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RESUME

Un Modéle Régional du Climat (MRC) est un important outil d’analyse pour les
projections sur les changements climatiques et les implications engendrées a 1’échelle
régionale. Dans ce cas, le MRC est piloté a ses frontiéres par des données qui
proviennent d’un Modéle de Circulation Générale Couplé (MCGC) qui, évidemment,
contiennent des erreurs. Nous cherchons a savoir si le MRC amplifie ou atténue ces
erreurs, et quelles répercussions ces erreurs & grande échelle ont sur les petites
échelles générées par le MRC.

Cette ¢tude analyse la réponse d’un MRC aux erreurs contenues dans les données
de pilotage en utilisant le protocole expérimental appelé « Grand Frére ». Elle permet
de séparer les erreurs dues au pilotage des autres erreurs du modéle et d’évaluer les
petites échelles développées par un MRC. Un climat de référence est établi comme le
résultat d’une simulation d’'un MRC a haute résolution effectuée sur un grand
domaine : il est nommé le Grand Frére Parfait (GFP). Pour introduire d’une maniére
contrlée des erreurs dans les données du pilote, un ensemble de simulations d’un
MRC a été réalisé sur des domaines de plus en plus grands et avec une résolution plus
faible : ces simulations sont nommées les Grands Fréres Imparfaits (GFI). Les
données de sorties du GFI sont utilisées, apres le filtrage de petites échelles, pour
piloter un autre ensemble de simulations du MRC sur un domaine plus petit,
nommées Petits Fréres (PF). Les différences entre les statistiques climatiques des
simulations du GFI et celles du GFP illustrent les erreurs contenues dans les données
de pilotage. La comparaison entre les statistiques climatiques des simulations du PF
et celles du GFP permet d’évaluer les erreurs du MRC imputables au pilotage avec
des données imparfaites.

Les résultats d’expériences effectuées sur un domaine de I’est de I’ Amérique du
Nord pour la saison d’hiver montrent que le PF reproduit les erreurs des grandes
échelles de son GFI et corrige partiellement les erreurs de petites échelles causées par
la résolution grossiére du pilote. Donc, pour la période et les domaines utilisés dans
cette étude, le MRC est fortement dépendant de la qualité des données de pilotage.

Mots clés: Modele Régional du Climat, données de pilotage, Expérience Grand

Frere, petites échelles, conditions aux frontiéres latérales



ABSTRACT

Important tools to study anticipated climate changes at regional scale are
represented by high-resolution Regional Climate Models (RCMs). The RCM is
nested at lateral boundaries by the large-scale information from Coupled General
Circulation Models (CGCMs), which are not perfect. The main objective of this work
is to investigate if RCMs amplify/attenuate these errors, and the effect of these large-
scale errors on the small scales generated by RCM.

In this study, the response of an RCM to errors in lateral boundary conditions
(LBCs) is investigated using a perfect-model framework nicknamed the « Big-
Brother Experiment » (BBE). The BBE permits to evaluate the errors due to the
nesting process excluding other model errors. First, a high-resolution RCM
simulation is made over a large domain. This simulation, called the Perfect Big
Brother (PBB), serves as reference virtual-reality climate. Errors of adjustable
magnitude are introduced by performing RCM simulations with increasingly larger
domains at lower horizontal resolution. Such simulations are called the Imperfect Big
Brother (IBB) simulations, and after removing small scales, they are used as LBCs
for smaller domain high-resolution RCM runs, named Little Brother (LB)
simulations. The climate statistics of the LB are compared to those of the PBB in
order to estimate the errors resulting solely from nesting with imperfect LBCs, while
the difference between the climate statistics of the IBB and those of PBB simulations
mimic errors of the nesting model.

The simulations are performed over the East Coast of North America for five
consecutive February months. It is found that the LB reproduces the errors contained
in the large scales of the IBB nesting model. The small scales are seen to improve
slightly in regions with important orographic forcing due to the finer resolution of the
RCM. In conclusion, the study indicates that for the period and the domains used in
this study, the RCM is strongly dependent on the quality of lateral boundary data.

Key words: Regional Climate Model, nesting data, Big-Brother Experiment, small

scales, lateral boundary conditions



INTRODUCTION

Les Modéles de Circulation Générale (MCG) couplés a des Modeles Océaniques
et les Modeles Régionaux du Climat (MRC) représentent des importants outils pour
les projections sur les changements climatiques. Etant donné la résolution spatiale
typique grossiére d’'un MCGC, de 250 a 600 Km, ces modéles offrent une image a
grande échelle pour les projections climatiques. Mais, la majorité des études sur les
impacts et les implications engendrées a 1’échelle régionale par les changements
climatiques demandent une résolution spatiale de 10 & 100 Km ou plus fine encore.
L’information a cette échelle peut étre obtenue en réalisant des simulations avec un
MRC & haute résolution pilotées par les données de faible résolution provenant d’un
MCGC. L’application de ce modéle uniquement sur la région d’intérét lui permet
d’utiliser une résolution spatiale beaucoup plus fine que le MCGC sans augmenter les
colits d’exécution. La fine résolution du MRC lui permet une meilleure représentation
des forgages de surface comme la topographie, les contrastes terre - mer, de la glace,
de la distribution des lacs, et des caractéristiques de la surface de terre. En conclusion,
toutes ces caractéristiques lui apportent I’habileté de résoudre les processus de petite

échelle.

Les premiéres études avec les MRC ont été réalisées par Dickinson et al. (1989) et
par Giorgi et Bates (1989). A partir de 13, les MRC ont beaucoup évolué. Une bonne
analyse sur 1’état actuel des MRC est fournie par IPCC Third Assessment Report et
par les projets d’intercomparaison sur le domaine Nord Amériquen (PIRCS -
Program to Intercompare Regional Climate Simulations) et sur I’Europe
(PRUDENCE - Prediction of Regional scenarios and Uncertainties for Defining
European Climate change risks and Effects). Dans le dernier temps, plusieurs études

ont eu comme objectif d’investiguer 1’habilité du MRC de simuler avec précision les
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processus de petite échelle quand il est piloté uniquement avec des données de faible
résolution. 1l est difficile d’évaluer objectivement cette capacité a cause de manque
d’une base des données adéquates qui contiennent des informations uniformes a cette
échelle pour plusieurs variables d’internes: les Ré - analyses mondiales du National
Centers for Environmental Prediction (NCEP) ne contiennent pas d’information de
petites échelle et les stations météorologiques sont peu nombreuses au-dessus de
I’océan et sur certaines régions terrestres, les mesures étant limitées a un certain
nombre de variables. Le « World Climate Research Programme » (WCRP) dans son
rapport annuel (CAS/JSC WGNE, 2000) a souligné I’importance de développer une
méthode adéquate pour valider si un MRC est capable de simuler correctement les

petites échelles.

En réponse & cette demande, Denis et al. (2002b) ont développé un protocole
expérimental nommé « I’Expérience Grand Frere » (EGF). Cette expérience a permis
d’évaluer I’habileté de raffinement d’un MRC piloté unidirectionnel et de mettre en
évidence quelles sont les erreurs dues uniquement a ce processus de pilotage.
L’expérience propose comme climat de référence un climat virtuel: il est le résultat
d’une simulation d’un MRC a haute résolution effectuée sur un grand domaine. Cette
simulation est appelée « Grand Frére » (GF). Les données de sorties du GF sont
ensuite dégradées, a 1’aide d’un filtre, vers une résolution similaire a celle des
analyses objectives mondiales et des sorties d’un MCGC. Ces données de faible
résolution sont utilisées pour piloter une autre simulation MRC, a la méme haute
résolution que celle du GF, mais sur un domaine plus petit. La simulation sur le petit
domaine est appelée « Petit Frere » (PF). Les statistiques climatiques du PF sont
comparées a celles du GF. Comme les deux simulations (la référence et le PF) ont la
méme haute résolution et utilisent le méme modéle, les différences entre les deux

climats sont attribuables aux erreurs associées a la technique de pilotage et non a



autres erreurs du modéle, et la méthode permet donc d’évaluer 1’habileté de

raffinement du MRC.

En utilisant des simulations pour quatre mois de février sur un domaine centré sur
la Cote Est de I’Amérique de Nord, Denis et al. (2003) ont conclu que les petites
échelles dans les bas niveaux, absentes dans les conditions aux frontiéres latérales et
dans les conditions initiales, sont complétement régénérées par le MRC apres la
premiére journée d’intégration et présentent des hauts coefficients de corrélation
spatiale et temporelle avec le champ de référence pour toutes les variables analysées
(pression au niveau de la mer, température, taux de précipitation totale, humidité

spécifique, vitesse et géopotentiel).

Afin d’analyser ’influence de forgage orographique sur I’habilet¢ du MRC de
simuler les petites échelles, Antic et al. (2005) et Dimitrijevic et Laprise (2005) ont
répété I’expérience sur un autre domaine centré sur la Cote Ouest de I’Amérique du
Nord, pour quatre mois de février et cinq mois de juillet, respectivement. Les résultats
montrent que les champs gouvernés par la circulation de grande échelle, pression au
niveau moyenne de la mer et température a 975 hPa, sont régénérés en hiver de méme
qu’en été avec un haut dégré de fidélité. En ce qui concerne les petites échelles, les
coefficients de corrélation présentent de trés bonnes valeurs pour I’hiver et
satisfaisantes pour 1’été. La différence entre le résultat obtenu en hiver et le résultat
obtenu en été est expliquée par le fait que les forgages latéraux sont plus faibles
pendant I’été. La différence est plus prononcée pour la partie transitoire que pour la
partie stationnaire des champs, surtout pour le champ de précipitation, et elle est due
a la variabilité temporelle plus élevée pendant 1’été en raison de la présence des

phénomeénes convectifs.



4

La séparation de I’analyse sur trois régions, avec différents types de la surface
(océan, montagne et terrain plat) a permis d’évaluer les petites échelles en fonction de
divers for¢ages topographiques. Les meilleures valeurs pour les coefficients de
corrélations sont enregistrées pour la région des montagnes et ils mettent en évidence
le role important des forgages orographiques dans le développement des petites

échelles.

En conclusion, les précédentes études ont montré que, pour la configuration
« opérationnelle » des conditions aux frontiéres latérales (CFL) (T30-résolution
spatiale et six heures d’intervalle temporel des mises a jours des CFL), le MRC est
capable de reproduire les phénomeénes de petites échelles avec de trés bons résultats
pour I’hiver et avec des résultats satisfaisants pour 1’été. Plus de fidélité caractérise

les régions avec un for¢cage orographique important.

En général, les CFL du MRC doivent é&tres suffisantes pour définir 1’état
instantanément de 1’atmospheére aux frontieres ainsi que les flux qui traversent les
frontiéres pour les variables pronostiques primaires du MRC. Donc, il est nécessaire
de spécifier aux frontiéres du MRC les valeurs pour la température, I’humidité, le
vent, la hauteur du géopotentiel et la pression en surface. Ces valeurs a grande échelle
sont interpolées horizontalement et verticalement de la grille du MCG vers celle du
MRC. Les données aux frontiéres du MRC doivent étres spécifiées a toutes les 12
heures ou, préférablement, a toutes les 6 heures parce qu’il est important que le MRC
soit capable de simuler la variabilité diurne. Les études d’Antic et al. (2005) et de
Dimitrijevic et Laprise (2005), sur la sensibilité du MRCC a la fréquence de la mise a
jour des données aux fronti¢res latérales, ont montré des meilleurs résultats pour un
intervalle de temps de 6 heures que pour 12 heures et qu’il n’y a pas d’amélioration

significative en diminuant I’intervalle de temps de 6 a 3 heures.
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Pour les conditions aux frontiéres en surface, il est nécessaire pour MRC d’avoir
une période de relaxation (« spin - up » en anglais), période dans laquelle le modéle
peut atteindre 1’équilibre dynamique entre 1’information fournie par les CFL et la
physique et la dynamique internes du MRC, c’est-a-dire de stabiliser son état initial.
Cet intervalle de temps lui permet de développer les petites échelles caractéristiques a
un MRC. Denis et al. (2002b) ont trouvé que les petites échelles étaient
complétement régénérées par le MRC aprés 24h et ils ont conclu que, pour une
simulation climatique correspondant a une intégration d’un mois, une période de

relaxation de cing jours était suffisante.

Dans ces études, les données qui réalisent le pilotage du PF proviennent du champ
de référence GF, et représentent donc un ensemble « parfait » de données de pilotage
pour un MRC. Mais, pour réaliser des projections sur les changements climatiques, le
MRC doit étre piloté a ses frontiéres par des données qui proviennent d’un MCGC, et
ces données ne sont pas parfaites. Elles contiennent des erreurs dues aux

imperfections du modéle MCGC.

La faible résolution spatiale du MCGC ne permet pas une bonne représentation de
la topographie et de bien paramétriser les processus de sous-grille. Donc, le modéle
est incapable de simuler les perturbations de petite échelle et la variabilité interne.
Duffy et al. (2003) montrent que la faible résolution typique a un MCG affecte non
seulement les petites échelles, qui ne peuvent pas étre résolues par le modéle, mais
aussi la solution de grande échelle. Aussi, Risbey et Stone (1996) notent des
différences majeures existant entre les moyennes et les variations interannuelles des
ondes stationnaires simulées par différentes simulations avec NCAR Community
Climate Model (CCM) ainsi que entre les positions du courant jet et les trajectoires

des perturbations synoptiques dans la région du Pacifique du Nord et de I’Amérique
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du Nord. Ces caractéristiques sont importantes pour définir les flux qui traversent les

frontieres latérales du MRC, et donc leurs erreurs peuvent biaiser le résultat du MRC.

En conclusion, si les données qui réalisent le pilotage du MRC contiennent des
erreurs, il est possible que le climat simulé par le MRC soit contaminé par ces erreurs.
Jones et al. (1995) ont montré que la circulation atmosphérique de grande échelle
simulée par un MRC suit celle du MCG utilisé comme pilote. Ce sont les aspects de
grande échelle du pilote qui réalisent le contrdle de la circulation de grande échelle du
MRC. Done, les erreurs de circulation du MRC peuvent étre le résultat de la
propagation des erreurs du MCG a travers les frontiéres du MRC vers I’intérieur de

son domaine.

Noguer et al. (1998) ont estimé la contribution de la circulation du MCG et de la
physique interne du MRC aux erreurs totales du MRC. Ils ont comparé une
simulation MRC pilotée par un MCG standard avec une autre simulation pilotée par
un MCG qui a été relaxé vers une série temporelle des analyses opérationnelles en
utilisant une technique d’assimilation. Les erreurs de la premiére simulation peuvent
étres dues a la physique interne du MRC ou aux erreurs existant dans les données de
pilotage. Les erreurs de la deuxiéme simulation ont été dues uniquement a la
physique interne du MRC et non a celles de la circulation du pilote. Les simulations
sont intégrées sur un domaine qui couvre 1’ouest et le centre de I’Europe. Leurs
résultats indiquent que les erreurs trouvées dans le champ de la pression au niveau
moyen de la mer simulé par MRC ont été dues presque en totalité a celles des
données de pilotage. Par contre, les champs de la température en surface et de la
précipitation, pour la saison d’été, ont été influencés plus par la physique interne du

MRC que par les erreurs des données de pilotage.
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Dans une comparaison similaire, entre des simulations réalisées avec le Modéle
Régional Canadien du Climat (MRCC) pilotées par les R¢ - analyses NCEP et par le
Canadian General Circulation Model v2 (CGCM2), de Elia et al. (2006) ont trouvé
que, en été, CRCM est peu influencé par les erreurs des données de pilotage.
Cependant, pour la période d’hiver, ils ont trouvé des grandes différences entre les
champs de la température pour les deux simulations. Leurs résultats suggérent que les

données de pilotage exercent une grande influence sur le climat du CRCM en hiver.

Les études présentées ci-dessus suggerent la nécessité d’une investigation plus en
détail sur la sensibilit¢ du MRC aux erreurs contenues dans les CFL. Donc, I’objectif
de cette étude est d’évaluer la réponse d’un MRC aux erreurs contenues dans les
données de pilotage. Nous cherchons a savoir si le MRC amplifie ou atténue ces
erreurs, et quelles répercussions ces erreurs a grande échelle ont sur les petites
échelles générées par le MRC. Il est important de savoir dans quelle mesure
I’information supplémentaire apportée par le MRC est affectée par les erreurs du
pilote, et d’identifier I’erreur maximale contenue dans les données de pilotage qui

détermine une erreur tolérable pour le climat simulé par MRC.

La méthodologie adoptée utilise une variante du protocole expérimental Grand
Frére. Cette variante nous permet d’introduire d’une maniére contrélée des erreurs
dans les données de pilotage, de séparer les erreurs dues au pilotage avec des données
« imparfaites » des autres erreurs du modeéle et d’évaluer leurs impacts sur les petites
échelles développées par le MRC. Dans ce cas, le climat de référence est représenté
par une simulation MRCC a haute résolution effectuée sur un grand domaine et il a
pris le nom de Grand Frere Parfait (GFP). Un ensemble de données imparfaites est
obtenu par un ensemble de simulations MRCC intégrées sur des domaines de plus en
plus grands et avec une résolution plus faible: ces simulations sont nommées les

Grands Freres Imparfaits (GFI). Les données de sortie du GFI sont utilisées aprés le
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filtrage des petites échelles pour piloter un autre ensemble de simulations du MRC
sur un domaine plus petit, simulations nommeées Petits Fréres (PF). Les différences
entre les statistiques climatiques des simulations GFI et celles du GFP illustrent les
erreurs contenues dans les données de pilotage. La comparaison entre les statistiques
climatiques des simulations PF et celles du GFP permet d’évaluer les erreurs du MRC

imputables au pilotage avec des données imparfaites.

Les simulations couvrent la Cote Est de I’ Amérique du Nord pour cinq mois de
février (de 1990 a 1994) et sont réalisées avec le Modele Régional Canadien du
Climat (MRCC). Dans cette étude, nous avons opté pour la configuration
« opérationnelle »: données de pilotage a toutes les 6h avec T30-résolution spatiale.
Les études antérieures réalisées par Denis et al. (2002b et 2003) ont montré que, pour
cette période hivernale et sur ce domaine, le climat développé par MRCC, quand il
est piloté avec des données qui proviennent du champ de référence, donc avec des

données « parfaites », est trés proche du climat de référence.

Pour évaluer quelle est I”influence des erreurs du pilote uniquement sur les petites
échelles développées par le MRCC, une décomposition spatiale des champs a été
effectuée en utilisant des transformées de Fourier discrétes en cosinus. Cette
technique est souhaitable pour des champs 2-D définis sur des domaines a aire limitée
(Denis et al. 2002a). Cette technique est employée aussi pour dégrader la résolution
spatiale des données de pilotage. Plus de détails sur le filtrage des petites échelles
sont présentés dans I’ Annexe B. Les statistiques utilisées pour évaluer le climat sont
représentées a I’aide des diagrammes du Taylor, pour les composantes stationnaires
de méme que pour les composantes transitoires du champ (Denis et al. 2003, Taylor

2001).



9

Le travail est présenté sous la forme d’un article en anglais soumis a la revue
scientifique Climate Dynamics constituant ’unique chapitre de ce mémoire. Il est
suivi par une conclusion. L’Annexe A compléte les analyses présentées dans le
Chapitre I avec une analyse pour le champ de taux de précipitation totale réalisée sur
une région restreinte du domaine avec le but de diminuer I’effet sur ce champ de la
mise a z€éro de la vitesse verticale (w=0) aux fronti¢res latérales du MRCC. L’ Annexe
B apporte des informations sur la technique de filtrage utilisée pour séparer les petites

échelles des grandes échelles.



CHAPITRE 1

LA REPONSE D’UN MODELE REGIONAL DU CLIMAT
AUX ERREURS DU PILOTE

Le présent chapitre présente une courte description du Modele Régional Canadien
du Climat utilisé dans cette étude, ensuite sont présentées la configuration
expérimentale et la méthodologie de I’Expérience Grand Frére Imparfait, ainsi que les
statistiques climatiques et le diagramme de Taylor. L analyse des résultats obtenus
pour les champs de la pression au niveau moyen de la mer, de la température au
niveau 850 hPa et du taux de précipitation totale représentent la partie centrale de ce
chapitre. Une discussion dans laquelle sont synthétisés les résultats obtenus et une

conclusion finiront le chapitre.

Comme mentionné dans I’introduction, ce chapitre est présenté sous forme d’un
article rédigé en anglais qui a été soumis a la revue scientifique Climate Dynamics.
La section Référence se trouve a la fin, la Liste des Figures et la Liste des Tableaux

au début de ce mémoire.
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Abstract

In this study, we investigate the response of a Regional Climate Model (RCM) to
errors in the atmospheric data used as lateral boundary conditions (LBCs) using a
perfect-model framework nick-named the "Big-Brother Experiment" (BBE). The
BBE has been designed to evaluate the errors due to the nesting process excluding
other model errors. First, a high-resolution (45 km) RCM simulation is made over a
large domain. This simulation, called the Perfect Big Brother (PBB), is driven by the
National Centres for Environmental Prediction (NCEP) reanalyses; it serves as
reference virtual-reality climate to which other RCM runs will be compared. Errors of
adjustable magnitude are introduced by performing RCM simulations with
increasingly larger domains at lower horizontal resolution (90 km). Such simulations,
with realistic errors, are called the Imperfect Big-Brother (IBB) simulations and, after
removing small scales in order to achieve low-resolution typical of today’s Coupled
General Circulation Models (CGCM), they are used as LBCs for smaller domain
high-resolution RCM runs. These small-domain high-resolution simulations are
called Little Brother (LB) simulations. The climate statistics of the LB are compared
to those of the PBB in order to estimate the errors resulting solely from nesting with
imperfect LBCs, while the difference between the climate statistics of the IBB and
those of PBB simulations mimic errors of the nesting model.

The simulations are performed over the East Coast of North America using the
Canadian RCM (CRCM), for five consecutive February months (from 1990 to 1994).
It is found that the LB reproduces the errors contained in the large scales of the IBB
nesting model. The small scales are seen to improve slightly in regions with
important orographic forcing due to the finer resolution of the RCM. However, in
general, the LB restores a great part of the driving-model small-scale errors, even if
they do not take part in the nesting process. When the large scales of the driving
model have errors, the small scales developed by the LB have errors as well,
suggesting that the large scales precondition the small scales. In order to obtain
correct small scales, it is necessary to provide the accurate large-scale circulation at
the lateral boundary of the RCM.
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1. Introduction

The primary tools to study anticipated climate changes are coupled global and
nested regional climate models. Coupled General Circulation Models (CGCMs)
provide a global-scale view of projected climate at typically coarse horizontal
resolution (between 250 and 600 km) and hence cannot be used directly by most
impact studies that require grid scales of 10 to 100 km or finer. Information at
regional scales can be simulated with limited-area, high-resolution Regional Climate
Models (RCMs) driven by the large-scale information from a CGCM. The RCM’s
finer resolution enables better representation of the surface forcings such as
topography, coastlines, inland water and land-surface characteristics compared to

CGCM, showing its ability to resolve small-scale processes.

Several earlier studies have investigated the ability of nested RCMs to accurately
simulate fine-scale climate features when driven only by large-scale information.
Jones et al. (1995) showed that the RCM-simulated large-scale atmospheric
circulation, in general, follows that of the driving GCM. It is the large-scale aspects
of the driving GCM that are the controls of RCM circulation, suggesting that
circulation errors in the RCM are the result of propagation of the GCM errors from
the RCM boundaries to the interior of the domain. Noguer et al. (1998) estimated the
contribution of the driving GCM circulation and the internal RCM physics to the total
RCM errors. They compared an RCM simulation driven by a standard GCM with
another RCM simulation driven by a GCM that was relaxed towards a time series of
operational analyses using a data assimilation technique. The errors in the first
simulation can be due to internal RCM physics or from errors in the driving data,
while the errors in the second simulation are entirely due to the internal RCM physics
and not from the driving circulation. Their results indicate that the errors in the RCM-

simulated mean sea level pressure were almost entirely due to the driving data.



14

However, the surface air temperature and precipitation over western and central
Europe, for the summer season, were more influenced by the RCM internal physics
than by the errors in the driving data. In a similar comparison between CRCM
simulations driven by the NCEP reanalysis and by the Canadian General Circulation
Model v2 (CGCM2), de Elia et al. (2006) concluded that, during summer, CRCM is
only weakly dependent on the driving fields, while during winter however, they
found large differences between the temperature fields of the two CRCM simulations,
suggesting that the nesting fields have a greater influence over the CRCM simulation

in this season.

Denis et al. (2002b) designed an experimental framework, called the Big-Brother
Experiment (BBE), to validate the downscaling ability of a one-way nested RCM.
This experimental framework was constructed to address the uncertainties regarding
the ability of the RCM to reproduce accurate fine-scale features; this is an important
issue that has been raised in the reports of the Working Group on Numerical
Experimentation (WGNE) of the World Climate Research Programme (WCRP)(CAS
WGNE 1999, 2000). Using the BBE framework, Denis et al. (2002b, 2003), Antic et
al. (2005) and Dimitrijevic and Laprise (2005) showed that an RCM is able to
reproduce well the small-scale climate statistics for the winter and summer seasons
over two regions with widely different orographic forcing, the East and West Coast of
North America. They found that a nested RCM has a remarkable skill in capturing
small-scale processes over regions where local surface forcing is important. The BBE
framework was used by Herceg et al. (2006) to validate the downscaling ability of
NCEP RSM nested regional climate model, for a tropical region in April and a mid-
latitude region in February. This study shows that the dynamical downscaling is much
more demanding in the presence of free physics dominance (such as moist

convection) and weak dynamical forcing through the lateral boundaries.
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In the above studies, the BBE provided so-called perfect lateral boundary data for
driving the RCM. However, to make climate-change projections, RCMs must be
driven by CGCM outputs, which are not perfect. They contain errors due to model
imperfections such as inability to accurately represent fine-scale topography and eddy
processes, imperfection in capturing internal variability and difficulty in
parameterizing subgrid-scale processes. According to Duffy et al. (2003), the coarse
resolution of GCMs even has an impact on the quality of the large-scale solution.
Risbey and Stone (1996) while validating the NCAR Community Climate Model
(CCM) simulations noted major differences in the mean and interannual variations of
the stationary waves, jet streams and storm tracks in the North Pacific-North
American region, features that are important in defining the fluxes across RCM

lateral boundary; hence these errors could bias the results of nested RCM.

The studies presented above suggest the necessity for a detailed investigation of
the sensitivity of RCM to the driving data errors. This paper is an extension of the
previous studies using the BBE protocol with the aim of evaluating the impact of
errors in the lateral boundary conditions (LBC) on the simulated fields of the CRCM.
The BBE framework allows us to isolate the RCM errors, due to the imperfect driving
data, from the errors due to the rest of the model formulation. Varying the magnitude
of LBC errors will help identify the maximum allowable error in the driving data that

will produce a tolerable error in the RCM-simulated climate.

The paper is organized as follows: Section 2 outlines the RCM description, the
experimental configuration and the statistical tools. In Section 3 the impact of errors
in the LBC on the RCM-simulated mean sea level pressure, 850-hPa temperature and
precipitation rate fields are presented. The paper ends with a discussion of the results

and conclusions in section 4.
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2. Methods

2.1. Model description

The model used in this study is the Canadian Regional Climate Model v3.6.1
(CRCM 3.6.1) (Laprise et al. 1998, Caya and Laprise 1999). CRCM is a limited-area
nested model, based on the fully elastic non-hydrostatic equations solved by a semi-
implicit, semi-Lagrangian, three-time level marching scheme (Bergeron et al. 1994,
Laprise et al. 1997). The atmospheric fields are disposed on an Arakawa C—type
staggered grid projected onto polar-stereographic coordinates in the horizontal and
Gal-Chen terrain-following scaled-height coordinates in the vertical (Gal-Chen and
Sommerville 1975). The model uses most of the physical parameterization package of
the second-generation CGCM (GCMii, McFarlane et al. 1992), except for the
Bechtold-Kain-Fritsch deep and shallow convective parameterization (Kain and
Fritsch 1990, Bechtold et al. 2001). LBC are implemented following the one-way
nesting method of Davies (1976) (see also Robert and Yakimiw 1986, Yakimiw and
Robert 1990). The CRCM is forced at the boundary of the domain by the following
nesting fields: horizontal velocity, temperature, geopotential height, surface pressure
and specific humidity. There is also a buffer zone of nine grid-points near the lateral
boundary called the sponge zone, where the CRCM-simulated horizontal winds are
relaxed toward the values of the driving data, with a strength varying as a cosine
square of the distance from the boundary. The nesting data are timely, horizontally
and vertically interpolated to the CRCM time step and spatial grid. The simulations
used 18 Gal-Chen unequally spaced vertical levels. The lowest thermodynamic level
was about 110m above the surface, and the rigid lid was located near 29 km. The Big

Brother (BB) lateral boundaries were updated every 6h with the NCEP reanalysis
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fields (Kalnay et al. 1996) represented on pressure levels on a 2.5°x2.5° grid. The
simulated fields of BB are interpolated on a non-staggered grid in pressure levels and
stored at 6h intervals. The initial conditions (IC) for the land surface (ground
temperature, snow depth, solid and liquid soil water fractions) are taken from a
monthly mean climatology data-base, and the sea surface temperatures (SST) and the
sea-ice cover are prescribed from the Atmospheric Model Intercomparison Project
(AMIP) monthly data (Fiorino 1997). The lower boundary conditions over land are
only specified at initial time and they evolve during the simulation according to the
model formulation for land-surface processes. Owing to the simple bucket land-
surface scheme used in CRCM, a 5-day spin-up period is found sufficient for the
system to attain a reasonable equilibrium between lateral boundary and internal

model forcings; the spin-up period is left out of the analysis.

2.2, Experimental design and configuration

2.2.1. The Big-Brother Experiment

The BBE framework developed by Denis et al. (2002b) used in this study is
briefly summarized here. A high-resolution large-domain RCM simulation, nested by
the NCEP reanalysis, serves as the reference climate: the Perfect Big Brother (PBB).
The large scales of the PBB are then used to drive the same RCM, integrated at the
same high resolution but over a smaller domain centered in the PBB domain: the
Little Brother (LB). Since the two models (PBB and LB) have the same resolution
and use the same approximations, the differences between the two simulations
represent the errors due to the nesting process. Denis et al. (2002b, 2003), de Elia et
al. (2002), Antic et al. (2005) and Dimitrijevic and Laprise (2005) used the above
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approach where the large-scale data for driving the LB simulation came from a
reference run filtered for small scales, and hence represent “perfect” large-scale

driving data.

2.2.2. Generation of “Imperfect” lateral boundary conditions

Rather than adding arbitrary and potentially unphysical or dynamically
unbalanced errors to the LBCs, the BBE framework is expanded in order to generate
realistic errors of controllable magnitude in LBCs. In this study, in addition to driving
the LB with “perfect” BB driving data as in earlier BBE, the LB is also driven by a
set of BB simulations integrated at lower resolution over increasingly larger domains
in order to mimic some of the typical CGCM errors. As the domain size increases, the
lateral boundaries put less constraint on the RCM solution and hence, this tends to
diverge from its reference solution. The used of a lower horizontal resolution permits
to simulate the CGCM inability to accurately represent fine-scale topography and
makes it more difficult to parameterize the subgrid-scale processes. This setup
permits to obtain a set of driving data that contain some controllable level of errors.
These simulations are named the Imperfect Big Brother (IBB). After filtering of the
small scales, the resulting large scales are used to drive a set of LB simulations at

high resolution (45 km) over a smaller domain centered on the BB domain.

Thus the PBB provides the reference virtual climate, the IBB provides a set of
imperfect LBCs data for nesting, and the LB simulations are driven by perfect and
imperfect LBCs. The schematic of the adopted simulation framework is shown in Fig.
1. The comparison between the statistics of the IBB climate and that of the PBB

climate will highlight the nesting-data errors, and the comparison between the



19

statistics of the IBB-driven LB and PBB climates will inform on the errors of the
RCM due to its nesting with imperfect LBCs.

2.2.3. The experimental configuration

The PBB has a large domain of 194 x 194 grid points, with a 45-km horizontal
resolution true at 60°, covering eastern North America and part of the Atlantic Ocean.
IBB simulations are performed over three domains (106 x 106, 150 x 150 and 194 x
194 grid points) at 90-km horizontal resolution; these three simulations will be
referred to as IBB1, IBB2 and IBB3 respectively. The LB simulations nested with
Perfect and Imperfect Big-Brother simulations were performed with a 45-km grid-
size mesh, on a 100 x 100 grid-point computational domain centered in the PBB
domain. Fig. 2 presents the domains and topography used for the simulations and
Table 1 summarizes the characteristics of the simulations. The simulations were
performed for five February months from 1990 to 1994. Each BB experiment was
initialized at 00:00 UTC 22 January ending 28" February. Each LB experiment was
initialized at 00:00 UTC 27 January ending 28" February. The 5-day difference in the
initialization time is used as spin-up period; the analysis period is from 1 to 28

February.

In order to retain only the large scales in the BB simulation, a low-pass Fourier
filter is applied to remove disturbances with length scales smaller than 1225 km and
leave unaffected those greater than 2250 km. The filter is performed in spectral space
using a 2-D discrete cosine transform (DCT); this filtering technique is suitable for
non-periodic data and is described in Denis et al. (2002a).
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2.3. Statistical analysis tools

To facilitate calculation, display and intercomparison between the fields, the
simulations are interpolated onto a common 45-km resolution 100 x 100 polar
stereographic grid, excluding the sponge zone for the statistical analysis. The purpose
of the analysis is to evaluate the impact of large-scale errors in the IBB simulations
on the LB-simulated climate over the common domain, excluding the sponge zone. A
spatial decomposition is applied to separate fields (¢) into their large-scale (¢,) and
small-scale (¢,,) components using the same DCT filter mentioned in the previous

section:

(p=(p1:+(p:: (1)

A temporal decomposition of fields is also performed to separate stationary ()

and transient (') components:

(plx = (pT[s + (plxl (2)

(P:: = (P_:: + (Ps: ° (3)

The overbar represents the time mean over all five February months (excluding
the spin-up period) and is related to the stationary part of a field. The prime denotes
the time deviation thereof and is related to the transient part of a field, including the
inter-annual and the intra-monthly variability. Thus, the climate of the IBB and the

LB simulations are compared with the PBB simulations in terms of four fields:
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@, : the large-scale component of the stationary part of a field,

@,, : the small-scale component of the stationary part of a field,

(p,;2 : the transient-eddy standard deviation of the large-scale component of a

field,

(p;f: the transient-eddy standard deviation of the small-scale component of a

field.

The spatial correlation coefficient (R.;) and the ratio of spatial variances (I'") are

used to quantify the IBB-PBB and LB-PBB differences in the stationary components
of the fields:

%7 = " ; *)

)

The angular brackets represent the horizontal average over the grid points of the
LB domain excluding the nesting zone, X represents the stationary components of
the large- or small-scale components of the IBB/LB field, Y represents the

corresponding components of PBB field, and (0;7)2 is the spatial variance of X given

by
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(o8 ={(%-(%))) ©

The spatial variance normalized with respect to the reference field spatial variance
(T™) reflects the differences in the amplitude of the spatial variations of the fields,
while the spatial correlation coefficient describes how well the pattern of the field is

reproduced.

The differences between the transient components of IBB/LB and PBB are
quantified by the spatial correlation coefficients (R} ppz» Rjppp5) between the
transient-eddy standard deviation of the large- and small-scale components of

IBB/LB and PBB fields, the ratio of spatially averaged temporal variances

o)
")

fields and an equivalent temporal correlation coefficient

) of the large- and small-scales components of IBB/LB (X) and PBB (Y)

)

A visual perspective of the errors in the IBB and LB fields, relative to the PBB
reference field is achieved using Taylor diagrams (Taylor 2001). The Taylor diagram
provides a statistical comparison between model-simulated and reference fields by
plotting the mean square difference, the variance and the correlation coefficient, on
the same 2-D graph, allowing to estimate the fraction of errors that come from poor
pattern correlation and that from a difference in variance. There are several versions

of Taylor diagram (see for example Taylor 2001 and Boer and Lambert 2001); in this
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study we use a Taylor diagram adapted to an RCM case, which permits separate
analysis of the stationary and transient components of a field. This method was used
by Denis et al. (2002b) and is summarized in the Appendix. Thus, for both large- and
small-scale components of the field, two Taylor diagrams are plotted:

-one for the differences between the stationary components of the IBB/LB and
PBB, with the x and y axis corresponding to the mean square difference relative to
the spatial variance of the stationary component of PBB, and the ratio of spatial
variances (T'") of the stationary fields respectively, and the spatial correlation

coefficient (RZ;) between the stationary components of IBB/LB and PBB as the

azimuthal position.

-other for the differences between the transient components of IBB/LB and PBB,
with the x and y axis corresponding to the mean square difference relative to the
spatially averaged temporal variance of the PBB field, and the ratio of spatially
averaged temporal variances (T'') of fields respectively, and equivalent temporal

correlation coefficient ( R,) between IBB/LB and PBB as the azimuthal position.

By design the PBB fields fall at the origin. The IBB and LB fields are denoted by

squares and circles symbols respectively (see Fig. 3 for an example).

3. Results

In this section, the impact of LBC errors on mean sea level pressure, 850-hPa
temperature and precipitation rate are presented. As mentioned earlier, the analysis is
performed over the LB domain, excluding the sponge zone, for five February months,

from 1990 to 1994.
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3.1. Mean sea level pressure

The first field analyzed is the mean sea level pressure (msip). Taylor diagrams are
used to synthesise the results. Fig. 3 shows the errors in the stationary and transient
components of the large- and small-scale IBB and LB fields. The PBB is taken as the

reference field against which all IBBs and LBs are compared.

The errors are present in both stationary and transient parts for the IBB
simulations, but the transient components of the field exhibit the largest errors due to
rather weak temporal correlation. The IBB stationary large-scale errors are introduced
principally in the magnitude of spatial variability (Fig. 3a): IBB1 and IBB3 have
greater spatial variability than PBB, while IBB2 has a weaker spatial variability. This
difference in spatial variability is associated with different positions and magnitudes
of high-pressure area situated in the Atlantic Ocean, and of the North American
trough (Figs. 4a—d). For IBB1 the ridge on the east coast is more pronounced. In the
IBB3 case, the anticyclone is more intense and extended, and the Icelandic low-
pressure region in the north of the domain is also seen extended. In the IBB2 case, the
anticyclone goes out of the study domain and the low-pressure region in the north has
disappeared too; however, the North American trough is more pronounced than in the
previous cases. The stationary components of the IBB simulations resemble those of a

CGCM, having similar errors over the study region.

Fig. 3c shows the errors contained in the small-scale stationary component of
IBBs fields (small spatial correlation coefficients and small spatial variances) and
Figs. 5a—d show the stationary small-scale component of mslp field. The presence of
an anticyclone over the Labrador region and another one over the North Atlantic, and

of a low-pressure area over the Great Lakes and another weaker one over the St-
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Lawrence Estuary can be noticed for PBB. For IBB1, the Labrador anticyclone is
more intense and the Great Lakes low-pressure and North-Atlantic anticyclone are
weaker. For IBB2 and IBB3 the Labrador anticyclone is split into two weaker
anticyclones. In general, the small scales of IBB2 and IBB3 have smaller amplitude

or spatial extension than those of PBB because of the coarser IBB resolutions.

The errors introduced in the transient components of the IBB msip fields (Figs. 3b
and 3d) are characterized by very small temporal correlation coefficients for the
large-scale fields ( R}z;5,085° = 35%) as for the small-scale fields (Ryg;3,p5° = 3%).
As discussed in Boer and Lambert (2001), complete loss of temporal correlation is a
characteristic of CGCM simulations. In the case of a nested model, the LBC provide
some control on the evolution of the solution, and as a result some time correlation is
retained, particularly for large scales that are contained in the LBCs. Surprisingly
some time correlation (though weak one) is also noted for small scales despite the
fact that these do not take part in the nesting process. It is possible that the large-scale
information contained in the LBCs might pre-condition the atmosphere to exhibit
increased or decreased small-scale variability with some correlation with the LBC
evolution. Complementary information on the errors introduced in the transient
components of msilp fields is presented in Figs. 6a—d and Figs. 7a—d as the transient
standard deviations and the spatial correlation coefficients between the transient
standard deviations of IBBs and of PBB. For the large scales of PBB (Fig. 6a), the
maximum transient activity situated in the north-western part of the domain marks the
corridor where cyclones and anticyclones pass one after the other. This corridor is
extended further north in the cases of IBBs. So, the errors in the large scales of IBB
introduced by the weakly temporal correlation, reflected by the temporal correlation
coefficients of Taylor diagram, are complemented by the different positions of the
maximum transient activity (e. g., Estuary of St-Lawrence River for IBB3 and

Labrador region for IBB2). For the small scales (Figs. 7a—d), the transient standard
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deviations of IBB simulations look fairly similar (R, 5 =97%), reflecting the
same mean preferred location for small-scale transient activity. In this case, the errors
are associated only with the low temporal correlation coefficients, which show that
the small scales are weakly correlated in time, as discussed earlier. In conclusion, the

msip fields of IBB simulations present increasing errors in all four components.

The LB errors in msip due to the imperfect LBCs are illustrated in the same
Taylor diagrams (Figs. 3a-d). The first striking evidence from the Taylor diagrams is
that the LB-PBB differences are in general similar to those of IBB-PBB, and this is
observed for all four components. The large scales of LB simulations are
characterised by the same spatial and temporal correlation coefficients and
approximately the same ratio of variances as those corresponding to IBB simulations.
Fig. 4 shows very good agreement between the stationary components of LB large
scales and their driving BBs corresponding fields. The LB-IBB spatial correlation
coefficients (indicated on Fig. 4) are 100% in all three cases. Thus, the msip fields of
LB reproduce the stationary large-scale errors of the 1BB. A similar behaviour is
noted in the transient large-scale parts of mslp fields. Fig. 6 points out the great
similarity between the transient activity of the LB msip and the corresponding IBB
mslp. Their perfect correspondence is indicated by the near perfect spatial correlation
coefficients between the corresponding transient standard deviation fields
(R* =100%). In conclusion, the BB large-scale mslp errors are reproduced in the LB
fields. The LB’s large scales stay close to that of the corresponding IBB, indicating
that the LBCs play a dominant role in RCM variability.

For the stationary small scales (Fig. 3¢), LBs have a slightly smaller spatial
correlation than the corresponding IBB. A look at the stationary components of small
scales presented in Fig. 5 shows very good agreement between the LB and its nesting

IBB; the LB reproduces approximately the same small scales of corresponding IBB,
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and therefore the same errors. The spatial correlation coefficients between LB and its
IBB have large values for all three cases (R, 5 =97%, Ry sy 52 =95% and
R 43,85 =97%) and similar to the spatial correlation coefficient between PLB and

PBB (R,.5, 555 =97%). The 3-5% loss in the spatial correlation is due to the weak
reproduction of the field in the western boundary of the study domain. The spatial
correlation coefficients between the LBs and its IBB are bigger than the spatial
correlation coefficients with the reference field. For the transient components of the
small scales, Fig. 3d shows that all the LBs present almost the same temporary
correlation coefficient with respect to the reference field as the corresponding IBBs,
and a spatial-average temporal variance somewhat smaller than that of the
corresponding IBB. This indicates that L.Bs are not very well temporally correlated
with the reference field PBB, in almost the same way as the corresponding IBBs with
the PBB. The weaker temporal variance of the LBs can be analysed in Fig. 7, which
shows the transient standard deviation for the small-scale mslp fields. In all four
cases, the region of maximum temporal variability is smaller for the LB field

compared with the corresponding BB field.

It should be noted that only the large scales of BB participate in the nesting
process. As a consequence, the errors contained in the large scales of the BBs msip
are entirely reproduced by the LB. The IBB small scales, which do not take part in
the nesting process, are reproduced by LB with slightly smaller temporal variance and
spatial correlation coefficient. This indicates that the LB reproduces approximately
the same small scales of corresponding IBB, and therefore a great part of the errors
characteristic of the IBB small scales too. There is a connection between the large
scales and the small scales: if the large scales of the msip field of the driving-model
contain errors, the small scales developed by the RCM have apparently similar errors

too. Thus, in this study we notice that the large scales precondition the small scales.
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3.2. 850-hPa temperature

The second field of interest is the temperature field at 850-hPa. Fig. 8 presents the
IBB and LB errors, for the stationary and transient components of the large and small
scales. The four components of the temperature field have varying degrees of errors.
For the stationary components of the large scales, the IBB errors are mainly due to
spatial variance errors. In general, all IBBs have good spatial correlation coefficient
with the reference field (R, 5 >98%), which indicates that all IBBs have
approximately the same pattern for the stationary components of the large scales.
Figs. 9a—d illustrate these components. These fields are characterised by a strong
north-south gradient. The errors are introduced by a weaker gradient, caused by an
increase in the temperature for the northern region by 4° for IBB3 and 8° for IBB2,
leading to a ratio of spatial variances of 88% for IBB3 and 66% for IBB2, which may
be considered typical of CGCM errors. The presence of errors in the small-scale
stationary components of IBBs is clear from Fig. 8c, with small spatial variances and
spatial correlation coefficients (R* =78%,I'" =53% for IBB2). Fig. 10 shows the
stationary small-scale components of temperature at 850-hPa level. The PBB is
characterised by two minima in the temperature field over the Labrador region
(associated with a high-pressure centre in Fig. 5a) and over South St-Lawrence River
region, and three maxima over the warm water regions (Estuary of St-Lawrence,
Great Lakes and south-east part of Hudson Bay). The amplitudes of these small-scale

features are found reduced in all IBBs.

As in the case of the msip field, large errors are present in the transient
components of the fields and they are reflected in the small temporal correlation
coefficients of the large scales (Fig. 8b). Complementary information of errors

contained in the transient large-scale fields is presented in Figs. 11a—d as the transient



29

standard deviation of the large-scale fields. The PBB has maximum transient activity
of temperature over a region covering Great Lakes and the St-Lawrence valley. While
IBB1 has a more restricted zone of maximum, IBB3 has a region of maximum more
pronounced but shifted to the Labrador region, and IBB2 presents a very different
picture with the maximum situated further north of the Labrador region with
temperature value higher by 1° C than the reference field. In the case of small-scale
fields, the IBBs have very small values of temporal correlation coefficients (Fig. 8d).
For IBB3 it is almost zero. The very small temporal correlation coefficient of IBB2 is
accompanied by a smaller temporal variance too (I'' = 86%). The maximum of the
transient activity for the small scales of PBB is situated in the northern part of the
domain (Fig. 12a). The maximum is better restrained in IBB1 and IBB2 compared

with PBB, and IBB3 has bigger amplitude compared with PBB (Figs.12 b-d).

The errors of LB with respect to PBB are plotted in the same Taylor diagrams
used for the IBBs (Fig. 8). As in the case of the mslp field discussed above, the LB
points fall close to their corresponding IBBs, especially for the large-scale
components where the LBs have the same spatial and temporal correlation
coefficients and almost the same ratio of spatial (spatial-averaged temporal) variances
as their corresponding IBBs. The stationary large-scale 850 hPa-level temperature
fields are shown in Fig. 9. The figure shows perfect agreement between the LB fields
and their IBBs for all four cases (R" =100%,I"* =100%). There is good concordance
in the temporal variance, too (Fig. 11). The transient standard deviation of IBBs is
reproduced by LBs with a 100% spatial correlation coefficient and the ratio of spatial
variance I'* =97%. As mentioned above, the transient standard deviation of IBB2
differs most from the PBB compared to other IBBs. The LB2 reproduces this
(Rpamsr =100%,T 4 1m, =97%). The similarity of the temporal correlation
coefficients of LBs vs. PBB and their corresponding IBBs vs. PBB indicates that the

LBs have very weak temporal correlation with respect to the reference field, as do the
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corresponding driving fields. Therefore, the BB large-scale errors are almost entirely
reproduced in the LB temperature fields for the stationary case as for the transient

components of the field, for the domain and period studied here.

For the small-scales, the LB fields have better spatial correlation coefficients and
spatial variances with respect to PBB, than the corresponding IBBs (Fig. 8c¢), which
implies that an RCM can correct some of the LBC errors. Fig. 10 shows the
stationary small-scale components of 850-hPa temperature. The LB series reproduce
its IBB small-scale features with very good spatial correlation coefficient (98% for
LB1, and 96% for LB2 and LB3), similar to spatial correlation coefficient between
PLB and PBB (R, ,,ss =98%). The 2-4% loss in the spatial correlation coefficient
between LB and the corresponding IBB can be explained by the fact that LB corrects
its IBB’s small-scale features: the minimum and maximum situated in the northern
part of the domain are more extended in the LB2 and LB3 fields than in the IBB2 and
IBB3 fields, and therefore are closer to the reference field than the corresponding
fields of the IBBs. This correction can be explained by the finer resolution of the LB,
which permits better representation of the topography and the land-sea contrast. But
these corrections are very small compared to the large part of the IBBs errors

reproduced by LBs, for this domain of study and for this period.

The small-scale transient components of the LB fields are characterised by
approximately the same temporal correlation coefficients as the corresponding IBBs,
but weaker spatial-average temporal variances (Fig. 8d) than their corresponding
IBBs. The weaker LB small-scale spatial-averaged temporal variance is illustrated in
Fig. 12, which displays the transient standard deviation for the 850-hPa temperature
fields. In general, all LB fields resemble their corresponding IBB fields. However, all
LBs have smaller area of maximum temporal variability as in the case of the msip

field (Fig. 7) and therefore slightly smaller spatial-averaged temporal variance. The
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fact that LBs have weak temporary correlation coefficients similarly to their
corresponding IBBs shows that the LBs are not strongly temporally correlated with

the reference field, similarly to their driving IBBs.

Thus, in spite of the fact that only large scales of the temperature field take part in
the nesting process of L.B, almost all small-scale errors contained in the IBB fields are
reproduced in the small scales of corresponding LBs, accompanied by a small
correction in the northern region of the domain due to the finer resolution of the LB.
This shows that there is a connection between the large and small scales of 850-hPa
temperature fields. If the large scales have errors, the small scales produced by the
RCM have errors too. However, for this domain of study, the IBB stationary small-
scale errors that are caused by the IBB coarser resolution can be partly corrected by
the LB; the rest of the IBB errors are reproduced by the LB. It is possible that the
ratio of small-scale correction to IBB error reproduction be function of LB domain

size. For another domain of LB, we can find more or less corrections.

3.3. Precipitation rate

The third field analysed is the precipitation rate. Unlike the fields of pressure and
temperature that are nested at the lateral boundary, precipitation is a field not directly
driven at the lateral boundaries; it is the result of several complex physical and
dynamical processes in the RCM. Taylor diagrams for the stationary and transient
parts of the large and small-scale components of the precipitation field are shown in
Fig. 13. Errors are present in both the stationary and transient parts of the IBB series.
However, the transient part of the field exhibits the largest errors due to very weak

temporal correlation. For the stationary part of the large-scale fields, the errors are
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reflected in the smaller spatial correlation coefficients (89% for IBB2) and in the
incorrect spatial variance. The errors introduced in the IBB fields are presented in
Figs. 14a-d, showing the stationary parts of the large-scale components of the
precipitation rate fields. The PBB are characterised by a maximum of precipitation
rate located in the western Atlantic Ocean. As mentioned before, the errors in the IBB
fields are reflected by increase/decrease in the amplitude and shifted positions of the
field (i.e., ratio of spatial variances greater/smaller than unity and smaller spatial

correlation coefficients). Such errors are deemed typical of CGCMs.

For the stationary small scales (Fig. 13c¢), the IBBs are characterised by smaller
spatial correlation coefficients (73% for IBB2) and spatial variances different from
the reference PBB field. Fig. 15 shows the stationary small-scale parts of the
precipitation rate field. PBB shows three patches of excess of precipitation rate in the
Great Lakes region and a deficit on the eastern slope of the Appalachian Mountains
and in the Northern part of the domain; the Maritimes region is associated with an
excess of precipitation rate and the Labrador region with a deficit of precipitation
rate. These are poorly represented in the IBBs with very much reduced amplitude and
spatial extension. The IBB series do not capture them well due to their coarser
resolution. The most part of the small scales are situated over the ocean region and
they present different amplitudes, different positions and different spatial extensions
in the IBB fields. This is caused by the fact that the corresponding stationary
components of large scales present different amplitudes, positions and spatial

extensions in the IBB cases too.

Fig. 13b shows the errors contained in the transient large-scale components of the
precipitation rate fields. They are reflected in the smaller temporal correlation
coefficients for all IBBs and smaller temporal variance for IBB2. Figs. 16a—-d shows

the transient standard deviation for PBB and all IBBs for the large scales. For the
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PBB (Fig. 16a), the southward tongue situated in the western Atlantic Ocean
represents the precipitation temporal variability and shows the trace of the storm
tracks. In the IBB series this tongue is present but with different intensity. These are
translated into a spatial-averaged temporal variance larger for IBB3 (T =104%) and
smaller for IBB2 (I''=66%), and into a smaller spatial correlation coefficient
(R"=92%) between the transient standard deviation of IBB2/IBB3 and PBB. The
transient components of small-scale IBB fields (Fig. 13d) are characterised by very
weak temporal correlation coefficients (almost zero for IBB2 and IBB3) and smaller
temporal variances. The temporal variability of the small-scale precipitation rate can
by visualised in Fig. 17, which shows the transient standard deviation of the small-
scale precipitation rate fields. The principal maximum transient activity is situated in
the western Atlantic Ocean, and there are some secondary maxima over the two lakes
and Newfoundland. The IBBs are characterised by a deficit of temporal variability
and the smallest value is specific to IBB2 small-scale field, which has modest
amplitude over the ocean and no secondary maxima over the lakes. Thus, there are

different errors introduced in the four components of the precipitation rate fields.

The LB precipitation errors caused by driving with imperfect LBC with respect to
the PBB reference climate are shown in the Taylor diagrams (Fig. 13). As in the two
previous cases analysed above, the points corresponding to the LB fields are close to
those corresponding to the driving IBBs for all four components of the fields,
indicating the presence of similar errors in the precipitation rate fields of LBs as those
contained in the fields of corresponding IBBs. For the stationary components of large
scales, LBs have almost the same ratio of spatial variances as the IBBs, and a slightly
smaller spatial correlation coefficient. Fig. 14 presents the stationary components of
the large-scale precipitation rate. In general, the LB reproduces the amplitude of its
IBB precipitation rate and the shape of LB field is closer to that of the corresponding

IBB than to the reference field. However, the spatial extent is found to be smaller for
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all LBs. Significant differences can be noted in the south-west corner of the domain
where all LBs have smaller precipitation rate, irrespective of the errors in the
corresponding IBBs. With its smaller domain, the LB has difficulty in reproducing
the precipitation field in this region where the weather systems enter the study
domain. This feature is noted in the PLB too, and is due to the fact that, at the
boundaries, the vertical velocity is set to zero in CRCM. This setting hinders the
development of precipitation in the south-west part of the domain and delays the
onset of precipitation, pushing the maximum further North. The differences in the
ratio of spatial variances between the LB and the corresponding IBB fields are due to
the different spatial gradients associated with the poor reproduction of the
precipitation field in the southwest corner of the domain. In spite of this the
correlation coefficient between the LB and its IBB are approximately the same for all
LBs (R =(98 +1)%), irrespective of the errors of its corresponding IBBs. This
suggests that, for the LB domain chosen for this study, the most part of stationary

large-scale errors of the IBBs are reproduced by the corresponding LBs.

For the stationary small scales (Fig. 13c¢), the LB fields are characterised by
spatial correlation coefficients that are similar to the corresponding IBB fields and
there is a little increase in the LB spatial variability in comparison with corresponding
IBBs, irrespective of the spatial variance of the IBB fields. Fig. 15 shows the
stationary small-scale part of the precipitation rate fields. The LBs represent better the
small-scale features over the Great Lakes and the Maritimes regions through its finer
horizontal resolution, which permits better representation of the coastline, and the
orographic features. Fig. 19 represents in the Taylor diagram the correlations between
IBB/LB and PBB over this subregion (shown highlighted in Fig. 18). The LBs are
characterised by a better spatial correlation with the reference field than the
corresponding IBB, and all present a better ratio of spatial variance too, indicating

that the LB corrects some of the IBB errors over this region with important surface
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forcing. But for the ocean region, where the small scales are mostly located, LB
develops small scales that are more close to those of the IBB that drives it than those
of the reference field. The spatial correlation coefficient between LB and its IBB is
almost the same for all four cases (R" = (89 +2)%). Therefore, irrespective of LBC
errors, LB reproduces a great part of the stationary small-scale field of its IBB.
Regarding spatial variability, LB develops larger amplitude and/or broader extrema

than the corresponding IBB: this is caused by LB’s finer horizontal resolution.

For the transient large-scale components of the precipitation rate fields (Fig. 13b),
in general the LBs have similar temporal correlation coefficients to those of the
corresponding driving models. Therefore LBs are weakly temporally correlated with
the reference field, as are the IBBs. It can also be noted that the temporal variability is
underestimated in all LBs (with smaller variances than their IBBs), by almost the
same percentage, and is explained below. Fig. 16 shows the transient standard
deviation of the large-scale precipitation rate fields. The southward tongue
representing the precipitation temporal variability for all LB fields is somewhat
weaker and shorter then the corresponding IBB field, especially in the southwest
region, where the weather systems enter the domain. As for the stationary large
scales, this is due to the fact that at the boundaries, the vertical velocity is set to zero
in CRCM. The spatial correlation coefficients between LB transient standard
deviation and its corresponding IBB transient standard deviation are approximately
the same (R, 55, = (97 =1)%) for all three simulations, and generally, the transient
standard deviation of LBs are closer to those of corresponding IBBs than to that of
PBB. This suggests that the LBs reproduce the temporal variability of its IBBs in the
same manner for all situations analysed here (with a slight reduction in the temporal

variance).
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Fig. 13d shows the errors contained in the transient parts of the small-scale
components of the precipitation rate field. As in the previous cases, the LBs are
characterised by temporal correlation coefficient and ratio of spatial-averaged
temporal variance that are similar to their corresponding IBB. This indicates the
existence of the same degree of errors in the transient small-scale components of LB
fields as in the corresponding IBB fields with respect to the PBB field.
Complementary information with respect to the similarity or difference between the
temporal variability of LB and its IBB are presented by the transient standard
deviation fields (Fig. 17). As in the IBB fields, the LBs transient standard deviation
fields present a main maximum in the western Atlantic Ocean, with varying position
and spatial extension. Generally, the patterns of transient standard deviation of LBs
are similar to those of its IBBs. However, there are two differences. The field is
somewhat reduced in the southwest region of the domain. As in the other three
components of the fields analysed previously, the poor reproduction of the field in
this region is related to the spatial spin-up from the inflow boundary condition. Also,
the main maximum is more pronounced than in the IBB case; as in the stationary
small-scale component case, this is due to the finer LB horizontal resolution. In spite
of these two differences, the LB and IBB temporal variabilities are very similar. The
spatial correlation coefficient between the LB and IBB small-scale transient standard

deviation fields are also very similar (R = (93+2)%).

Thus, all four components of the LB and IBB precipitation rate fields resemble a
lot. Generally, LB reproduces almost the same large scale as its IBB, represents better
the small-scale features over the regions with surface forcing, and produces more
intense maxima than its corresponding IBB. Similar to msip and 850-hPa temperature
fields, if the large-scale LBCs have errors, the large scales of precipitation rate
contain errors too and the small scales associated with them are more intense and

generally are not well positioned. The only errors corrected in the LB precipitation-
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rate field are the IBB stationary small-scale errors resulting from its coarser

resolution that cannot capture fine-scale surface forcing.

4. Discussions and conclusions

The primary aim of this study was to investigate the sensitivity of a nested RCM
to errors present in the driving data used as lateral boundary conditions. This is an
important issue as CGCM-simulated data are used to nest RCMs for regional climate-
change projections, and CGCMs are not perfect. The approach employed in this study
follows the Big-Brother Experiment protocol, which enables to isolate the errors due
to driving with imperfect data from the errors due to the rest of the RCM formulation.
The method consists in first constructing a reference climate by integrating a high-
resolution RCM over a big domain: the Perfect Big Brother (PBB). Controlled and
dynamically coherent errors in the LBC are generated with other RCM simulations
performed at coarser resolution over increasingly larger domains: the Imperfect Big
Brother (IBB). The large scales of these simulations, obtained after filtering the small
scales, provide the set of imperfect lateral boundary data for a second series of high-
resolution RCM simulations integrated over a smaller domain: the Little Brother
(LB). The msip, 850-hPa temperature and precipitation rate fields for 5 February
months are analyzed. The analysis of these variables is restricted to the LB-domain

area excluding the nesting zone. The results of the analysis are summarized in Figs.
20 to 22.

Fig. 20 summarizes the effect of IBB errors on LB errors for the stationary and
transient, large- and small-scale components for the three variables studied. The
stationary errors are represented by the ratio of the mean square difference between

the stationary components of IBB/LB and PBB to the spatial variance of the
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stationary components of PBB ( A*Bz ), and the transient errors are represented by the

B

ratio of the transient mean square difference between IBB/LB and PBB fields to the

()
(o7)

lines show the LB errors relative to the IBB errors. The black diagonal line

spatial average of the temporal variance of the PBB field ( ). The slopes of the

corresponds to errors of equal magnitude. We can observe that for all four
components and for all three variables studied, there is a nearly linear dependence
between the LB and IBB errors, with the lines lying close to the equal errors line. For
the large-scale case (Figs. 20a and 20c), the IBB large-scale errors are entirely
reproduced by the LB for the 850-hPa temperature and mslp fields. The large scales
of these variables take part directly in the driving process. The precipitation field has
a bias due to the errors present in the PLB field, bias that is reproduced in all LB
stationary components of the fields; the slightly increased LB stationary large-scale
errors are associated with reduced spatial correlation caused by the difficulty of LB in
reproducing the field in the inflow region where the weather systems enter the study
domain. The bias disappears in the transient large-scale component, due to the

smaller temporal variance of LB.

All three fields have a similar bias for the small-scale components (Figs. 20b and
20d). In the case of stationary small-scale mslp field, this bias is present in the LB1
and LB3 simulations as well. Therefore, for msip field, LB reproduces the IBB
stationary small-scale errors in the same way as that of PLB with respect to the PBB
reference climate (R* =97%). The 3% loss in the spatial correlation is due to the
weak reproduction of the field in the western boundary of the study domain.
However, for the precipitation rate and 850-hPa temperature fields, the initial biases

decrease for stationary small-scale LB simulations. This reduction is believed to be
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due to the finer resolution of LB simulations, which permits better representation of
small-scale features over the land-sea contrast regions. For the precipitation field, the
bias diminishes in the stationary small-scale LB nested by IBB, but still exists. There
are some regions where the LB corrects the IBB errors, but generally most part of the
errors of IBB are reproduced by LB, and as mentioned earlier, the stationary small-
scale field of LB has larger extrema than its corresponding IBB. A more detailed
analysis of the reduction of stationary small-scale errors in the precipitation rate field
over the region presented in Fig. 18 is realised by Fig. 23. In this case the blue line
corresponding to the precipitation field shows a smaller slope that the line of equal
errors. For the 850-hPa temperature fields, there is an evident reduction of the IBB
errors in the LB fields too (Fig. 20). In the case of transient small scales (Fig. 20d), all
three variables have a slope smaller than that of the equal errors line. The segments
below the equal-error line correspond to cases where the LB and BB fields are not
temporally correlated with the reference PBB field. Therefore, we cannot conclude
that there is a reduction of IBB transient small-scale errors: LB reproduces the IBB

transient small-scale errors.

Fig. 21 (22) summarizes the effect of IBB stationary and transient errors, with
respect to the correlation coefficient (ratio of variances), on the corresponding LB
fields. As in the case of MSD errors, a linear dependence can be observed between
the LB and IBB errors caused by weak correlation and increase/decrease in the
variance. For all cases the lines are close to the equal errors line with slopes equal or
slightly smaller to that of the equal-errors line. The bias exists, principally in the
small-scale components, indicating the presence of errors in the PLB (LB driver with
the reference data set, PBB) fields. This bias is reduced or retained in all other LB
cases. This indicates that the LBs reproduce the climate of their corresponding IBBs

(with the same high percentage), irrespective of the magnitude of errors introduced in
the IBB fields.
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In conclusion, the study indicates that the quality of lateral boundary data plays a
critical role in regional climate modelling for the winter period, highlighting the need
for good LBCs and hence the necessity for a credible CGCM. For the domain and
period studied here, an almost perfectly linear dependence between the large-scale
errors of the RCM and those of its driving data is noted. The results show no
significant correction or amplification of the errors present in the large-scale data set
used as LBCs. For the domain size used in this study, the RCM large-scale climate
follows that of the driving model. Analysis of the precipitation rate, msip and 850-hPa
temperature large-scale fields suggests a transfer of the nesting-data errors to the
RCM (approximately 98% for precipitation rate field, 100% for misp and temperature
fields). For the precipitation rate field, RCM reproduces 98% of the erroneous
stationary large-scale climate of the driving data with a weaker representation of the

field in the inflow region where the weather systems enter the study domain.

For the small scales, RCM only corrects the small-scale errors caused by the
driving-model’s coarser resolution in regions where there is important orographic
forcing or land-sea contrast. The rest of the small-scale errors are by-and-large
reproduced even though the small scales do not take part in the nesting process. For
example, if the driving-model large scales are not well placed in space or time, they
will be reproduced almost entirely by the RCM and the small scales will also be
poorly placed. This result suggests that the large scales precondition the small scales
and therefore it is necessary to provide the correct large-scale circulation at the lateral

boundary of RCM in order to obtain the correct small scales too.

In this study, we focussed on the winter period over one region, the East coast of
North America. It will be interesting to extend the study for other regions and seasons

as well. For the summer season, we speculate that RCM will be less dependent on the
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driving data and that LB simulations will be more similar to each other than to the
IBBs. There are also several other interesting aspects that need to be further explored.
For example, previous studies have shown that RCM-simulated climate is sensitive to
the region modelled and to the size of the domain. It would therefore be particularly
interesting to study regions with strong orographic forcing, where we speculate that a
larger correction of small-scale errors will take place. A large domain simulation with
increased resolution over regions with strong orographic forcing might also allow the

RCM to correct some portion of the controlling large scales.
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Appendix

We present here a brief description of the Taylor diagram used by Denis et al.

(2002b) to analyze separately the difference between the stationary and transient

components of an RCM field. The space-time mean square difference <d§B> of two

fields A(x, y,t) and B(x,y,t) can be split into three terms as
7 « 2 [T
() doym + s+ (42)- @)

The first term is associated with difference in the spatial average of the stationary
terms and is normally small in RCM simulations. The second term on the right-hand
side reflects differences in the stationary parts of the field and the last term reflects
the differences in the transient parts of the field. The last two terms can be

decomposed as

& =0t + 0t +2050%R: )
and
<E> = <ajf> + <0},2> + 2<CI'A2 >% <0;2>y2 RS, (10)

where o%zis the spatial variance of the stationary part of the field A, R

2
represents the spatial correlation coefficient, UAI is the temporal variance of the

simulated field A, and R} represent an equivalent temporal correlation coefficient,
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| o
R, &. (1)

Normalization of the two expressions (Eqs. 9 and 10) by the variance of the

,2
reference field (oﬁ*zand g, )yields:

el Zfz + 2—31{;‘5 (12)
B B B
and
7% : 2\
<d’é> =1+ (%) +2<0"2> : R (13)
(o7) (a7) (ojf)%

The analogy of Egs. 12 and 13 with the law of cosines,

c?=a’ +b*-2abcosp, (14)

allows representation of these two equations in a Taylor diagram.

Fig. Al shows a general case of a Taylor diagram. In this study, we use Taylor
diagrams for the differences in the stationary (Eq. 12) and in the transient components

(Eq. 13) of the fields. The x-axis correspond to the relative mean square difference
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&y )

2 2
o’ (of)

5
: , o’ (o) .
variances of the stationary (total) part of fields —5 ( < 2>), and the azimuthal
o3 Og

position of the point to the spatial (equivalent temporal) correlation coefficient

), the y-axis to the ratio of spatial (spatially averaged temporal)

between the stationary (total) parts of field Ri;(R.3). A perfect simulation would be

characterized by zero relative mean square difference, a ratio of variances of 100%
and a correlation coefficient of 100 %, and would correspond to the origin of the

diagram (O in Fig. Appl). For more details see Denis et al. (2002b).
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FIG. 2. The computational domains for Perfect Big Brother (PBB), Imperfect Big
Brother (IBB1, IBB2 and IBB3) and Little Brother (LB). Topographic height (m) is
also shown for LB domain.
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FIG 3. Summary Taylor diagrams showing the errors induced in the IBB and LB for
the misp fields, for the stationary (left panels) and transient (right panels) parts of the
large-scale (top panel) and small-scale (bottom panel) components of the field. The
squares correspond to BB fields and circles to LB fields.
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F1G 4. Time average large-scale msip (hPa) field for PBB and IBBs are shown on the
left-side panels and that for the LBs on the right-side panels. Spatial correlation
coefficients and ratio of spatial variances between PBB (fig. a) and IBBs are given in
the subtitles. Spatial correlation coefficients and ratio of spatial variances between
each IBB and corresponding LB are indicated in between the right and left panels.
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F1G 5. Time average small-scale msip (hPa) field for PBB and IBBs are shown on the
left-side panels and that for the LBs on the right-side panels. Negative contours are
shown dotted. Spatial correlation coefficients and ratio of spatial variances between
PBB (fig. a) and IBBs are given in the subtitles. Spatial correlation coefficients and
ratio of spatial variances between each IBB and corresponding LB are indicated in

between the right and left panels.
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FIG 6. Transient standard deviations of the large-scale misp (hPa). Spatial correlation
coefficients and the ratio of spatial variances between IBB/LB transient standard
deviations and PBB transient standard deviations are given in the subtitles. The
corresponding statistical coefficients between each IBB and corresponding LB are
indicated in between the right and left panels.
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FiG 7. Transient standard deviations of the small-scale m/sp (hPa). Spatial correlation
coefficients and the ratio of spatial variances between IBB/LB transient standard
deviations and PBB transient standard deviations are given in the subtitles. The
corresponding statistical coefficients between each IBB and corresponding LB are
indicated in between the right and left panels.
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FIG 8. Summary Taylor diagrams showing the errors induced in the IBB and LB for
the 850hPa-level temperature fields, for the stationary (left panels) and transient
(right panels) parts of the large-scale (top panel) and small-scale (bottom panel)
components of the field. The squares correspond to BB fields and circles to LB fields.
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FIG 9. Time average large-scale for 850hPa-level temperature (° C) field for PBB and
IBBs are shown on the left-side panels and that for the LBs on the right-side panels.
Spatial correlation coefficients and ratio of spatial variances between PBB (fig. a) and
IBBs are given in the subtitles. Spatial correlation coefficients and ratio of spatial
variances between each IBB and corresponding LB are indicated in between the right
and left panels.
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F1G 10. Time average small-scale for 850hPa-level temperature (° C) field for PBB
and IBBs are shown on the left-side panels and that for the LBs on the right-side
panels. Negative contours are shown dotted. Spatial correlation coefficients and ratio
of spatial variances between PBB (fig. a) and IBBs are given in the subtitles. Spatial
correlation coefficients and ratio of spatial variances between each IBB and
corresponding LB are indicated in between the right and left panels.



55

R*=100%
I*=97%

R*=100%
I'*=97%

R*=100%
I*=97%

R*=100%
I'*=96%

FiG 11. Transient standard deviations of the large-scale for 850hPa-level temperature
(° C). Spatial correlation coefficients and the ratio of spatial variances between
IBB/LB transient standard deviations and PBB transient standard deviations are given
in the subtitles. The corresponding statistical coefficients between each IBB and
corresponding LB are indicated in between the right and left panels.
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F1G 12. Transient standard deviations of the small-scale for 850hPa-level temperature
(° C). Spatial correlation coefficients and the ratio of spatial variances between
IBB/LB transient standard deviations and PBB transient standard deviations are given
in the subtitles. The corresponding statistical coefficients between each IBB and
corresponding LB are indicated in between the right and left panels.
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F1G 13. Summary Taylor diagrams showing the errors induced in the IBB and LB for
precipitation rate fields, for the stationary (left panels) and transient (right panels)
parts of the large-scale (top panel) and small-scale (bottom panel) components of the
field. The squares correspond to BB fields and circles to LB fields.
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F1G 14. Time average large-scale for precipitation rate fields (mm/day) for PBB and
IBBs are shown on the left-side panels and that for the LBs on the right-side panels.
Spatial correlation coefficients and ratio of spatial variances between PBB (fig. a) and
IBBs are given in the subtitles. Spatial correlation coefficients and ratio of spatial
variances between each IBB and corresponding LB are indicated in between the right
and left panels.
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FI1G 15. Time average small-scale for precipitation rate fields (mm/day) for PBB and
IBBs are shown on the left-side panels and that for the LBs on the right-side panels.
Negative contours are shown dotted. Spatial correlation coefficients and ratio of
spatial variances between PBB (fig. a) and IBBs are given in the subtitles. Spatial
correlation coefficients and ratio of spatial variances between each IBB and
corresponding LB are indicated in between the right and left panels.
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F1G 16. Transient standard deviations of the large-scale for precipitation rate fields
(mm/day). Spatial correlation coefficients and the ratio of spatial variances between
IBB/LB transient standard deviations and PBB transient standard deviations are given
in the subtitles. The corresponding statistical coefficients between each IBB and
corresponding LB are indicated in between the right and left panels.
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F1G 17. Transient standard deviations of the small-scale for precipitation rate fields
(mm/day). Spatial correlation coefficients and the ratio of spatial variances between
IBB/LB transient standard deviations and PBB transient standard deviations are given
in the subtitles. The corresponding statistical coefficients between each IBB and
corresponding LB are indicated in between the right and left panels.
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F1G. 18. LB domain with the region of reduced stationary small-scale errors in
precipitation shown highlighted.
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FIG. 19. Taylor diagram showing the correction of IBB errors for the stationary small-
scale precipitation rate fields over the region presented in Fig. 18. The squares
correspond to BB fields and circles to LB fields.
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and small-scale, (b) and (d), components of the fields. The stationary errors, (a) and
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