggregation to obtain only one
parameter is eventually performed according to Fig. 5.

e. Bare soil and total albedo and emissivity

The determination of the albedo and emissivity prod-
ucts at a large scale can be realized by following two
different approaches. The first one is the direct extrac-
tion from the satellite measurement based on the in-
version of the reflectance models. This presents the ad-
vantage of having directly concomitant spatially dis-
tributed radiometric fields. However, it requires a suf-
ficient set of clear data. Furthermore, meteorological
studies require a snow-free albedo to conveniently ac-
count for the scenario of a partial snow cover. Hence,
it is obligatory to propose albedo values for both bare
soil and vegetation. Note that for the sake of homo-
geneity, the same distinction applies to the emissivity.
This constitutes the second approach in which the total
albedo product is calculated based on the weighting by
the vegetation fraction. A main shortcoming of this other
approach is that an independent measurement of soil
and vegetation albedos presents a difficult task with re-
mote sensing data, except over large deserts or canopies
with full coverage. The use of ground measurements
seems inevitable in this context. There exist several ad-
vantages, such as the robustness, the consistency, and
a flexible use by the modelers, so that the second ap-
proach is retained. However, the satellite albedo is used
in a verification mode as a diagnosis for both controlling
the magnitudes of the barren lands and the total albedo
product.
The vegetation emissivity is arbitrarily set to a typical

value of 0.97, and a value of 0.94 is considered for the
dry bare soils (compatible with MODIS database, see
online at http://www.crseo.ucsb.edu/modis/EMIS/html/
em.html). A vegetation albedo can be correctly attri-
buted per land cover type based on the literature (see
previous sections). On the other hand, the computation

of a bare soil albedo (�soil) is a more difficult task be-
cause it is rather sensitive to the material texture, which
is caused by both soil mineral composition and organic
deposition (Irons et al. 1988). Herein, we use an em-
pirical formula that combines the sand fraction ( f sand,
with a minimum threshold of 0.30 applied to this frac-
tion in the following formula), representing the soil min-
eral composition, and the fraction of woody and her-
baceous vegetation types ( fwoody � f herbaceous) standing
for the organic deposition:

� � 0.10 � (0.05 � 0.30 f )soil sand

2� [1 � 0.9( f � f ) ] . (3)woody herbaceous

From this equation, the more sand or the less organic
material, the brighter the soil. The resulting annual av-
erage total albedo is shown in Fig. 8. It shows very little
seasonal variation, because it does not take into account
the seasonal snow effect [the modification of albedo by
snow is part of the parameterization of snowpack in the
meteorological or climate model, as in Douville et al.
(1995)]. This albedo compares well with the values of
Strugnell et al. (2001) derived from global AVHRR da-
tasets. In addition, we can verify our findings with ad-
ditional satellite-derived albedo collected over Africa
(Ba et al. 2001; Pinty et al. 2000). Note that the patterns
of the Saharan spatial heterogeneity are appropriately
mimicked thanks to a trustworthy report of the sand
fraction extracted of the FAO database (FAO 1988).

4. Validation of the LAI and comparison with
other datasets

a. Validation of the results based on in situ LAI
database

A well-documented database of in situ LAI mea-
surements was recently prepared and made available
(see Roujean and Lacaze 2002; Lacaze 2002, manuscript
submitted to Int. J. Remote Sens.). It gathers an ex-
haustive and complete description of measured LAI data
that were collected over the whole globe during the last
several years using instrumental (indirect) or destructive
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FIG. 9. Comparison of the ecosystem LAI vs the observed LAI, for each month and ecosystem, arranged using nine different land covers.
For each graph, each symbol corresponds to the same ecosystem. The same symbol appearing several times on the same graph shows the
temporal variability of the ecosystem (the symbol being displayed for each month). Horizontal bars are not error bars, but represent the
spatial variability of observations when several sites are available for the same ecosystem and month.

(direct) methods. The North American and European
continents were the most densely investigated and sam-
pled. For each acquisition, measured LAI and NDVI-
derived LAI from the present method were compared.
A systematic comparison was carried out for the major
land covers (Fig. 9), which gives quite acceptable results
(see Table 3). Bias is very low, for all land cover types,
and root-mean-square errors are acceptable. The 1:1 line
relationship is correctly reproduced (see coefficient of
determination r2) for six land covers, but there are dis-
crepancies for three others: for the evergreen broadleaf

forests, a problem arises because of a strong spatial
variability in the observations among the same ecosys-
tem, which cannot be captured with our method. For
grasslands, it is not so clear. Two stations, showing ob-
servations with a large annual amplitude, are not really
representative of their ecosystem, which shows a small
NDVI signal (not shown). On the other hand, the large
scatter for crops is not surprising, since most measure-
ment points are dedicated to one specific crop, and are
not necessarily representative at the ecosystem scale.
Furthermore, the harvesting is variable, and explains



1276 VOLUME 16J O U R N A L O F C L I M A T E

TABLE 3. Goodness of fit statistics of ecosystem LAI compared to
in situ ground measurements. Ecosystems are arranged according to
their land cover.

Land cover r2
Bias

(m2 m�2)
Rmse
(m2 m�2)

Coniferous forests
Evergreen broadleaf forests
Deciduous broadleaf forests
Mixed forests
Woodlands
Shrublands
Grasslands
Crops
Wetlands

0.83
0.29
0.82
0.91
0.72
0.72
0.09
0.53
0.61

�0.10
�0.52
�0.02
�0.49
�0.02
0

�0.48
�0.33
�0.28

0.73
1.54
1.35
0.92
0.79
0.67
1.26
1.49
1.17

All 0.81 �0.12 1.15

most of the very low values in the observations (the
other being winter values). However, the maximum of
our LAI is coherent with the observed values. With the
present process, 93 ecosystems worldwide could be val-
idated, with the most for the forest biome, including 30
for Europe.

b. Comparison with ISLSCP2 and POLDER maps

The LAI maps of the present classification are now
compared to other satellite-derived datasets. The one
most widely used is from the ISLSCP-2 at 1� resolution.
The second dataset considered is from the 6-km reso-
lution POLDER global imagery acquired between Oc-
tober 1996 and June 1997. The POLDER LAI was
mapped following a physically based approach (Roujean
and Lacaze 2002). The results between the three datasets
are generally in good agreement for January (Fig. 6)
and June (Fig. 7), with a few exceptions. A noticeable
difference arises in the case of boreal forests in summer.
Our LAI is the largest (equal to 5 m2 m�2), slightly
larger than the ISLSCP-2 value, and much larger than
the POLDER value (an averaged value of 3). At least
for North America, numerous in situ data (Chen et al.
1997a) confirm that this maximum LAI of 5 is indeed
reasonable. However, it is important to note that all three
datasets show a large annual cycle for these forests.
Even if the LAI of evergreen needleleaf trees does not
show a large annual cycle (a yearly amplitude of 1 m2

m�2 seems acceptable in reality), it is largely amplified
in practice by the growth of the understory layer, which
can reach an LAI of about 2 m2 m�2 in the summer
(Chen et al. 1997a), but is zero in winter. This is con-
firmed by the physical approach, for which the LAI in
boreal forests is decreased in winter (Roujean and La-
caze 2002). We admit that our LAI value is somewhat
underestimated (by approximately 1 m2 m�2) for the
eastern Canadian forests. That might be explained by the
nonallocation of a specific climate in the work of Koeppe
and De Long (1958; see our Fig. 3). It remains that these
particular forests were not differentiable with our meth-
odology. In contrast, an ecosystem could be established

for the American northwest rainforest that is able to show
a unique cycle of LAI. This is not clear in winter for the
ISLSCP-2 data, and below the clouds for POLDER. An-
other difference arises for the equatorial forests. ISLSCP-
2 is the largest (sometimes more than 7 m2 m�2), while
POLDER is smallest (from 3 to 6). Our LAI is in be-
tween, ranging from 5 to 6. These values seem reason-
able. Finally, the largest difference between our dataset
and both ISLSCP-2 and POLDER is encountered for
temperate broadleaf forests in Europe, Russia, and the
eastern United States, and some grasslands in Europe
when compared to POLDER. In summer, our LAI reaches
4.5–5 m2 m�2 for forests, 3 for grasslands, while the other
datasets have values as large as 6 and 7 over large areas
of several square degrees. In situ observations showmax-
imum values in summer around 4.5 m2 m�2 for such
forests (see, e.g., Schmid et al. 2000; Sakai et al. 1997;
more information available online at http://www.
eosims.esd.ornl.gov/FLUXNET/site�info/stand.html and
http://mercury.ornl.gov/ornldaac for the eastern U.S. for-
est). However, these measurements also show a small-
scale spatial variability reaching from 1 to 1.5 m2 m�2.
Still, averaged LAI values of 6 or 7 at a scale of 6 � 6
km2 (POLDER) or one squared degree (ISLSCP-2) seem
overestimated compared to in situ observations, and are
therefore not retained at the ecosystem scale. The ques-
tion of small-scale spatial variability is adressed in the
next paragraph. In general, the new dataset does not show
other significant differences in features compared with
the other datasets at a large scale. There is good coherence
between the three datasets for crops and herbaceous veg-
etation types.
Nonetheless, some instructive differences and like-

nesses are observable at the full POLDER resolution. At
this finer scale, it is possible to assess the capability of
our LAI to reproduce a realistic spatial distribution.When
the spatial heterogeneity of the LAI is caused by the
juxtaposition of different land covers, the ecosystem ap-
proach captures the heterogeneity. However, when this
heterogeneity takes place within the same ecosystem, the
LAI of the present study fails to reproduce the spatial
distribution as compared to POLDER. This is due to the
underlying assumptions that an ecosystem should be, by
definition, homogeneous with only one land cover type.
This intraecosystem variability, as viewed by POLDER
(and sometimes sampled by in situ observations, espe-
cially in temperate forests), is often of the order of 1 m2

m�2, but it is larger over equatorial forests. Crops do not
show a significant internal variability at a scale of 6 km
(the POLDER resolution). This does not mean that there
is no variability at smaller scales, and this should be
investigated with new high resolution satellite instru-
ments [MODIS (http://modis.gsfc.nasa.gov) and VEG-
ETATION (http://www.spotimage.fr/data/images/vege/
VEGETAT/book�1/DEBUT.HTM)]. Finally, the LAI var-
iability due to cover variability is most often quite large
compared to the intraecosystem variability, and this val-
idates our approach. Otherwise, an advantage (of primary
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FIG. 10. The 10-yr average of simulated daily maximum surface
temperature (Tmax) anomalies compared to the CRU (1961–90) cli-
matology for (a) old and (b) new surface parameters. (c) The dif-
ference between the simulations with the new and the old parameters
(only differences significant at the 95% level of a Student’s t test are
plotted). Intervals are 1 K for (a) and (b), and 0.4 K for (c).

importance for further meteorological or climate mod-
eling) of the present LAI is that it has no missing data
contrary to POLDER LAI. The missing data are due to
a high frequency of cloud coverage in the winter hemi-
sphere.

5. Indirect validation in a climate model

a. Validation strategy

In order to validate the new surface parameter dataset,
we performed two 10-yr climate simulations in which
we used surface conditions issued, respectively, from
the usual land parameters (Wilson and Henderson-Sell-
ers 1985) and the new surface parameters. The model
is version 3 of the climate model ARPEGE/IFS (Déqué
et al. 1994). It is a spectral model used in a uniform
T106 truncation, with a collocation grid of 120 � 240,
corresponding to a 1.5� resolution, and 31 vertical lev-
els. The Interaction Surface–Biosphere–Atmosphere
(ISBA; Noilhan and Planton 1989; Mahfouf et al. 1995;
Douville et al. 1995) surface scheme is used. SSTs are
prescribed and constant from one year to another. Their
climatological annual cycle was obtained from the
Reynolds observed climatology over the 1970–89 pe-
riod (Reynolds and Smith 1994). As sea surface tem-
peratures are climatological, the 10 yr of each simulation
can be viewed as 10 independent members of an en-
semble run.
In order to show the ability of the Ecoclimap dataset

to better represent the actual vegetation cover of the
surface, the two following parameters have been com-
pared to the observations [Climatic Research Unit
(CRU) climatology]: the mean daily maximum temper-
ature (Tmax), and the mean daily minimum temperature
(Tmin). The CRU climatology reference is computed over
the 1961–90 period (New et al. 1999). The interest in
focusing on these temperatures instead of the mean daily
temperature (T2m) is that they allow a more direct val-
idation of the physical processes of the surface energy
budget.
The Tmax is representative of the maximum diurnal

heating, so that it gives information on the ability of
the model to correctly handle daytime Q* (via the al-
bedo), and the partitioning of energy between the two
turbulent fluxes QH and QE (via the vegetation param-
eters). The Tmin focuses on the nocturnal energy budget,
and it mostly depends on Q* and �Qs. It will then
provide information on the correct values of the emis-
sivity and the thermal properties of vegetation and soil.
Note that both Tmax and Tmin are helpful for indirectly
validating the water budget, since there is a strong re-
lationship with the water stored in the soil (that influ-
ences QE during the day and the thermal properties of
soil at night).

b. Daytime impact

Figure 10 shows the anomalies with respect to the CRU
climatology of Tmax for the old (top), the new (middle)

simulations, and the difference between the two (bottom).
The major impacts of the Ecoclimap database on the
daytime energy budget are the following:

1) Over equatorial regions, the forest soil depths are
significantly increased. This leads to a summer and
autumn cooling of the maximum temperature as the
enhanced storage of water maintains significant tran-
spiration all summer. It tends to reduce the bias in
summer and to enhance it in autumn.

2) Over tropical regions there is an increase of Tmax.
While the Sahara and the Arabian peninsula increas-
es can be explained by a smaller albedo, other re-
gions seem to be affected by an enhanced stomatal
resistance, which reduces transpiration effects. This
leads to a better agreement with the CRU climatol-
ogy, which is possibly related to a better daytime
energy budget in these regions.
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FIG. 11. Same as Fig. 10, except for daily minimum surface
temperature (Tmin).

3) Arid regions of Australia experience substantial
changes in albedo, associated with an enhancement
of the vegetation. This leads to a strong cooling (up
to 3 K), which tends to reduce the southwestern bias
while creating a small cold bias over central Aus-
tralia. The warm bias reduction is the largest during
the Australian monsoon. As precipitation fields are
also improved (a large bias is totally removed, not
shown), one can conclude that the Australian mon-
soon is better reproduced with the Ecoclimap data-
base.

4) The most noticeable seasonal features (not shown)
that do not appear in the annual mean are a strong
reduction (reaching more than 3 K) of the cold bias
over the central and eastern United States in winter,
and over northern Russia in the spring.

5) Over mountain or septentrional regions, one notes a
cooling of the far northern region of Canada reaching
2 K with a maximum during summer. The decrease
of the stomatal resistance over this region (where
woodlands and wooded grasslands replace forests),
thus favoring transpiration, can explain this cooling,
which leads to a more realistic Tmax compared to CRU
climatology. On the contrary, the extension of the
cooling in the Rocky Mountains along the west coast
of Canada leads to a larger bias. The Siberian cooling
is maximum in the summer (not shown) where both
the soil depth and the LAI are increased leading to
more plant transpiration. Compared to the CRU cli-
matology, this is not realistic. On the other hand, the
warm bias is reduced over the Gobi Desert, Ka-
zakhstan, and the Iran plateau, due to better albedos.

Finally, changes in the vegetation fraction and the
LAI owing to the Ecoclimap classification seem to ex-
plain a major part of the surface temperature anomalies,
except for the Australian, Asian, and African deserts,
where the changes are mainly related to the albedo.

c. Nocturnal impact

Figure 11 shows anomalies of Tmin for the old (top)
and the new (middle) simulations, and the difference
between the two (bottom). The nocturnal energy balance
is much less critical than that for the daytime as a forcing
to the atmosphere, but it would be more perturbed by
climate warming (through the increase of longwave ra-
diation).

1) There is no impact on equatorial forests.
2) Tropical semiarid regions experience a general cool-
ing, leading to a cold bias in Tmin principally located
over Brazil, the Guinea coast, the southeast coasts
of Africa and India, and causing a reduced warm
bias in other regions. Enhancement of the emissivity
accounts for approximately a 1-K cooling (increase
ranges from 0.010 to 0.015). However, a major part
of the cooling in the savanna (Africa) and the cerrado
(South America) regions can be explained by the

thermal properties of the vegetation. There, trees and
herbaceous vegetation coexist (with a majority of the
latter type). Trees usually cool much more slowly
and limit the nocturnal cooling in such heteroge-
neous landscapes. This is taken into account in Eco-
climap, but it could not be implemented in the model,
because only the thermal properties of the primary
vegetation are used (the herbaceous vegetation in this
case). This explains the cold bias of the model in
these regions.

3) The cooling over the Australian continent contrib-
utes to a strong reduction of the bias. It is mainly
due to the increased albedo, which reduces the en-
ergy storage during the daytime, leading to a global
cooling of the deep soil.

4) The southwestern region of China has a warming
that is maximum in autumn. This warming corre-
sponds to a reduction in the vegetation fraction. Im-
provements mentioned for Tmax over the central and
eastern United States and northern Siberia are also
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seen in the Tmin. Enhanced storage of heat during the
daytime leads to a warmer temperature at night.

5) Northern Canada and, to a lesser extent, northern
Siberia, experience a reduction of their strong warm
biases in winter (6–8 K). This improvement is linked
to a larger snow fraction in the Douville et al. (1995)
snow mantel scheme, caused by the replacement of
forest by woodland (the role of snow is minimized
under forests because it is under closely packed
trees). The larger impact of snow on the thermal
properties of the surface therefore explains the larger
nocturnal cooling. Note that the impact on the day-
time energy budget, through the increase of albedo
due to snow, is not so clear, because solar radiation
is very low in this period.

d. Statistical results

In order to more quantitatively measure the impact
of the new dataset, root-mean-square errors (rmse) have
been calculated for Tmin, Tmax, and the precipitation sim-
ulated by the model. These are shown in Fig. 12.
The 10-yr mean is compared to the climatology [CRU

for Tmin and Tmax and Climate Prediction Center (CPC)
Merged Analysis of Precipitation (CMAP) for precipi-
tation] for seasonal averages. We have also distin-
guished the Northern and Southern Hemispheres. For
each variable and period, rmse is calculated over all the
points where the difference between the two simulations
is significant at the 95% confidence level in order to
avoid the acumulation of some non-significant errors in
the final result.
One can observe that Tmax is more realistic in the new

dataset in autumn for the Northern Hemisphere (NH)
and in spring and summer for the Southern Hemisphere
(SH). It is worse in summer in the NH (because of the
bias over the Rocky Mountains and Siberia as mentioned
above) and winter for the SH. The Tmin is much more
realistic in the new dataset, except for spring in the NH.
This indirectely shows the global improvement of the
representation of the surface energy balance (over the
continents) in the model.
In order to illustrate a second-order climate variable

(not directly affected by surface parameters), the pre-
cipitation rmse has been computed. Results are more
questionable since precipitation does not show a clear
tendency in favor of one dataset or the other, except for
an improvement of the Australian monsoon. Even when
increasing the realism of the surface behavior, the at-
mosphere does not always respond in a more realistic
way. This shows the limits of such an exercise.

6. Conclusions

A 1-km classification of 215 homogeneous ecosys-
tems was performed using land cover maps. The dis-
crimination inside the same land cover is performed
using a climate map and NDVI profiles. In a second

step, surface parameters used in SVATs, (e.g., LAI, veg-
etation fraction, roughness length, minimal stomatal re-
sistance, albedo, and emissivity) are computed using
lookup tables. This complete and coherent surface da-
taset is aimed to be used in any type of atmospheric
model, from GCMs for global forecasting and climate
studies, to regional climate modeling, down to meso-
scale forecasting and research models. The dataset is
available online to the research community
(http://www.cnrm.fr/gmme/PROJETS/ECOCLIMAP/
page_recoclimap.htm).

• The very fine resolution of the data (1 km) over the
globe allows the initialization of the surface param-
eters of the models down to the mesogamma (kilo-
metric) scale. Such a resolution already existed in
land-use maps, but with this dataset, the vegetation
(and urban) parameters (LAI, etc.) are also available.
For example, an urban heat island and the associated
urban breeze were correctly simulated over Paris,
France (see our Fig. 2b) by Lemonsu and Masson
(2002) with the MESO-NH French community re-
search model (Lafore et al. 1998).

• The vegetation parameters are deduced from satellite
data for each month, climate, and continent. This im-
plies that they can be used in atmospheric numerical
models for any location in the world. This was already
possible before, but only at a much coarser resolution
(1�). This is important both for climate and global
weather prediction models (because the resolution of
the global models increases), and for the limited area
models (because they can be used anywhere at high
resolution with data coherent with the actual surface).

• The resolution of the data is also useful for works at
much larger scales, for example, for climatic studies,
because it contains a fine description of the (climate
model) subgrid information. Coherent surface param-
eters for deforestation scenario studies, for example,
are easily computable: the forest can be replaced by
crops (or some other cover type) in a region of the
world, and then the LAI will be computed using the
LAI of crops in this climatic region, instead of the
forest values. Then, other surfaces parameters are es-
timated from this deforested LAI. To obtain an even
more realistic scenario, only part of the forest should
be removed.

• This dataset can be used to initialize SVATs using the
‘‘tile’’ approach. Different surface parameters are then
assigned to, for example, the bare soil, low vegetation,
and woody vegetation parts of the grid mesh, allowing
the computation of several energy budgets in the same
grid mesh.

• Finally, this dataset is very useful for grid-nestedmod-
els, because the surface will be coherent between all
the models. Thus, the larger models will present a low
resolution, but they cover a large surface, so the cli-
mate information is important, especially if numerous
climates are present in the domain. The finer models
will cover a smaller area, so the resolution information
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FIG. 12. Rmse for (top) Tmax, (middle) Tmin, and (bottom) precipitation calculated for Jan–Feb–
Mar, Apr–May–Jun, Jul–Aug–Sep, and Oct–Nov–Dec. Stars correspond to the old dataset and
squares to the new one. The left column is for Northern Hemisphere and the right one is for
Southern Hemisphere.

is important, but still, this one is completely coherent
with the climatic information used in the larger mod-
els.
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1995: The land surface scheme ISBA within the METEO-



1282 VOLUME 16J O U R N A L O F C L I M A T E

FRANCE climate model ARPEGE. Part I: Implementation and
preliminary results. J. Climate, 8, 2039–2057.

Masson, V., 2000: A physically based scheme for the urban energy
budget in atmospheric models. Bound.-Layer Meteor., 94, 357–
397.

——, C. S. B. Grimmond, and T. R. Oke, 2002: Evaluation of the
Town Energy Balance (TEB) scheme with direct measurements
from dry districts in two cities. J. Appl. Meteor., 41, 1011–1026.

Melillo, J. M., I. C. Prentice, G. D. Farquhar, E. D. Schulze, and O.
E. Sala, 1995: Terrestrial biotic responses to environmental
change and feedbacks to climate. Climate Change 1995: The
Science of Climate Change, J. T. Houghton et al., Eds., Cam-
bridge University Press, 572 pp.

Mucher, C. A., and Coauthors, 2001: Development of a consistent
methodology to derive land cover information on a European
scale from remote sensing for environmental modeling. The
PELCOM Report, Centre for Geo-Information (CGI), Rep. 6,
Alterra, Wageningen, 160 pp.

New, M., M. Hulme, and P. D. Jones, 1999: Representing twentieth
century space–time climate variability. Part I: Development of
a 1961–90 mean monthly terrestrial climatology. J. Climate, 12,
829–856.

Noilhan, J., and S. Planton, 1989: A simple parameterization of land
surface processes for meteorological models. Mon. Wea. Rev.,
117, 536–549.

——, and P. Lacarrère, 1995: GCM grid-scale evaporation from me-
soscale modeling. J. Climate. 8, 206–223.

——, ——, and P. Bougeault, 1991: An experiment with an advanced
surface parameterization in a mesobeta-scale model. Part III:
Comparison with the HAPEX-MOBILHY dataset. Mon. Wea.
Rev., 119, 2394–2413.

Pinty, B., F. Roveda, M. M. Verstraete, N. Gobron, Y. Govaerts, J.
V. Martonchik, D. J. Diner, and R. A. Kahn, 2000: Surface albedo
retrieval from meteosat. 2. Applications. J. Geophys. Res., 105
(D14), 18 113–18 134.

Pitman, A. J., and Coauthors, 1999: Key results and implications
from phase 1(c) of the Project for Intercomparison of Land-
surface Parameterization Schemes. Climate Dyn., 15, 673–684.

Reynolds, R. W., and T. M. Smith, 1994: Improved global sea surface
temperature analyses using optimum interpolation. J. Climate,
7, 929–948.

Richardson, 1922: Weather Prediction by Numerical Process. Cam-
bridge University Press, 236 pp.

Roujean, J.-L., and R. Lacaze, 2002: Global mapping of vegetation
parameters from POLDER multi-angular measurements for stud-
ies of surface-atmosphere interactions: A pragmatic method and
its validation. J. Geophys. Res., 107, 4150, doi:10.1029/
2001JD000751.

Sakai, R. K., D. R. Fitzjarrald, and K. E. Moore, 1997: Detecting
leaf area and surface resistance during transition seasons. Agric.
For. Meteor., 84, 273–284.

Schmid, H. P., C. S. B. Grimmond, F. Cropley, B. Offerle, and H.-
B. Su, 2000: Measurements of CO2 and energy fluxes over a
mixed hardwood forest in the mid-western United States. Agric.
For. Meteor., 103, 357–374.

Sellers, P. J., S. O. Los, C. J. Tucker, C. O. Justice, D. A. Dazlich,
G. J. Collatz, and D. A. Randall, 1994: A global 1 by 1 degree
NDVI data set for climate studies. Part 2: The generation of
global fields of terrestrial biophysical parameters from the NDVI.
Int. J. Remote Sens., 15, 3519–3545.

——, and Coauthors, 1996: Comparison of radiative and physiolog-
ical effects of doubled atmospheric CO2 on climate. Science,
271, 1402–1406.

Shuttleworth, W. J., and Coauthors, 1984: Observations of radiation
exchange above and below amazonian forest. Quart. J. Roy.
Meteor. Soc., 110, 1143–1162.

Strugnell, N. C., W. Lucht, and C. Schaaf, 2001: A global albedo
data set derived from AVHRR data for use in climate simulations.
Geophys. Res. Lett., 28, 191–194.

van den Hurk, B., P. Viterbo, A. Beljaars, and A. Betts, 2000: Off-
line validation of the ERA40 surface scheme. European Centre
for Medium-Range Weather Forecasts Tech. Memo. 295, 42 pp.

Wetzel, P. J., and A. Boone, 1995: A parameterization for land–cloud–
atmosphere exchange (PLACE): Documentation and testing of
a detailed process model of the partly cloudy boundary layer
over heterogeneous land. J. Climate, 8, 1810–1837.

Wilson, M. F., and A. Henderson-Sellers, 1985: Cover and soil da-
tasets for use in general circulation models. J. Climatol., 5, 119–
143.

Woodward, F. I., 1987: Climate and Plant Distribution. Cambridge
University Press, 174 pp.

Wright, I. R., and Coauthors, 1996: Towards a GCM surface param-
eterization of Amazonia. Amazon Deforestation and Climate, J.
H. C. Gash et al., Eds., John Wiley and Sons, 473–504.

Zhao, M., and A. J. Pitman, 2000: The regional scale impact of land
cover change simulated with a climate model. Int. J. Climatol.,
22, 271–290.
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Abstract. An urban surface scheme for atmospheric mesoscale models is presented. A generaliz-
ation of local canyon geometry is defined instead of the usual bare soil formulation currently used
to represent cities in atmospheric models. This allows refinement of the radiative budgets as well as
momentum, turbulent heat and ground fluxes. The scheme is aimed to be as general as possible, in
order to represent any city in the world, for any time or weather condition (heat island cooling by
night, urban wake, water evaporation after rainfall and snow effects).
Two main parts of the scheme are validated against published data. Firstly, it is shown that the

evolution of the model-predicted fluxes during a night with calm winds is satisfactory, considering
both the longwave budget and the surface temperatures. Secondly, the original shortwave scheme is
tested off-line and compared to the effective albedo of a canyon scale model. These two validations
show that the radiative energy input to the urban surface model is realistic.
Sensitivity tests of the model are performed for one-year simulation periods, for both oceanic

and continental climates. The scheme has the ability to retrieve, without ad hoc assumptions, the
diurnal hysteresis between the turbulent heat flux and ground heat flux. It reproduces the damping
of the daytime turbulent heat flux by the heat storage flux observed in city centres. The latent heat
flux is negligible on average, but can be large when short time scales are considered (especially
after rainfall). It also suggests that in densely built areas, domestic heating can overwhelm the net
radiation, and supply a continuous turbulent heat flux towards the atmosphere. This becomes very
important in winter for continental climates. Finally, a comparison with a vegetation scheme shows
that the suburban environment can be represented with a bare soil formulation for large temporal or
spatial averages (typical of global climatic studies), but that a surface scheme dedicated to the urban
surface is necessary when smaller scales are considered: town meteorological forecasts, mesoscale
or local studies.

Keywords: Surface scheme, Urban Canyon, Urban energy balance, Urban water balance, Urban
boundary layer.

1. Introduction

Due to the complexity and diversity of towns around the world, conclusions drawn
from experimental studies on the interaction between the atmosphere and urb-
anized areas most of the time are limited either to a particular site or physical
processes. To overcome this problem, numerical studies are aimed to simulate the
urban climatology or energy budget. However, they still follow rather simplified
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approaches. Building-resolving models, i.e., models in which individual building
shapes are described, allow the detailed examination of specific processes (radiat-
ive effects, see for for example, Terjung and O’Rourke (1980), or wind channeling),
but because of computational cost, applications are limited to local urbanization
and comfort studies. Simpler building-averaged models have also been developed.
The most famous is the ‘canyon’ model, from Oke and colleagues developed during
the seventies, dedicated to urban streets, where a road is bordered by two facing
building walls. Several numerical models have been developed using the canyon
geometry (Johnson et al., 1991; Mills, 1993; Arnfield et al., 1998) to study radiative
trapping, surface energy budgets (using multiple facets for each surface) or canyon
winds.
The two model types presented above are used in urban climatology in order

to comprehend town energetics. The next modelling step is to perform a coupling
between the urban surface and the atmosphere in mesoscale atmospheric models.
The most common way to do this is to use a vegetation-atmosphere transfer model,
whose parameters have been modified (Seaman et al., 1989; Menut, 1997), as op-
posed to an urban model. Cities are then modelled as bare soil or as a concrete plate.
The roughness length is often large (one to a few metres, see Wieringa, 1993; or
Petersen, 1997). The soil moisture availability (or the soil depth) is reduced, so that
the Bowen ratio is shifted towards high values (viz. large sensible heat flux). The
most recent works tend to simulate other factors, such as heat storage, by the use of
a concrete canopy above the surface. A horizontal plate is in radiative interaction
with the surface in Best (1998), and the treatment is similar to a forest canopy in
Soux et al. (1998). The Taha (1999) mesoscale study uses a semi-empirical formu-
lation for the heat storage flux – the Objective Hysteresis Model by Grimmond et
al. (1991).
The above illustrates the gap between the state of the art in urban climatology

and its parameterization in atmospheric models. The objective of the present pa-
per is to present an urban model that links the climatologists’ approach of city
representation to an atmospheric model.
The Town Energy Budget (TEB) scheme is built following the canyon approach,

generalized in order to represent larger horizontal scales. The physics treated by the
scheme are relatively complete. Due to the complex shape of the city surface, the
urban energy budget is split into different parts: three surface energy budgets are
considered: one for the roofs, roads, and walls. Orientation effects are averaged
for roads and walls. Up to two energy budgets are added for snow when this is
present on roofs or roads. Some of the physics were derived from the literature
(longwave radiation or thermal conduction through the surfaces), since they are
classically assumed to estimate temperatures in conditions without feedback to-
wards the atmosphere (during nights with calm wind). However, most parts of
the physics need an original approach (shortwave radiation, thermodynamical and
anthropogenic flux treatment, rain and snow), since they occur when interaction
with the atmosphere is strong.
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The TEB scheme is presented in Section 2. A validation of some aspects of
the scheme is shown in Section 3, and sensitivity experiments using single-year
atmospheric forcings are discussed in Section 4. Conclusions are given in Section
5.

2. Presentation of the Town Energy Budget Scheme

2.1. OBJECTIVES

The TEB model is aimed to simulate the turbulent fluxes into the atmosphere at
the surface of a mesoscale atmospheric model covered by buildings, roads, or any
artificial material. It should parameterize both the urban surface and the roughness
sublayer, so that the atmospheric model only ‘sees’ a constant flux layer as its lower
boundary.
The TEB scheme must be considered as part of the surface parameterization

of the atmospheric model. The fluxes should be computed for each land type by
the appropriate scheme, and then averaged in the atmospheric model grid mesh,
with respect to the proportion occupied by each type. For example, partitions
should be: (1) sea; (2) inland water; (3) natural and cultivated terrestrial surface; (4)
towns. The following fluxes are calculated: latent and sensible heat fluxes (Wm−2),
upward radiative fluxes (W m−2) and component momentum fluxes (m2 s−2).

2.2. TOWN GEOMETRY DESCRIPTION

Numerous fine-scale studies on building climatology exist. In these, several indi-
vidual buildings are usually present in order to study their radiative interaction,
the wind channeling effects, or the building insulation characteristics. The canyon
concept, developed by city climatologists (e.g., Oke, 1987), uses such a framework:
it considers a single road, bordered by facing buildings. In these studies, models
are, at best, forced by atmospheric data (radiation, wind above the roofs) but are
not interactive with it.
The TEBmodel aims to parameterize town-atmosphere dynamic and thermody-

namic interactions. It is applicable for mesoscale atmospheric models (a grid mesh
larger than a few hundred metres). Then, spatial averaging of the town character-
istics, as well as its effect on the atmosphere, are necessary. The individual shapes
of each building are no longer taken into account, so that TEB geometry is based
on the canyon hypothesis. However, a single canyon would be too restrictive at the
considered horizontal scale.
We therefore use the following original city representation:

1. The buildings have the same height and width (in the model mesh), with the
roof level at the surface level of the atmospheric model.



360 VALÉRYMASSON

TABLE I

Parameters of the TEB scheme. Note that atown is not strictly a parameter of the TEB scheme,
but is used to average the output TEB fluxes with those computed for the vegetation and water
portions of the grid mesh. Note also that some surfaces between the buildings, such as gardens or
parks, for example, are not treated by the TEB model, but modify the canyon width, w.

Symbol Designation of symbol Unit

Geometric parameters

atown Fractional area occupied by artificial material –

abld Fractional artificial area occupied by buildings –

1− abld Fractional artificial area occupied by roads –

h Building height m

h/l Building aspect ratio –

h/w Canyon aspect ratio –

z0town Dynamic roughness length for the building/canyon system m

Radiative parameters

αR , αr , αw Roof, road and wall albedos –

�R , �r , �w Roof, road and wall emissivities –

Thermal parameters

dRk
, drk , dwk Thickness of the kth roof, road or wall layer m

λRk
, λrk , λwk Thermal conductivity of the kth roof, road or wall layer W m−1 K−1

CRk
, Crk , Cwk Heat capacity of the kth roof, road or wall layer J m−3 K−1

2. Buildings are located along identical roads, the length of which is considered
far greater than their width; the space contained between two facing buildings
is defined as a canyon.

3. Any road orientation is possible, and all exist with the same probability. This
hypothesis allows the computation of averaged forcing for road and wall sur-
faces. In other words, when the canyon orientation appears in a formula (with
respect to the sun or the wind direction), it is averaged over 360◦. In this way,
no discretization is performed on the orientation.

These hypotheses, as well as the formulations chosen for the physics (see
hereafter), allow the development of a relatively simple scheme. The parameters
describing the city are displayed in Table I, and the scheme variables can be found
in Table II.
The TEB model does not use one urban surface temperature (representative

of the entire urban cover), but three surface temperatures, representative of roofs,
roads and walls. There are two reasons for this:

– Urban climatologists generally consider complex (non-flat) geometry cases, in
particular the ‘canyon’ geometry. In order to be consistent with their findings,
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TABLE II

Energy fluxes and variables in the TEB scheme.

Symbol Designation of symbol Unit

Prognostic variables

TRk
, Trk , Twk Temperature of the kth roof, road or wall layer K

WR ,Wr Roof and road water interception reservoir kg m−2
WsnowR ,Wsnowr Roof and road snow interception reservoir kg m−2
TsnowR , Tsnowr Roof and road snow temperature K

ρsnowR , ρsnowr Roof and road snow density kg m−3
αsnowR , αsnowr Roof and road snow albedo –

Diagnostic variables

Tcan Canyon air temperature K

qcan Canyon air specific humidity kg kg−1
Ucan Along canyon horizontal wind m s−1
αtown Town effective albedo –

Ttown Town area averaged radiative surface temperature K

Input energy fluxes

L↓ Downward infrared radiation on an horizontal surface W m−2
S↓ Downward diffuse solar radiation on an horizontal surface W m−2
S⇓ Downward direct solar radiation on an horizontal surface W m−2
Htraffic Anthropogenic sensible heat flux released in the canyon W m−2
LEtraffic Anthropogenic latent heat flux released in the canyon W m−2
Hindustry Anthropogenic sensible heat flux released by industries W m−2
LEindustry Anthropogenic latent heat flux released by industries W m−2

Other energy input

Tibld Building interior temperature K

Output energy fluxes

S∗
R , S

∗
r , S

∗
w Net solar radiation budget for roofs, roads and walls W m−2

L∗
R
, L∗

r , L
∗
w Net infra-red radiation budget for roofs, roads and walls W m−2

HR , Hr , Hw Turbulent sensible heat flux for roofs, roads and walls W m−2
LER , LEr , LEw Turbulent latent heat flux for roofs, roads and walls W m−2
GRk,k+1 , Grk,k+1 , Gwk,k+1 Conduction heat flux between kth and k + 1th roof, W m−2

road or wall layers

Htown Town averaged turbulent sensible heat flux W m−2
LEtown Town averaged turbulent latent heat flux W m−2
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the TEB model uses a complex surface consisting of multiple explicit energy
budgets.

– One spatially-averaged surface temperature is often used in soil-vegetation
schemes, in order to compute the turbulent fluxes towards the atmosphere
according to Monin–Obukhov similarity theory. However, over towns, the use
of only one temperature should be debatable, because it is observed that the
Monin–Obukhov similarity theory does not apply for temperature in the urban
roughness sublayer.

The second point will be addressed in more detail in Section 2.9. The parameters
of the scheme depend directly on building shapes and construction materials. This
makes the TEB scheme easy to initialize, without the need for any atmospheric
data for parameter tuning. Construction material characteristics can be found in
the literature (e.g., see Oke, 1988).
One must separately treat roads and walls, as they occur differently in all the

physical processes under consideration (sky viewing, thermal structure, source of
heating inside the buildings, or the presence of water or snow on the road). In
contrast, the sunlit and shadowed walls are not treated separately, as the two facing
walls are identical for all processes, except one, the direct solar radiation. Note
that the two walls behave similarly for the scattered solar radiation (i.e., in cloudy
conditions). The problem here is that it is not clear how to separate sunlit and
shadowed walls. The situation would be relatively straightforward if there was only
one street direction, but at the town scale, this is not so, and streets parallel or per-
pendicular to the sun direction are found. To treat separately the walls, according
to illumination by the sun, would necessitate a separate treatment for the street
directions. A discretization for the streets should be performed at least every 45
or 30◦, leading respectively to four or six energy budgets for roads, and twice as
many for walls. Furthermore, the effect of the longwave radiation non-linearities
produced by a single wall temperature is very small. Supposing a canyon with a
road width equal to the building height (leading to a sky-view factor for the walls
of �w = 0.3, see Section 2.6) and a wall emissivity of 0.85, the difference in the
canyon-top budget between two walls at 290 K, or two walls at 280 and 300 K, is
only 1.5 W m−2. Therefore, for sake of scheme simplicity, only one energy budget
is chosen for the walls. Particular attention is still paid to the solar radiation budget,
and the validation presented in Section 3.2 shows it is accurate at canyon scale.

2.3. TEMPERATURE EVOLUTION EQUATIONS

As discussed above, the urban surface is very inhomogeneous with respect to shape
and building materials. Urban climatologists need at least four component surfaces
to describe it: the roof, the road, and two facing walls. The problem considered
here (the evaluation of the turbulent and radiative fluxes from the urban cover to the
atmosphere) allows the treatment of only three types of surfaces (roof, road, wall),
while keeping enough accuracy to correctly represent the different terms of the
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Figure 1. Discretization of the surfaces (roof, wall, road) and prognostic variables: layer temperat-
ures T�k (� = R,w, r; here three layers are displayed for each surface, so k = 1, 2, 3), surface
water content W� (� = R, r), surface snow content Wsnow� (� = R, r). The layer temperatures
are representative of the middle of each layer (dotted lines). The surface temperatures are assumed
to be equal to the surface-layer temperature: T� = T�k . The internal building temperature Tibld is
prescribed. Fractions of water or snow (δ� and δsnow� respectively) are computed from the water and
snow contents (see text). Snow density, albedo and temperature are computed independently for roof
and road by a snow mantel scheme (in this paper, a one-layer scheme was chosen).

surface energy budget. This is why the TEBmodel uses three surface temperatures,
TR, Tr and Tw, representative of roofs, roads and walls, respectively.
Furthermore, in order to treat the conduction fluxes to or from the building

interiors (roof, wall) or the ground (road), each surface type is discretized into
several layers (Figure 1). By convention, the layer with subscript 1 is the one in
contact with the air (hereafter ‘surface layer’).
The equations describing the evolution of the temperatures of the layers

(representative of the middle of each layer) are based on energy budget consid-
erations. The prognostic equations for the surface layers of the roof, wall and road
respectively, read:
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CR1

∂TR1
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�
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These three equations can be written in a generic way:

C�1

∂T�1

∂t
= (1− δsnow�

)
1

d�1

�
S∗

� + L∗
� − H� − LE� − G�1,2

�

+δsnow�

1

d�1

�
G�snow,1 − G�1,2

�
, (1d)

where, the subscript � denotes either R, r or w, describing roof, road and wall
variables (only the roof and road for water variables) respectively. This convention
is used in the rest of the paper. Here, T�k

is the temperature of the kth layer of
the considered surface (in the above equations, k = 1); C�k

represents the heat
capacity, λk the thermal conductivity and d�k

the layer thickness.
The fluxes S∗

� , L
∗
�, H�, LE�, G�1,2 and G�snow,1 denotes net solar radiation, net

infrared radiation, sensible heat flux, latent heat flux, and conduction heat flux
between the surface layer and the underlying layer, conduction heat fluxes between
the base of the snow mantel and the surface, respectively; δsnow�

is the snow fraction
on the surface (which is zero on the walls).
It is assumed that the surface layer of each surface is sufficiently thin such that

the layer-averaged temperature can be used to evaluate the radiative and turbulent
surface fluxes. This means that the surface temperatures T� are computed as:

T� = T�1 .

For the sake of clarity, the 1 subscript will be removed in the following sections.
The other layer temperatures evolve according to a simple heat conduction

equation. For the kth layer:

C�k

∂T�k

∂t
= 1

d�k

�
G�k−1,k − G�k,k+1

�
. (2)
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In these equations, the conduction flux between layers k and k + 1 reads (for
k < n where n is the number of layers):

G�k,k+1 = λk,k+1
T�k

− T�k+1
1
2 (d�k

+ d�k+1)
(3)

with

λk,k+1 = d�k
+ d�k+1

(d�k
/λk) + (d�k+1/λk+1)

. (4)

The lower boundary conditions for the roofs and walls are given by the build-
ing internal temperature, that for the road being represented as a zero flux lower
boundary. The fluxes between the nth layer (the inner layer) and the underlying
material are then:

GRn,n+1 = λn

TRn
− Tibld

1
2(dRn

)
, (5)

Gwn,n+1 = λn

Twn
− Tibld

1
2(dwn

)
, (6)

Grn,n+1 = 0. (7)

Note that the number of layers for roof, wall and road can differ. In this study,
three layers for each surface are chosen. Due to large temperature gradients that
can exist, and because of the multi-layer structure of the walls or the roofs, it is
recommended that at least three layers are used to represent each surface.

2.4. WATER RESERVOIR EVOLUTION

Liquid or solid precipitation intercepted by urban surfaces is rarely addressed in the
literature, except for sewer system and hydrological considerations. An exception
is Grimmond and Oke (1991), however, in which the model used was initially
dedicated to forest studies, and is limited to the water budget computed from the
Penman–Monteith equation. They added anthropogenic water sources and used the
Grimmond et al. (1991) heat storage flux formulation.
Because of the presence of the surface temperatures in the TEB scheme, the sat-

uration specific humidity, and thus the turbulent latent heat flux, can be computed
more easily (see Section 2.9). The liquid precipitation is intercepted by both roofs
and roads, and there is runoff from roofs and roads to the sewer system. Roads and
roofs can be covered by a certain amount of water, parameterized by the variables
Wr andWR , respectively. These surfaces are impervious. Then, instead of defining
a relative humidity, it is more judicious to treat the fraction of surface covered by
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the water, δr and δR. This part is saturated (fractional water pools), while the other
part is assumed to be dry. Water evaporates when the air humidity is unsaturated
until all water has disappeared from the impervious surface.
The snow-free fraction of the surface occupied by liquid water is computed as

δ� = (W�/W�max)
2
3 (Noilhan and Planton, 1989), where W�max is the maximum

water amount on the surface.
Furthermore, urban dew is taken into account (in the case of negative latent

heat flux), as its occurrence can have significant effects, as pointed out by Richards
and Oke (1998). It requires a special treatment: when conditions are present for
dew to occur (air humidity larger than the surface saturation humidity), the sur-
face is considered wet (δ∗ = 1). This allows then a negative latent heat flux, and
hence dewfall that can fill the interception reservoirs. These treatments are deduced
from those for the foliage interception reservoirs in vegetation schemes (Deardorff,
1978; Noilhan and Planton, 1989).
Addition of an anthropogenic water source was not retained in TEB, because it

does not compute evaporation from gardens or parks. Irrigation water input should
be taken into account through the vegetation scheme dedicated to these natural
surfaces. However, anthropogenic fluxes of water vapour directly into the air exist
in the scheme (see Section 2.9), in order to represent factory release, for example.
Finally, the water-reservoir evolution equation is (for roof or road):

∂W�

∂t
= R − LE�/Lv, (W� < W�max), (8)

where R is the rain rate (kg m−2 s−1) and Lv is the latent heat of vaporization.
The reservoirs are of small capacity, and the water in excess is lost as runoff.

They are set equal to WRmax = Wrmax = 1 kg m−2, which is well in the range of
values explored by Grimmond and Oke (1991). The total depletion of the reservoirs
by evaporation requires, in general, a few hours of daytime conditions.

2.5. SNOW EFFECTS

Snow is intercepted by roofs and roads, and a snow scheme is implemented on each
surface type. Snow density, albedo, temperature and thickness of water equivalent
depth are parameterized, and radiation, sensible heat flux, sublimation, conduction
and melting are taken into account.
The evolution rate of the snow albedo is enhanced (and its minimum value

lowered) in order to represent car pollution (dirty snow). A time-dependent
drainage term is included to take into account snow-plow work (if any).
The snow fraction on roof or road surfaces is set equal to a function of the

snow interception reservoir (Wsnow�): δsnow� = Wsnow�/(Wsnow� + Wsnow�max). The
parameter Wsnow�max is set equal to 1 kg m

−2. The snow has an effect on:
– the energy budget of the surfaces (since part of the downward heat flux arises
from the base of the snow),
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– the heat fluxes from the road towards the canyon or from the roof towards the
atmosphere,

– the radiative calculations for the canyon surfaces, because of the snow albedo,
emissivity and temperature.

2.6. LONGWAVE BUDGET

The trapping of longwave radiation by the canyon surfaces is computed with one
re-emission taken into account (from the Johnson et al. (1991) formulation).
The sky-view factors are needed, and are computed for the TEB geometry (an

infinite canyon) according to Noilhan (1981):

�r = [(h/w)2 + 1]1/2 − h/w, (9)

�w = 1

2
{h/w + 1− [(h/w)2 + 1]1/2}/(h/w). (10)

These factors represent the fraction of sky seen from the road and one wall re-
spectively, compared to the sky fraction that a flat horizontal surface would see
without obstruction. The sky-factor for the roof is then equal to 1. If the buildings
are very low, �r tends to 1 and �w to 0.5 (one wall then sees one half of the sky).
In this case, longwave radiative fluxes from the roads will be unperturbed by the
walls. On the contrary, if the buildings are very tall, both sky factors tend to zero,
and radiative exchanges will mostly occur between the walls, and less energy will
escape towards the sky.
The net longwave radiation absorbed by the snow-free road and wall surfaces is

given as:

L∗
r = �r�rL

↓ − �rσT 4r + �r�w(1− �r)σT 4w

+�r (1− �w)(1− �r )�wL↓ + �r�w(1− �w)(1− �r)(1− 2�w)σT 4w

+�r (1− �w)(1− �r )�wσ�rT 4r , (11)

L∗
w = �w�wL↓ − �wσT 4w + �w�wσ�rT 4r

+�2w(1− 2�w)σT 4w + �w(1− �r)�w�rL
↓

+�w(1− �w)�w(1− 2�w)L↓ + �2w(1− �w)(1− 2�w)2σT 4w

+�2w(1− �r)�w(1− �r)σT 4w + �w(1− �w)�w(1− 2�w)σ�rT 4r , (12)

where

�r = (1− δsnowr
)�r + δsnowr

�rsnow,
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Figure 2. Solar radiation received in a canyon perpendicular to the sun direction; left hand: sun low
over the horizon (λ > λ0); right hand: sun high over the horizon (λ < λ0).

�rT
4
r = (1− δsnowr

)�rT
4
r + δsnowr

�rsnowT
4
snowr

.

By inverting the snow-covered and snow-free road characteristics in Equation
(11), the longwave radiative budget on the top of the snow mantel can be defined.
To deduce Equations (11) and (12), we used the fact that, if �r represents the
contribution of the sky to the road viewing, then (1 − �r) is the contribution of
the two walls. For the budget of one wall, the sky-view factor is �w, the road-view
factor is �w (per symmetry), and the facing wall-view factor is (1− 2�w).

2.7. SOLAR RADIATION

2.7.1. Direct Solar Radiation
Because of shadow effects, special computations are required to estimate the solar
flux received either by the walls or the roads.
Let S⇓ be the direct solar radiation received by a horizontal surface at the first

atmospheric model level; the roof surface receives this amount of radiation. Let
θ be the angle between the sun direction and the canyon axis, and λ be the solar
zenith angle (from zenith). Let us first consider a road perpendicular to the sun’s
direction (θ = π/2, Figure 2); λ0 = arctan(w/h) is defined as the zenith angle for
which the sun begins to illuminate the road. It can be noted that, whatever the sun
position, one of the two walls is in shadow, the other one is partially in light.
The mean direct solar fluxes received by both walls and by the road, for a street

direction perpendicular to the sun, are:

S⇓
w

�
θ = π

2

�
=





1

2

w

h
S⇓ if λ > λ0

1

2
tan(λ)S⇓ if λ < λ0,
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S⇓
r

�
θ = π

2

�
=





0 if λ > λ0
�
1− h

w
tan(λ)

�
S⇓ if λ < λ0.

In order to take into account the other canyon orientations, one should replacew

by w/ sin(θ) in the above expressions, and then multiply the wall fluxes by sin(θ).
Then let θ0 be the critical canyon orientation for which the road is no longer in the
light, or for which the radiation is minimum when the sun is high enough, i.e.:

θ0 = arcsin

�
min

�
w

h

1

tan(λ)
; 1

��
.

Averaging a flux with respect to the canyon orientation is performed with two
integrations, one between θ = 0 and θ = θ0, and the other one between θ = θ0 and
θ = π

2 . The direct solar fluxes for walls, roads and roofs then read:

S⇓
r = S⇓

�
2θ0
π

− 2

π

h

w
tan(λ)(1− cos(θ0))

�
, (13)

S⇓
w = S⇓

�
w

h

�
1

2
− θ0

π

�
+ 1

π
tan(λ)(1− cos(θ0))

�
, (14)

S
⇓
R = S⇓. (15)

Note that from the previous equations, one can deduce the conservation relation
S⇓

r + 2 h
w
S⇓

w = S⇓.

2.7.2. Solar Radiation Reections
The scattered solar radiation received by the surfaces (S

↓
� ) is directly deduced from

the sky-view factors. Because of the canyon shape and the possible high albedo of
the surfaces (white paint, snow), the shortwave radiative budget is computed by
resolving a geometric system for an infinite number of reflections. The reflections
are assumed to be isotropic: there is no specular reflection in this model. Details of
the following calculations are given in Appendix A.
One definesM� as the sum of the reflections against the road and wall:

Mr = Rr(0) + (1− �r )αr (Rw(0) + �wαwRr(0))

1− (1− 2�w)αw + (1− �r)�wαrαw

, (16)

Mw = Rw(0) + �wαwRr(0)

1− (1− 2�w)αw + (1− �r )�wαrαw

, (17)

with

Rr(0) = αrS
⇓
r + αrS

↓
r ,
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Rw(0) = αwS⇓
w + αwS↓

w,

αr = (1− δsnowr
)αr + δsnowr

αrsnow.

The total solar radiation absorbed by each of the surface types is:

S∗
r = (1− αr )S

⇓
r + (1− αr)S

↓
r + (1− αr )(1− �r)Mw, (18)

S∗
w = (1− αw)S⇓

w + (1− αw)S↓
w + (1− αw)(1− 2�w)Mw + (1− αw)�wMr,

(19)

S∗
R = (1− αR)S

⇓
R + (1− αR)S

↓
R. (20)

Note that in these equations, a specific albedo of the surfaces (glass, wet surface)
for the direct solar radiation would change only the α�S

⇓
� terms.

2.8. ANTHROPOGENIC FLUXES

Due to human activity, heat and moisture are released towards the atmosphere.
The two main sources arise from domestic heating and from combustion. Do-
mestic heating is explicitly resolved by supposing a constant internal temperature,
whatever the external temperature. The default value is 290.15 K (17 ◦C). The heat
is then released towards the wall/roof surfaces and then towards the atmosphere
through the conduction flux formulation.
The combustion source is split into two contributions in the TEB model: traffic

and industry. For each, the heat and moisture fluxes, averaged on the town sur-
face (Htraffic and LEtraffic, Hindustry and LEindustry) are specified by the user (from
available information on the town activity).
However, these fluxes do not directly modify the surface energy budgets since

they are released into the air. The traffic related fluxes will modify the canyon
air budget (they are incorporated in Equation (24), see next section). The industry
fluxes are assumed to influence the atmosphere directly.

2.9. TURBULENT FLUXES

2.9.1. Treatment of the Urban Roughness Sublayer, Momentum Fluxes
In this section, the method to compute the turbulent fluxes between the surfaces
and the atmospheric model will be presented. The resolution of the atmospheric
model is far too low to be able to represent the urban roughness sublayer motions.
The atmospheric models do not usually parameterize the exchange processes in
this layer; this is done by using the surface scheme. If the first atmospheric level
is outside the roughness sublayer, the traditional surface-layer formulations can be
used to compute the turbulent fluxes. The problem is that the roughness sublayer
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can have a substantial extension over an urban surface (several tens of metres), and
the first level of the atmospheric model (often a couple of tens of metres) is often
within it.
It is therefore necessary to take a closer look at the parameterization of the

fluxes. Feigenwinter (1999) conducted measurements on a 50-m high mast in
the city of Basel (Switzerland), and found that the mechanical properties in the
roughness sublayer (such as profiles of velocity variances, non-dimensionalized
velocity variances and spectra of wind components) behave similarly to rural
surface layers. Furthermore, they concluded that these quantities are quite well-
parameterized within the Monin–Obukhov similarity theory, if the local Obukhov
length is applied.
Following their results, the TEB scheme computes the momentum uxes for

the entire urban (or suburban) cover, with a roughness length formulation and the
stability coefficients of Mascart et al. (1995), whatever the relative positions of the
atmospheric level and the roughness sublayer depth.
In contrast, Feigenwinter et al. (1999) found that the temperature characteristics,

and in particular the turbulent heat flux, cannot be satisfactorily reproduced by the
Monin–Obukhov similitude framework. They attribute this discrepancy to ‘thermal
inhomogeneity and/or different source areas’. The use of one unique surface ex-
changing heat with the atmosphere (the classical surface-layer approach) becomes
debatable.
The approach of the TEB scheme is to suppose that there are two major sources

of heat from the artificial cover towards the atmosphere, leading to two turbulent
heat fluxes. These two different surfaces are the roofs on the one hand, and the
canyon systems on the other (see Figure 3). The two flux contributions are averaged
relative to their horizontal areas; this is a means of representing the mixing in the
urban roughness sublayer.
In suburban environments, the averaging of the sensible and latent heat fluxes

from the greenspace artificial parts is similarly supposed to parameterize the
roughness sublayer effects.

2.9.2. Considerations on the Turbulent Transfer of Moisture
Both for roof and roads, we explicitly assume that the transfer coefficients for tur-
bulent heat and moisture fluxes are identical, but different from that for momentum.
Very few direct measurements of turbulent moisture fluxes exist in the literature to
check this hypothesis.
Roth and Oke (1993) and Roth (1993) computed statistics from data (including

moisture measurements) gathered during 10 days in summer in a suburb of Van-
couver. The suburb was composed of 36% artificial cover, and of 64% greenspace.
They showed poor correlation between temperature and moisture characteristics,
and suggested this was due to spatial inhomogeneity. They concluded that, in
their case, the mixing for moisture was less efficient than for heat. However, in
the absence of rain during this period, the evaporation arose from the greenspace.
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Figure 3. Scheme options for: (a) aerodynamic resistances; (b) wind profile within and above the
canyon.

Therefore, it is not possible to draw conclusions about any specific formulation for
the moisture flux in the TEB model.
Other latent heat flux data exist, but again during dry periods. Grimmond and

Oke (1999a) gathered data from seven North American cities, but five of them
are for suburban regions. The two most purely urban cases, central Mexico city,
presented in detail in Oke et al. (1999), and an industrial site in Vancouver, show a
very small evaporative flux, equal to 4% and 10% of the net radiation (during the
day) for the two sites, respectively.

2.9.3. Roughness Length for Momentum Fluxes
The momentum fluxes are computed for the entire urban surface. However, one
difficulty lies in the determination of the roughness length to use in urban areas.
Wieringa (1993) reviewed some experimental roughness length estimations for
rather homogeneously built-up areas. Dense low building roughness lengths were
found to lie between 0.4 and 0.7 m, and those for regularly-built towns ranged from
0.7 to 1.5 m. In these experiments, they are approximately equal to 1/10 of the
house or building heights. Bottema (1997) presents a model computing roughness
lengths from building shapes and relative positions (normal or staggered). He found
the modeled z0town to be in agreement with the available measurements. Sensitivity
experiments with his model show that the ratio z0town/h ranges from 0.05 to 0.1,
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except for very sparsely built areas. Therefore, as a first approximation, the rough-
ness length in the TEB model is set equal to z0town = h/10, (with an arbitrary limit
of 5 m), but it can be specified independently, either from in-situ measurements or
frommore complex formulations (see, for example, the recent review of Grimmond
and Oke, 1999b).

2.9.4. Heat Fluxes between Roofs and Atmosphere
The turbulent heat fluxes to/from the roofs are also recovered from classical
boundary-layer laws, because the roof heights are supposed uniform, using a
roughness length of 0.15 m (as observed by Sturrock and Cole, 1977). Again the
stability coefficients of Mascart et al. (1995) are used to compute the aerodynamic
resistance RESR. The effect on temperature and specific humidity of the difference
in height between the atmospheric level and the roof level is corrected using the
Exner function � = (p/p0)

Rd/Cpd , where p is the pressure (ps and pa are the
surface pressure and the first level pressure in the atmospheric model respectively),
p0 is a reference pressure (equal to 1000 hPa), and Rd the gas constant for dry air.
We define

T̂a = Ta�s/�a,

q̂a = qaqsat(T̂a, ps)/qsat(Ta, pa).

The heat and moisture turbulent fluxes between roof and atmosphere read:

HR = Cpd
ρa(T̂a − Tcan)/RESR,

LER = Lvρa(q̂a − qcan)/RESR,

where ρa is the air density at first atmospheric level, and Cpd
the heat capacity of

dry air.

2.9.5. Wind Inside the Canyon
The computation of the wind inside the canyon is necessary to estimate the heat
fluxes between the surfaces and the canyon. The vertical wind speed along the
walls, Wcan, as well as the horizontal wind speed in the canyon, Ucan, must be
defined. Rotach (1995) presents turbulence measurements in and above a road in
the center of Zurich (Switzerland), for which the canyon aspect ratio is h/w ≈ 1.
Rotach (1995) observed that the standard deviation of the vertical wind speed, σw,
in the upper part of the canyon, is almost equal to the friction velocity u∗, whatever
the stability or wind direction above. Feigenwinter et al. (1999) finds that σw/u∗
is, on the contrary, increasing with height for unstable conditions. However, their
value of σw/u∗ near the roof level (extrapolated using a Monin–Obukhov function)
was approximately 1.15, which is of the same order of magnitude as the Rotach
(1995) results. They also found that for stable to weakly unstable conditions, u∗
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presents a maximum between the roughness sublayer and the inertial sublayer
above. However, u∗ does not depart by more than 10% from its value in the inertial
sublayer, and is assumed constant with height in the scheme.
Then, assuming that all this holds true for other canyon aspect ratios, the vertical

wind speed along the walls reads:

Wcan = u∗ =
�

Cd |Ua|, (21)

where Ua is the wind velocity at the first atmospheric model level. The drag
coefficient, Cd , is computed from the temperatures and humidities in and above
the canyon, and from the roughness length, z0town, taking into account the stability
effects according to Mascart et al. (1995).
The horizontal wind speed, Ucan, is estimated at half the height of the canyon.

First, the horizontal wind speed at the top of the canyon is deduced from the log-
arithmic law above it (Figure 3, right side), and the displacement height is equal to
two thirds of the building height from the road surface (i.e., at h/3 under the roof
level, which is the zero height of the atmospheric model, a classical assumption for
plant canopies). Furthermore, in order to consider all canyon orientations, and since
only the along canyon wind is considered, an integration over 360◦ is performed.
At canyon top, this gives:

Utop = 2

π

ln
�

h/3
z0town

�

ln
�

�z+h/3
z0town

� |Ua|,

where �z is the height of the first atmospheric model level above the roofs.
To calculate Ucan, a vertical profile of the wind inside the canyon, is assumed.

An exponential form is chosen, as is done in vegetation canopies, e.g., Arya (1988).
Such a profile applied at half-height gives:

Ucan = Utop exp(−N/2),

where N must be determined. Rotach (1995) finds from his case study (h/w = 1),
that Ucan ≈ 0.75Utop. Studies in corn fields (h/w ∼ 4), which could be assimilated
to narrow streets, give Ucan ≈ 0.4Utop (Arya, 1988). Therefore, the parameter N =
0.5h/w should be appropriate. Then

Ucan = 2

π
exp

�
−1
4

h

w

� ln
�

h/3
z0town

�

ln
�

�z+h/3
z0town

� |Ua|. (22)

2.9.6. Sensible and Latent Heat Fluxes in the Canyon
The turbulent heat fluxes between the canyon air and the atmosphere are computed
from the temperature and humidity inside the canyon. The fluxes between surfaces
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and canyon air follow an empirical formulation. The air characteristics inside the
canyon are deduced from the continuity between the fluxes arising from the sur-
faces and the flux with the atmosphere (inspired by the vegetation canopy scheme
of Deardorff, 1978).
The heat fluxes are used in the energy budget conservation equations involving

the surface temperatures. This is why a precise approach has been chosen, specific
to each surface. Figure 3 displays a summary of the TEB options.

Fluxes between canyon air and atmosphere
Above the canyon, the fluxes are estimated from classical surface boundary-layer
laws. However, in these formulae, the air characteristics in the canyon (Tcan and
qcan) are used instead of the surface characteristics. The aerodynamic resistance
above the canyon, called REStop, is calculated with z0town using the stability coeffi-
cients of Mascart et al. (1995) (this formulation leads to different drag coefficients
for momentum fluxes and for heat or moisture fluxes).
The heat and moisture turbulent fluxes between canyon and atmosphere then

read:

Htop = Cpd
ρa(T̂a − Tcan)/REStop,

LEtop = Lvρa(q̂a − qcan)/REStop.

Fluxes between walls, roads and canyon air
Between the canyon surfaces (road and walls) and the canyon air, the Rowley
et al. (1930) and Rowley and Eckley (1932) aerodynamic formulations are used.
They were obtained from in-situ measurements; these formulae are also used in
the canyon circulation model of Mills (1993). Other formulations of similar form
exist in the literature (see e.g., Sturrock and Cole, 1977, either from wind-tunnel or
in-situ measurements).
For simplicity, the same value is chosen for both road and walls. The resistance

is independent of the stability inside or above the canyon. It reads:

RESr = RESw =
�
11.8 + 4.2

�
U 2
can + W 2

can

�−1
. (23)

Finally, the heat fluxes between the canyon surfaces and the canyon air read:

Hr = Cpd
ρa(Tr − Tcan)/RESr ,

Hw = Cpd
ρa(Tw − Tcan)/RESw,

LEr = Lvρaδr (qsat(Tr, ps) − qcan)/RESr ,

LEw = 0.
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Notice the form of the latent heat flux, where the fraction of wet road, δr , is
applied outside of the parentheses. Therefore, the evaporation from the surface
occurs when qsat(Tr) > qa , even if very little water remains. The same humidity
treatment is performed for roofs.

2.9.7. Canyon Temperature and Humidity
These quantities can be considered as output of a meteorological forecast. They
are computed diagnostically: the equilibrium between thermodynamic fluxes for
the canyon air is assumed to be valid at each time step. The anthropogenic ux due
to trafc is also taken into account. Note that in this formula, Htraffic, representative
of the whole urban surface, has been scaled to the road surface.

Htop = (1− δsnowr
)Hr + 2h

w
Hw + Htraffic

1

1− abld
+ δsnowr

Hsnowr
, (24)

LEtop = (1− δsnowr
)LEr + LEtraffic

1

1− abld
+ δsnowr

LEsnowr
. (25)

Then

Tcan =
(1− δsnowr

) Tr

RESr
+ 2h

w

Tw

RESw
+ T̂a

REStop
+ Htraffic

Cpd
ρa(1−abld)

+ δsnowr

Hsnowr

Cpd
ρa

(1− δsnowr
) 1
RESr

+ 2h
w

1
RESw

+ 1
REStop

,

(26)

and,

qcan =
(1− δsnowr

)
δrqsat(Tr ,ps )

RESr
+ q̂a

REStop
+ LEtraffic

Lvρa(1−abld)
+ δsnowr

LEsnowr

Lvρa

(1− δsnowr
) δr

RESr
+ 1
REStop

. (27)

2.9.8. Averaged Fluxes at Town Scale
As mentioned above, the averaging operation performed to obtain the turbulent
fluxes at town scale is in itself a way to solve the problem of the roughness sublayer:
It mimics the mixing of the different sources of turbulent heat fluxes, and then
produces uxes that are representative of the upper part of the surface layer, above
the roughness sublayer. The energy fluxes released by the industrial activities are
also added at this stage.
The total heat fluxes from the artificial material areas towards the atmosphere

are then:

Htown = abldHR + (1− abld)Htop + Hindustry, (28)
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LEtown = abldLER + (1− abld)LEtop + LEindustry. (29)

In order to have the total turbulent fluxes H , LE from the surface towards the
atmospheric model, these fluxes should be averaged with those computed by the
vegetation scheme for the other land surfaces (city parks, gardens, fields, forest,
bare soil) and those from water covered surfaces (rivers, lakes, sea).

3. Validation of the Radiative Aspects

3.1. HEAT ISLAND AT NIGHT

The results of the TEB model are now compared to the heat island episode in
the Grand-view district of Vancouver (Nunez and Oke, 1976, 1977; simulated in
Johnson et al., 1991). This is a calm clear-sky night. This case allows the validation
of the longwave budget and wall and road surface temperature evolutions (then the
conduction fluxes), both for the road and walls. The temperature profile is assumed
to be neutral (no thermal turbulent fluxes between the canyon and the atmosphere).
However, turbulent exchanges exist between walls and roads through the canyon
air. This is the main difference with respect to the SHIM model of Johnson et al.
(1991). Another important difference is the explicit conduction flux treatment in
the TEB model, instead of the force-restore method in their model.
The urban characteristics are adapted from Johnson et al. (1991). The road sky-

view factor is still 0.51, but the wall sky-view factors must be changed in the
TEB model, since they are identical for both walls, and are averaged. The same
initial temperatures are chosen. The thermal conductivities and heat capacities� are
estimated in order to keep the same thermal admittance (µ = (λC)

1
2 ) as in Johnson

et al. (1991). The wall depth fits the diurnal penetration depth used in the force-
restore method: D = (

λτday

Cπ
)
1
2 . The downward radiative fluxes are proportional to

the air temperature at the fourth power, starting from 339 W m−2.
Figure 4 shows the results of the TEB model, for road surface temperature and

longwave fluxes, compared with those of Johnson et al. (1991). The comparison is
performed for the road surface temperature and longwave budget, and for the wall
surface temperatures and longwave budgets.
The two models give very similar results, even with the slightly simpler TEB

geometry. The net radiation fluxes are correctly reproduced (differences less than
10 W m−2), and surface temperatures depart by less than 1 K from the observed
near-surface air temperatures. Note also that the net radiation budget for a hori-
zontal surface exposed to the sky starts at −64 W m−2 and ends at −45 W m−2,
and surface temperature ends 3 K lower than the canyon case (not shown). The ex-
change of sensible heat flux between the walls and road is on the order of 7 W m−2

� Cw = 106 J m−3 K−1; λw = 0.81 W m−1 K−1; Cr = 1.94 × 106 J m−3 K−1; λr =
1.0103 W m−1 K−1).



378 VALÉRYMASSON

Figure 4. Comparison between modelled surface temperature (full line: SHIM; dotted line: TEB) and
net longwave radiation (dashed line: SHIM; dashed-dotted line: TEB) and measurements (dots): (a)
west wall, (b) east wall, (c) floor. The TEB model results are identical for both walls. Night time
situation of September 9/10 1973 (figure from Johnson et al., 1991; figure 5).
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(from the wall towards the road). This small value explains the similarities between
SHIM and TEB for such ideal conditions.

3.2. SHORTWAVE BUDGET

The relations (18)–(20) parameterize the shortwave trapping by the city geometry.
Experimental data exist to validate this representation – Aida (1982) built four
models of urban structure with cubic concrete blocks of 15-cm width, and meas-
ured the solar radiation reflected by this surface. Model 0 is the flat reference
surface; models 1 and 2 consist, respectively, of canyons oriented north-south and
east-west; finally, model 3 contains north-south and east-west crossing canyons.
The canyons and block aspect ratios are equal to unity. These geometries fortu-
nately are close to the one chosen for the TEB model. Models 1 and 2 should be
together represented in TEB by 50% roof and 50% road; model 3 contains only
25% roofs.
Figure 5 (from Aida, 1982) shows the measurements of surface albedo, as dots,

compared with the total, effective albedo (at the first model level) obtained from
the direct shortwave TEB computation results. The roof albedo is adjusted using
Aida model 0 summer observations. It varies between 0.36 and more than 0.50,
depending on solar zenith angle. The albedo for road and wall surfaces is taken as
a constant, equal to 0.40, because all reflections are supposed isotropic for these
surfaces.
The observed albedo for parallel canyons does not depend on direction; they

show an important albedo decrease, compared to the flat reference surface (model
0). The results of the TEBmodel nearly coincide with them. This validates both the
orientation-averaged calculations for shortwave radiation, at least at urban-scale,
and the multiple reflection computations. The TEB model slightly overestimates
the increase of radiative trapping when crossing roads are considered (Aida model
3). This probably arises from the hypothesis that roads are far longer than wide,
while it is clearly not the case in the Aida model. However, the difference is limited
to a few percent on the town albedo, five times less than the trapping effect for the
Aida study.
The effect of canyon shape on the effective canyon albedo computed in TEB

(i.e., the ratio of reflected solar energy from the canyon over the downward solar
energy) is now investigated. Figure 6 displays the effective albedo as a function of
canyon shape and zenith angle, for surfaces with albedos of 40%, as above. For a
flat surface, the albedo is then 40%, but decreases rapidly as the canyon shape h/w

increases: for h/w = 1, the albedo is as low as 18%, and between 10 and 2% for
h/w = 3. The elevation of the sun above the horizon has no effect for h/w = 1
(Aida case); the dependence upon zenith angle found above is explained by the
flat surface albedo only. Tall buildings further increase the trapping effect, with
greater efficiency for high sun. The effective albedo always behaves as in Figure 6
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Figure 5. Urban albedo as measured by Aida (dots) for various models (see inset) and parameterized
by the TEB model (superimposed lines): (a) roof albedo fitted on Aida observations for a flat con-
crete surface; (b) and (c) albedo parameterized for uni-directional Aida models 1 and 2; (d) albedo
parameterized for crossing-roads Aida model 3; h/w = 1. Road and wall albedos are equal to 0.40
in TEB computations. Road fraction is equal to 50% in models 1 and 2, and 75% in model 3. (figure
from Aida, 1982; figure 5).

for identical wall and road albedos (not shown), even if the singular point with no
effect of zenith angle is not found for the same canyon aspect ratio.
The albedo behaviour is different for more realistic albedo values, in the pres-

ence of bright walls and dark roads (for example, with albedos of 25% and 8%
respectively, Figure 7). For the sun at the zenith, the albedo decrease is similar as
above, but when the sun directly illuminates the walls, the albedo decreases slower
with respect to canyon shape, and can even increase if the sun is low enough.
When h/w = 1, the effective albedo is as high as the flat road albedo for the sun
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Figure 6. Canyon effective albedo as a function of canyon shape and solar zenith angle (from zenith
to 5◦ above horizon every 5◦). Effective albedo for scattered shortwave flux is displayed using a
dashed line. Road and wall surface albedos are both equal to 40%. Note that the part of the albedo
due to the roofs is not present in this figure.

just above the horizon. Note that the effective albedo with the sun at the zenith is
always much smaller than when the sun is low. Therefore, trapping effects will be
important in summer, because the sun is high at noon, but the weaker solar energy
will not be captured as efficiently in winter.
At this stage, some of the TEB model basics – geometry, radiative (both infra-

red and solar) scheme and conduction formulation – have been validated against
observations. The two main uncertainties remaining are the turbulent flux formula-
tion, and the hydrological aspects. These will be addressed in the following section
through sensitivity experiments.



382 VALÉRYMASSON

Figure 7. As in Figure 6, except that walls are bright (albedo is 25%) and roads are dark (albedo is
8%).

4. Sensitivity Experiments

In this section, the TEB model is run using several long meteorological forcing
time series in order to investigate its ability to represent the energetics of the urban
atmosphere. This allows the study of the scheme response to a large variety of
weather conditions encountered in the real atmosphere. Unfortunately, such data
(with forcing, observed surface temperatures and area-averaged energy fluxes) are
not available for densely urbanized areas. Therefore, the measurements of two field
experiments dedicated to vegetation surface scheme studies are used as replace-
ments. The first one is the Hapex Mobilhy case (André et al., 1988), which took
place in southern France in 1986. It is representative of a mid-latitude oceanic
climate region. The second one is the first year of the 18 year-long Valdai experi-
ment (Russia, near Moscow, see Schlosser et al., 1997), representing a continental
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TABLE III

Urban characteristics for the sensitivity experiments. Only the parameters different from the refer-
ence experiment are shown. Composition of the layers is displayed with the corresponding layer
thickness.

Experiment name→ Reference Buildings Suburban Insulated Insulated, Ti

parameter ↓
atown 100% 70%

abld 50%

h/w 1 3 0.5

z0town (m) 5 1

Tibld (K) 290.15 Variable

dR1 (dense concrete) (cm) 5

dR2 (aerated concrete) (cm) 40

dR3 (insulation layer) (cm) 5 20 20

dw1 (dense concrete) (cm) 2

dw2 (aerated concrete) (cm) 12.5

dw3 (insulation layer) (cm) 2 8 8

dr1 (asphalt) (cm) 5

dr2 (dry soil) (cm) 10

dr3 (dry soil) (cm) 100

αR 15%

αw 25%

αr 8%

�R 90%

�w 85%

�r 94%

climate. Two comments are necessary: first, this is not a validation of the scheme
because no urban flux outputs or surface temperatures are available for these data
sets. Second, the temperature and downward radiative fluxes can be questionable
during heat island episodes. In anticyclonic periods, the countryside forcing tem-
perature data are probably lower than what would be the case in reality over the
city centres in these regions, since air is not advected from the countryside but
representative of the urban area. Consequently, the sensible heat fluxes will be
overestimated during calm cold events. They are probably correct if the wind is
large enough. This limitation probably only makes the city representative of areas
a little further north of the actual study areas, and does not alter the conclusions
drawn from the study.
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4.1. OCEANIC CLIMATE: THE HAPEX-MOBILHY CASE

A reference run is performed with the characteristics described in Table III. It rep-
resents a medium sized city, with streets as wide as the buildings are high; the roof
and road fractions are the same. The walls and roofs are made with concrete, with
a tiny insulation layer in the interior. The thermal parameters for wall and roofs are
from Oke (1987), those for roads (one asphalt layer and two dry soil layers) are
from Mills (1993). Note that road and wall albedos are the same as those used in
the Figure 7 discussion (Section 3.2). A small anthropogenic flux is added for both
the car traffic and industry (20 W m−2 during the day, and 5 W m−2 during the
night). For the vegetation part of the suburban environment run (Subsection 4.1.3),
the ISBA scheme is used (Noilhan and Planton, 1989). The run starts on 1 January
1986 and lasts one year.

4.1.1. Diurnal Cycles
The mean diurnal cycles of surface fluxes for March, June, September and Decem-
ber are shown in Figure 8. The diurnal cycles separate into two categories: cold
cycle (December) and temperate or warm cycle (others months).
In the warm season, the radiative loss during the night is mainly counterbal-

anced by the building heat release, with small heat turbulent fluxes. During the
morning, the heat storage in roads and buildings is the main budget term. Then
the turbulent sensible heat flux becomes dominant, and its maximum is two to
three times larger than the ground flux. This hysteresis behaviour is well known in
urban climatology (see e.g., Grimmond and Oke, 1995; Grimmond et al., 1991; or
Ross and Oke, 1988). The latent heat flux is very small compared to the others. It is
maximum in the morning due to the evaporation of rainfall or dew that accumulated
during the night, but is very low in the afternoon.
The partition between the turbulent heat flux and ground flux during the day is

modified when the building height is larger, as can be seen if the canyon aspect
ratio is increased to h/w = 3 (Figure 9). The storage efficiency is improved by
the increase of wall surface, and the energy amount available for turbulent heat
flux is reduced. In our case, the ground fluxes becomes the dominant term of the
daytime budget in September. Such an effect of dampening of the turbulent flux
has been observed in Mexico, and is documented by Oke et al. (1999). During
their observation period (seven days) the daytime G/Q∗ is as large as 0.58, while
H/Q∗ is only 0.38.
During the cold season (Figure 8), this budget cycle is modified by the heat

release/storage by the buildings. During the day, the turbulent heat flux is reduced
because of the small solar input, but the main difference occurs during the night.
The air temperature being much smaller than the building interior, the heat release
is more important than the longwave loss, and a turbulent heat flux towards the
atmosphere is generated. This phenomenon is greatly enhanced in the continental
case (see Section 4.2).
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Figure 8. Monthly averaged energy budget diurnal cycles for the reference simulation for the
HAPEX-MOBILHY case ((a) March; (b) June; (c) September; (d) December). Sources are: Net
radiation (Q∗, full line); Anthropogenic combustion sources (F , dashed-triple dot). Sinks are: Sens-
ible heat flux (H , dotted), latent heat flux (LE, dashed), ground fluxes (G, dashed-dot). Negative
ground flux represents heating by the buildings’ interior.
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Figure 9. Monthly averaged energy budget diurnal cycles for the high building simulation for the
HAPEX-MOBILHY case: (a) March; (b) June; (c) September; (d) December. Same line convention
as in Figure 8.
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Figure 10. Two consecutive summer days in the reference simulation for the HAPEX-MOBILHY
case (from July 6, 0000 UTC to July 8, 0000 UTC). A rain shower occurs in the morning and evening
of the first day: (a) sensible heat flux (solid line, W m−2) and latent heat flux (dots, W m−2); (b) air
temperature (solid line, K), roof surface temperature (dots, K), road surface temperature (dashed, K);
(c) roof surface reservoir (dots, kg m−2), road surface reservoir (dashed, kg m−2).

This sensitivity experiment shows that the TEB model is then able to construct
a realistic diurnal cycle, without any ad-hoc assumption about the time hysteresis
between ground and turbulent heat fluxes. It is possible to reproduce conditions
where the heat storage during the day is sufficient to limit or even overtake the
turbulent heat flux. It also suggests that the latent heat flux can be negligible in
models dedicated to long term urban energy studies.

4.1.2. Shower Event
The fact that the latent heat flux is much lower on average than the other contri-
butions to the energy budget does not mean that it is negligible when smaller time
scales are considered. For example, two consecutive days in July are presented in
Figure 10. A rain shower occurs during the morning of the first day, and a relatively
weaker one in the evening of the same day. The downward solar radiation is almost
the same during these two days (maxima are 850 W m−2 at noon, not shown).
During the first day, the latent heat flux is the main energy sink in the budget,

three times larger than the sensible heat flux. One millimetre of water is evaporated
in three hours, similarly on roofs and streets, until all the water has been consumed.
This has an effect on surface temperatures, which are unable to rise significantly
until water is evaporated.
The evaporation of the evening shower during the night is negligible for roofs,

but not for roads (20 W m−2), even if much smaller than during the day. This is
due to the exchange formulation, which allows mixing between the surface and the
canyon air, and then transport towards the atmosphere. This explains the decrease
of the water reservoir on the roads during the night, though the difference was not
present during the day.
The second day is almost dry, and shows much higher temperatures for a similar

input radiation. Differences of 5 K for roads and 10 K for roofs are simulated the
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second day. To our knowledge, no direct measurements of latent heat fluxes over
towns are available for rainy or wet surface conditions; few such measurements
exist, and only for dry conditions. Grimmond and Oke (1999a) presents urban and
suburban energy budgets for seven north-American cities, but without rain events.
However, a combined measurement of area-averaged sensible heat flux and surface
temperatures could probably be used to estimate the instantaneous latent heat flux
after shower events. At the very least, the model temperature features could be
compared to observations, providing an indirect validation of the simulated fluxes.

4.1.3. Annual Cycle and Sensitivity Experiment
Sensitivity experiments on town geometry are performed (buildings, medium town,
suburban area). The annual cycles are displayed in Figure 11.
An important feature is the similarity of the net radiative flux for high buildings

(h/w = 3) or medium sized ones (h/w = 1). This suggests that most of the
radiative trapping (both for shortwave and longwave) occurs for medium buildings.
The similarity in net shortwave radiation trapping for medium or high cities can be
explained from Figure 7: for this albedo setting, the canyon shape increase between
h/w = 1 and h/w = 3 is a little more efficient for a low or high sun than for the
mid-sky sun encountered in mid-latitude summers.
The building height has a significant impact on the sensible heat flux, courtesy

of the larger surface exchange. In winter, early spring and late autumn periods,
the sensible heat flux is larger than the net radiation. The energy is supplied by the
domestic heating (negative G terms on the figures). In our case it reaches 30 Wm−2
for h/w = 1, and 70 W m−2 for h/w = 3. In summer, the diurnally averaged
ground flux is near zero, and almost all the net radiation is transferred as sensible
heat flux. Such values of anthropogenic fluxes are compatible with those listed in
Oke (1988) for mid-latitude cities (from 20 to 40 W m−2 for year averages).
In the suburban environment, due to the fraction of vegetation present, the latent

heat flux is increased and the sensible heat flux reduced (up to 40 Wm−2 loss). One
can note that the net radiation is lower (10 W m−2), because radiative trapping is
reduced.
Comparison of the annual cycle reproduced for countryside crops or bare soil

is shown in Figure 12; the main difference is the much smaller radiative trapping.
The contribution due to shortwave radiation trapping is visible in summer (30–
40 W m−2 less than in the reference experiment). The smaller infrared input is
compensated by lower temperatures at night (not shown), comparable to roof tem-
peratures. When vegetation is present, the latent heat flux is the main component
of the energy budget, the plant roots extracting water from deep within the soil and
evaporating this in warm seasons. The energetic behaviour of a bare soil layer (here
20 cm deep) is much closer to the town surface energy budget, especially the sub-
urban one. This is why the urban canopy is, for the time being, often simulated by
bare soil in atmospheric research models. It is shown here that it is a good enough
approximation for climatic or large-scale runs, once the radiative properties of the



A PHYSICALLY-BASED SCHEME FOR THE URBAN ENERGY BUDGET 389

Figure 11. HAPEX-MOBILHY case: monthly averaged energy budget for three city types: (a) high
buildings; (b) medium size city (reference simulation); (c) suburban area. Same line convention as in
Figure 8.
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soil are tuned to reproduce the trapping. An estimation of the anthropogenic flux by
domestic heating is also necessary (as is shown in the continental case). However, a
bare soil scheme can not correctly forecast the air temperatures in the canyon, and
thus heat island intensities. Moreover, small-scale studies around an urbanized area
do need a dedicated town model. The limit of the bare soil substitution is reached
when purely urban areas are resolved in the atmospheric model. The TEB scheme
is primarily aimed to these horizontal resolutions (from a couple hundred metres
to tens of kilometres).

4.2. CONTINENTAL COLD CLIMATE: THE VALDAI CASE

Extreme continental meteorological conditions are now considered, with very cold
winters, significant snow falls, and relatively warm summers. A large number of
people are affected by such weather, because such climates are typical of met-
ropoles in Canada, the U.S.A. and Asia. Domestic heating is known to play an
important role in the urban energy budget for such conditions, and the ability of
the TEB scheme to estimate this flux is now investigated. Furthermore, the import-
ance of conduction through the surfaces allows the testing of, in a better way than
with the oceanic forcing, the sensitivity of the scheme to the buildings’ internal
temperature and to the wall and roof structures.
The same qualitative characteristics about the energy flux evolution and repar-

tition are found for urban diurnal cycles as in the Hapex-Mobilhy case. The focus
of this study is on the annual cycle (Figure 13). The disparity between summer and
winter is enhanced as compared to the previous case, especially with respect to the
energy forcing: net radiation and building heat release. During winter, if buildings
are built with the same material and insulation as in the oceanic region, the heat re-
lease from the buildings is as high as 150 Wm−2 averaged for the month, all of this
being transformed into sensible heat flux towards the atmosphere. The main part of
this energy loss occurs through the walls, because the snow mantel of several tens
of centimetres on the roofs acts as a supplementary insulation layer. The presence
of snow explains the nearly zero latent heat flux during winter. The amount of
energy necessary to melt it is shown by the thin solid line in Figure 13. Melting
of the roof snow occurs (in this case) one month before the total disappearance of
snow as observed in the countryside (not shown).
A sensitivity experiment on the insulation characteristics of the TEB scheme

has been performed to test its response to the extremely cold weather conditions in
winter. First, the internal wall and roof insulation layer was set four times thicker
than the default value (‘insulated’ experiment). The internal building temperat-
ure is also allowed to vary down to 283.15 K (10 ◦C) in winter (‘insulated, Ti’
experiment). It is seen that the TEB formulation for the heating flux (prescribed
internal temperature) is mainly sensitive to the wall and roof structure, and less to
the internal temperature. Moreover, high building experiments (not shown) produce
values up to 200 W m−2 or 250 W m−2 (insulated walls or not) for these fluxes in
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Figure 12. HAPEX-MOBILHY case: monthly averaged energy budget for three landscape types: (a)
medium size city (reference simulation); (b) bare soil (20 cm deep); (c) crops. Same line convention
as in Figure 8.
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Figure 13. VALDAI case: monthly averaged energy budget for three city construction materials:
(a) medium size city (reference simulation); (b) insulation increased (see Table III); (c) insulation
increased, and internal building temperature varies from 283.15 K (10 ◦C) (winter) to 290.15 K
(17 ◦C) (summer). Same line convention as in Figure 8. The thin solid line corresponds to the amount
of energy necessary for melting.
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winter. The building height is then a key parameter, not only for radiative trapping,
but mostly for the conduction and surface turbulent flux exchange.
These very large fluxes seem realistic. Estimates of anthropogenic fluxes exist

for some high latitude cities (Oke, 1988); for example, a value typical for Montreal
ranges from 153 W m−2 in winter to 57 W m−2 in summer. The component
dedicated to domestic heating can then be of the order of 100 W m−2 in winter;
Moscow and Manhattan annual anthropogenic fluxes can be even 25 and 50%
larger respectively.

5. Conclusion

The TEB surface scheme has been developed from various elements corresponding
to the state of the art in urban climatology, and is aimed at representing the energy
exchanges between cities and the atmosphere in a prognostic way. A simplification
of the real city geometry was necessary. To our knowledge, this is the first time
that the well-known canyon geometry is used to represent a city as part of the
surface of an atmospheric model. An additional hypothesis of isotropy for the street
directions has been added, in order to be representative of a city quartier (as defined
in Mestayer and Anquetin, 1995). This allows the use of the scheme at horizontal
scales larger than the road width, for local to regional impact studies. This also has
the advantage that the scheme can be simplified to three surface energy budgets:
one each for the roofs, the roads and the walls. The TEB model is then relatively
easy to include in an atmospheric model, because only a few averaged parameters
are needed, and the number of prognostic variables is comparable to that present in
vegetation schemes for atmospheric models (see Tables I and II).
This relatively simple description of the town geometry is compensated by a

complete physical package, as detailed in Sections 3 and 4. All weather conditions
can be treated, day or night, and even precipitation events, without any ad-hoc
assumption or tuning of the parameters. The radiative trapping is the subject of
an original development, and is validated by comparison with specific measure-
ments. One can then be condent in the radiative energy inputs. The sensitivity
experiments showed that:

– the partition and diurnal hysteresis between the turbulent sensible heat fluxes
and ground fluxes are correctly recovered by the scheme.

– the heat storage during the day can be greater than the turbulent heat flux. This
effect is enhanced by high buildings.

– the latent heat can be neglected on average at the monthly time scale, but is
very important when relatively short (daily) time scales are considered.

– the energy input from the building heat release can exceed the net radiation,
especially in winter in continental climates. The model outputs are comparable
to the few available estimates of city heat release.
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The suburban experiment showed that the classical bare soil formulation used
to represent cities in atmospheric models is good enough to represent the fluxes for
large temporal or spatial averages; therefore, climatic or large-scale atmospheric
models may not need an urban scheme at the present time. The prescription of the
anthropogenic heat release still remains a problem. In contrast, town meteorolo-
gical forecasts and mesoscale regional and local studies need such a scheme, as
intensively urbanized energetics are very specific. An atmospheric model, coupled
both to an aerosol radiatively active atmosphere (to have the correct radiative down-
ward fluxes) and an urban surface scheme (to correctly distribute these fluxes), is
necessary.
Long term in-situ measurements needed to validate an urban surface scheme are

lacking. However, the TEB model behaves correctly compared to what is currently
known from urban climatology. The next step will be the study of urban induced
mesoscale flows, as validation data exist for typical situations (mainly heat-island
episodes). This work is under way.
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Appendix A: Solar Radiation Reflections

Suppose hereafter that the direct and scattered albedos for each surface are
identical. If this is not the case, only the first direct solar reflection would be
modified.
When the first reflection occurs, the fluxes stored by the road and wall, Ar and

Aw, are respectively:

Ar(0) = (1− αr)(S
⇓
r + S↓

r ),

Aw(0) = (1− αw)(S⇓
w + S↓

w).

The reflected parts Rr and Rw are:

Rr(0) = αr (S
⇓
r + S↓

r ),

Rw(0) = αw(S⇓
w + S↓

w).

After n reflections:

Ar(n + 1) = Ar(n) + (1− αr )(1− �r )Rw(n).
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Aw(n + 1) = Aw(n) + (1− αw)�wRr(n) + (1− αw)(1− 2�w)Rw(n),

Rr(n + 1) = +αr (1− �r )Rw(n),

Rw(n + 1) = +αw�wRr(n) + αw(1− 2�w)Rw(n).

Then,

Ar(n + 1) = Ar(0) + (1− �r )(1− αr )

n�

k=0
Rw(k),

Aw(n + 1) = Aw(0) + �w(1− αw)

n�

k=0
Rr(k),

+ (1− 2�w)(1− αw)

n�

k=0
Rw(k),

and

n�

k=0
Rr(k) = (1− �r )αr

n−1�

k=0
Rw(k) + Rr(0),

n�

k=0
Rw(k) = �wαw

n−1�

k=0
Rr(k) + (1− 2�w)αw

n−1�

k=0
Rw(k) + Rw(0).

Solving this geometric system yields, in the case of an infinite number of
reflections,

∞�

k=0
Rr(k) = Rr(0) + (1− �r )αr(Rw(0) + �wαwRr(0))

1− (1− 2�w)αw + (1− �r )�wαrαw

= Mr,

∞�

k=0
Rw(k) = Rw(0) + �wαwRr(0)

1− (1− 2�w)αw + (1− �r )�wαrαw

= Mw.

The total solar radiation stored by road and wall is then:

S∗
r = (1− αr )S

⇓
r + (1− αr)S

↓
r + (1− αr )(1− �r)Mw,

S∗
w = (1− αw)S⇓

w + (1− αw)S↓
w + (1− αw)(1− 2�w)Mw + (1− αw)�wMr.

References

Aida, M.: 1982, ‘Urban Albedo as a Function of the Urban Structure – A Model Experiment (Part
I)’, Boundary-Layer Meteorol. 23, 405–413.



396 VALÉRYMASSON
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Summary

The CAPITOUL experiment is a joint experimental effort
in urban climate, including the energetic exchanges be-
tween the surface and the atmosphere, the dynamics of
the boundary layer over the city and its interactions with
aerosol chemistry. The campaign took place in the city of
Toulouse in southwest France, for one year, from February
2004 to February 2005. This allowed the study of both the
day-to-day and seasonal variability of urban climate pro-
cesses. The observational network included surface stations
(meteorology, energy balance, chemistry), profilers and,
during intensive observing periods, aircraft and balloons.

The urban Surface Energy Balance differs between sum-
mer and winter: in summer, the solar heat stored during the
previous daytime period is enough to maintain the heat re-
lease at night, but in winter, almost all the energy comes
from the anthropogenic heat released by space heating.
Both processes produce the well known Urban Heat Island
(UHI).

The city is shown to impact the entire boundary layer on
specific days, when an urban breeze is observed. In winter-
time, fog is found to be modified due to the vertical structure
of the nocturnal boundary layer above the city (which is
slightly unstable and not stable).

The measurements of aerosol properties in and downwind
the city permitted documentation of the urban aerosol as well
as the chemical transformation of these aerosols, in particular
the ageing of carbonaceous aerosols during transport. The
Toulouse aerosol is mainly composed of carbonaceous par-
ticles. There is important seasonal variation in the ratio of
black carbon to organic carbon, in the concentration of sul-
fates and nitrates and in the related radiative aerosol impacts.

SF6 was released as a tracer in a suburban area of
Toulouse during anticyclonic conditions with weak winds.
The tracer measurements show dispersion was mainly driven
by the surface sensible heat flux, and was highly sensitive to
the urban heat island and also to the transport of boundary
layer clouds.

Modeling was fully integrated into the campaign. Surface
energy balance and urban boundary layer processes have
already been used to complement the analyses of the physi-
cal processes observed during the campaign. Companion
papers detail most of these observation or modeling studies.
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1. Introduction

Cities create their own micro- and local climates.
Hence city residents are subjected to modified
thermal and moisture environments as well as
increased air pollution. Moreover, economic ac-
tivities are concentrated in cities, so that impor-
tant issues of resource use, cost and liveability
are related to modified urban climates: for ex-
ample the possible modification of the energy
demand in terms of winter heating and of sum-
mer air-conditioning. Thus, improved knowledge
of the physical and chemical processes in the
urban boundary layer (UBL) is of primary impor-
tance to advance understanding of both urban
climates and their impacts. Several approaches
are used in the community: direct measurement,
laboratory experiments, and finally modelling.
Numerous experimental campaigns have been

carried out recently in urban or suburban en-
vironments. In response to societal demand, most
campaigns focus on the description of air qual-
ity (e.g. MEDCAPHOT-TRACE over Athens
(Klemm 1995), and ESQUIF, ESCOMPTE on
Paris and Marseilles – Menut et al. 2000; Cros
et al. 2004), by documenting at the regional scale
the chemical emissions and pollution in the
boundary layer. Knowledge of the chemical com-
position of urban aerosols and their related radi-
ative impact have also been improved during
these campaigns (Liousse et al. 2004; Cachier
et al. 2005; Cousin et al. 2005; Mallet et al.
2005, 2006), but the coupling between aerosols
and fluid dynamics was not studied.
In fact, few campaigns measure the physical,

thermodynamic and even chemical processes at
the urban scale. In Europe, the ESCOMPTE-

UBL campaign (Mestayer et al. 2005) in and near
the coastal city of Marseille (France) doc-
umented energy exchanges in a summer period
(Grimmond et al. 2005), and the complex inter-
actions between sea breezes and the urban
boundary layer (Bastin and Drobinski 2005;
Lemonsu et al. 2006a, b; Pigeon et al. 2006).
The BUBBLE experimental campaign (Rotach
et al. 2005) was conducted in Basel (Switzerland)
for a period of a year. Detailed measurements
were carried out within the urban canopy, pro-
viding advances to knowledge of the structure
of turbulence in street canyons and on the annual
cycle of the energy balance. These continuous

measurements were supplemented by urban
boundary layer sampling using profilers and a
tethered balloon during a month-long period of
intensive observation in the summer. The com-
bined measurements made it possible to docu-
ment turbulence within the urban boundary layer.
Because of the geography of the two cities –
Marseille is a coastal city, Basel is located in an
alpine valley – the flow within the boundary layer
is mainly generated by topographic circulations
(sea-breeze and slope-breeze, respectively) rather
than by the city itself. A main reason for the
CAPITOUL campaign was therefore to focus on
a city where the flow in the atmospheric boundary
layer, during anticyclonic conditions, is signifi-
cantly influenced by the city itself.

In the United States, two recent field projects
have examined the detailed flow characteris-
tics in cities: URBAN 2000 in Salt Lake City
(Allwine et al. 2002) and more recently Joint-
Urban 2003 in Oklahoma City (Allwine et al.
2004). The principal scientific objective of these
studies was to study pollutant dispersal in central
city areas, in order to build modelling and in-
tervention strategies in the event of chemical or
biological terrorist attacks. These campaigns
were based on passive tracers (SF6) released at
various sites. Observations were made using sur-
face instrumentation, remote sensing and heli-
copters. Modelling and data assimilation (to
improve in real time the field of wind in the dis-
persal models) studies were also included in
these campaigns.

Numerical modelling is an efficient tool for
studying urban micro- and local climates for sev-
eral reasons. Firstly, when coupled with experi-
mental studies, it permits better understanding of
the processes because whilst observations are
limited, in space, time and the nature of the ob-
served quantities, modelling can help to fill these
gaps, through the resolution of complete physi-
cal equations. When observations are limited to
a few stations or along an aircraft flight path,
modelling can simulate the fuller spatial and
temporal evolution of the 3D boundary layer.
For example, modelling allowed Sarrat et al.
(2006) to study the interaction processes between
nocturnal UBL specific turbulence and Nox=
Ozone chemistry. Secondly, models can be used
to characterise conditions in cities other than
where observations have been made (assuming

136 V. Masson et al.



the model has been validated against such ob-
servations), in order to study the urban climates
anywhere. A review of recent modelling studies
of urban climate is presented by Masson (2006).
The present paper introduces an experimental

campaign dedicated to the study of urban climate
in Toulouse: the processes causing it, their
effects, and their intra-annual variability. It is
called the Canopy and Aerosols Particles Inter-
actions in Toulouse Urban Layer (CAPITOUL)
experiment. Section 2 presents the objectives,
Sect. 3 outlines the experimental network and
Sect. 4 summarizes some of the initial results,
most being detailed in separate papers in this
issue of Meteorology and Atmospheric Physics.

2. Objectives of the campaign

The CAPITOUL campaign aims to quantify the
effects and causes of the interactions between the
urban surface, the development and 3D-structure
of the urban boundary layer (UBL) and of urban
aerosols, on the scale of the city down to the
scale of the districts. Unlike the BUBBLE cam-
paign it is not the aim to document turbulence
within the canopy, but rather to quantify the role
of the city (by its turbulent exchanges above the
urban canopy) on the UBL, and the urban-gener-
ated air circulation that develops within the UBL

(both urban breeze and urban plume). The focus
is on the description and analysis of the influence
of the city on the boundary-layer circulations,
especially during anticyclonic situations. In order
to show significant urban effects on flow, the
city needs to be away from areas influenced by
mountain or sea-breezes. This study emphasizes
description and explanation of the temporal vari-
ability of the processes during an annual cycle. It
also incorporates modelling aspects, with a view
to improving the research and weather forecast
models for cities.
More precisely, the objectives of CAPITOUL

are as follows:

2.1 Comprehension of urban surface –
atmosphere exchanges

Energy exchanges at the surface can be written,
according to Oke (1988):

Q� þ QF ¼ QH þ QE þ�QS þ�QA ð1Þ

where Q� is the net all-wave radiation (due to
both solar and infra-red radiation exchanges),
QF is the anthropogenic heat releases related to
human activities, QH is the turbulent flux of sen-
sible heat between the surface and the atmo-
sphere (by convention here QH positive is a
gain for the atmosphere), QE is the turbulent flux
of latent heat which is due to evaporation and
condensation of water at the surface, �QS is
the net energy storage uptake by or released from
surfaces (buildings, roads, soils) and �QA is the
flux related to temperature advection by the ho-
rizontal air flow below the canopy top. The ad-
vective flux can be significant in the presence of
strong horizontal gradients within the boundary
layer, as in the immediate vicinity of the coast
(1 km) in condition of sea breeze (Pigeon et al.
2007a). Over Toulouse, advection plays a role at
the scale of the whole boundary layer (it does for
urban breeze or urban plume), but it does not
modifies the energy exchanges in and at the im-
mediate vicinity of the canopy: these exchanges
are in quasi-equilibrium with the atmospheric
conditions in the inertial surface layer. In that
case the energy balance reduces to:

Q� þ QF ¼ QH þ QE þ�QS ð2Þ
The objective is to document these energy

exchanges, and their causes, during an annual cy-
cle. Some of the most interesting aspects are:

� description of the various fluxes in a variety of
weather conditions, continuously over a year,

� estimation from energy consumption of an-
thropogenic flux QF, from the tower measure-
ments

� behaviour of evaporation after rainy conditions
� modelling these fluxes

From these data, a complementary and innova-
tive objective is to measure the turbulent process-
es of transfer of urban aerosols from the canopy
towards the atmosphere and both their chemical
composition and microphysical properties.

2.2 Structure and development of the urban
boundary layer

A principal goal of CAPITOUL is to quantify
thermodynamical processes and surface-atmo-
sphere interactions within the UBL. The ex-
perimental design thus spatially explores the
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boundary layer using aircraft-based measure-
ments, in addition to surface measurements.
Moreover, the diurnal evolution of the UBL is
studied for various seasons, focusing on anticy-
clonic conditions with weak winds. Particular in-
terest is focused upon:

� the structure and evolution of the Urban Heat
Island (UHI) and the humidity field are mea-
sured including their intra-urban structure and
the vertical structure of the nocturnal boundary
layer above the city.

� the dynamic and thermodynamic impact of the
city on the urban boundary layer is observed,
in order to demonstrate the urban breeze sys-
tem and the urban plume.

� the impact of the city on fog formation, devel-
opment and dissipation, due to the additional
warmth of the nocturnal boundary layer is
studied. In order to do that the spatial extent
of urban and rural fog and their thermodynam-
ic characteristics are observed.

2.3 Transformation of urban aerosols

One of the aims of this project is therefore to
better understand the links existing between the
dynamic properties of the UBL on the one hand,
and the chemical properties and microphysics
of aerosols during their residence in the atmo-
sphere on the other. To this end, it is essential
to document correctly the way in which the pol-
lutants are transported, mixed and aged in the
UBL. This study is therefore subdivided into
four aspects:

� physical-chemical characterisation of the ur-
ban aerosol. This includes the chemical spe-
ciation of the urban aerosol near the source,
including the mineral and organic composition
of the particles, in relation to its granulometry,
optical and hygroscopic properties.

� ageing of the urban aerosol. Characterisation
of urban aerosol also requires studying the
evolution of their physical-chemical properties
following their initial emission into the UBL.

� radiative impact of the urban aerosol. One of
the greatest sources of uncertainty in the pre-
diction of the development of the urban climate
probably is that related to the uncertainties in-
volved in estimating the radiative forcing due
to aerosols. These uncertainties should be re-

duced when more precise information on the
first two aspects is obtained.

� vertical transport. Vertical transport processes
play an important role in both ventilating pol-
lutants emitted at the urban surface into the
atmosphere and introducing pollutants emitted
aloft down into street canyons, determining
not only pedestrian exposure, but also the im-
pact of urban-based particle emissions on ur-
ban and regional climates.

2.4 Heterogeneity of urban surface temperatures

Urban surfaces, due to their heterogeneous struc-
ture at small-scale (the orientation and material
make-up of the surfaces), warm up very differ-
ently. This induces strong spatial heterogeneity
of surface temperatures (Voogt and Oke 1997,
2003). This character influences heat exchange
with the atmosphere (Voogt and Grimmond
2000). Another impact is the strong directional
anisotropy in the thermal infrared (TIR) which
has been characterized in previous experiments
in Vancouver (Voogt and Oke 1998) and
Marseille in summer conditions (Lagouarde
et al. 2004). TIR airborne measurements were
performed over the city of Toulouse and sur-
rounding areas during CAPITOUL using two
cameras with the intent (i) of documenting an-
isotropy in conditions not met previously in win-
ter and at night in particular (Lagouarde and
Irvine, 2008, this issue), and (ii) of to study the
surface heat island.

2.5 Short distance dispersion

Knowledge of the dispersion of gases and parti-
cles in the atmospheric boundary layer is essen-
tial in many environmental studies. Dispersion
modelling becomes a high priority in an emer-
gency response framework when there is an ac-
cidental release: for example, the AZF explosion
on September 21st 2001 in a suburban area of
Toulouse. M�eet�eeo-France and IRSN (Institut de
Radioprotection et de Suret�ee Nucl�eeaire) are in-
volved in the national crisis cell when an acci-
dental release occurs. The CAPITOUL campaign
provides an excellent experimental setting to
validate modelling systems used for emergency
response of short distance (a few kilometres)
contaminant dispersion, because of the availabil-
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ity of a complete description of the urban surface
and boundary layer thermodynamics, together
with SF6 passive tracer dispersion measure-
ments. The objective is to study dispersion in
the boundary layer of a suburban area, since this
is where industrial activities are most often locat-
ed. When the surface heat flux is large, turbu-
lence is dominated by large eddies or thermals
with scales comparable to the boundary layer
depth and the sensible heat flux at the surface
plays a dominant role in maintaining the tur-
bulence structure. It is thought that it is this struc-
ture that is responsible for special dispersion
patterns, as shown by laboratory experiments
(Willis and Deardorff 1976).

3. Experimental network

3.1 Measurement strategy

The CAPITOUL experiment was carried out
from the beginning of March 2004 to the end
of February 2005 in and over the city of
Toulouse (43�30 19�N, 1�260 34� E). The urban
area covers an area approximately 20 km across
and encompasses 0.9M inhabitants. A European
city of this size is considered likely to gener-
ate an urban heat island of about 8� (Oke 1987)
under optimum conditions, as well as city-in-
duced three-dimensional air flow in the boundary
layer.
Toulouse was chosen for several reasons:

� the city is relatively isolated from significant
relief and coastlines, so that it is not in-
fluenced by local effects of valley or sea
breezes. Small hills of less than 100m eleva-
tion are present in the south-east part of the
city. The meteorology is therefore mainly
controlled by the synoptic flow, so in anticy-
clonic conditions, urban effects such as the
urban heat island, an urban plume or an urban
breeze circulation can develop.

� the old downtown area, with an area of
approximately 3.5 km2, is relatively homoge-
neous in terms the building height (appro-
ximately 20m) and construction materials
(red brick walls and tile roofs) (Fig. 1). These
characteristics suggest it favours the study of
turbulent transport flows for a dense down-
town area.

� the city has few polluting industries, the main
economic activity being mainly space and
aeronautics. The principal sources of air pol-
lutants are the motor vehicle and space heating
of buildings. This aids specific study of carbo-
naceous aerosols and sulphates. Furthermore,
the relatively high insulation of the city, locat-
ed in the south of France, allows us to study
the impact of photochemistry on the aerosols.

� the Centre National de Recherches
M�eet�eeorologiques and other partners (Labora-
toire d’a�eerologie, Laboratoire des M�eecanismes
et Transferts en G�eeologie and ORAMIP local
air quality agency) are located in Toulouse
which facilitates logistical aspects and the
availability of a more comprehensive instru-
mentation. In particular, an instrumented air-
craft is based in Toulouse, making it possible
to carry out airborne measurements above the
city when anticyclonic conditions appeared.

The experimental network includes fixed in-
strumentation that provides continuous observa-
tions and hence a complete annual time series
of various processes (turbulent exchange, UHI,
chemical composition of the aerosols, etc.). The
measurement sites are briefly described in the
Table 1 and Fig. 2. The experimental network
is complemented during Intensive Observing
Periods (IOPs), by airborne observations (air-
craft, balloons), in order to document the three-
dimensional structure of the urban boundary
layer. The additional instrumentation deployed
during IOPs is presented in Table 2. The 17
IOPs each lasting one or two days took place in
different seasons in order to sample the annual
cycle.

Fig. 1. View of Toulouse downtown roofs from the
terrace of the central site
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Table 1. Overview of the measurements during the one-year period of the CAPITOUL experiment. Grey shading indicates
the periods when instruments are operational and data are validated

Fig. 2. Overview of the
CAPITOUL experimental
network in and around the
city of Toulouse
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3.2 Year-long measurements

3.2.1 Dense urban site

In order to document the surface-atmosphere
energy exchange processes in the old downtown
area of Toulouse, an observation site was in-
stalled there (schematised in Fig. 3). Sensors
were mounted on a pneumatic tower (Hilomast
NX30) to monitor the radiative and convective
terms of the surface energy balance. The radia-
tive fluxes were measured using radiometry and
those of sensible heat, latent heat (evaporation)
and carbon dioxide by eddy covariance techni-
ques (Fig. 4 left). The base of the mast was on
a roof at a height of 20m, with the top of the
mast being 47.5m above the road. The turbulent
instrumentation on themast is described in Table 3.
Six resistance thermometers (PT1000Ohm) in
Gill ventilated shields were installed at intervals
up the mast. An additional temperature sensor is
installed at the top of the adjacent street canyon
(rue Pomme). The thermometers were calibrated
to a precision of 0.1 �C. During operations the
mast height was adjusted according to the wind
speed: 47.5m for winds <70 kmh�1, 38.5m
for winds 70–90 kmh�1, and 26m winds
>90 kmh�1 or for storm situations. Precipitation
was measured by optical and tilting bucket rain-
gauges. The advantage of the optical rain-gauge
is that it provides good detection of the beginning
and end of precipitation.

The Pomme and Alsace street canyons, adjacent
to the mast site, were equipped with instrument
booms which project above the street canyon.
The booms were instrumented with turbulence
sensors and optical particle counters (OPC model
GRIMM 1.108, operating in fast-response mode
to measure the 0.3–2.0 mm size fraction) (for
details see Table 3). The booms extend across ap-
proximately one third of the width of the street
away from the canyon wall (5m for rue d’Alsace
(Fig. 4 right) and 3m for rue de Pomme). These
two streets (aligned S–N and SE–NW) and anoth-
er street (directed NE–SW) were equipped with
infrared radiometers (Everest), to observe the
surface radiation temperature of the vertical walls
and the roads. All the instruments were sampled
and recorded by two data acquisition computers
(PCs) running Linux and supervised remotely
using an Internet high-speed connection.

A large aperture scintillometer was operated
in the city centre between March 2004 and
February 2005. These instruments have shown
good promise in urban areas of Tokyo (Kanda
et al. 2002), Basel (Roth et al. 2006) and
Marseille (Lagouarde et al. 2004). The aim was
to further validate the method of using scintillo-
metry to assess urban heat fluxes, particularly
in winter conditions. The scintillometer used
is an optical (0.93 mm) large aperture model
(15 cm diameter) built by Wageningen University
(Netherlands). The emitter and the receiver were

Table 2. list of Intensive Observing Period (IOP), describing the related main objective of the IOP (UBL: UBL structure;
IRT: Infra-Red surface anisotropy; Fog: urban fog; SF6: dispersion study), as well as the extra instrumentation used.
Grey indicates periods when instrumentation are operational and data validated
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installed on the roofs of two high buildings
resulting in an average optical beam height of
about 15–20m above the mean roof level over
a path length of 1832.5m. The set-up was chosen
so that the central mast site was near the middle
of the optical path in order to compare sensible
heat fluxes obtained by this method and by the
classical eddy covariance method. Moreover, a
special configuration was also installed during
the first few months of the experiment: it consists

of associating one emitter with two similar recei-
vers very close to each other to determine the
transverse wind speed (Churnside 1992). The
results of this configuration are also investigated.

The aerosol measurements were conducted in
the city centre, on the roof of the central post
office, approximately 20m above the level of
the road. An exhaustive size-resolved chemical
speciation of the aerosols including mineral aero-
sol, organic aerosol and trace elements (Calvo

Fig. 3. Schematic view of the central site
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et al. 2008, this issue) was established from filters
in two particle size ranges (PM10 and PM2.5).
Weekly sampling was carried out. At the same
time, the total number concentration of aerosol
particles with sizes ranging between a few nan-
ometers and a few microns was measured by us-
ing a condensation particle counter (CPC model
TSI 3010). The routine measurements of PM2.5
and PM10 made by the ORAMIP local air quali-

ty agency (http:==www.ORAMIP.org) provide
further data from many other sites in Toulouse
that extend the measurements made here.

3.2.2 Suburban site

In order to study the variability of energy
exchanges in urban areas, an additional surface
energy balance station was installed on a 17m

Fig. 4. Left: the pneumatic tower for surface energy balance observations; Right: 5m turbulence-aerosol
measurement boom at the top of Alsace-Lorraine street canyon

Table 3. Summary of surface energy balance measurements

Turbulence Radiation Temperature Humidity Particules Precipitation

City center Sonic Gill HS 50 CNR1 Kipp HMP232 HMP232 Grimm qualimetrics and
(mast top) Licor 7500 and Zonen Vaisala Vaisala 1.108 optical rain

Grimm 1.108 gauge ORG115
City center Sonic Gill HS 50
(mast intermediate)
City center Young 81,000
(mast bottom)
City center Sonic Young 81,000 P 1000 Ohm Grimm
Pomme street boom Licor 7500 1.108
City center Sonic Young 81,000 Grimm
Alsace street boom Licor 7500 1.108
Suburban site
Universit�ee
Paul Sabatier

Sonic Metek
USA1
Krypton KH20

Schenk PT 100 Ohm HMP45
Vaisala

Rural site
Le Fauga

Aerodynamical
method

Schenk PT 1000 Ohm HMP45
Vaisala

qualimetrics

Rural site Sonic Gill R2 CNR1 Kipp PT 1000 Ohm HMP45 qualimetrics
Saint Sardos Krypton KH20 and Zonen Vaisala
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high roof in a suburban area in the south-east part
of Toulouse. Turbulence and radiation flux mea-
surements were made using instruments mounted
on a 10m mast. The instrumentation is described
in Table 3.

3.2.3 Rural sites

Toulouse is mainly surrounded by agricultural
land, mostly cereal fields. Two rural sites were
equipped to document the behaviour of the sur-
face energy balance of the countryside. This was
a necessary step to gauge the perturbations in-
duced by the city compared to the rural en-
vironment. The Fauga site (Poutier et al. 2002),
located 15 km to the south of Toulouse, is typi-
cal of grassland. The instrumentation at this
site is described in Table 3. The Saint-Sardos
site, 40 km to the NW of Toulouse (De Rosnay
et al. 2006 and Table 3), was located in a maize
field. These two sites were equipped to monitor
soil humidity and soil temperature. Three other
sites were equipped with instruments to monitor
basic weather conditions (Mondouzil, Auzeville,
Launac) and radiation fluxes (Table 4).
A solar photometer (CIMEL) was installed

at the Fauga site as part of the AERONET=
PHOTONS measurement network, to consider
certain optical microphysics and properties of
aerosols in the atmospheric column. This auto-
matic photometer measures direct solar bright-
ness at four wavelengths every 15min in order
to calculate the aerosol optical depth (AOD) and
its spectral dependence (Angstr€oom coefficient).
Measurement of the sky brightness also makes
it possible to deduce the equivalent granulo-
metric distribution for the atmospheric column.
These parameters are used to calculate the single
scattering albedo. The data are available on the
site aeronet.gsfc.nasa.gov.

3.2.4 Mini-station network

A network of 21 temperature and humidity
measurement sites is installed in various districts
representative of the urban area. These stations
provide continuous measurements for the dura-
tion of the experiment to aid analysis of the ur-
ban heat island and horizontal structure of the
urban moisture field. Instruments were mounted
6m above the road surface. The instrumentation
is described in Table 4. A suburban site was also
equipped with instruments at two levels (2 and
6m), to consider the vertical variation of temper-
ature and humidity.

3.2.5 Profilers

An UHF radar was installed in the downtown
area to continuously measure the wind pro-
file above the city. At the same site a modified
ceilometer (VAISSALA CT25K) simultaneous-
ly observed the development of the boundary
layer from the reflectivity of water vapour and
aerosols.

3.2.6 Inventory of urban land use and energy use

An inventory of the energy consumption for the
period of the campaign was conducted at the city
scale (Pigeon et al. 2007b). This inventory takes
account of releases from traffic, electricity, gas
and other energy use (fuel oil, wood, coal use
are minor in Toulouse). Traffic data were provid-
ed by the Transport Service of Toulouse and by
the urban planning agency of Toulouse. This
includes the daily traffic realised over the year
by section of lane (typically 200m). These data
are available in a geographic information system
(GIS). Moreover, a permanent network of 21 sen-
sors provides hourly traffic counts, which pro-
vides the temporal variability of traffic flows.

Table 4. Summary of surface and mobile meteorological stations

Temperature Humidity Wind Radiation Precipitation

Urban micro-stations
network

rotronic
hygroclip (2m)

rotronic
hygroclip (2m)

Urban micro-stations
network

rotronic
hygroclip (2 et 6m)

rotronic
hygroclip (2 et 6 m)

Mondouzil PT 1000 Ohm (2m) HMP45 Vaisala (2m) Young (10m) Schenk (2m) qualimetrics
Launac PT 1000 Ohm (2m) HMP45 Vaisala (2m) Young (10m) Schenk (2m) qualimetrics
Auzeville PT 1000 Ohm (2m) HMP45 Vaisala (2m) Young (10m) qualimetrics
Instrumented cars PT 100 Ohm (2m) HMP45 Vaisala (2m)
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For electricity, load carried every 10 minutes for
the 14 lines serving the city were available. For
gas, the daily consumption by the whole city was
provided. Finally, statistical data were provided
regarding consumption by other energy uses.
This data set was analysed in relation to the char-
acteristics of land use (Mass�eera 2005) and an
inventory of energy consumption was established
at a horizontal resolution of 100m.

3.2.7 Laboratory analysis of the radiative
properties of materials

In order to interpret the energy and atmos-
pheric data, and to conduct the modelling, a
characterisation of the building=road materials
occurring in Toulouse was completed. A dedi-
cated database was created, to give simulta-
neous information in three domains: a list of
the main materials present in the city, the opti-
cal properties of each (spectral and directional)
and their spatial variability in a given class.
The spectral range covers the entire optical do-
main from the visible to infrared wavelengths
(Briottet et al. 2006).
Measurements were conducted with an ASD

spectroradiometer (400–2500 nm) at 20 cm res-
olution for outdoor measurements, and with a
goniometer for bidirectional laboratory measure-
ments at the same spatial resolution. A database
of about 550 individual spectra was created. In
the infrared domain (3–14 mm), a SOC 400 spec-
troradiometer was used at a 1.27 cm spatial reso-
lution and a database of about 100 individual
spectra was created. All spectra can be divided
into 4 classical urban classes: road, pavement,
paving materials used in public squares and wall.
For each class, the spatial variability of urban
materials has been quantified (Lach�eerade et al.
2005).
Furthermore, to achieve a complete material

classification over an entire urban area, an air-
borne campaign was conducted using a high
spatial (20 cm) and high spectral (eight bands)
image sensor. To this aim, a new code, ICARE,
was developed to estimate the ground optical
properties whatever the irradiated ground con-
ditions. This model takes into account the re-
lief, the spatial heterogeneity of the scene and
atmospheric effects (Lach�eerade et al. 2008, this
issue).

3.3 Intensive observation periods

3.3.1 Airborne measurements

To document the urban boundary layer at fine
spatial resolution, an instrumented Piper-Aztec
twin-engine aircraft made flights above the
Toulouse urban area. During an IOP, flights were
made in the morning (i.e. at the time of boundary
layer growth), and during early afternoon, at
times when conditions favour development of ur-
ban effects in the boundary layer (as shown by
the numerical study of Lemonsu et al. (2002) on
the urban breeze on Paris). The aircraft flew flight
legs at constant heights (150m, 1100m, 1700m
in summer; 150m, 1100m in winter) above the
downtown area, and these were supplemented by
pseudo-vertical soundings above the countryside.
The length of the flight legs is approximately
100 km in the main wind direction and 50 km
in the transverse direction. In this way the fields
of horizontal wind (with a 0.5m s�1 precision),
temperature, humidity and pressure were mea-
sured at several heights in the boundary layer.
Given the speed of the aircraft and the sampling
frequency of 1Hz, the spatial resolution is equiv-
alent to about 70m.

Aerosol measurements were also performed
onboard the aircraft. These measurements to-
gether with the surface ones enable description
of the development of the physico-chemical and
radiative properties of aerosol according to alti-
tude and distance from source. The airborne
measurements also facilitate study of the ageing
of the urban aerosol by measuring the Angstr€oom
coefficient using a 3-wavelength nephelometer.
Measurements of ozone and black carbon con-
centrations, and the aerosol particle counts, help
to locate and characterize the urban plume. These
data which describe the 3D-field of aerosol con-
centration and=or extinction also provide better
input for radiative transfer studies.

The airborne measurements are complemented
by radiosoundings (Vaissala-92GPS probes), re-
leased simultaneously from two sites: a court-
yard in the historical downtown area, and a
rural site 20 km upstream from the downtown
area (according to the wind direction, a site to
the NW or the SE is used). Up to 5 urban–rural
radiosounding pairs are conducted on IOP days,
including night-time, dawn, morning, midday,
and afternoon or evening soundings. The simul-
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taneous measurement of urban and rural sound-
ings allows quantification of (i) the daytime tem-
perature or height difference between urban and
rural boundary layers, and (ii) the nocturnal ther-
mal structure (intensity of the inversion, height of
the mixed layer downtown), intensity of the UHI

with height, and the so-called ‘‘cross-over’’ ef-
fect (i.e., when air over the UHI during the night
is colder than at the same height over the sur-
rounding countryside).

3.3.2 Aerosol measurements

In the central city area, various instruments
allowed us to retrieve the different aerosol prop-
erties (Gomes et al. this issue; Calvo et al. this
issue). Aerosol particles were collected on filters
in three size class (PM 1, PM 2.5 and PM 10) for
chemical analysis of mineral, organic and trace
element fractions. In addition, the mass concen-
tration of PM 2.5 was monitored with a TEOM.
The aerosol size distribution was obtained from a
SMPS and an OPC for the particle size range
between 15 and 600 nm and between 0.3 and
20 mm, respectively. The optical properties (scat-
tering and absorption) were measured by com-
bining a nephelometer and an aethalometer.
Finally, information on the hygroscopic proper-
ties of the particles also could be obtained epi-
sodically using a cloud condensation nuclei
counter (Fig. 5).
During the summer IOP (25 June–10 July), a

mobile laboratory instrumented for measure-

ments of gases (CO, O3, SO2) and aerosols
(filters for aerosol chemical speciation, optical
counter for aerosol size and nephelometer and
aethalometer for optical properties) was installed
at Escalquens (SE of Toulouse), in order to
study the ageing of urban aerosols downwind
of Toulouse.

3.3.3 Instrumented vehicle

Two light vehicles were instrumented with
temperature and humidity sensors in ventilated
shields and to measure roadway temperature
(Everest radiometer). The vehicles included a
GPS to geo-locate the measurements. The instru-
mentation is described in Table 4.

3.3.4 Thermal infra-red measurements

Thermal infra-red (TIR) measurements were per-
formed using 2 TIR cameras (INFRAMETRICS

M740 and FLIR SC2000), placed onboard the
aircraft with backward inclinations of 10 and
50�. At the aircraft operating altitudes, the two
cameras provide a spatial resolution ranging be-
tween 2m and 6m, and 1.5m and 3m, respec-
tively. Several short flight legs at 300m above the
surface were flown in different directions centred
on the city centre. In order to document the diur-
nal and seasonal variability of surface tempera-
ture, dedicated TIR flights were done in summer,
autumn and winter, in the morning, afternoon
and at night. The night-time flights are relatively
novel and allow study of the impact of anthropo-
genic heat on surface temperature heterogeneity
in winter.

Furthermore, in order to retrieve surface tem-
peratures from the aircraft imagery, radiosound-
ings were done once during each flight (from
the city center), and ground truth surface temper-
ature measurements (see Sect. 3.2.1) were com-
pleted using hand-held infra-red thermometers
(Minolta=Land Cyclops Compac 3 IR thermo-
meter) on roads, walls and some roofs on several
blocks in the city centre.

3.3.5 SF6 measurements

The tracer dispersion campaign took place over
6 days of weak winds and various convective
boundary layers (9–11 March and 1–3 July
2004), and included SF6 releases at ground level
monitored by both surface and airborne measure-

Fig. 5. Instruments to monitor the physical and
radiative properties of the aerosols during CAPITOUL

IOPs on the roof of the Toulouse central Post Office
(see text for details)
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ments (Lac et al. 2008, this issue). The SF6 was
released at ground level during the period be-
tween 1 h and 3 h, in a suburban area (Fig. 6a).
Sampling took place at ground-level (20 cm) and
at altitudes of 100m and 200m aboard the Piper-
Aztec, at distances between 280m and 5000m
from the release point. At ground-level, samples
were taken from the road edges and spaced from
100m to 200m (Fig. 6b). The sampling system
for airborne measurements consisted of a rack in-
cluding 30 gas syringes (Fig. 6c). Samples were
later analyzed by gas chromatography in the
IRSN laboratory van (Fig. 6a). The van was also
equipped with an ultrasonic anemometer on a
10m telescopic mast, allowing measurement of
the mean and fluctuating wind components, and
hence turbulence intensities and fluxes (heat and
horizontal momentum). The van was located at
the SF6 release location.

4. First results

In this section are summarized the first scientific
results obtained from CAPITOUL, most of them
being detailed in specific papers in this special
issue. The reader is invited to refer to these
papers for a more complete presentation of the
scientific results he=she is interested in.

4.1 Intra-annual variability of the surface
energy balance (SEB)

The measurements carried out in Toulouse
confirm previous results performed in dense ur-
ban environments. For example, the large heat
storage (�QS) on sunny days, makes it possible
to maintain a positive sensitive QH heat flux dur-
ing the night (BUBBLE – Rotach et al. 2005 –
ESCOMPTE – Grimmond et al. 2005 – Mexico
City – Oke et al. 1999). Certain aspects of the
urban energy balance that are infrequently or not
included in previous work were studied here. For
example, the intra-annual variability of the fluxes
and the simultaneous assessment of the anthro-
pogenic heat flux from both field observations
and energy consumption data.

Table 5 shows the seasonal variability of the
SEB for Toulouse downtown, as measured from
the tower (anthropogenic heat flux is derived
from other measured quantities as explained
hereafter). The most interesting thing about net
radiation is wintertime: it is almost zero. The
solar input is completely counterbalanced by
the long-wave loss, caused by the heated sur-
faces. When comparing turbulent fluxes to the
net radiation, as is usually done (e.g. Grimmond
et al. 2005), one observes values of QH=Q

� larg-
er than one for spring and autumn, and a mean-

Fig. 6. Instruments to measure SF6 dispersion: (a) The laboratory van equipped with a telescopic 10m mast. SF6 is
released at 2m 50 of height (seen behind the van). (b) Ground sampling with a drop by drop system. (c) Aircraft rack
including 30 gas syringes
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ingless value for winter. This is because another
source of energy, namely QF, feeds the turbulent
exchanges in addition to net radiation. Then, over
Toulouse, the total energy is found to split as
78% into sensible heat flux and 22% into latent
heat flux. This partitioning is almost constant
during the whole year, with very few contrasts
between the four seasons.
Over the city centre of Lodz, Poland, Offerle

et al. (2006), QH varies between 50% and 60% of
the available energy at a seasonal scale over two
years. The difference could be attributed to the
fact that Lodz site has more vegetated areas
than Toulouse centre site (30% instead of 8%).
Seasonal differences are also observed over
Basel during BUBBLE (on two sites with 16%
and 31% of vegetation): in winter, latent heat flux
is just slightly smaller than the sensible heat flux,
while in summer QH is twice as large as QE

(Christen and Vogt 2004, their Fig. 10). This sug-
gest that at the seasonal scale and for moderate
climate cities, the energy partitioning variability
is primarily dependant on vegetation evapotran-
sipiration process (even in city centres), and only
secondary on climatic conditions variability.

4.2 Anthropogenic fluxes

The anthropogenic heat flux is first estimated
from direct measurements of the SEB (at the cen-
tral site). Instantaneous knowledge of the anthro-
pogenic heat flux is not available, because only
the residual, e.g. �QS–QF, is known. However,
Pigeon et al. 2007b show that over an extended
period, the integral of storage becomes suf-
ficiently small to be considered negligible. The
monthly evolution of the anthropogenic heat
flux deduced by this method is shown on Fig. 7.
While the anthropogenic heat flux is around
20Wm�2 during summertime, it increases in au-
tumn and is a maximum in winter, reaching on
average 80Wm�2, when space heating is impor-
tant. In winter, anthropogenic heat becomes the
main energy source of the urban canopy.

The estimation of QF from SEB residuals
shows good agreement with the average energy
consumption inventory (Pigeon et al. 2007b) for
the area within a 500m radius around the instru-
ment tower (Table 6), and appears to reproduce
the anticipated annual cycle of the anthropogenic
flux.

Table 5. Seasonal variation of surface energy balance observed from beginning of March 2004 to end of February 2005 for
the dense old core of Toulouse

SEB Q� QF QH QE QH==Q
� QE==Q

� QH==(Q
�1QF) QE==(Q

�1QF)
quantity Wm22 Wm22 Wm22 Wm22

Spring 81 26 83 24 1.02 0.30 0.77 0.23
Summer 123 15 105 32 0.86 0.26 0.76 0.24
Autumn 33 42 59 16 1.78 0.49 0.78 0.22
Winter �1 76 61 14 �119 �28 0.81 0.19

Fig. 7. Annual cycle of net radiation
(black) measured at the top of the central
site tower, and of anthropogenic heat flux
(red), estimated from the integrated residual
method. Vertical bars indicate day-to-day
variability
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The energy balance measurements were used
to validate the numerical Town Energy Balance
(TEB) (Masson 2000; Masson et al. 2002;
Lemonsu et al. 2004) urban scheme (Pigeon and
2008, this issue). The daily cycle of SEB terms
computed by the model, averaged over for a 9 day
cold wintertime period from 20 to 28 February
2005, are presented in Fig. 8 and compared with
the observations from the tower. The diurnal cy-
cle of the sensible heat flux is well reproduced,

Table 6. Estimation of QF with a method based on
surface energy balance observations and an inventory of
energy consumption for the dense old core of Toulouse

Winter
(DJF)

Spring
(MAM)

Summer
(JJA)

Fall
(SON)

SEB observations
(Wm�2)

84 24 18 41

Inventory
(Wm�2)

69 44 29 41

Fig. 8. Comparison between
TEB simulated and observed
components of the surface
energy balance. Mean diurnal
cycle for the period 20–28
February 2005
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with the correct intensity during the day. During
the night, observations show a significant posi-
tive QH (50Wm�2). This feature is specific to
urban areas, and is due here to space heating.
TEB reproduces the strong nocturnal sensible
heat flux, although it is overestimated by
25Wm�2. The simulation of the residual is cor-
rect (�95Wm�2 observed, �92Wm�2 mod-
elled, see also bottom panel of Fig. 8) and the
modelling of heating in TEB produces an anthro-
pogenic heat flux as large as 87Wm�2.

4.3 Urban breeze circulation: observation
and simulation

The urban breeze circulation is a concept pre-
sented by Oke (1987) by analogy with a sea or
lake breeze: the thermal contrast related to dif-
ferential warmth of two surfaces forms a hori-
zontal pressure gradient that tends to produce
air movement. At low level, the flow is directed
from the colder towards the warmer surface, with
a counter-flow forming aloft. In the case of a city,
this leads to convergence at low-levels and di-
vergence at the top of the boundary layer. This
phenomenon has already been simulated (e.g.
Lemonsu and Masson 2002). The airborne mea-
surements deployed during CAPITOUL allow us
to observe the characteristics of such a breeze
experimentally, on the very hot summer day of
July, 4th 2004 (Hidalgo et al. 2008a, this issue).

Figure 9 shows the anomaly of the wind field (in
relation to the synoptic wind) measured during
the afternoon by the instrumented aircraft.
Convergence of a few metres per second forms
at low levels (the flight altitude is 300m), and a
divergence of wind occurs at the top of the
boundary layer. This breeze is created by a dif-
ference in the surface sensible heat flux of ap-
proximately 300Wm�2 between the city and
the countryside in the afternoon, and extends hor-
izontally to 2 to 3 times the mean size of the city.

This urban breeze episode was simulated with
the MESONH model (Lafore et al. 1998) by
Hidalgo et al. (2008b, this issue). Simulation
reproduces the chronology and intensity of the
events (UHI, diurnal heating and heat fluxes)
well. The breeze is formed at the end of the
morning in the model. The reproduced speeds
are comparable with those of the observations.
The mean vertical velocity above the city associ-
ated with this breeze reaches 0.5m s�1.

4.4 Urban fog

In general previous work shows that fog is rarer
in downtown environments. Radiation fog
appears frequently in winter in the countryside,
when surfaces and the overlying air cool during
the night (Oke 1987). The fog is thus formed
near the soil surface, and extends to the base of
the nocturnal inversion, then thickens thereafter

Fig. 9. Urban breeze during
the afternoon of the 4th of July,
2004. Left: aircraft wind
anomaly in the lower boundary
layer (convergence). Right:
aircraft wind anomaly in the
entrainment zone (divergence)
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by radiative cooling at the top of the fog. On the
other hand, in cities the anthropogenic fluxes
(winter heating) or nocturnal heat release (sum-
mertime �QS) produces upward sensible heat
flux, forming a slightly convective layer typically
100m–200m deep instead of the classical noc-
turnal inversion.
Therefore one expects that downtown areas are

characterized by fog which forms later and dis-
sipates sooner. The CAPITOUL measurements
confirm these facts, but also demonstrate, in sev-
eral cases of fog, a counter-intuitive phenome-

non: when urban fog does manage to form, the
fog in the downtown area is thicker (in height)
than in the countryside.

Figure 10 shows the radiosoundings carried
out on 6th January 2005 in the evening (20UTC)
and on the afternoon of the next day (14UTC), in
the downtown area (left panel) and in the coun-
tryside (right panel). It shows that in the country-
side, a temperature inversion develops in the first
few tens of metres, and that fog was formed
there. It thickens in the classic manner during
the night, to reach its maximum height the next

Fig. 10. Urban fog evolution:
(a) urban and (b) rural
radiosoundings on the evening
of 6th of January, 2005. (c)
urban and (d) rural radio-
soundings in the afternoon
of 7 January 2005. Black line
is temperature, grey line is
dew point temperature
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day. On the other hand, the layer of fog in down-
town immediately (from 20UTC) reaches its
maximum height, yielding a fog layer 3 times
thicker than that in the countryside. The hypoth-
esis advanced to explain this, which has to be
detailed by modelling, is that when humidity is
sufficient, fog is formed almost everywhere in
the (slightly convective) mixed nocturnal urban
boundary layer (of approximately 100m in this
case). Moreover, the high concentration of urban
aerosol (mainly of black carbon, see below) in
the city probably plays an important role in the
development and especially the dissipation of
the fog.

4.5 New insights on urban aerosol

CAPITOUL confirms that urban aerosol is main-
ly composed of carbonaceous materials (BC plus
OC) which is generally larger than 50% in the
PM 2.5 fraction). Main influent sources are com-
bustions: traffic and winter-time space heating. In
winter, the Toulouse aerosol is enriched in am-
monium nitrate due to the low ambient temper-
ature which enhances the reaction between gas
phase ammonia and nitric acid to form ammoni-
um nitrate particles. In summer, the aerosol
(crustal part plus carbonaceous part) is enriched

by sulphates and secondary organic aerosol due
to the higher occurrence of photochemical ac-
tivity. Trace element concentrations are low in
Toulouse compared to the more polluted cities
of Europe except for nickel and chromium
(Calvo et al. 2008).

It is a current observation that the concentra-
tions of aerosols downtown increase with the de-
crease of the boundary layer height (lid effect)
during diurnal or seasonal cycles. The measure-
ments of aerosol concentration compared with
those of the boundary layer height from either
radiosoundings or using the VAISALA ceilom-
eter during CAPITOUL clearly show the exis-
tence of a relation between chemistry and
atmospheric dynamics (Fig. 11).

CAPITOUL underlines the importance of the
ratio BC=OC in the determination of the radia-
tive impact of the aerosol. OC dominates in the
accumulation mode by constituting most of the
scattering component. BC, which is the most ab-
sorbing component, dominates in the ultra-fine
mode and causes a sharp reduction in the value
of the single scattering albedo (SSA). SSA there-
fore varies between 0.6 and 0.8 (diurnal average
of 0.7) in this urban atmosphere, indicating an
overall absorbing aerosol that is controlled by
BC emissions. Additional observations allowed

Fig. 11a. Evolution of the boundary
layer on the 27th June 2004, observed
by the VAISSALA modified ceilometer
(color) and the radiosoundings (white
diamonds). (b) Evolution of aerosol
particles concentration per size class
on the same day
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us to estimate a daily direct radiative forcing for
the period of June–July 2004 using a radiative
transfer model (Mallet et al. 2005; Roger et al.
2006). Simulations show that aerosols signifi-
cantly reduce the solar energy reaching the sur-
face mainly by absorption of solar radiation in
the atmosphere (Gomes et al. 2008, this issue).
The obtained results indicate that the heating rate
within the UBL is considerably enhanced with an
average value of 4.5K day�1 during daytime.
Particle concentrations in the 0.3–2.0 mm size

band observed at the top of the urban canopy
layer follow the expected diurnal pattern in con-
centrations, with particle number increasing
through the night to a peak during the early
morning and decreasing through the afternoon
period. However, comparison between two street
canyons with different traffic flows, orientation
and geometry shows considerable variation in
particle number at the top of the urban canopy
layer. In summer the concentrations of particles
were highest during the day at the top of rue
Alsace (due to the large volume of traffic) but
at the top of the (narrow) Pomme street during
the night (Salmond et al. 2006). This suggests
that these (agglomeration mode) particles may
have been stored within this narrow street canyon
from earlier times and not efficiently vented into
the atmosphere (this is confirmed by wavelet
analysis of the coherent structures).

4.6 Spatial, annual and diurnal heterogeneities
of the surface temperature field

The aspects of the urban heat=cool island relate
to average temperatures, however, spatial hetero-
geneity of urban surface temperatures is known
to be large (Voogt and Oke 2003). Lagouarde

and Irvine (2008, this issue), analyze the direc-
tional variations in upwelling thermal infra-red
radiation (anisotropy) and find a hot-spot effect
of up to 5K in the morning and 14K in the af-
ternoon (in winter), due to solar irradiation of the
different surface facets. On winter nights, no az-
imuthal effect exists, as expected, but a zenithal
dependence of 1K is found between zenithal
angles 0� and 60�. This dependency is due to
the proportion of roof=wall seen by the sensor
since the walls are warmer than the roofs, due
to canyon trapping and possibly heating effects.
Hand-held IR measurements show a vertical gra-
dient of 3K in wall temperatures at night.

These radiative heterogeneities of the ur-
ban surface, shown by the TIR data acquired
during the campaign, will be modelled on a do-
main of approximately 1 kṁ with the Gastellu-
Etchegorry (2008, this issue) model.

4.7 Evaluation of dispersion modelling

Despite the fact that SF6 releases were released
in the same area and under almost the same
meteorological conditions (convective conditions
and same strength and direction of the wind),
tracer measurements show the plume behaves
differently from inhomogeneous turbulence (Lac
et al. 2008, this issue). The dispersion appears to
be mainly driven by the surface turbulent sensi-
ble heat flux that in turn is strongly sensitive to
the time of day or to the transport induced by
boundary layer clouds.

The dispersion modelling system PERLE,
which is dedicated to operational emergency
use in case of accidental release, has been evalu-
ated with data from the SF6 CAPITOUL cam-
paign. PERLE is based on the meso-scale

Fig. 12. Examples of thermal
images acquired over the Capitol
square with the two TIR

cameras: INFRAMETRICS

M740, 2004 October 4,
11:11:51 UT (left) and FLIR

SC2000, 2004 July 11,
13:47:23 UT (right)
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model MESO-NH, running at 2 km horizontal

resolution, together with the Lagrangian sto-

chastic model SPRAY. MESO-NH applied to

the CAPITOUL SF6 IOPs demonstrates an abili-
ty to supply realistic meteorological and tur-
bulent fields to the dispersion model at this
resolution. The urban surface scheme TEB

strongly influences the structure of the ABL by
reproducing the UHI. SPRAY then correctly pre-
dicts the general behaviour of the contaminant
plume, the spatial distribution and location of
concentration maxima in a coherent way using
the meteorological and turbulent input fields.
The main discrepancy between observation and
measurement concerns the lateral spread of the
plume, which is systematically underestimated
under strongly unstable conditions. The diagnos-
tic formulation of the standard deviation of the
turbulent velocity components, which is based on
the isotropic turbulence assumption, seems to be
partially responsible for the lack of agreement.
Different ways to improve performance are to
be investigated.

5. Conclusions

The CAPITOUL campaign aimed to describe
interactions between an urban surface, atmo-
spheric circulations in the ABL (including the
urban breeze circulation, fog and dispersion)
and aerosols. The campaign took place over the
city of Toulouse (in the southwest of France) for
a whole year in order to detail seasonal variabili-
ty of the physical and chemical processes under
study.
The comprehensive nature of the observation

campaign generated preliminary results concern-
ing a wide range of urban climate questions.
CAPITOUL confirms some results from previous
studies. Examples are the importance of sensible
heat storage in the urban surface energy budget
and the large quantity of BC observed during
diurnal pollution peaks. CAPITOUL also im-
proved knowledge of several UBL processes
and phenomena:

� A method to assess the anthropogenic heat flux
using standard SEB measurements was devel-
oped (Pigeon et al. 2007b), and tested against
heat inventories. Even for a city within a mar-
itime temperate climate such as Toulouse,

wintertime space heating produces a large an-
thropogenic heat flux, which becomes the
main energy input of the canopy in winter.
The modelling of the anthropogenic heat flux
by TEB has also been validated (Pigeon et al.
2008).

� An urban breeze circulation was observed on a
warm summer day (Hidalgo et al. 2008a).
While the city air is colder than that of the
countryside in the morning, the sensible heat
flux becomes larger during the afternoon
(300Wm�2 in the city, almost zero in the
countryside), leading to the urban breeze cir-
culation. Aircraft measurements show that an
urban breeze starts in early afternoon, with
convergence at low levels (with convergent
winds between 1 and 2m s�1), and divergence
in the upper BL and the entrainment zone.
This episode has been successfully simulated
by Hidalgo et al. (2008b).

� Urban fog observations were puzzling. Urban
fog develops later than in the countryside and
dissipates sooner, as expected, but when pres-
ent the layer is deeper over the city. An hy-
pothesis to explain this is that in contrast to the
stable nocturnal in the rural surroundings, over
the city the BL is mixed through a depth of
more than 100m due to urban warmth and
mixes the fog through the whole layer.

� An increase of the relative abundance of black
carbon in the ultra-fine mode causes a decrease
of the single scattering albedo of aerosols from
0.9 to 0.5, which can lead to a diurnal aver-
age heating value of 4.5K day�1 in the UBL

(Calvo et al. 2008; Gomes et al. 2008). There
was a strong link between the UBL height and
aerosol concentration. Wavelet analysis of tur-
bulent aerosol measurements showed that both
the shape of the canyon and season influence
aerosol venting out of (or into) canyons. This
strong seasonal variability was also observed
in the chemical speciation of the aerosol,
throwing into relief the influence of various
dominant sources (Calvo et al. 2008).

� Previous findings of the variability of urban sur-
face temperature and thermal anisotropy were
confirmed during daytime. The first observa-
tions of nocturnal thermal anisotropy were con-
ducted (Lagouarde and Irvine 2008). No
azimuthal anisotropy was found at night, but
there is a zenithal dependence. This can be
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linked to the fraction of roofs viewed and to the
vertical gradient of wall surface temperatures.

� In-situ and aircraft SF6 tracer measurements in
and over a suburban area show the plume to
behave differently relative to inhomogeneous
thermally-driven turbulence (Lac et al. 2008).
The data were used to validate a coupled me-
teorology-dispersion model used in emergency
response cases.

Data from the CAPITOUL campaign are
available to the scientific community on the cam-
paign web site (http:==medias.cnrs.fr=capitoul).
Hence any interested scientist can use this unique
coupled energetics=dynamics=aerosols dataset in
order to improve knowledge of urban climate.
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ABSTRACT

A formulation to include prognostic atmospheric layers in offline surface schemes is derived from atmo-

spheric equations. Whereas multilayer schemes developed previously need a complex coupling between

atmospheric-model levels and surface-scheme levels, the coupling proposed here remains simple. This is

possible because the atmospheric layers interacting with the surface scheme are independent of the atmo-

spheric model that could be coupled above. The surface boundary layer (SBL; both inside and just above the

canopy) is resolved prognostically, taking into account large-scale forcing, turbulence, and, if any, drag and

canopy forces and surface fluxes. This formulation allows one to retrieve the logarithmic law in neutral

conditions, and it has been validated when coupled to a 3D atmospheric model. Systematic comparisons with

2-m observations and 10-m wind have been made for 2 months. The SBL scheme is able to model the 2-m

temperature accurately, as well as the 10-m wind, without any use of analytical interpolation. The largest

improvement takes place during stable conditions (i.e., by night), during which analytical laws and inter-

polation methods are known to be less accurate, and in mountainous areas, in which nocturnal low-level flow

is strongly influenced by surface cooling. The prognostic SBL scheme is shown to solve the nighttime physical

disconnection problem between surface and atmosphere models. The inclusion of the SBL into the urban

Town Energy Balance scheme is presented in a paper by Hamdi and Masson in which the ability of the

method to simulate the profiles of both mean and turbulent quantities from above the building down to the

road surface is shown using data from the Basel Urban Boundary Layer Experiment (BUBBLE). The pro-

posed method will allow the inclusion of the detailed physics of the multilayer schemes (e.g., the interactions

of the SBL flow with forest or urban canopy) into a single-layer scheme that is easily coupled with

atmospheric models.

1. Introduction

Surface–atmosphere exchanges, mainly momentum,

water, and heat surface fluxes, drive the boundary layer

evolution and influence the formation of low-level

clouds and more generally the synoptic flows and cli-

mate system. The modeling of these fluxes is performed

by specific surface schemes: soil–vegetation–atmosphere

transfer schemes for vegetation [Chen et al. (1997) re-

view the vegetation schemes used in the intercompari-

son exercise on the Cabauw, Netherlands, grass site],

urban schemes for cities [see a review in Masson

(2006)], or schemes dedicated to sea or ice surfaces. The

degree of complexity of these schemes is wide. The

simplest models are bucket models (e.g., Manabe 1969;

Robock et al. 1995), with only one water reservoir in the

soil. Next are the so-called big-leaf models (Deardorff

1978; Noilhan and Planton 1989), with only one surface

energy balance and no canopy. The more detailed

schemes have several layers in the soil, several energy

budgets (low vegetation, snow, and a tree canopy), and

photosynthesis production to simulate the carbon cycle

(Simon et al. 2005). The same degree of variability exists

in the complexity of the physical processes described in

urban schemes (Masson 2006).

However, this paper will not discuss the complexity of

the physical and physiological processes of the soil or

plants in these schemes. The topic of this paper is to

discuss the coupling of surface schemes to atmospheric

models. Independent of the complexity of the processes,

two coupling methods are usually used (Fig. 1): single-

layer and multilayer coupled schemes.

Single-layer coupled schemes are surface schemes

that are forced by only one atmospheric layer (i.e., the

lowest atmospheric layer of an atmospheric model, as in

Fig. 1b). The surface schemes respond to atmospheric
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variables at this level (temperature, wind, humidity,

incoming radiation, etc.), and they produce averaged

upward turbulent fluxes and radiative quantities (albedo,

emissivity, and surface temperature). Note that this level

is physically supposed to be high enough above the sur-

face to be in the inertial sublayer (or constant flux layer),

with most schemes using Monin–Obukhov theory to

parameterize turbulent fluxes. These exchanges have

been normalized in the Assistance for Land Surface

Modeling Activities (ALMA) norm (Best et al. 2004;

Polcher et al. 1998).

Because of the simplicity of this type of coupling,

these surface schemes can be used offline (e.g., forced

directly by observations; Fig. 1a), so that they can be

used for a wide range of applications (e.g., hydrology).

All of the schemes presented in the offline intercom-

parison by Chen et al. (1997) are single-layer schemes.

These schemes can have a separate modeling of the soil

and of the canopy, but the coupling with the atmosphere

is always done at a forcing level above the canopy. The

link between the forcing level and the soil/canopy to

compute energy fluxes is usually done using systems of

aerodynamical/stomatal resistances [as in Deardorff

(1978)] that may depend on many factors, such as plant

stress or atmospheric stability.

Multilayer coupled schemes are schemes that are

coupled with several atmospheric levels (Fig. 1c). They

interact not by surface fluxes (except for the lowest

level), but directly throughout the prognostic-variable

equations of the atmospheric model at each level. For

example, drag forces by the obstacles (trees or build-

ings) will slow the wind and increase the turbulence,

and heat (water) fluxes by these obstacles will produce

differential heating (moistening) between the levels.

Xinmin et al. (1999) use such a scheme coupled inline to a

planetary boundary layer model to study the influence of

the tree density in a forest on the air characteristic within

the canopy at day and at night. Simon et al. (2005) re-

cently built a multilayer scheme to describe precisely the

water and carbon dioxide fluxes inside the Amazonian

forest. For building canopies, Martilli et al. (2002), Co-

ceal and Belcher (2004), and Kondo et al. (2005) present

examples of multilayer schemes. The drawback of this

high-resolution description of the atmospheric processes

is an intimate coupling of the surface scheme and the

atmospheric model. Furthermore, because atmospheric

layers are thin near the surface (depth on the order of

1 m) so as to finely describe the air profile in the surface

boundary layer (SBL), the time step of the atmospheric

model must usually be much smaller to ensure numerical

stability.

Such schemes are used when one wants to describe

very finely the interaction between the atmosphere and

the surface features. For example, low vegetation and

soil will interact with air temperature near the surface

(say at 1 m) while tree leaves exchange temperature

and humidity with higher-level air (with other temper-

atures and humidity). This therefore allows a priori

better simulation of the physical and physiological

processes. Another point of interest in these schemes

is the direct simulation of air characteristics down to

the surface itself, allowing several specific applications

FIG. 1. Schematic view of surface scheme coupling: (a) single-layer surface scheme forced offline, (b) single-layer

surface scheme forced by an atmospheric model, and (c) multilayer scheme forced by an atmospheric model. Dotted

arrows show the interactions between surface and coupling/atmospheric forcing with the forcing level [in (a)], with

the lowest atmospheric level [in (b)], and with all levels intersecting the canopy [in (c)].
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(wind stress in forest ridges, air temperature profile

between buildings, etc.).

The objective of this paper is to implement into single-

layer schemes the fine description of air profiles near

the ground of the multilayer schemes. That way, the

single-layer schemes will gain the explicit physical rep-

resentation of the surface boundary layer as a result of

additional air layers and still be coupled to atmospheric

models through only one layer.

2. Theory

a. Atmospheric equations

The atmosphere can be described by dynamical

(three wind components) and thermodynamical varia-

bles (heat content or temperature, water vapor, and

possibly other water phase quantities). In this study,

only the planetary boundary layer is considered, neglect-

ing mean vertical velocity and horizontal turbulent fluxes.

The Boussinesq hypothesis is applied for simplicity.

However, the following derivation can be generalized to

more complex equation systems. Only the theory is de-

scribed in the main part of the paper. The numerics for

implementation and coupling in models are discussed in

the appendix.

Using mean horizontal wind components U and V,

potential temperature u, and water vapor specific

humidity q, without water phase changes, the equa-

tions describing the atmosphere evolution can be writ-

ten as
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›U

›y|fflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflffl}
Adv

1 fV

|fflffl{zfflffl}
Cor

� fV
g

|fflffl{zfflffl}
Pres

� ›u9w9

›z
,

|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}
Turb

›V

›t
5 �U ›V

›x
� V

›V

›y|fflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflffl}
Adv

� fU

|fflffl{zfflffl}
Cor

1 fU
g

|fflfflffl{zfflfflffl}
Pres

� ›y9w9

›z
,

|fflfflfflfflfflffl{zfflfflfflfflfflffl}
Turb

›u

›t
5 �U ›u

›x
� V

›u

›y|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}
Adv

1 _Q

|{z}
Diab

� ›w9u9

›z|fflfflfflfflfflffl{zfflfflfflfflfflffl}
Turb

, and

›q

›t
5 �U

›q

›x
� V

›q

›y|fflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflffl}
Adv

� ›w9q9

›z
,

|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}
Turb

(1)

where Adv denotes advection terms, Cor denotes the

Coriolis force term, Pres indicates the pressure gradient

term, Turb indicates the turbulence term,

U
g
5 � 1

fr

›p

›y
and V

g
5

1

fr

›p

›x

are the geostrophic wind components, u9w9, y9w9, w9u9,
and w9q9 are the turbulent fluxes, and _Q represents the

diabatic (Diab) sources of heat (e.g., radiative ten-

dency). In addition, a turbulent kinetic energy (TKE)

equation, noted as

e5
1

2
(u92 1 y92 1w92),

can be used to describe the turbulence in some atmo-

spheric models:

where the right-hand-side terms stand for advection of

TKE (Adv), dynamical production (DynProd), thermal

production (ThermProd), turbulent transport of TKE

(Turb), and dissipation (Diss), respectively.

b. Atmospheric equations modified by
canopy obstacles

The above equations refer to air parcels that do not

interact with any obstacles. Near the surface, when one

wants to take into account the influence of obstacles on

the flow, these equations must be modified. In atmo-

spheric research models, this is done by adding additional

terms for each variable, representing the average effect of

these obstacles on the air contained in the gridmesh. Note

here that it would be ideal if the volume of the obstacles

(trees and buildings) contained in the grid mesh were to

be removed from the volume of air of the grid mesh.

However, this makes the atmospheric model considerably

more complex, and the approximation to keep the air

›e

›t
5 �U ›e

›x
� V

›e

›y|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}
Adv

� u9w9
›U

›z
� y9w9

›V

›z|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
DynProd

1
g

u
w9u9

y

|fflfflffl{zfflfflffl}
ThermProd

� ›w9e

›z|ffl{zffl}
Turb

� e,

|{z}
Diss

(2)
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volume constant even in the presence of obstacles is

normally made. This simplification is also chosen here.

Then, the impact of obstacles on the flow is parame-

terized as

›U

›t
5Adv1Cor1Pres1Turb(U)1Drag

u
,

›V

›t
5Adv1Cor1Pres1Turb(V)1Drag

y
,

›u

›t
5Adv1Diab1Turb(u)1

›u

›t canopy
,

›q

›t
5Adv1Turb(q)1

›q

›t canopy
, (3)

and

›e

›t
5Adv1DynProd1ThermProd 1 Turb1Diss

1
›e

›t canopy
, (4)

where Dragu and Dragy are the drag forces (resulting

from pressure forces against the obstacles) that slow

the flow, (›u/›t)canopy is the heating/cooling rate result-

ing from the heat release/uptake by the surfaces of the

canopy obstacles in the grid mesh, (›q/›t)canopy is

the moistening/drying impact of these obstacles, and

(›e/›t)canopy represents the TKE production resulting

from the wake around and behind obstacles as well as

the additional dissipation resulting from leaves-induced

small-scale turbulence.

The prescription of these terms resulting from the

obstacle impact on the flow is parameterized differently

for each multilevel surface scheme, and this is not de-

scribed in detail here. Parameterizations for dynamic

variables are often similar for forest canopies. Wind

drag is usually parameterized as the opposite of the

square of the wind, as in Shaw and Schumann (1992) or

Patton et al. (2001):

Drag
u
5 �C

d
a(z)U(U2 1V2)1/2 and

Drag
y
5 �C

d
a(z)V(U2 1V2)1/2,

where Cd is a drag coefficient and a(z) is the leaf area

density at height z [this parameter can be derived from

the leaf area index (LAI) and vegetation height, as-

suming a normalized vertical profile of leaves distribu-

tion in the canopy]. The TKE production/destruction

term can be parameterized as the sum of two effects:

wake production by the leaves [parameterized as being

proportional to the cubic power of wind:

›e

›t canopy
}C

d
(U2 1V2)3/2

as in Kanda and Hino (1994)] and the energy loss re-

sulting from fast dissipation of small-scale motions

(leaves are of a much smaller scale than the grid mesh).

The latter term is often parameterized as being pro-

portional to the product of wind by TKE:

›e

›t canopy
}�C

d
e(U2 1V2)1/2

as in Kanda and Hino (1994), Shen and Leclerc (1997),

and Patton et al. (2003). Because of the high degree of

complexity of the processes involved (and hence of

possible simplifications), parameterizations for temper-

ature and humidity exchanges are much more variable.

For example, Sun et al. (2006) parameterize heating ef-

fects simply as a function of radiation vertical divergence,

whereas more complex vegetationmodels, as in Park and

Hattori (2004), solve leaf temperature and use it to es-

timate at each atmospheric layer the heat and water

vapor exchanges between the forest canopy and the air:

›u

›t canopy
} a(z)(u

l
� u) and

›q

›t canopy
} a(z)[q

sat
(u

l
)� q],

where ul is the leaf potential temperature and qsat is

humidity at saturation (proportionality coefficients de-

pend on physiological processes of the plant).

For urban canopies, the same drag approach is chosen

in general for the effect on wind, and only the wake pro-

duction term is kept for TKE (because turbulent eddies

are large behind buildings, and therefore their dissipation

is not as fast as thoseproducedby leaves).Heat exchanges

are, however, more complex and detailed [see Masson

(2006) for a review], because radiative trapping and

shadows, different building heights, and sometimes even

road trees are taken into account in state-of-the-art ur-

ban models. An example of urban canopy parameteri-

zation is given in Hamdi and Masson (2008).

As stated above, these additional terms allow a fine

description of the mean variable profiles in the atmo-

spheric model in the SBL (wind and temperature profile

as a function of stability, wind speed in the forest can-

opy, etc.) and of the flow statistics (e.g., nonconstant flux

layer inside the canopy).

c. Implementation of the SBL equations into
a surface scheme

The objective of this paper is to provide a way to

implement such a description of the SBL with many

atmospheric layers directly into the surface scheme.
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Such a scheme could be used offline (Fig. 2a) or coupled

to an atmospheric model (Fig. 2b). As seen by compar-

ing with Fig. 2c, the vertical resolution is the same as with

a multilayer model. The problem is that the computation

of most of the terms of the equations (advection, pres-

sure forces, and diabatic heating) requires the atmo-

spheric model dynamics and physical parameterizations.

The set of equations in (3) is rewritten by separating

the processes into 1) ‘‘large-scale forcing’’ (LS) that is

solved by the atmospheric model, 2) the turbulence, and

3) the canopy effects:

›U

›t
5LS(U)1Turb(U)1Drag

u
,

›V

›t
5LS(V)1Turb(V)1Drag

y
,

›u

›t
5LS(u)1Turb(u)1

›u

›t canopy
, and

›q

›t
5 LS(q)1Turb(q)1

›q

›t canopy
. (5)

The TKE equation remains the same:

›e

›t
5Adv(e)1DynProd1ThermProd 1 Turb

1Diss1
›e

›tcanopy
. (6)

To represent theSBL in the single-layer surface scheme,

one considers prognostic atmospheric layers between the

surface and the forcing level of the surface scheme

(i.e., the level that is coupled to the atmosphere). Each of

these layers is represented by the wind speed, the po-

tential temperature, the humidity, and the turbulent ki-

netic energy (all of these variables are prognostically

computed). They satisfy the set of equations in (5). To

solve them, the following assumptions are made:

1) The mean wind direction does not vary in the SBL

(rotation from the Coriolis force inside the SBL is

neglected).

2) The advection of TKE is negligible. This assumption

is not valid for horizontal scales (and grid meshes) on

the order of a few times the canopy height, because

equilibrium with forcing condition above is not

reached (Belcher et al. 2003; Coceal and Belcher

2004), but it is valid for larger scales.

3) The turbulent transport of TKE (w9e) is negligible

near the ground and in the SBL. This assumption is

fairly valid, with this term being generally important

only higher in the boundary layer.

4) Above the canopy, the turbulent fluxes are uniform

with height (constant flux layer).

5) The large-scale forcing terms [LS(U), LS(V), LS(u),

and LS(q)] are supposed to be uniform with height in

the SBL. It is assumed, for example, that advection

and pressure forces are driven by synoptic flow or by

the mesoscale boundary layer flow (e.g., sea breeze).

Diabatic effects on temperature are also supposed to

be uniform.

The equations can then be solved if the turbulent terms in

the SBL (see section 2e), the canopy terms (depending

FIG. 2. Schematic view of the coupling between the surface scheme and the SBL scheme: (a) single-layer surface scheme

with SBL scheme forced offline, (b) single-layer surface scheme with SBL scheme forced by an atmospheric model, and

(c) multilayer scheme coupling (as in Fig. 1c). Dotted arrows in (a) and (b) show the interactions between surface and SBL

scheme. Upper SBL level is at the same height as the atmospheric forcing level.
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on the physics of each surface scheme), and the (uni-

form with height) large-scale forcing are known or pa-

rameterized.

Writing the equations at the forcing level (z 5 za),

which is supposed to be above the canopy (all canopy

terms are set to zero) and therefore in the constant flux

layer (the turbulent fluxes are supposed to be uniform,

so that the divergences of turbulent fluxes are small),

large-scale terms can be estimated from the temporal

evolution of the variables at the forcing level:

›U

›t
(z5 z

a
)5LS(U),

›V

›t
(z5 z

a
)5LS(V),

›u

›t
(z5 z

a
)5LS(u), and

›q

›t
(z5 z

a
)5 LS(q). (7)

In reality, the constant flux layer hypothesis supposes

not a constant turbulent flux but a small variation of the

turbulent flux relative to its value. The small decrease/

increase of the turbulent flux can lead to tendencies of

the mean variables. However, this small variation is

generally relatively uniform in the whole boundary

layer (e.g., uniform heating of the convective boundary

layer). This impact of the fluxes at the scale of the whole

boundary layer is included in the LS terms.

d. Boundary conditions

Last, one obtains (using only one wind component,

because the wind does not veer with height in the SBL)

›U

›t
5

›U

›t
(z5 z

a
)1Turb(U)1Drag

u
,

›u

›t
5

›u

›t
(z5 z

a
)1Turb(u)1

›u

›t canopy
,

›q

›t
5

›q

›t
(z5 z

a
)1Turb(q)1

›q

›t canopy
, (8)

and

›e

›t
5DynProd1Thermprod1Diss1

›e

›tcanopy
. (9)

The surface condition for the wind equation is given

by the turbulent flux at the surface u9w9(z 5 0). The

value at the top of the SBL scheme is given by the wind

at the forcing level: U 5 U(z 5 za).

The surface condition for the potential temperature

equation is given by the turbulent flux at the surface

w9u9(z 5 0). The value at the top is given by the tem-

perature at the forcing level: u 5 u(z 5 za).

The surface condition for the humidity equation is

given by the turbulent flux at the surface w9q9(z 5 0).

The value at the top is given by the humidity at the

forcing level: q 5 q(z 5 za).

The turbulent fluxes at the surface are computed by

the surface scheme, using the atmospheric variables of

the lowest level of the SBL (and not at the usual forcing

level at za). The exact formulation depends on the sur-

face scheme used. For example, many (one layer) sur-

face schemes use to compute the surface heat (vapor)

flux a formulation with exchange coefficients Ch (in-

cluding a dependency with stability) and surface and air

temperatures (humidity) [w9u9(z 5 0) 5 C
h
(u

s
� u

a
)].

With the SBL scheme, ua is the temperature at the first

SBL level, and the stability in the lowest layer is near

neutral (because of the proximity to the ground—we

use 50 cm as the first layer).

There is no need of a boundary condition for the TKE

at the surface or at the forcing level, because no vertical

gradient of TKE is used. The only term that needs

special computation near the surface is the dynamical

production term, because it uses a vertical gradient of

the mean wind.

e. Turbulence scheme

One turbulence scheme is, of course, needed in the

SBL. A TKE turbulence scheme, developed by Cuxart

et al. (2000), is chosen here. The mixing length is com-

puted as in Redelsperger et al. (2001). Mixing and dis-

sipative length scales are not equal, so as to represent

accurately the dissipation modification resulting from

the 21 power law of the turbulence in the SBL. Other

turbulence schemes may be used.

A summary of the turbulence scheme is given below:

u9w95 �C
u
le1/2

›U

›z
,

w9u95 �C
u
le1/2

›u

›z
,

w9q95 �C
q
le1/2

›q

›z
, and

›e

›t
5 �u9w9

›U

›z|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}
DynProd

1
g

u
w9u9

y

|fflffl{zfflffl}
ThermProd

�C
e

e3/2

l
e|fflfflffl{zfflfflffl}

Diss

1
›e

›tcanopy
, (10)

with Cu 5 0.126, Cu 5 Cq 5 0.143, and Ce 5 0.845 [from

the Cheng et al. (2002) constant values for pressure
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correlations terms and using the Cuxart et al. (2000)

derivation]. The mixing and dissipative lengths l and le,

respectively, are equal to (from Redelsperger et al.

2001; a 5 2.42)

l5 kz/[a1/2C
u
f2
m(z/LMO

)f1/2
e (z/L

MO
)],

l
e
5 la2C

e
C

u
/(1� 1.9z/L

MO
) if z/L

MO
, 0, and

l
e
5 la2C

e
C

u
/[1� 0.3(z/L

MO
)1/2] if z/L

MO
. 0, (11)

where LMO is the Monin–Obukhov length and fm and

fe are the Monin–Obukhov stability functions for mo-

mentum and TKE, respectively.

3. Application to a neutral layer

This SBL scheme included in single-layer surface

schemes will now be validated. The first validation

presented here focuses on the ability of the scheme to

reproduce the most-well-known feature of the SBL: the

neutral wind profile. Under neutral wind conditions, the

wind follows the classical logarithmic law:

U5
u*
k

ln(z/z
0
), (12)

where u* is the friction velocity (square root of the

modulus of the friction flux at the surface), k is the von

Kármán constant, and z0 is the roughness length.

For this validation, the surface scheme physics is lim-

ited to friction at the surface (computed using a rough-

ness length), without any canopy effect higher than at the

surface, andwithout temperatureor humidityfluxes. The

SBL model levels are chosen to be 0.5, 2, 4, 6.5, 10, and

20 m. A constant wind of 10 m s21 is applied at the 20-m

forcing level. The two parameters that are computed

by the SBL model are the wind and the TKE profile

(Fig. 3). The integration time step is 300 s, and the initial

condition is a uniform 10 m s21 in the vertical plane.

Convergence is reached after four time steps (with less

than 1% of variation afterward, starting from uniform

10-m wind speed in the whole SBL). As shown by Fig. 3,

the turbulence scheme in the SBL is able to reproduce

both an almost-constant TKE profile and the loga-

rithmic law for the wind profile. Error on the wind at

2-m height is less than 1% relative to the theoretical law.

Note also that, even if no value is prescribed for the

relationship between TKE and friction [TKE is prog-

nostically computed even at the lowest level using (9)],

the chosen turbulence scheme with the Redelsperger

et al. (2001) mixing and dissipative lengths allows one to

retrieve the relationship e 5 4.65u2
*
, which is valid for

friction-governed SBL flows.

4. Validation

a. Validation strategy

Theobjective is now to validate the couplingof the SBL

scheme for a wide range of meteorological conditions

FIG. 3. Neutral wind and TKE profiles modeled by the SBL model in a simple single-layer

surface scheme.
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(and hence stability conditions). To do this, the SBL

surface scheme is coupled to an atmospheric model on a

560 km3 560 km domain (Fig. 4). After a description of

the model behavior on two different days, the coupled

model will be further validated on a total period of 2

months. The SBL variables will be compared with the

2-m temperature and humidity and 10-m wind of 360

meteorological stations. The horizontal resolution of the

atmospheric model, 2500 m, is high enough to represent

the fine features of the orography (especially valleys, in

which most stations in mountainous areas are located).

The complexity of the chosen area, encompassing coastal

areas and mountains, ensures that a large panel of

boundary layer flows will be represented by the atmo-

spheric model (and influence the SBL scheme below).

b. Description of the coupled
atmosphere–SBL–surface model

The Applications of Research to Operations at Me-

soscale (AROME) atmospheric model is used. It is a

new numerical weather prediction system that was built

to improve the forecasting of mesoscale phenomena

and extreme weather events, such as thunderstorms,

mountain forecasts, coastal winds, immediate forecasts,

and so on. AROME has been used operationally at

Météo-France since the end of 2008. With a 2.5-km

horizontal grid mesh, this model is designed for short-

range forecasts. It merges research outcomes and op-

erational progress: the physical package used is extracted

from the ‘‘Méso-NH’’ research model (Lafore et al.

1998) and has been interfaced into the nonhydrostatic

version of the Aire Limitée Adaptation Dynamique

Développement International (ALADIN) software

(Bubnová et al. 1995).

The physical parameterizations implemented in

AROME are the ‘‘ICE3’’ Méso-NH microphysical

scheme with five prognostic species of condensed water

(three precipitating species: rain, snow and graupel, and

two nonprecipitating ones: ice crystals and cloud drop-

lets; Pinty and Jabouille 1998), the operational Euro-

pean Centre for Medium-Range Weather Forecasts

radiation code, online chemistry and desert dust (Tulet

et al. 2003; Grini et al. 2006; not used here), and a state-

of-the-art TKE turbulence parameterization (crucial for

a good representation of the boundary layer at meso-

scale; Cuxart et al. 2000) with the Bougeault–Lacarrère

mixing length (Bougeault and Lacarrère 1989). The

vertical grid contains 41 levels, 10 of which are below

FIG. 4. Domain of simulation: orography (m). Dots are the 360 meteorological stations used

for the validation.
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1500 m of height. The first atmospheric level, which will

be coupled to the SBL scheme, is located at 17 m above

the ground.

The Interactions between Soil, Biosphere, and At-

mosphere (ISBA; Noilhan and Planton 1989) land

surface scheme is used to represent the physics of

the vegetation. Vegetation parameters come from the

‘‘Ecoclimap’’ database (Masson et al. 2003). ISBA

solves simultaneously the energy and water budget of

the soil and vegetation. The water budget is forced

by precipitation (rain and snow), and takes into ac-

count evaporation of the soil, transpiration from the

vegetation, interception and evaporation of water on

the leaves, runoff, and drainage. The energy budget

is forced by incoming radiation (both solar and infra-

red). ISBA computes outgoing radiation (reflected solar

and emitted/reflected thermal infrared radiation), heat

flux toward/from the ground, and turbulent fluxes

(sensible heat and latent heat from the water vapor

flux).

Two sets of coupled surface–atmosphere simulations

will be performed. One simulation has the classical

options of ISBA and with the forcing level at 17 m (the

lowest AROME level) interacting directly with the

surface. The time step is the default time step of oper-

ational AROME: 60 s. This simulation is the reference

simulation (hereinafter called REF). The other simu-

lation includes the SBL scheme. The atmospheric levels

of the SBL scheme are 0.5, 2, 4, 6.5, 10, and 17 m. The

time step is also 60 s. The ISBA scheme itself is no

longer forced by the 17-m variables provided by

AROME, but by the lowest level of the SBL scheme

(at 0.5-m height). Furthermore, in layers intersecting

high vegetation, a drag term is added following

Patton et al. (2001) on wind [Drag 5 2Cda(z)U
2], as

well as its counterparts on TKE (after Kanda and

Hino (1994):

›e

›t canopy
5C

d
a(z)U3 � C

d
a(z)eU,

whereCd5 0.075. The leaf profile is defined from classic

vegetation characteristics, the vegetation height h and

the LAI, by a(z)5 6LAI[z(h2 z)]/h2. This shape allows

one to reproduce a high density of leaves in the middle

height of the canopy, typical of trees that are, on the

domain, mostly located on mountain slopes (Fig. 5).

This simulation is called SBL.

Note that the time step of the atmospheric model

(and of the surface) remains the same (60 s) when the

SBL scheme is included, whereas the vertical resolution

near the surface is now 0.5 m instead of 17 m. There is

not the constraint of vertical Courant–Friedrichs–Lewy

(CFL) limitation that one would have encountered us-

ing such a fine resolution directly in the atmospheric

model. This shows the interest of the SBL in simulating

fine details near the surface (adding somehow 5 atmo-

spheric vertical levels to the 41 levels existing in the

atmospheric model) while keeping almost the same

numerical cost (13%) for the coupled atmospheric

surface model.

Below, comparisons of the variables at 2-m height are

made. They must be estimated for the REF simulation

(they are prognostically computed for the SBL one).

This can be done by an extrapolation downward from

the atmospheric variables at the forcing level using the

classical Paulson laws (Paulson 1970; Stull 1988). How-

ever, during nighttime, when fluxes are small (or even

negligible in the case of decoupling), such a formulation

does not ensure the physical relationship between the

2-m temperature and the surface temperature (which is

not used formally in the extrapolation). Therefore, for

stable cases one prefers an interpolation between sur-

face variables and atmospheric variables at the forcing

level (Geleyn 1988), where the shape of the profiles

from the forcing level to the surface is a function of

surface turbulent fluxes.

c. Ability of the scheme to simulate the SBL

The first step of validation of the SBL method is to

check whether the SBL simulations are able to do as a

simulation would in which the SBL layers are directly

added in the atmospheric model. This requires one

to perform an additional simulation with layers added

near the ground. This high-vertical-resolution simula-

tion (denoted HIGH RES) has exactly the same setup

as the REF one except that there are 46 levels, with the

first one being located at 2 m above the ground. To do

this, because of the CFL stability condition, the time

step has to be decreased: the REF and SBL simulations

(which have the first level at 17 m of height) are stable

for a time step that is 8 times as long as the HIGH RES

one. The comparison is done for two days with clear-sky

nights (26 January 2007 and 26 July 2007), for which

nocturnal cooling is large.

During the daytime, the three simulations give similar

results. The surface radiation budget is governed by the

incoming radiation; hence, surface temperatures and

sensible heat fluxes are comparable (the relative dif-

ferences between the simulations’ sensible heat fluxes

are, on average, less than 5%, and differences in surface

and 2-m temperatures are less than 1 K, with no specific

pattern; not shown).

During the nighttime, however, there are significant

differences between the REF simulation and the two

other ones (the two with a higher resolution near the
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ground). The sensible heat fluxes, surface temperature,

and 2-m temperature at midnight are displayed in Figs.

6–8 , respectively. The various terms in the nocturnal

surface energy budget are much smaller than during the

day, and it is more sensitive to a modification of one of

its components. Here, the computation of the turbulent

fluxes is modified by the level of the atmospheric forcing

(17 m in REF and 2 m in HIGH RES). Because the

energy budget is not strongly constrained by the in-

coming longwave radiation, the surface in the two sim-

ulations cools at a different rate. In REF, the sensible

heat flux is negligible, except in some areas in the Jan-

uary case (the northwestern part of the coast and the

two main valleys toward it) where regional winds occur.

The fluxes are larger (in absolute value) in the HIGH

RES simulation, especially in mountainous areas, lead-

ing, on average, to a surface flux over land of230Wm22

on the January night (instead of 218 W m22 for REF)

and217 Wm22 on the July night (instead of26 Wm22

for REF). The surface temperature is then colder in

REF than in HIGH RES in mountainous areas (Fig. 7),

with surface temperatures often colder by 2 K up to

more than 5 K. This tends to show a decoupling in REF

between the surface and atmospheric models, resulting

from the small turbulent fluxes. The diagnostic of 2-m

temperature in REF (it is prognostic in HIGH RES)

seems also to be too much influenced by the surface

temperature, because the difference in the 2-m temper-

ature (24 K over land on average) is even larger than for

the surface temperature. Part of this difference comes

from the too-cold surface temperature, and part comes

from the diagnostic being too strongly influenced by the

surface temperature in those decoupled conditions. In

contrast, the SBL simulation is very similar to the HIGH

RES one (less than 0.5 W m22 of difference on the sen-

sible heat flux, and less than 0.3 K of difference on sur-

face and 2-m temperatures). This highlights two things:

1) The inclusion, as a result of the proposed method,

of the atmospheric layers (and the associated tur-

bulence) in an SBL scheme between the atmo-

spheric model and the surface scheme works. The

FIG. 5. Dominant vegetation types: sea (blue), lakes (light blue), towns (red), bare soil or

vineywards (light brown), rocks or permanent snow (gray), forests (dark green), grassland (light

green), and crops (yellow).
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results are similar when those layers are in the at-

mospheric model (HIGH RES) or in the SBL

scheme (SBL).

2) When coupled at a short distance above the ground,

no decoupling occurs between the surface scheme

and the atmospheric model, because of larger tur-

bulent fluxes being simulated. Taking into account a

better resolution near the surface is a way to solve

the problem of decoupling occurring in atmospheric

models in cold conditions.

FIG. 6. Comparison of surface heat flux (W m22): forecast of 24 h starting at (left) 26 Jan 2007 and (right) 26 Jul 2007 at 0 h,

for (top) REF run, (middle) HIGH RES run, and (bottom) run including the SBL scheme.
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d. Simulation procedure for comparison
with observations

As explained above, the objective is to cover a wide

range of meteorological conditions for many meteoro-

logical stations. One will therefore extend the validation

to a longer period than the two days presented above

and will compare the simulations with observations. The

simulation procedure is like an operational one that is

used for forecast models: For two months (January 2007

FIG. 7. As in Fig. 6, but for surface temperature (K).
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and July 2007), a series of simulations is performed

(REF and SBL), with one simulation of 30 h each day,

starting at 0000 UTC (from the operational ALADIN

French forecast model analysis). The comparison with

the observations is then done at 3, 6, 9, 12, 15, 18, 21, 24,

27, and 30 h of forecast time. Because all of the simu-

lations start at 0000 UTC, these forecast times are also

UTC times. Therefore, the first forecasts are at night

(generally stable conditions), and the middle one is

during daytime (unstable or near-neutral conditions),

FIG. 8. As in Fig. 6, but for 2-m temperature (K).
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and the last ones cover the second night of simulation.

The results are presented separately for the two months

(typical of two types of season).

The statistical scores are, every 3 h: the bias and

standard deviation (STD) of errors between model and

observation, every 3 h, for all simulations (31 in January

and 31 in July) and all 360 stations. The parameters

that are compared are 2-m temperature, 2-m relative

humidity, and 10-m wind.

For REF and SBL simulations, the surface pressure

scores are similar (less than 0.05 hPa on bias and STD at

any forecast time; not shown), showing that, at least for

the short temporal scales under study (30 h), the solu-

tions are meteorologically similar. The ability of the

new SBL scheme to reproduce accurately the standard

2-m variables (temperature and humidity) as well as 10-m

wind is then evaluated.

e. Results and discussion

The land use and orography in the simulation domain

are intentionally complex, containing a large fraction of

mountainous area. Therefore, the statistical scores have

been computed separately for areas of plains and

mountains. They are displayed in Fig. 9 (for the 143

stations below 300 m) and Fig. 10 (for the 217 stations

above 300 m that are located in valleys and mountains).

There is a clear signal of the diurnal cycle on all varia-

bles, especially thermodynamic ones. Therefore, the

analysis and interpretation of the results will be done

separately for daytime and nighttime.

1) DAYTIME

During daytime (which is longer in July than in Jan-

uary), the two simulations compare relatively well to the

observations. Bias remains low for both simulations

(less than 0.5 K in January, and less than 1 K in July),

without any systematic behavior. The STDs are almost

identical. This shows that the SBL turbulence scheme

proposed here is able, using temperature and humidity

at 17 m and the surface fluxes, to simulate correctly the

2-m variables and hence the superadiabatic law (both

for temperature and humidity). This validates the SBL

scheme for unstable conditions.

2) NIGHTTIME

During nighttime, the REF simulation is too cold in

winter and slightly too warm in summer in the plains.

However, it presents a large negative bias for meteo-

rological stations located in mountainous areas (or

areas simply that are higher than 300 m of altitude). The

relative humidity seems correct (and better than that in

the SBL run). However, the impact of temperature is

large on relative humidity. When 2-m temperature is

too small, this indicates that specific humidity (the ac-

tual quantity of water vapor in the SBL) is under-

estimated. The REF simulation [with the Geleyn (1988)

formulation] performs well in the plains during summer

nights but fails here in the other conditions.

The SBL scheme temperature behaves relatively well

in the plains at night in January (on temperature, with

FIG. 9. Statistical scores against observations for the 143 meteorological stations below 300 m of altitude (bias: thin lines; std dev: thick

lines) for (left) January and (right) July 2007 for 2-m (top) temperature and (bottom) relative humidity for REF (solid lines) and SBL

(dashed lines) simulations.
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positive bias around 1 K), but overestimates the tem-

perature by up to 1.5–2 K in the middle of the night

during July (STD is correct). The SBL simulation tends

to overestimate the 2-m temperature, but extended

validation (both in time and simulation domains) would

be needed to address this further. The negative bias in

relative humidity (between 25% and 210%) is linked

to the overestimation of the 2-m temperature. Where

the SBL scheme performs significantly better is in (or

near) the mountains. The 2-m temperature is well sim-

ulated on average in January (0.7 K of bias in January,

instead of more than21.5 K) and slightly better in July.

The STD is also improved at night. This means that the

complex pattern of the temperature field in such a

complex area is better captured with SBL. The error on

relative humidity is again partially linked to this slight

temperature bias. The surface temperature is colder in

REF relative to SBL by a couple of degrees over the

mountains (Fig. 11) in the monthly average (the 2-m

temperature is even colder relative to that of the SBL).

The main feature is then the correct physical behavior

of the SBL scheme for nocturnal conditions, which

shows a clear improvement in nighttime cold conditions

(winter or mountainous areas).

These results can be interpreted as follows:

1) The high underestimation of the 2-m temperature in

the REF simulation is partially linked to an under-

estimation of the surface temperature and is partially

because the stability is diagnosed as strongly stable,

making the surface temperature influence even more

the 2-m temperature. SBL does not appear to pro-

duce an influence as strong as that in the Geleyn

(1988) formulation used in REF. All of this is linked

to the small nocturnal turbulent fluxes (in absolute

value) in REF. Too-small turbulent fluxes lead to a

physical disconnection between the surface and the

atmosphere: the surface cools as a result of infrared

radiative loss while the air temperature above (in

the atmospheric model) is no longer influenced by

the surface, does not cool, and stays warm. The

greater the infrared loss and radiative cooling are,

the more likely this decoupling is to occur. This is

why this occurs in mountains preferentially, where

incoming longwave radiation is weaker. This dis-

connection due to the use of Monin–Obukhov laws

in the exchange coefficients for strongly stable con-

ditions has already been shown by Beljaars and

Holtslag (1991) and Pleim (2006). Different modi-

fications of the functions cM and cH present in

the Monin–Obukhov laws have been proposed by

Beljaars and Holtslag (1991), Lee (1997), or Pleim

(2006) to increase turbulent fluxes for strongly stable

conditions.

2) The use of the SBL turbulence scheme here is able to

correct this disconnection problem between surface

scheme and atmosphericmodel. This can be explained

by two things. First, because the surface scheme is

forced by the lowest SBL scheme layer, the SBL be-

tween the surface and the forcing height (0.5 m) is

never strongly stable (because of small z and then

small z/LMO, where LMO is the Monin–Obuhkov

length). In our simulations, z/LMO only rarely exceeds

the value of 0.2, where the (linear) Paulson laws are

FIG. 10. As in Fig. 9, but for the 217 meteorological stations above 300 m of altitude.
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still valid (Högström 1988; Pleim 2006). The first at-

mospheric point at 0.5 m stays, then, physically con-

nected to the surface, limiting the surface cooling. This

implies a further cooling of the atmosphere, because it

gives energy to the surface (by turbulent flux) to limit

the surface cooling. The surface turbulent fluxes are

transported to the atmospheric model (here at 17 m)

through the SBL scheme, which realizes the physical

connection between the surface and the atmospheric

model. This way, the turbulent fluxes can remain

FIG. 11. Monthly averages for (left) January and (right) July of the differences at midnight (24 h of forecast), between SBL and

REF, of (top) surface sensible heat flux (W m22), (middle) 2-m temperature (K), and (bottom) surface temperature (K).
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significant while the overall stability stays large. This

validates the behavior of the SBL scheme for stable

conditions.

3) ON WIND AND THE ROLE OF OROGRAPHY

The SBL scheme has been validated for wind for neu-

tral conditions. For stable and unstable conditions (night

and day), the 10-m wind simulated by the SBL scheme

seems to be systematically improved (Figs. 12 and 13 for

plains and mountainous areas, respectively). During the

day, winds are stronger in SBL (up to 1 m s21 in the

mountains), which tends to correct the negative bias

present in REF. At night, it also improves the 10-m

wind, by reducing wind strength in the plains but in-

creasing it in the mountains (even with the drag term for

forest areas). Furthermore, the wind direction STD is

slightly improved. Because wind direction is not modi-

fied by the SBL scheme (only its modulus profile is

simulated), the SBL scheme influences the low-level

flow in the atmospheric model (necessarily through

turbulent fluxes) enough to modify wind direction. The

smaller STD means that the structure of the flow in

mountainous areas is better reproduced with SBL.

The fact that the wind can be stronger in the SBL at

night is counterintuitive: we have shown above that the

SBL scheme reduces the occurrence of decoupling be-

tween surface and atmosphere. Therefore, the fluxes are

stronger, and the surface should have a stronger impact

on the wind. Because the surface is a sink of momentum,

the wind should be smaller. This is what occurs in the

plains, where the wind is 0.2 m s21 weaker than in REF.

However, in our simulations, the wind is stronger in

SBL in mountainous areas (0.3–0.5 m s21 stronger on

average). This is due to the following interacting pro-

cesses. The larger (negative) heat flux in the mountains

(because there is no decoupling) cools the air above the

surface. In the presence of sloping terrain, this cool air

forms katabatic winds, therefore maintaining relatively

strong wind at the top of the SBL. This retroaction loop

explains the larger 10-m winds near the mountains with

the SBL scheme, the better structure of the low-level

flow, and the better representation of the variability of

the temperature field.

5. Conclusions

A formulation that allows one to include prognostic

atmospheric layers in offline surface schemes is derived

from atmospheric equations. The interest of this ap-

proach is to use the advanced physical description of the

SBL canopy interactions that was available only in

complex coupled multilayer surface schemes. The cou-

pling only occurs at the bottom level of the atmospheric

model that should be coupled above the surface 1 SBL

scheme. Variables that must be exchanged are incoming

radiation and forcing level air characteristics toward the

surface scheme, and upward radiative and turbulent

fluxes from it. The air layers prognostically simulated

with the SBL scheme take into account

1) the term that is related to large-scale forcing (e.g.,

advection) (The detail of this term is not known

FIG. 12. As in Fig. 9, but for 10-m wind (top) strength and (bottom) direction.
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by the SBL scheme. The evolution of the air char-

acteristics at the forcing level is supposed to take into

account all of these large-scale forcing terms.),

2) the turbulent exchanges in the SBL (including in the

canopy, if any) (They will modify vertical profiles in

the SBL. For example, the logarithmic profile of

wind is directly induced by these turbulent fluxes,

and is well reproduced by the SBL scheme.), and

3) the drag and canopy forcing terms (These are com-

puted for each layer, because of the interaction be-

tween air and the canopy. These exchanges have to

be modeled by the surface scheme to which the SBL

scheme is coupled. In this paper, for forests, it takes

into account the dynamical terms: drag and impact

on TKE.).

The SBL scheme has been validated when coupled to

a 3D atmospheric model on an area in southeastern

France for two months: one in winter and one in sum-

mer. The systematic comparison with more than 350

meteorological stations shows that the SBL scheme,

while being as good as simpler single-layer approaches

in unstable conditions for temperature and humidity

(and better for wind), generally improves the bias of the

model in nighttime stable conditions. In mountainous

areas, the structure of the flow, often governed by kat-

abatic winds at night, is improved with SBL. The very

high resolution of the SBL (five layers below 10 m) al-

lows one to represent accurately the nocturnal SBL

while keeping significant energy fluxes, the surface

scheme being forced at a very low height (0.5 m). This

shows the ability of this approach to solve the problem

of the disconnection between surface schemes and at-

mospheric models in strongly stable conditions: win-

tertime and/or mountainous areas. All of this validates

the SBL scheme for all types of stability conditions.

The inclusion of the SBL into the urban TEB scheme

is presented in Hamdi and Masson (2008). The coupling

with the urban canopy takes into account heat turbulent

fluxes, drag, and TKE production terms by the build-

ings. In this study, the ability of the method to simulate

the profiles of both mean and turbulent quantities from

above the building down to the road surface is shown

using the data from the Basel Urban Boundary Layer

Experiment (BUBBLE; Rotach et al. 2005). This dem-

onstrates that the proposed method is able to handle

correctly the interactions of the air with a complex

canopy (the buildings).

Three possible applications of an SBL scheme in-

cluded in surface schemes are 1) a more physical de-

termination of standard 2-m variables and 10-m wind [It

can be seen as a drastic increase of the vertical resolu-

tion of the atmospheric models near the ground, without

the drawback of a smaller time step (that would be

necessary to resolve the advection on a very fine grid).

Furthermore, because the additional air layers are not

handled by the atmospheric model, the SBL scheme

(associated with a surface single-layer scheme) is easy

to couple with numerical weather prediction or at-

mospheric research models.], 2) a better description of

the turbulent exchanges and the stability in the SBL,

including over complex terrain, for low-level flow and

dispersion studies near the surface [As future applica-

tions, the dispersion processes in the presence of a

FIG. 13. As in Fig. 10, but for 10-m wind (top) strength and (bottom) direction.
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canopy (e.g., chemical vertical diffusion in urban areas)

could then be more accurately simulated.], and 3) the

inclusion of the detailed physics of the multilayer

schemes (e.g., the interactions of forest or urban canopy

with atmospheric layers in the SBL) into single-layer

schemes.

APPENDIX

Vertical and Temporal Discretization

a. Vertical discretization

The vertical grid for the SBL scheme is a staggered

grid (Fig. A1). Historical variables (U, u, q, and e) are

defined on ‘‘full’’ levels. The temporal evolution terms

due to canopy obstacles [Dragu, (›u/›t)canopy, (›q/›t)canopy,

and (›e/›t)canopy] are also located on these full levels.

The turbulent fluxes computed by the SBL scheme are

computed on the ‘‘flux’’ levels, staggered between the

full levels. The height of full levels is exactly at middle

height between half levels. Note that the grid can be

(and is most of the time) stretched, with a higher reso-

lution near the ground. The ground is the first flux level

(to be consistent with the boundary condition provided:

the surface turbulent fluxes). The atmospheric forcing

level is the upper full level (to be consistent with the

upper boundary condition).

b. Temporal discretization

For any variable X (U, u, q, or e), the evolution equa-

tion can be written as

›X

›t
5

›X

›t
(z5 z

a
)�

›F
›X

›z

� �

›z
1For(X), (A1)

where F is the turbulent flux for X 5 (U, u, q), and

For contains canopy forcing terms [(›X/›t)canopy for

X 5 (U, u, q, e)] and other RHS forces for X 5 e. Note

that the turbulent flux terms F depend formally on the

vertical derivative of the variable (›X/›z) while canopy

forces and RHS TKE forces depend on the variable it-

self (X).

To satisfy the stability of the SBL scheme at large

time steps, an implicit solving is performed. If the cou-

pling at the atmospheric level is explicit, the atmo-

spheric forcing is not modified in the current time step

by the SBL and surface schemes [i.e., (›X/›t)(z 5 za)

does not change during the SBL solving]. Of course, the

atmosphere will further evolve in response to the tur-

bulent SBL fluxes (through the atmospheric model

turbulence parameterization). In these conditions, the

SBL implicit solving writes

where Dt is the time step, the minus-sign superscripts

indicate the previous time step’s variable (known),

and the plus-sign superscripts indicate the future time

step’s variable (which one seeks to calculate). Such

an implicit scheme leads to a linear system linking

all variables at each level to those from the levels

below and above (because of the vertical gradient

at the instant indicated by the plus-sign superscript).

This system is tridiagonal and is easy to solve numer-

ically.

FIG. A1. Schematic view of the vertical discretization for the SBL

scheme. Plain lines are full levels. Dotted lines are flux levels.
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c. Implicit coupling with the atmospheric model

It may be necessary in some atmospheric models

(essentially because of very long time steps—0.5 h—and

the turbulence scheme used in the atmospheric model)

to couple implicitly the surface (including the SBL

scheme here) and the atmosphere. The first RHS term

in (A2) is now equal to

[X 1
(z5z

a
) �X�

(z5z
a
)]/Dt.

The atmospheric variable at the time indicated by

the plus-sign superscript is modified by the surface

flux at the forcing level. It is formalized by Best et al.

(2004) as

X 1
(z5z

a
) 5AF 1

(z5z
a
) 1B

(whereA and B are known). Therefore, (A2), in the case

of implicit coupling with the atmosphere, is written as

This is still a linear system involving variables at the

future time step at all levels of the SBL scheme, but

this system is no longer tridiagonal, because the term

(›X/›z)(z 5 za)
1 (i.e., at upper SBL level) influences

directly the variable X1 at each level. However, such a

system is still resolvable, showing the generality of the

SBL scheme method proposed here.
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Abstract For numerical weather prediction models and models resolving deep convection,
shallow convective ascents are subgrid processes that are not parameterized by classical local
turbulent schemes. The mass flux formulation of convective mixing is now largely accepted
as an efficient approach for parameterizing the contribution of larger plumes in convec-
tive dry and cloudy boundary layers. We propose a new formulation of the EDMF scheme
(for Eddy Diffusivity\Mass Flux) based on a single updraft that improves the representa-
tion of dry thermals and shallow convective clouds and conserves a correct representation
of stratocumulus in mesoscale models. The definition of entrainment and detrainment in
the dry part of the updraft is original, and is specified as proportional to the ratio of buoy-
ancy to vertical velocity. In the cloudy part of the updraft, the classical buoyancy sorting
approach is chosen. The main closure of the scheme is based on the mass flux near the
surface, which is proportional to the sub-cloud layer convective velocity scale w∗. The link
with the prognostic grid-scale cloud content and cloud cover and the projection on the non-
conservative variables is processed by the cloud scheme. The validation of this new for-
mulation using large-eddy simulations focused on showing the robustness of the scheme to
represent three different boundary layer regimes. For dry convective cases, this parameteri-
zation enables a correct representation of the countergradient zone where the mass flux part
represents the top entrainment (IHOP case). It can also handle the diurnal cycle of boundary-
layer cumulus clouds (EUROCS\ARM) and conserve a realistic evolution of stratocumulus
(EUROCS\FIRE).
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1 Introduction

The parameterization of shallow convection and more generally the mixing in the
boundary layer is an important issue in atmospheric numerical models. Moreover, shallow
clouds play an important role in the energy budget of the atmosphere through their impact
on the incoming shortwave radiation. At the 2-km resolution, typical of current numerical
weather prediction (NWP) models, deep convection is resolved but dry and cloudy shallow
convection and turbulence must still be parameterized. Therefore, improving the represen-
tation of physical processes (turbulent local transport, thermals and shallow clouds) in the
planetary boundary layer (PBL) is still an important issue in NWP. In particular, the rep-
resentation of subgrid vertical fluxes, cloud fraction and cloud water needs to be improved
(Teixeira et al. 2008).

In a dry or cloudy convective boundary layer (CBL), the evolution of a variable φ is
strongly influenced by vertical turbulent transport. Therefore, a good estimation of the
second-order moment w�φ� is needed to determine the trend of φ correctly.

Eddy diffusivity or K-theory was the first approach used to parameterize the vertical mix-
ing in the PBL, where the turbulent flux is expressed as a function of the vertical gradient
of the mean variable. Nevertheless, this formulation fails to represent the upper part of a dry
CBL where the turbulent heat transport is opposed to the mean potential temperature (θ )
gradient (Deardorff 1966; Schumann 1987). A solution was developed to represent the non-
local effect of the large eddies by adding a countergradient term to the K-theory (Deardorff
1966; Holtslag and Moeng 1991; Cuijpers and Holtslag 1998; Tomas and Masson 2006).
Another historical approach is “mass flux” parameterization, first introduced in studies of
cumulus convection (Ooyama 1971; Betts 1973; Yanai et al. 1973; Arakawa and Schubert
1974; Tiedtke 1989; Bechtold et al. 2001). This formulation describes the vertical ascent
of convective structures, where a top-hat distribution is used to divide the grid cell into an
updraft zone and its surrounding environment (Arakawa and Schubert 1974).

Siebesma and Teixeira (2000) and Hourdin et al. (2002) have developed a new param-
eterization that combines eddy-diffusivity and mass flux approaches in a consistent way.
Organized strong updrafts are parameterized by the mass flux part while the remaining tur-
bulence is parameterized using K-theory. This parameterization, named EDMF (Eddy Dif-
fusivity\Mass Flux), was developed to model cloudy shallow convection and dry convection
in a unified way. In the EDMF framework, the turbulent flux of a conservative variable φ is
defined as:

w�φ� = −K
∂φ

∂z
+ Mu

ρ
(φu − φ), (1)

where ρ is the density, K is the turbulent diffusivity, Mu is the convective mass flux Mu =
ρauwu (au is the updraft fraction area and wu is the vertical velocity in the updraft), φ is the
mean value and φu is the updraft value of the variable φ.

In this formulation, it is assumed that the size of the updraft area is very small compared
to the grid size (au � 1), so the environmental values are considered equal to the mean val-
ues. The effect of downdrafts is neglected as this parameterization is used only for shallow
convection. Siebesma and Cuijpers (1995) and Wang and Stevens (2000) have shown that
the mass flux contribution in Eq. 1 can represent 80–90% of the total flux of conservative
variables (conservative without precipitation): the liquid potential temperature (θl ) and the
total mixing ratio (rt ). The eddy-diffusivity term represents the remaining fluctuations due to
non-organized local turbulence. The EDMF concept is well suited to modelling boundary-
layer physical processes leading to shallow convection and shallow cloud formation.
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Table 1 Main characteristics of the previous EDMF schemes

SMST04 SST07 RH08

Dry portion equations wu wu wu , Mu

Cloudy portion equations wu , Mu wu , Mu

Closure LCL:ac Grd:σw Grd: wu = 0, au

Grd:wu zs : Mu = �
k Es (k)

Updraft fractional area Constant au Profile

Cloud fractional area Variable

Dry entrainment � = c�

�
1
z + 1

zi −z

�
� = c�

�
1
z + 1

zi −z

�
E(z) = Es (z) + β D(z)

Dry detrainment D(z) = ∂
∂z

�
ρwu

√
λz

r zt

�

Cloudy entrainment Constant Constant

Cloudy detrainment Constant Constant

Momentum transport ED\MF

SMST04 stands for Soares et al. (2004), SST07 for Siebesma et al. (2007) and RH08 for Rio and Hourdin
(2008). Crucial points are definitions of entrainment and detrainment and the closure of the scheme. Grd is
for ground and LCL for lifting condensation level

The main purpose of our article is to present a new set of parameterizations based on
the EDMF concept. The EDMF approach has been implemented in various versions: a first
version was implemented by Soares et al. (2004) (SMST04) in the research model Meso-NH
some years ago. Meanwhile, other parameterizations based on the same concept have been
developed (SST07 for Siebesma et al. (2007) and RH08 for Rio and Hourdin (2008)). Their
characteristics are summarized in Table 1. First, in the dry portion of the CBL, Soares et al.
(2004) and Siebesma et al. (2007) diagnosed the mass flux from the vertical velocity wu .
Assuming a constant updraft fraction, they only needed a definition for the dry entrainment,
and used an empirical definition for entrainment based on De Roode et al. (2000). Hourdin
et al. (2002) diagnosed the mass flux at the top of the surface layer (zs) as the sum of the
entrainment in this layer. Above, entrainment vanishes and only the detrainment is defined
to obtain a given profile of the updraft fractional area (au). Rio and Hourdin (2008) modified
this entrainment (Table 1). More explanations are to be found in these references.

In the cloud layer, entrainment and detrainment have always been considered constant
in these parameterizations, as in Tiedtke (1989). These quantities have been defined by
Siebesma and Holtslag (1996) from large-eddy simulations (LES) of a trade-wind cumulus
case although other complex formulations have been used in mass flux parameterizations.
Moreover, Soares et al. (2004) used the mass flux equation in the cloudy portion and closed
the scheme using a constant cloud fractional area at the lifting condensation level (LCL).

The main motivations for developing a new version using the EDMF concept were:

– to improve the representation of cloud characteristics: liquid water content and cloud
fraction;

– to improve the mixing in the CBL, notably in the countergradient transport where eddy
diffusivity is insufficient (Stull 1988);

– to retain the Kain and Fritsch (1990) approach and so enable vertical variations of entrain-
ment and detrainment in the cloudy portion;

– to have adaptive dry entrainment and detrainment depending on the type of the CBL
and the strength of convection, and limit the impact of the scheme if conditions are
unfavourable for convection development;
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– to enable variations of updraft area fraction, which is taken as constant in several previous
formulations;

– to improve the mixing of momentum.

In Sect. 2, we describe the updraft model and the definition of entrainment and detrainment
in dry thermals and also within clouds for shallow cumulus cases. The subgrid cloud scheme
is also introduced. In Sect. 3, the scheme is evaluated via comparisons with LES on different
case studies.

2 Description of the Convection Scheme

2.1 Updraft Model

The updraft model is defined as a single entraining/detraining rising parcel as in Soares
et al. (2004). One resulting updraft described by the mass flux is used to represent the effect
of several plumes, and its characteristics are determined as a function of mixing between
the updraft and its environment through entrainment E (the inward mass flux from the
environment to the updraft) and detrainment D (the outward mass flux). Moreover, in the
mass flux approximation, the cloud ensemble is considered in the steady state. The mass flux
is defined as Mu = ρauwu , and its evolution is determined by a diagnostic equation of the
mass continuity between the updraft and its surrounding environment (Fig. 1),

∂ Mu

∂z
= (E − D) (2)

or,

1

Mu

∂ Mu

∂z
= (� − δ) (3)

where � and δ are respectively the entrainment rate (E = �Mu) and the detrainment rate
(D = δMu).

The evolution of a conserved parcel characteristic φu during the ascent is defined as in
Siebesma (1998):

∂ Muφu

∂z
= Eφ − Dφu (4)

using Eq. 2 and simplified as:

∂φu

∂z
= −�(φu − φ) (5)

where φu and φ are respectively an updraft conserved variable and its mean value on the
grid. This equation is used to determine the evolution of updraft conservative variables such
as the liquid potential temperature θlu and the total mixing ratio rtu during ascent.

The vertical velocity (wu) equation for the updraft is given by:

wu
∂wu

∂z
= Bu − �w2

u − P (6)

where on the right-hand side (rhs), the first term is the buoyancy, the second term is the
entrainment, and P represents the pressure term defined, e.g. in Simpson and Wiggert (1969),
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Fig. 1 Variations of the updraft
characteristics Mu , θlu and rtu
dependent on the mixing with the
environment dictated by the
entrainment �Mu and the
detrainment δMu

Siebesma et al. (2003), Soares et al. (2004) as a linear combination of the first two terms.
Therefore, the equation can be simplified as:

wu
∂wu

∂z
= aBu − b�w2

u (7)

where a = 1 and b = 1, defined respectively as a virtual mass coefficient and a drag
coefficient (Simpson and Wiggert 1969). Numerical aspects are given in Appendix 2.

Using the definition of mass flux, Soares et al. (2004) and Siebesma et al. (2007) computed
the mass flux in the dry portion of their updraft directly from the vertical velocity obtained
from Eq. 7 and using a constant fractional area. At the cloud base, they used a constant value
of the cloud fractional area to compute the mass flux and close the scheme.

Here, Eq. 7 is used to define the top of the updraft where wu vanishes and also to diagnose
the updraft fraction area, au , which is not a constant or a closure of the scheme as in Soares
et al. (2004) and Siebesma et al. (2007).

Here, thanks to the independent computations of both mass flux Mu (Eq. 3) and wu (Eq. 7),
the updraft fraction area can vary vertically, and is defined as

au = Mu

ρwu
. (8)

The vertical variations of this last variable are important because au is used to diagnose the
cloud fraction (see next section).

Only Hourdin et al. (2002) and Rio and Hourdin (2008) apply their scheme to momen-
tum mixing, processing the wind component as a conservative variable. Here, the mass flux
approach is used to perform a non-local mixing of momentum along the vertical in addition
to the mixing already performed by the turbulent scheme via the eddy-diffusivity approach.
But, since the momentum is not conservative, the effect of pressure perturbations is added
using a parameterization from Gregory et al. (1997). The evolution of the updraft horizontal
wind component is defined as:

∂uu

∂z
= −�(uu − u) + Cu

∂u

∂z
, (9)

∂vu

∂z
= −�(vu − v) + Cv

∂v

∂z
, (10)

where Cu = Cv = 0.5, and uu (vu) represents the zonal (meridional) component of wind
speed modified during the ascent in the updraft; u and v are zonal and meridional mean wind
components respectively.
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2.2 Lateral Mass Exchanges

The definition of entrainment and detrainment is the crucial issue in this type of parameteriza-
tion. Various studies have used different definitions for various PBL regimes (e.g. Siebesma,
1998; Neggers et al., 2002; De Rooy and Siebesma, 2008). Using LES results, De Roode
et al. (2000) showed that, for the dry CBL, the entrainment rate could be approximated by:

� = cz−α (11)

with α close to 1. This formulation takes the entrainment dependence on height into account.
Siebesma and Teixeira (2000) used another formulation to define lateral exchanges in the dry
portion of the CBL: � = 1/z +1/(zi − z) where zi is the inversion height. In this formulation
applied by Soares et al. (2004), � is only dependent on geometrical aspects but independent
of the type of boundary layer or the intensity of the thermals in convective regime. Rio and
Hourdin (2008) defined the detrainment rate from other geometrical considerations, where
detrainment is regulated to reduce the width of the thermal from the surface to zi , becoming
zero at the top of the CBL. Moreover, the entrainment rate is defined as proportional to the
detrainment rate in the dry portion of the CBL.

Here, we have chosen to define lateral mass exchanges from physical characteristics of
the CBL. Arakawa (2004) explains that buoyancy is an important parameter in shallow con-
vection. Moreover, the vertical velocity wu is considered as a pertinent parameter in the
description of mixing between dry updraft or the cloud and their environment in shallow
convection. Neggers et al. (2002) define the entrainment as inversely proportional to vertical
velocity for shallow cumulus convection, and Cheinet (2003) also applies this formulation
to dry plumes. This means that � is not constant but decreases with higher vertical velocities.
In other words, an updraft with strong vertical velocity will be isolated from its environment.

Here, in the dry portion of the CBL, � and δ are no longer dependent on z (Eq. 11) but take
physical characteristics of a buoyant ascending parcel into account. Equation 7 shows that
buoyancy is linked to vertical velocity, wu

2 being a vertical integral of the buoyancy. How-
ever, locally, both can be independent, for example in the non-buoyant part where negative
buoyant air can still be ascending. Young (1988) explains that the correlation between the
buoyancy and w decreases in the upper part of the CBL, the buoyancy acting as a displacing
force in the lower part of the CBL and as a restoring force in the upper part of the CBL. Thus,
lateral mixing does not only depend on vertical velocity as in Neggers et al. (2002) but must
be locally defined as an equilibrium between wu and buoyancy Bu . By dimensional analysis
(Buckingham 1914), we obtain:

�dr y, δdr y ∝ Bu

w2
u

(12)

where Bu = g(θv,u − θv)/θv is the buoyancy.
Near the ground, relatively strong buoyancy and weak vertical velocity allow strong

entrainment to import many air parcels into the updraft, implying a positive proportionality
coefficient for �. Near the inversion, in the non-buoyant zone, much air is detrained implying
a negative proportionality coefficient for δ. Since entrainment and detrainment rates can-
not be negative, the entrainment rate is zero where the updraft is non-buoyant compared to
its surrounding environment. Conditional sampling of detrainment in LES has shown that
detrainment is not null in the mixed layer (Fig. 9c), so to keep a positive detrainment in the
buoyant part of the updraft, a minimum detrainment is defined using a modified formulation
from Lappen and Randall (2001): δ = (Lup − z)−1.
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Eventually, in the dry portion of the CBL, entrainment and detrainment are defined as:

�dr y = Max

�
0, C�

Bu

w2
u

�
, (13)

δdr y = Max

�
1

Lup − z
, Cδ

Bu

w2
u

�
, (14)

where Lup is the Bougeault and Lacarrère (1989) (BL89) upward mixing length, Cδ and C�

have been tuned to fit one-dimensional (1D) entrainment and detrainment to LES, Cδ = −10
and C� = 0.55. Numerical aspects are given in Appendix 3.

There are several descriptions of the exchanges in the cloudy portion. Simpson and Wiggert
(1969) defined entrainment and detrainment rates as functions of the cloud radii. In the
parameterizations of Tiedtke (1989), the entrainment and detrainment rates are constant
� = δ = 2 × 10−4 m−1. Using LES results, Siebesma and Cuijpers (1995) showed that
typical entrainment and detrainment values are one order of magnitude higher than the val-
ues used in Tiedtke (1989) and that the detrainment rate is larger than the entrainment rate,
thus allowing a decreasing mass flux in the cloud. They found typical values for � and δ of
2 × 10−3 and 3 × 10−3 m−1 respectively. Soares et al. (2004) and Rio and Hourdin (2008)
also used these fixed values for entrainment and detrainment (Table 1).

We chose to define two different types of exchange differentiating the dry portion of
the updraft from the moist one because the environment of any updraft is strongly turbu-
lent compared to the environment of a cloud. Taylor and Baker (1991) have emphasised
the importance of buoyancy sorting in determining the cloud composition and in defining
a continued lateral entrainment and detrainment. Zhao and Austin (2003) explained that a
buoyancy sorting model could be used as a physically more realistic alternative to entraining
plume models in shallow cumulus convection notably resolving the Warner paradox. In the
parameterization presented here, if the lifting condensation level (LCL) is reached, lateral
exchanges are computed using the parcel buoyancy sorting approach of Kain and Fritsch
(1990) (KF90 in the following). Details are given in Kain and Fritsch (1990) and Bechtold
et al. (2001).

2.3 Scheme Initialization and Closure

Usually, convection schemes use a closure at the lifting condensation level (LCL), and
Neggers et al. (2004) studied the impact of different types of closure at the cloud base.
They showed that the closure developed by Grant (2001) for shallow cumulus using the sub-
cloud convective velocity scale w∗ (Deardorff 1980b) gave satisfactory results due to the fact
that the subcloud turbulence drives the transport at cloud base. Our approach is consistent
with these results. Real dynamical continuity links the subcloud layer to the cloud layer, so
Mu at LCL is computed directly from the mass flux equation (Eq. 2), and takes the mixing
processes into account for the whole subcloud layer.

Since the scheme starts from the surface, Mu(zgrd) is computed as a function of w∗ but
at the surface, unlike the closure at the cloud base defined by Grant (2001),

Mu(zgrd) = CM0ρ

�
g

θvre f
w�θ �

vs Lup

�1/3

(15)

where w�θ �
vs is the surface buoyancy flux, Lup is the BL89 upward mixing length corre-

sponding to the distance that a parcel leaving the ground travels due to buoyancy. The value
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of CM0 = 0.065 is based on LES results and its determination is given in Appendix 1. Note
that, in the surface layer, this value is greater than the value CM0 = 0.03 originally proposed
by Grant (2001) at the LCL.

The rising parcel characteristics are determined at the ground using the formulation of
Soares et al. (2004) in which an excess is added to the environmental values. For example,
the updraft liquid potential temperature near the ground is:

θlu(zgrd) = θl(zgrd) + α
w�θ �

l s

e1/2(zgrd)
(16)

where the value of α is 0.3 as in Soares et al. (2004). Sensitivity tests indicate (in the range
[0, 1]) that results are not dependent on this coefficient (not shown). This excess is formu-
lated as a function of the surface-layer variability according to Troen and Mahrt (1986) who
demonstrated that the excess is well correlated with the ratio of the surface heat flux and the
square root of turbulent kinetic energy. A similar equation is used for rt .

At the surface, wu is initialized from the turbulent kinetic energy e (provided by the
turbulence scheme),

w2
u(zgrd) = 2

3
e(zgrd). (17)

2.4 The Subgrid Condensation Scheme

The updraft scheme must represent the evolution of an air parcel during its ascent including
not only dynamical but also thermal evolutions, noting that the parcel can condense. There-
fore, a subgrid cloud is diagnosed from the updraft characteristics. Although conservative
variables are used, we diagnose a subgrid liquid mixing ratio rcup and a cloud fraction CF;
rcup is computed from θl , rt and pressure using a “all or nothing” variation scheme since the
updraft air parcels are considered to be completely cloudy. C F is defined as proportional to
the updraft fraction on the grid au :

CF = Ccf au (18)

where Ccf = 2.5. The horizontal size of the cloud is taken as 2.5 times greater than the
size of the updraft; this parameter was tuned to fit the 1D cloud fraction to LES results. The
coefficient represents the difference between the cloudy core fraction and the cloud fraction.

The liquid mixing ratio is approximated as the product of the previously computed cloud
fraction and the updraft liquid mixing ratio computed from the updraft conservative variables
(Bechtold and Cuijpers 1995):

rc = rcup CF. (19)

In our parameterization, rc is not a prognostic variable. If the mass flux becomes zero,
the cloud disappears totally. Only a prognostic cloud scheme can lead to evaporation of a
cloud over several timesteps. So, passive clouds that are not maintained by a thermal are not
taken into account in the parameterization. However, here, rc represents only the contribution
of the shallow convection clouds. Other contributions for clouds can arise from the subgrid
turbulence scheme or from the microphysical scheme (notably for resolved clouds).
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3 Evaluation of 1D Results with Large-Eddy Simulations

3.1 The Numerical Model

The model used to simulate these different convection cases is the non-hydrostatic model
Meso-NH (Lafore et al. 1998), which can be used in various configurations: mesoscale
meteorological model, cloud resolving model (CRM) or LES. The turbulence scheme is the
1.5-order prognostic turbulence scheme developed by Cuxart et al. (2000), which is activated
for all single column model (SCM) simulations and enables the computation of the eddy-dif-
fusivity component of the turbulent fluxes (Eq. 1). In LES simulations, the turbulence scheme
is three-dimensional while it is purely vertical (and coupled to the mass flux scheme) in the
1D simulations. For each of the meteorological situations simulated below, two simulations
were run:

– an LES simulation considered as the reference;
– a 1D simulation with mass flux included.

In addition, in order to highlight the transport linked to the thermals in a dry CBL and stra-
tocumulus PBL, another 1D simulation was performed without the mass flux scheme (only
the turbulence scheme was activated).

Note, too, that although no observations were used for validation, we followed the Global
Energy and Water Cycle Experiment Cloud System Study (GCSS) methodology (Browning
1993) consisting of using observations to evaluate the LES that is then used to validate SCM
results. Finally, Siebesma et al. (2003) and Brown et al. (2002) have shown that LES are
robust for representing shallow cumulus convection and Duynkerke et al. (2004) have shown
that this is also the case for a stratocumulus-topped boundary layer.

3.2 Dry Convective Boundary Layer

The first case tested with the new parameterization is a case from a dataset collected during
the International H2O project (IHOP) described by Weckwerth et al. (2004). This field exper-
iment took place in the US Southern Great Plains (SGP) from 13 May to 25 June 2002. Here,
we use the 14 June 2002 day corresponding to a growing CBL near Homestead, Oklahoma.
The LES was evaluated against soundings, aircraft and lidar measurements (Couvreux et al.
2005). Initial profiles for potential temperature and water vapour mixing ratio and prescribed
surface fluxes were used in LES and SCM (Fig. 2). The same vertical resolution was applied
(58 levels, resolution better than 100 m below 2,500 m and up to 150 m higher up) in the LES
and SCM. The timestep was fixed at 60 s. Forcing to take account of mesoscale advection was
added as in Couvreux et al. (2005). The configurations of these simulations are summarized
in Table 2.

Figure 2 shows θl and rt profiles after 3 and 6 h of simulation for LES, SCM simulation
with the new scheme and SCM simulation using only the turbulence scheme. A significant
improvement of the dry CBL representation was achieved by adding the mass flux term. With
the turbulence scheme only, the model fails to represent the countergradient zone. When only
the eddy-diffusivity term is taken into account in Eq. 1, no turbulent transport opposed to the
gradient is represented. Without mass flux, the top entrainment is incorrectly represented
leading to a too-low inversion and a too-cold and too-moist CBL.

Adding the mass flux contribution to the turbulent fluxes enables the development of the
CBL to be accurately simulated. The inversion is well located according to LES and the
countergradient zone is well simulated.
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Fig. 2 IHOP case: Vertical profiles of liquid potential temperature θl and total mixing ratio rt after 3 and
6 h of simulation. Solid thin line is the initial profile, solid line represents LES results, dashed line the SCM
simulation with the new parameterization and dashed-dotted line the profile obtained using only the turbulence
scheme

Table 2 Configurations of the different simulations for the different cases studied including vertical grid size
at the inversion and in the mixed layer, horizontal resolution only for LES and timestep

IHOP ARM FIRE

Configuration LES/SCM LES/SCM LES/SCM

�x , �y (LES) (m) 100 100 50

�z Mixed layer (m) 20–50 40 10

�z Inv. (m) 50 40 10

�t (SCM) (s) 60 60 60

The turbulent fluxes obtained from the SCM are very similar to the LES turbulent fluxes
(Fig. 3). The gradient of these fluxes are comparable leading to a correct estimation of the
evolution of conservative variables. The eddy diffusivity mainly contributes to the turbulent
fluxes in the lower part of the BL while the mass flux contribution predominates in the upper
part. Local mixing due to small eddies is important near the ground whereas the non-local
mixing, due to the large eddies, has an impact in the upper part of the CBL. The fact that the
mass flux part is the only contribution to the mixing near the inversion can be explained by
the overshooting of updrafts responsible for top entrainment enabling the CBL growth. This
agrees with the study of Sullivan et al. (1998) who showed, using LES, that overshooting
thermals are responsible for top entrainment in a dry CBL.

Figure 4 shows that the new parameterization improves the wind profiles throughout the
simulation, and adding a non-local transport contribution improves the variability of the
momentum fluxes.

To conclude, these different results show the capability of the scheme in representing the
development of a growing CBL from a stable nocturnal layer. The new scheme was also tested
on another case of dry convection from a dataset collected during the Wangara Experiment
(Clarke et al. 1971). Similar results were found.

3.3 Diurnal Cycle of Cumulus Over Land: EUROCS\ARM

The EUROCS\ARM case study is a well-documented typical case of shallow convection,
and is based on an idealization of the experiment performed at the Southern Great Plains

123



A Parameterization of Dry Thermals and Shallow Cumuli 93

−0.1 −0.05 0 0.05 0.1 0.15 0.2 0.25
0

500

1000

1500

2000

H
ei

gh
t (

M
)

<w’θl’> (Km/s)

3h

6h

(a)
LES
1D with massflux

−0.5 0 0.5 1 1.5 2 2.5

x 10
−4

0

500

1000

1500

2000

H
ei

gh
t (

M
)

<w’r
t
’> (mKg/s/Kg)

3h

6h

(b)
LES
1D with massflux

−0.1 −0.05 0 0.05 0.1 0.15 0.2 0.25
0

500

1000

1500

2000

H
ei

gh
t (

M
)

<w’θ
l
’> (Km/s)

(c)
Eddy Diffusivity
Mass Flux

−0.5 0 0.5 1 1.5 2 2.5

x 10
−4

0

500

1000

1500

2000

H
ei

gh
t (

M
)

<w’r
t
’> (mKg/s/Kg)

(d)
Eddy Diffusivity
Mass Flux

Fig. 3 IHOP case: Turbulent fluxes a w�θ �
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t after 3 and 6 h of simulation. Solid line represents LES
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Fig. 4 IHOP case: U and V profiles after 3 and 6 h of simulation. Solid line represents LES results, dashed
line SCM results with the new parameterization and dashed-dotted line the profile obtained using only the
turbulence scheme

site of the Atmospheric Radiation Measurement (ARM) Program during the European cloud
systems project (EUROCS). Brown et al. (2002) presented this case of a diurnal cycle of
cloudy convection over land. The objective here was to simulate the development of a CBL
over land, where forcing is generally both stronger and varies more with time varying than
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over the ocean. SCM simulations were performed using the same vertical stretched grid as
used in LES: 100 levels were used with constant vertical resolution of 40 m up to 4,000 m as
in Brown et al. (2002). The timestep was set to 60 s. Initial profile, prescribed surface fluxes
and forcing were the same than those discussed by Brown et al. (2002) and used for LES.
The configurations of these simulations are summarized in Table 2.

3.3.1 Conservative Variables and Turbulent Fluxes

Figure 5 shows θl and rt profiles at different times. The results obtained with the SCM are
very consistent with those obtained by LES, and CBL growth is well-represented by the
model with the new parameterization: the inversion is well-positioned. The model represents
the evolution of θ l and r t consistently in both the dry and the cloudy portions.

Figure 6 shows mean profiles of turbulent fluxes averaged over 8–9h. The SCM results of
turbulent fluxes are consistent with those obtained from LES in the dry portion of the CBL.
But in the cloud layer (between 1,100 and 2,000 m), turbulent fluxes are slightly weaker than
in LES. Note that there is no discontinuity at the lifting condensation level (LCL) where the
computation of entrainment and detrainment changes.
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Fig. 5 ARM case: θl and rt profiles after 3, 5, 8 h of simulation. Solid thin line is the initial profile, solid line
for LES results, dashed line for results with the new parameterization
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3.3.2 Cloud Variables

Lenderink et al. (2004) have shown in their SCM intercomparison study that SCMs have
a number of general deficiencies: “too large values of cloud cover and cloud liquid water,
unrealistic thermodynamic profiles and high amounts of numerical noise”. In recent stud-
ies, dealing with shallow cumulus parameterization, the liquid water mixing ratio rc and the
cloud fraction are still misdiagnosed by SCMs. For example, in Soares et al. (2004), rc is
overestimated or underestimated due to a lack of mixing of the conservative variables and
the cloud fraction is too large.

With the new set of parameterizations proposed here, there is no numerical noise and ther-
modynamic profiles are consistent with those obtained using LES (as shown previously). The
cloud fraction and the cloud liquid water rc are well-modelled by the subgrid condensation
scheme, as illustrated in Fig. 7 showing the profile of the liquid mixing ratio and the cloud
fraction averaged over 8–9 h. Qualitatively, 1D values of rc and cloud fraction are similar to
LES results, notably the decrease of this variable with height.

The cloud-base and cloud-top evolutions are shown in Fig. 8; the cloud formation and
dissipation are well-modelled in terms of time as well as height.

0 1 2 3 4

x 10
−5

0

500

1000

1500

2000

2500

3000

H
ei

gh
t (

M
)

r
c
 (kg/kg)

LES
SCM with mass flux

0 0.05 0.1 0.15
0

500

1000

1500

2000

2500

3000

H
ei

gh
t (

M
)

Cloud Fraction

LES
SCM with mass flux
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shows LES results, dashed line 1D results with the new parameterization
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To conclude, the scheme is able to diagnose clouds with depth, cloud fraction and liquid
water mixing ratio in good agreement with LES results. In the 1D simulation, the mean cloud
appears and dissipates approximately at the same moment as in LES and the mixing in the
dry and cloudy portions of the CBL are well-represented compared to LES results. The new
set of parameterizations was tested on another case of shallow cumulus convection obtained
from a dataset collected during the Barbados Oceanographic and Meteorological Experiment
(Holland and Rasmusson 1973). Similar results were found.

3.3.3 Updraft Variables

Several profiles representing updraft variables, such as the mass flux, the updraft fraction, the
entrainment and detrainment rates, are shown in Fig. 9. For the SCM simulation, these vari-
ables were directly diagnosed from the convection scheme. For LES, a conditional sampling
(CS in the following) based on the total water mixing ratio and the vertical velocity was used
to determine the entrainment and detrainment rates in the subcloud and cloud layers. In short,
this conditional sampling selects sufficiently moist and ascending grid points. Similarly to
Berg and Stull (2002) a total water mixing ratio threshold is defined as a fraction of the
standard deviation of its anomaly. Using a threshold proportional to the variance induces an
automatic adaptation to the strength of turbulence. The CS is:
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Point P ∈ CS if rt > m × min(σr t , σmin) and w� > 0 where

σmin(z) = 0.05 ×
⎛
⎝1

z

z


0

σr t (k)dk

⎞
⎠ .

There is no threshold for the vertical velocity since the only constraint is that the par-
cel must be ascending. A minimum threshold is introduced. Its value of 5% of the aver-
age standard deviation at lower levels ensures that no point is selected in a non-turbulent
environment where a standard deviation is still defined, as above the cloud layer. This CS
was applied at each vertical level independently. Note that this CS compares well with the
cloud and core sampling proposed by Siebesma and Cuijpers (1995) up to hour 9 of ARM.
Afterwards, there is some difference due to the fact that this CS also selects air that is
detrained out of the cloud. This induces a slight overestimation of the entrainment rate in the
upper part of the cloud layer compared to cloud or core sampling. However, this sampling
has the advantage of sampling the updraft continuously from the surface to the top of the
CBL.

Entrainment and detrainment rates used in the parameterization are compared with those
obtained by CS from LES in Fig. 9c and d. In the lower dry part, we note that the entrainment
is well-represented with large values near the ground modelling the main source of air in the
updraft coming from just above the ground. The minimum of entrainment is located near the
inversion in the SCM results whereas, in LES, the minimum of entrainment is located in the
middle of the CBL. The dry detrainment values are consistent with those obtained by LES
notably near the inversion where the detrainment increase is well-represented qualitatively
and quantitatively.

In the dry part, the mass flux shows good behaviour notably at the cloud base (Fig. 9a).
This is explained by the continuous computation of mass flux from the sub-cloud layer to the
cloud layer, which enables a reasonable representation of mass flux at cloud base. Concerning
the updraft fraction, the 1D fraction is slightly smaller than that obtained from LES. In their
intercomparison study, Brown et al. (2002) obtained a maximum updraft fraction of 10–15%
at about 19h (UTC) (equivalent to 8 h of our simulation), which is consistent with our values.
Moreover, in the dry part the order of magnitude of the updraft fraction, and also its vertical
trend, are comparable to LES results.

In the cloudy part, SCM entrainment is weaker than in LES but both have the same
order of magnitude. The SCM detrainment is consistent with LES. Figure 9a shows that the
mass flux is underestimated but its vertical trend is consistent with LES mass flux obtained
by CS. This is correlated with the weakness of the SCM entrainment and can explain the
relative weakness of the turbulent fluxes in the cloudy part. But, as we have shown previ-
ously, the impact is weak on the mixing of θl and rt and on the diagnosis of cloud char-
acteristics. The SCM updraft fraction is too small but our updraft fraction represents the
cloud core while the updraft fraction obtained by this CS corresponds more to the cloud
fraction.

3.4 Stratocumulus-Topped Boundary Layer

3.4.1 Stratocumulus: Evolution and Impact of the New Scheme

It has been shown that the new parameterization satisfactorily represents cloud-free and cumu-
lus CBL regimes. In some models, before running physical parameterizations, a diagnostic

123



98 J. Pergaud et al.

290 295 300
0

200

400

600

800

1000

H
ei

gh
t (

m
)

θ
l
 (K)

LES
SCM with mass flux
SCM without mass flux

(a)

290 295 300
0

200

400

600

800

1000

H
ei

gh
t (

m
)

θ
l
 (K)

LES
SCM with mass flux
SCM without mass flux

(b)

5 6 7 8 9 10 11

x 10
−3

0

200

400

600

800

1000

H
ei

gh
t (

m
)

r
t
 (kg/kg)

LES
SCM with mass flux
SCM without mass flux

(c)

5 6 7 8 9 10 11

x 10
−3

0

200

400

600

800

1000

H
ei

gh
t (

m
)

r
t
 (kg/kg)

LES
SCM with mass flux
SCM without mass flux

(d)

Fig. 10 FIRE case: Vertical profiles of liquid potential temperature θl at a 0600 and b 1200 local time and
total mixing ratio rt at c 0600 and d 1200 local time. Solid line shows LES results, dashed line the 1D profile
with the new parameterization, and dotted line the profile obtained using only the turbulence scheme

of the PBL regime is performed in order to choose the parameterization consistent with this
regime. For example, if the PBL is diagnosed as convective, the mass flux convective scheme
is run to represent the impact of the thermals. But in the natural world, physical processes
are continuous and there is no discontinuity between different PBL regimes. So, we chose
to test our parameterization on a stratocumulus-topped boundary layer (STBL) case to show
how the new scheme behaves in this type of regime. We expected that the contribution of
the mass-flux term in the computation of the turbulent fluxes to be weak compared to the
contribution of the eddy-diffusivity term.

In the case of stratocumulus, the mass flux must not lead to an over-strong mixing in the
PBL, otherwise the stratocumulus clouds will disappear and a CBL will be created. This type
of scheme is not suitable to an STBL but two points of our scheme encourage us to believe
that the applicability of our parameterization to different regimes of PBL (notably the STBL)
is possible. First, the closure of the scheme limits the strength of the mass flux if surface
fluxes are weak. Second, having adaptive dry entrainment and detrainment depending on the
type and the strength of the convection limits the impact of the scheme if conditions are not
favourable for convection development.

The dynamics of stratocumulus is strongly influenced by top entrainment and radiative
cooling at the cloud top. Without describing the dynamics of these clouds in detail, it should
be noted that stratocumulus clouds are generally marked by a diurnal cycle (Wood et al. 2002);
the evolution of the stratocumulus is closely related to radiative effects. During nighttime,
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Fig. 11 FIRE case: Vertical profiles of liquid mixing ratio rc at a 0600 and b 1200 local time. Solid thin
line shows LES results, dashed line the 1D profile with the new parameterization, and dotted line the profile
obtained using only the turbulence scheme; c and d the liquid water path (LWP) and heights of cloud base and
top as a function of local time

the STBL is cooled at its top by radiative cooling due to emission of longwave radiation
by the cloud and warmed and moistened at its base by the surface fluxes (Duynkerke et al.
1995). Thus, turbulence can be generated and is sufficient to mix the whole PBL. Profiles
of conservative variables are well-mixed during the night. During daytime, stratocumulus
are affected by the absorption of solar radiation, which can compensate for radiative cooling
decreasing the turbulence intensity in the cloud. This can lead to a decoupling between the
cloud layer and the subcloud layer by creating a stable layer under the cloud (Nicholls 1984).

Top entrainment is another important physical process in the evolution of the stratocu-
mulus; it was studied by Lilly (1968) who developed a model of mixed layers. This pro-
cess can accentuate the turbulence in the cloud and generate an elevation of the cloud base
and a splitting up of the cloud, sometimes leading to its total dissipation. In Lilly (1968),
Randall (1980) and Deardorff (1980a), entrainment is considered as a consequence of the local
turbulent mixing. However, recent studies have shown that top-entrainment is caused by large-
eddy turbulent motions scaled by the height of the PBL (Lewellen and Lewellen 1998, 2002).

3.4.2 The EUROCS\FIRE Case

The EUROCS\FIRE case study is a well-documented case of a STBL. LES and SCM sim-
ulations were initialized from observations collected in marine stratocumulus off the coast
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of California in July 1987 during the First International Satellite Cloud Climatology Project
(ISCCP) Regional Experiment (FIRE) (Hignett 1991; Duynkerke and Hignett 1995). This
case is a part of the EUROCS project. Duynkerke et al. (2004) have realized both LES and
SCM intercomparisons on this case. The same initialization, forcing, and vertical grid, as
described in Duynkerke et al. (2004), were used here for the LES and SCM simulations.
The sea surface temperature and surface pressure were prescribed as in Duynkerke et al.
(2004) but contrary to the previous cases, fluxes were not prescribed but computed by the
radiation scheme. The used microphysics scheme was a one-moment parameterization. Our
simulations were limited to 24 h and not 48 h as in Duynkerke et al. (2004). Configurations
of these simulations are summarized in Table 2. Note that the constants of the scheme used
for the CBL cases are the same as described before; this reinforces the possible use of the
scheme in NWP.

Figure 10 shows θl and rt profiles at night (0600 local time) and during the day (1200
local time). The strength of the inversion is approximately 12 K. During nighttime, profiles
obtained with the turbulence scheme only are not satisfactory: the inversion is too low, the
profile of θl is unstable through the whole PBL, and the rt profile is not mixed, the value
being too high at the ground. With the new scheme, profiles are well mixed and values of
θl and rt are consistent with LES results. The inversion is well located. During daytime, the
turbulence scheme also shows deficiencies. The simulated inversion is too low and θl too
low. The decoupling is not really marked, and is particularly apparent on the rt profile where
the stable layer under the cloud is not well established. These failures are corrected by the
contribution of the mass flux: θl and rt values are consistent with the LES results, notably in
the decoupling zone under the cloud.

The mass flux scheme improves the mixing in the cloud and subcloud layers. θl and rt

are well modelled compared to LES results and cause a better representation of the cloud
characteristics. The representation of the liquid water path (LWP) and the liquid mixing ratio
rc is improved by the contribution of the mass flux term (Fig. 11). The fact that LWP values
are consistent with LES results, enables a better modelling of the radiative fluxes in the cloud
layer. The LES captures the diurnal evolution of the LWP due to solar radiation.

Duynkerke et al. (2004) have shown that the LWP is very sensitive to small changes in
the thermodynamic structure of the STBL. A difference of 5% in the cloud thickness can
imply a variation in the LWP of 20%. The new parameterization improves the evolution of
cloud in terms of rc, and cloud top and cloud base during daytime and nighttime (Fig. 11a,
b, d) compared to the results obtained without the mass flux term. Using only the turbulence
scheme does not enable the diurnal evolution of the cloud top to be simulated well: its height
decreases constantly during the day (Fig. 11d). The cloud top obtained with the new scheme
compares better with LES results.

We conclude that the turbulence scheme is not sufficient to represent top entrainment
in stratocumulus. As described in the previous section, this process is crucial in the mod-
elling of this type of cloud. Duynkerke et al. (2004) point out this general discrepancy of
SCMs, and show the necessity of developing a top-entrainment parameterization for a better
representation of stratocumulus.

Here, during nighttime, the mass flux term allows top entrainment of free atmosphere air
into the PBL and improves the mixing over the whole STBL, as in the dry CBL. During
daytime, the mass flux is limited to the subcloud layer due to the stable layer under the cloud
and the top entrainment is weaker than at night. The mass flux contribution plays the role of
top-entrainment parameterization and considerably improves the representation of the strato-
cumulus diurnal evolution. As in the recent study by Lewellen and Lewellen (1998, 2002), the
top entrainment in the STBL is mainly due to coherent structures and not to local turbulence.
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4 Conclusion

In order to improve the mixing in the CBL, a mass flux part was incorporated into the
computation of turbulent fluxes. This approach named EDMF for eddy diffusivity\mass flux,
has been largely accepted by the community for parameterizing dry and shallow convection.
The computation of turbulent fluxes is divided into two parts: the eddy-diffusivity term rep-
resenting the local mixing and the mass flux term to represent the impact of the large eddies.

Results obtained with SCM have been compared to LES results. The global behaviour
of the scheme has been tested on dry (IHOP) and cloudy diurnal convective cases (EU-
ROCS\ARM) and also on an STBL case (EUROCS\FIRE).

This new set of parameterizations is able to correctly represent the mixing in the counter-
gradient zone taking the effect of the non-local mixing (large eddies) into account in the upper
part of the dry CBL. Compared to the results obtained using only the turbulence scheme,
adding a mass flux term notably enabled the representation of fluxes opposed to the gradient
of θ l . Moreover, the mixing of momentum has been improved. The mass flux term is also
responsible for overshooting, enabling better modelling of the top entrainment and leading
to a better representation of the boundary-layer growth.

Results for EUROCS\ARM case have shown that the subgrid condensation, using the
updraft variables, is able to correctly diagnose the cloud characteristics qualitatively and
quantitatively. Cloud base and top are well located, and the liquid water content and the
cloud fraction are in good agreement with those obtained using LES. We have also shown,
using LES diagnostics, that entrainment and detrainment rates are well represented in the dry
portion, even if entrainment is not strong enough in clouds.

Results for the \FIRE case have shown that the scheme is not only able to correctly
represent the growth of the boundary layer from a nocturnal stable layer to a CBL but can
also improve the dynamics of an STBL. The mass flux term is responsible for a better top
entrainment leading to a better evolution of the LWP and better modelling of the decoupling
during daytime compared to results obtained without a mass flux scheme. Moreover, the
cloud top and base are consistent with LES results. Although, the cause of top entrainment
is not explicitly known, taking the impact of coherent structures into account improves the
modelling of the STBL.

Compared to other EDMF parameterizations, our approach contains several important
improvements enabling these three types of boundary-layer regime to be well represented:

– new closure for the mass flux at the ground solves the closure problem at the LCL studied
by Neggers et al. (2004).

– computing adaptative dry entrainment and detrainment from updraft buoyancy and ver-
tical velocity enables representation of the evolution of the CBL and also the STBL to be
represented without differentiating the type of PBL regime.

– Kain–Fritsch approach enables variations of entrainment and detrainment in cumulus.
– the new subgrid condensation scheme improves the representation of the cloud charac-

teristics notably for the cloud fraction.
– one updraft is used to keep real continuity between the subcloud layer and the cloud layer.

This robustness of the scheme for different PBL regimes allows it to be included in NWP
models.
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Appendix

1 Mass Flux in the Surface Layer Compared to w∗

The mass flux near the surface was set proportional to the convective vertical velocity scale
w∗ as in Grant (2001). The coefficient of proportionality CM0 in our scheme cannot have the
same value as that used by Grant (2001) due to the fact that Grant (2001) defines this relation
at the LCL. So, we used the conditional sampling defined in Sect. 3.3.3 to obtain mass flux
values in the surface layer for different convective cases at different dates (IHOP, ARM).

Figure 12 is a plot of the surface layer mass flux against sub-cloud layer velocity scale.
The LES data suggest that CM0 = 0.065.

2 Analytical Solution for the Vertical Velocity wu

Equation 7 presents the computation for vertical velocity in the updraft wu . Combining with
the equation for entrainment 14, the wu equation becomes:

∂wu
2

∂z
= 2aBu − 2bC�max(0, Bu) (20)

Fig. 12 Mass flux in the surface
layer computed using the
conditional sampling defined in
Sect. 3.3.3 versus sub-cloud layer
velocity scale w∗. Line shows
M = 0.065w∗
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CBU O is defined equal to 2a if Bu < 0 (entrainment is zero) and to 2(a − bC�) if Bu > 0.
This equation is integrated over each layer. Figure 13 presents this integral. If z� is layer
bottom, z�� is layer top and �zD = z�� − z�, wu

2 is defined by:


�zD

∂wu
2

∂z dz = 
�zD

CBU O Budz, (21)

wu
2(z��) − wu

2(z�) = CBU O
g

θre f


�zD

�
θvup (z) − θv(z)

�
dz, (22)

where θvup is assumed constant between z� and z��, and the variations of θv is assumed to be
linear between z� and z��.

θv(z) = α1z + θv(z�), (23)

θvup (z) = θvup (z
�). (24)

So, the integral for wu becomes

wu
2(z��) − wu

2(z�) = CBU O
g

θre f




�zD

�−α1z − θv(z
�) + θvup (z

�)
�

dz. (25)

After computation, wu at the level z�� computed from the level z� is:

wu
2(z��) = CBU O

g

θre f
�zD

�−α1

2
�zD − θv(z

�) + θvup (z
�)
�

+ wu
2(z�). (26)

3 Analytical Integrated Solution for Entrainment and Detrainment

The entrainment � is defined by the Eq. 14. This equation is integrated, like wu , on each
vertical grid size, for example between z� and z�� (see Fig. 13):

� = C�

�zD




�zD

B

wu
2 dz. (27)

Using Eq. 26, � becomes

� = C� g
�zDθre f


�zD

θvup (z�)−α1z+θv(z�)
CBU O

g
θre f

z(−α1z−θv(z�)+θvup (z�))+wu
2(z�) dz, (28)

� = C�

�zDCBU O


�zD

−α1z+θvup (z�)+θv(z�)
−α1

2 z2−θv(z�)z+θvup (z�)z+ θre f wu 2(z�)
gCBU O

dz, (29)

noting that X = −α1
2 z2 − θv(z�)z + θvup (z

�)z + θre f wu
2(z�)

gCBU O
:

d X = ((−α1)z + θvup (z
�) + θv(z�))dz, (30)

� = C�

CBU O�zD


�zD

d X
X , (31)

� = C�

CBU O �zD
[Ln(X)]�zD . (32)

After computation, � is defined as:

� = C�

CBU O�zD
ln

�
1 + CBU O�zD

wu
2(z�)θre f

(
−α1

2
�z − θvup (z

�) + θv(z
�))

�
(33)
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where α1 is defined as previously. An identical solution can be found for δ taking the absolute
value of the buoyancy.

A formulation of the transition between cloudy and dry regime is added to limit the sen-
sitivity of the scheme to the change in the computation of entrainment and detrainment. If a
liquid mixing ratio is detected at z�� using an “all or nothing” adjustment from updraft vari-
ables, the LCL height is determined assuming a linear increase of rc with height. A weight
for the KF90 lateral exchanges is defined as proportional to the cloudy part occupation of
the grid and the integral dry entrainment and detrainment are computed only on the height
of the dry part.
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