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RESUME

Les rafales de vent sont la cause principale de dommages et de bris au réseau de distribution d’Hydro-
Québec lors des tempétes intenses. Lors de ces tempétes, les changements soudains de direction ou de
vitesse des vents endommagent les lignes de distribution d’¢électricité et provoquent des bris de branches ou
des chutes d’arbres. Ce sont ces événements qui sont responsables de la majorité des pertes matérielles et
des pannes d’¢lectricité sur le territoire québécois. Cette étude a pour objectif d’évaluer la valeur ajoutée de
I’utilisation de la trés haute résolution de la sixieéme version du Modé¢le régional canadien du climat
(MRCC®6), en mode convection-permitting, développé au centre ESCER de ’'UQAM dans la simulation des
vents intenses et des rafales de vent. Les rafales sont définies comme des épisodes de vitesse de vents
extrémes d’une durée d’environ 3 s, et dont la vitesse surpasse la vitesse les vents moyens d’au moins 5 m/s.
Différentes configurations du MRCC6 sont utilisées pour produire les simulations a 12, 2,5 et 1 km de
résolution, toutes pilotées a partir de la réanalyse ERAS, dans lesquelles le module de rafales de vent est
activé, utilisant la méthode de Brasseur (2001). Ce module permet de diagnostiquer les rafales a 1’aide de
I’énergie cinétique turbulente, de la stabilité statique ainsi que des caractéristiques de la couche limite.
L’analyse de ces simulations se réalise a partir de deux études de cas, soit deux tempétes, la premiere
synoptique, survenue en décembre 2022, et ’autre de mésoéchelle, en mai 2022, en utilisant les stations

d’observation sur le territoire pour comparer les résultats des simulations.

Dans le cas de la tempéte synoptique de décembre 2022, le modéele a trés haute résolution (2,5 et 1 km) offre
de meilleures performances pour estimer les rafales, ainsi que les vents horaires que la simulation a 12 km
de résolution ou que la réanalyse ERAS. De plus, le modéle tend a étre plus précis sur la mer que sur la terre,
ainsi que dans les situations ou les vents continus sont plus forts. Dans le cas du derecho de mai 2022, les
simulations a trés haute résolution présentent une valeur ajoutée moins importante ou systématique que les
produits a plus basse résolution, méme si la simulation a 1 km de résolution est plus performante en ce qui

concerne les vitesses de vent et de rafales.

Mots clés : Rafale de vent, tempéte synoptique, derecho, systtme convectif de mésoéchelle, modélisation

du climat a trés haute résolution.
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ABSTRACT

Wind gusts are one of the primary causes of damage and failures in Hydro-Québec’s electricity distribution
network during extreme storms, due to the sudden changes in wind speed and direction they generate. These
changes cause damage to trees, branches as well as power lines. These events account for most material
losses and power outages across Québec. This study aims to assess the added value of very high horizontal
resolution simulations using the sixth version of the Canadian Regional Climate Model (CRCM6), operated
in convection-permitting mode and developed at the ESCER centre of UQAM, for simulating intense winds
and wind gusts. Wind gusts are defined as extreme wind events lasting approximately 3 s, exceeding the
mean wind speed by at least 5 m/s. Several CRCM®6 configurations are used, with horizontal resolutions of
12, 2.5, and 1 km, all driven by the ERAS5 reanalysis. The wind gust diagnostic module, based on the
Brasseur method (2001), is activated and diagnoses gusts using turbulent kinetic energy, static stability, and
boundary-layer characteristics. The analysis is conducted using two case studies: a synoptic-scale storm that
occurred in December 2022 and a mesoscale storm in May 2022, with model results evaluated against

observations from meteorological stations across Québec.

For the December 2022 synoptic storm, very high-resolution simulations (2.5 and 1 km) show improved
performance in estimating both wind gusts and hourly mean winds compared to the 12 km simulation and
the ERAS reanalysis. Model performance is also generally higher over environments close to water than
over land, and under conditions of stronger sustained winds. In contrast, for the May 2022 derecho, the
added value of very high-resolution simulations is less systematic than for lower-resolution products,

although the 1 km simulation remains the most accurate in representing wind speeds and gusts.

Keywords: Wind gusts, synoptic storm, derecho, mesoscale convective system, high-resolution climate
modeling.
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INTRODUCTION

Les tempétes synoptiques ou de mésoéchelle, responsables des vents extrémes et des rafales de vent intenses,
se produisent réguliérement sur le territoire du Québec ou ailleurs dans le monde, et causent des dommages
environnementaux, sociaux et économiques importants. Dans le contexte des changements climatiques, les
événements extrémes, dont ceux issus des tempétes d’origine convective, risquent de devenir plus fréquents
et intenses selon les experts du GIEC (Groupe d’experts intergouvernemental sur 1’évolution du climat) a
I’échelle planétaire (IPCC, 2023 ; Gliksman et al., 2023). Lors de I’occurrence de ces tempétes, les vents
sont responsables de la majeure partie des dommages sur les infrastructures et I’environnement naturel
(Hadavi et al., 2022), notamment en raison des rafales dont les vitesses et la direction peuvent changer
brusquement dans le temps et dans 1’espace. Ceci est & I’origine de déracinements des arbres ou de bris
d’infrastructures, comme le réseau de distribution d’électricité. Les rafales se produisent souvent a haute
fréquence, entre 3 et 20 secondes, avec une vitesse du vent qui surpasse 5 m/s de la vitesse continue ou
réguliere (WMO, 2010). Lors d’une tempéte, plusieurs facteurs peuvent favoriser des changements dans la
direction et la vitesse des vents, notamment les gradients de pression dans le plan horizontal et le
cisaillement du vent dans la verticale qui peuvent engendrer des mouvements subsidents (ou downdraft)

associés le plus souvent a une perte de flottabilité des parcelles d’air (Gliksman et al., 2023).

Au Canada, le Québec est particuliérement vulnérable a I’occurrence des tempétes comportant des vents et
des rafales intenses, en raison notamment de son vaste réseau de distribution d’électricité et de son
exposition réguliere aux systémes dépressionnaires synoptiques parmi les plus intenses au pays (cf. durant
la saison hivernale dans I’étude de Poan et al., 2018). La moiti¢ de tous ces événements au Canada sont
répertoriés au Québec et en Ontario (Hadavi et al., 2022). La présence des Grands Lacs contribue de manicre
importante a la formation d’événements dommageables qui traversent les deux provinces. Depuis 2000, les
tempétes de vent répertoriées sont en hausse dans cette région (Munoz & Anyomi, 2025). Au Québec
seulement, les trois quarts des événements dommageables sont dus aux vents intenses lors de ces tempétes

qui ont causé 1,4 milliard de pertes de biens assurés de 2008 a 2021 (Hadavi et al., 2022).

Bien anticiper les vents les plus intenses lors d’une tempéte peut s’avérer tres utile afin de réduire les risques
pour les populations et les infrastructures face a ce type d’aléa. Cependant, les vents, plus précisément les
rafales, résultent de processus atmosphériques complexes et de nature souvent stochastique. Cette variable
météorologique fait donc 1’objet d’études moins systématiquement. Les analyses sont donc moins

nombreuses sur ce sujet, notamment au Canada et au Québec. De plus, la variabilité locale du vent pose



d’importants problémes d’analyse, en raison de nombreux effets locaux qui influencent ses caractéristiques

(exemple : topographie, présence de masses d’eau).

Pour améliorer la compréhension des vents, les modéles météorologiques et climatiques sont des outils
pertinents pour étudier leur évolution sur le territoire. Cependant, la simulation des rafales avec ces modéles
reste un défi, et 'implémentation de méthode d’estimation supplémentaire sous forme de méthode de post-

processing permet d’en améliorer la compréhension et les résultats obtenus (Brasseur, 2001).

Afin d’étudier les rafales de vent, on doit prendre en compte les caractéristiques des types des tempétes, et
leurs effets sur les vents continus ainsi que les variables qui influencent leur variabilité spatio-temporelle.
Les méthodes qui permettent de comprendre et d’analyser les vents intenses et les rafales ont évolué en
tenant compte des processus qui se produisent dans la couche limite, la convection profonde et selon le
profil de cisaillement (Bradbury et al., 1994; Nakamura et al., 1996). Une des premiéres méthodes
proposées pour l’estimation des rafales de vent fut développée par Brasseur (2001), qui inclut une
compréhension plus compléte des processus impliqués. Par ailleurs, I’effet de la résolution des mode¢les
météorologiques ou climatiques utilisés est un facteur important a considérer dans la simulation adéquate
des vitesses et des directions de vents, en particulier les rafales ou les vents les plus intenses dépendent entre
autres de la présence de reliefs/vallées et de masses d’eau qui est mieux représentée a haute résolution (cf.

Goyette et al., 2003 ; Gachon et Saucier, 2002 ; Cholette et al., 2015).

L’analyse de ces processus dans ce mémoire est faite a 1’aide d’étude de cas. Nous avons sélectionné deux
¢tudes de cas représentatives des tempétes récentes qui ont causé d’importants dommages. Elles font partie
des événements qui ont causé le plus de dégat sur le territoire depuis 2000. Le premier cas est celui de
décembre 2022, une tempéte synoptique hivernale qui incluait des vents forts durant quelques jours. Le
deuxiéme cas est celui de mai 2022, un derecho de mésoéchelle, une tempéte rapide qui a causé une quantité

de dommages équivalents a la tempéte synoptique sur une période plus courte.

Ce mémoire est structuré en trois chapitres. Le chapitre 1 présente la problématique, I’état des connaissances
et les objectifs de 1’étude. Le chapitre 2 est rédigé sous forme d’un article scientifique qui présente les
résultats des simulations a plusieurs résolutions, de deux études de cas (tempéte synoptique et de

mésoéchelle). Enfin, le dernier chapitre présente une discussion et une conclusion générale.



CHAPITRE 1

Problématique, état des connaissances et objectifs de 1’étude

1.1 Impact des vents et des rafales
1.1.1  Variabilité historique

Le vent est une variable cruciale dans 1’étude de la variabilité du climat, puisqu’il est responsable de
plusieurs processus et modifications des conditions de surface, notamment le transfert de chaleur,
d’humidité et d’énergie entre la surface terrestre et I’atmosphere (Jeong et Sushama, 2019 ; Minola, 2020).
Par ailleurs au sein de ’atmosphére, les caractéristiques du vent dans I’horizontal et dans la verticale,
notamment le cisaillement de celui-ci, dépendent principalement des différences de pression dans 1’espace
(Sahin et Tiirkes, 2013), a la fois prés de la surface et dans ’atmosphére (couche limite et atmosphére libre).
Le vent est aussi une source de grande incertitude et de préoccupations dans 1’évolution du climat, puisqu’il
est trés variable a 1’échelle spatiale et temporelle, et il peut causer d’importants dommages. De maniére
globale, les tempétes qui engendrent des vents intenses sont parmi les plus fréquentes et les plus couteuses
(Hadavi et al., 2022). Les vents extrémes et les rafales associées entrainent des dommages sur les

infrastructures, mais aussi la végétation et le secteur énergétique (Steinheuer et Friederichs, 2020).

De maniere globale les vents moyens sont en constante évolution. Par exemple, on a pu observer une
diminution a I’échelle globale des vents moyens dans les années 2000 (Roderick et al., 2007). Cependant,
on remarque un renversement de cette tendance depuis 2013 (Azorin-Molina, 2017, 2022). Les causes de
ces tendances restent incertaines et plusieurs facteurs pourraient en étre responsables, tels que le changement
rapide de I’utilisation du territoire et les modifications de la circulation atmosphérique a grande échelle. A
I’échelle globale., on observe une diminution de —0,08 + 0,01 m/s par décennie a une augmentation de 0,24

+ 0,03 m/s par décennie depuis 2010 (Zeng et al., 2019).

1.1.2  Evolution des vents et changements futurs

Au Canada, les vents intenses continus sont principalement dus au cyclone extratropical et aux tempétes
convectives. Dans le futur, un changement dans la fréquence, I’intensité, 1’occurrence et la durée des

événements causant les vents extrémes est anticipé¢ (Minola et al., 2020 ; Pryor & Barthelmie, 2010).

Cependant, les régimes de rafales de vent ne suivent pas les mémes tendances que les vents continus sous
I’effet des changements climatiques (Azorin-Molina, 2017, 2022). La fréquence est principalement dictée

par ’augmentation des tempétes extrémes a travers le globe. De plus, la présence de vents continus extrémes



lors d’une tempéte indique €également une augmentation des rafales. Les changements dans le régime des
vents sont donc d’intérét dans le contexte des changements climatiques, puisque le vent influence plusieurs
secteurs, tels que 1’énergie renouvelable, les industries minicres et le transport (Cheng et al., 2012 ; Cheng

et al., 2014).

1.1.3  Importance de la haute résolution

Les rafales de vent sont par définition hétérogenes ou de nature stochastique dans le temps et dans 1’espace,
et leur occurrence varie selon les processus ou phénomenes météorologiques impliqués. Les rafales peuvent
étre estimées de deux manicres différentes, soit par une méthode statistique ou soit physique. Les méthodes
physiques sont préférables puisque les statistiques assument des conditions stationnaires ou sans contraintes
physiques évolutives (Ma et al., 2022). Par ailleurs, plusieurs études ont montré I’importance d’utiliser des
modeles physiques ou météorologiques avec une résolution assez fine, puisque les vents sont fortement
influencés par la topographie et les conditions de surface a fine échelle (Kurbatova et al, 2018). En effet, la
haute résolution permet de mieux représenter les conditions de surface ou les rafales se produisent ainsi que
les phénoménes atmosphériques, comme les courants aériens descendants (downdraft), qui sont influencés

par ces effets locaux (Gliksman et al, 2023).

1.2 Théorie et observation des vents et rafales
1.2.1 Processus physique

Brasseur (2001) a établi une méthode d’estimation des rafales de vent (WGE) qui a permis de mieux
comprendre les vents, puisque celui-ci est basé sur la physique atmosphérique plutot que les statistiques.
L’étude de Brasseur (2001) a permis de développer et améliorer la méthode WGE ainsi que d’autres
méthodes d’estimation des rafales basées sur les principes physiques. Cette méthode est incluse dans le
modele climatique MRCC6 (Modele régional canadien du Climat version 6) qui est utilisé pour les

simulations régionales climatiques a I’échelle du Québec et du Canada produites dans la présente étude.

La modélisation de rafales de vent par Brasseur (2001) est basée sur une compréhension physique du
phénomeéne. Les rafales de vent sont des événements de turbulence non stationnaire qui se produisent donc
de manicre aléatoire (Boettcher et al., 2003). Elles sont une manifestation de la turbulence dans la couche
limite causée par un fort cisaillement vertical et une stabilité statique faible (Agustsson et Olafsson, 2009),
la stabilité¢ statique représentant la résistance gravitationnelle de I’atmosphére au déplacement vertical
(Young, 2014). Dans la verticale, la gravité et le gradient de pression sont le plus souvent en équilibre

hydrostatique a grande échelle. La perte d’équilibre hydrostatique représente I’accélération verticale causée



par la perte de flottabilité. Cette turbulence permet de générer 1’énergie nécessaire pour transférer de la
quantité de mouvement grace aux cisaillements du vent au sein de la colonne d’air ainsi qu’en fonction de
la stabilité statique (Stucki et al., 2016). Lorsque le cisaillement du vent est trop intense, les rafales peuvent
étre déviées avant d’atteindre la surface (Bradbury et al., 1994). Les rafales de vent se forment dans la
couche limite ou une turbulence dans la colonne d’air surmonte la flottabilité¢ avec une force dynamique
vers la surface (cf. schéma présenté a I’Annexe A). Selon Brasseur (2001), cette relation est décrite de la

maniére suivante :

1 rzp zp A6,(2)
pro E(z)dz = |, 9D dz (1.1)

Ou z, est 1a hauteur de la parcelle d’air étudié, g est la gravité, 0, (z) est la température virtuelle potentielle,
et AD , (z) est la variation de température virtuelle potentielle dans une couche donnée. Dans 1’équation 1.1,

E (z) représente le potentiel de flottabilité. (Brasseur, 2001 ; Lu et al., 2022).

De plus, les paramétres locaux de la couche limite exercent une influence plus prononcée sur la vitesse des
rafales de vent que les caractéristiques de surface, comme un terrain avec ou sans batiments. En effet, le
vent moyen est influencé par les changements de rugosité de surface, mais le maximum de vents reste
inchangé (Brasseur, 2001). Ce sont pourtant ces caractéristiques de surface qui permettent en partie la
formation de la turbulence ou la vitesse et I’intensité de celle-ci sont influencées par la taille de I’obstacle.
Les caractéristiques de la turbulence et I’intensité sont analysées a I’aide de I’énergie cinétique de turbulence
lors d’un événement de vents catabatiques qui se forment pres de la mer Adriatique dans 1’étude de Vecenaj
et al. (2010). Cette étude révele aussi I’importance de bien mesurer les rafales de vent a I’aide d’instruments

de mesure appropriés, comme des anémometres de vents ultrasoniques.

La hauteur de la couche limite atmosphérique affecte également la vitesse maximale des rafales de vent en
plus de la topographie. Une couche limite profonde est associée a des vents intenses qui varient également
selon la complexité de la topographie (Stucki et al., 2016). Lors d’une rafale de vent, on observe une hausse
soudaine de la couche limite (Lu et al., 2022). Ceci est causé par la turbulence associée a la dynamique
physique des rafales (Chilson, 2009). Les rafales varient en durée et en intensité selon ces facteurs physiques
d’origine dynamique et thermodynamique, et selon le phénoméne météorologique concerné. Cependant,
I’intensité d’une dépression n’influence pas nécessairement 1’intensité des rafales (Mccallum et Norris,

1990).



Dans les tempétes de mesoéchelle et d’échelle synoptique, les processus dominants et impliqués dans la
formation des vents les plus intenses sont différents. De plus, selon le type de tempétes, les conditions
divergent, il est donc difficile d’identifier les causes systémiques des vents intenses (Xiang-E & Xue-Liang,
2012). Par exemple, les rafales descendantes qui proviennent d’orages violents ou de derechos, les vents
associés a des dépressions ou les vents descendants et catabatiques causés par la topographie sont affectés
par divers mécanismes (Changnon, 2009, 2011). Dans le cas des tempétes de mésoéchelle, les rafales
descendantes sont responsables de la majorité des rafales observées pres de la surface (Son et al., 2024 ;

Xiang-E & Xue-Liang, 2012), qui sont le plus souvent de trés courte durée (Hayashi, 1992).

De plus, les zones qui possédent un grand potentiel convectif sont les plus susceptibles de générer des rafales
(Letson et al., 2018). Ces rafales d’origine convective sont causées par les processus diabatiques et les
perturbations thermodynamiques au sein de la colonne d’air (Mohr et al., 2017). Dans une atmosphére
instable, les parcelles d’air vont se refroidir et se saturer en eau rapidement lorsqu’elles s’élévent en altitude.
Le développement de précipitations convectives est donc souvent accompagné de rafales (Wakimoto, 2001).
Cependant, les rafales non convectives, comme celles associées a des dépressions extratropicales, peuvent

étre tout aussi dommageables, mais les processus dominants sont tres différents (Knox et al., 2011).

1.2.2  Instruments de mesure et modélisation

La mesure et la reconstruction des rafales de vent sont faites soit a 1’aide d’instruments de mesure ou des
outils de modélisation. Pour les stations d’observations d’Environnement et Changement climatique Canada
(ECCC), les mesures sont effectuées a I’aide d’un anémométre placé a une hauteur de 10 métres de la surface.
Contrairement aux vents (sub-horaires) mesurés de fagon continue, les rafales sont mesurées seulement par
leur vitesse a fréquence horaire et archivée sur une base quotidienne (Environnement et Changement

climatique, Canada, 2023).

Dans les modéles météorologiques et climatiques, les rafales de vent sont simulées a 1’aide de méthode
variée, soit a ’aide de modeles statistiques, physiques, ou méme a 1’aide de I’intelligence artificielle ainsi
qu’une combinaison de techniques. L’étude de Sheridan (2018) présente et compare les différentes
techniques utilisées pour prévoir les rafales de vent, et notamment identifier les méthodes les plus efficaces.
Dans le mod¢le de prévision d’Environnement et Changement climatique Canada (ECCC), la méthode a
base physique développée par Brasseur (2001) est utilisée (McTaggart-Cowan et al., 2019). Les simulations
réalisées avec ce modele permettent donc de produire une analyse des rafales de vent en plus de pouvoir les

comparer avec les stations d’observation sur le territoire Canadien d’ECCC. Cette approche permet de



comprendre et valider les résultats obtenus par la modélisation, comme c’est le cas dans d’autres régions du

monde, par exemple, en Europe (Kurbatova et al., 2018).

1.2.3  Application de la méthode de Brasseur : exemples

Comme mentionné précédemment, I’estimation des rafales de vent par la méthode de Brasseur (2001) est
basée sur la déviation d’une parcelle d’air par la turbulence dans la couche limite. Pour qu’une rafale de
vent atteigne la surface, 1’énergie cinétique de la turbulence doit excéder la flottabilité de 1’air dans la couche
limite. La limite inférieure de 1’estimation de la rafale est ainsi déterminée selon la valeur de 1’énergie
cinétique turbulente locale seulement. La limite supérieure, pour sa part, est déterminée par le vent
maximum observé dans la couche limite. L’intervalle d’estimation est finalement influencé par la présence
de convection profonde (Bradbury et al., 1994 ; Nakamura et al., 1996). Le module du vent doit considérer
la colonne d’air affecté par la rafale descendante. Cette méthode doit €tre appliquée avec une réanalyse ou
un modele a fine échelle, afin de simuler correctement la convection profonde et donc les rafales de vent

associées.

Brasseur (2001) a ainsi produit la premicre application de cette méthode d’estimation des rafales en
analysant des tempétes de janvier et février 1990 en Belgique. Son étude a utilisé une simulation produite
avec le modele atmosphérique régional (MAR) a mésoéchelle, en utilisant ’analyse ECMWF (European
Centre for Medium-Range Weather Forecasts) avec une résolution horizontale de 25 et 50 km. La méthode
a permis de reproduire les caractéristiques principales des rafales de vents observés, malgré des cas de
surestimation pour les rafales observées d’intensité plus faible. Ces biais sont causés par une mauvaise
représentation de la couche limite et du profil vertical de ’atmosphere, la basse résolution de 1’analyse

utilisée par le modele et les paramétres de turbulence utilisés dans le modele (Brasseur, 2001).

Le diagnostic de Brasseur (2001) a été également utilisé dans plusieurs autres études, dans le cadre de
I’analyse de rafales de vent en Europe (ex. Goyette et al., 2003). Ces études utilisent souvent des versions
modifiées du diagnostic de Brasseur (2001), afin de réduire les erreurs communes, associées a des
surestimations des tempétes intenses (Agﬁstsson et Olafsson, 2009 ; Lu et al., 2022 ; Samuelsson et al.,
2011). Selon le terrain a 1’étude et la résolution utilisée, les résultats et les erreurs difféerent. Une résolution
plus fine permet en général de mieux estimer les rafales et les vents moyens dans les modéles (Aglistsson
et Olafsson, 2009 ; Belusi¢ et Klai¢, 2004). Lorsqu’un terrain est plus complexe, la résolution est trés
importante pour obtenir des résultats de bonne qualité. Dans les régions ou le terrain est plat, comme celui
de la Belgique analysée dans I’¢tude de Goyette et al. (2003) ou I’ Allemagne dans celle de Pinto etal. (2009),

la résolution influencait moins la qualité des simulations. Ce résultat est confirmé dans 1’étude de Stucki et



al. (2016), ou la méthode WGE de Brasseur fonctionne mieux dans les plateaux et les terrains moins
complexes. Malgré la capacité de la méthode a bien estimer les rafales en terrain montagneux, la méthode
de Brasseur (2001) a tendance a sous-estimer les vents dans les pentes descendantes (vents catabatiques)
alors que les vents sont surestimés lors de convection intense (Agastsson et Olafsson, 2009 ; Born et al.,

2012; Lu et al., 2022).

1.3 Lacunes dans les outils de modélisations

Les modéles climatiques régionaux emploient aujourd’hui, avec 1’augmentation des puissances de calcul,
des échelles horizontale et verticale progressivement plus raffinées dans le but de produire des simulations
plus fiables. Cette résolution de plus en plus fine est toutefois associée a des couts de calcul élevés, et
n'entraine pas automatiquement des résultats plus précis et une réduction du biais du modele (Pryor et al.,
2012). Dans le cas des rafales de vent, peu d’études ont été réalisées au Canada et au Québec afin d’évaluer
la valeur ajoutée de I’utilisation de la trés haute résolution, en mode convection-permitting (cf. détails dans
1I’étude au Québec réalisée par Llerena et al., 2023; et Roberge et al., 2024), dans la simulation des vents

intenses et des rafales de vent.

1.4 Objectifs de I’¢tude.

Comme mentionné plus haut, les rafales de vent et les vents les plus intenses sont des variables peu
étudiées au Québec. Ce projet s’inscrit dans le projet ARRIME (Aléa, Risques et Résilience des
Infrastructures miniéres et €lectriques) qui vise a identifier et évaluer les risques reliés aux vents
extrémes pour les infrastructures hydroélectrique et miniére. L’objectif principal du présent projet est
donc d’analyser la capacité de la 6° génération du modéle régional du climat (MRCC6) développé au
centre ESCER a bien reproduire les vents intenses et les rafales dans des cas d’événements spécifiques

dommageables pour les infrastructures.

Les objectifs spécifiques sont de :

1. Analyser la valeur ajoutée des simulations & trés hautes résolutions (ex. 1 et 2,5 km), en mode
convection-permitting, versus a plus basse résolution (ex. 12 km), dans la représentation des rafales

de vent sur le territoire du Québec a I’aide de la méthode de Brasseur (2001).

2. Analyser la valeur ajoutée du modele en convection-permitting pour la simulation des rafales de
vent dans le cas de systemes convectifs de mésoéchelle versus des dépressions extratropicales

d’échelle synoptique.



CHAPITRE 2

Article: Evaluation of wind speeds and gusts as simulated with the CRCM6 regional
climate model with convection permitting : Case study of a winter and summer windstorms

in southern Quebec

Article a soumettre a Tellus A : Dynamic Meteorology and Oceanography

Amélie Michaud!, Philippe Gachon!, Martin Leduc!*?

I ESCER (Etude et Simulation du Climat & I’Echelle régionale) centre, Université du Québec a Montréal, Montréal,

Québec, Canada; * Ouranos, Montréal, Canada

Ce chapitre présente un article préparé pour soumission a la revue Tellus dont le sujet traite de ’analyse de
deux études de cas, soit un systéme convectif de mésoéchelle qui a affecté 1’Ontario et le Québec en mai
2022 et une tempéte synoptique qui a affecté les mémes régions en décembre 2022. Ces études de cas
permettent d’analyser les simulations du MRCC6 a plusieurs résolutions (12, 2,5 et 1 km) et d’évaluer les
vents et les rafales de vents simulés versus celles issues des stations d’observation ’ECCC durant la période

ou ces deux systemes météorologiques furent présents au Québec.

Résumé : Les rafales et les vents intenses représentent une des causes principales des dommages et pannes
du réseau de distribution d’électricité d’Hydro-Québec lors de tempétes parfois extrémes. Cette étude évalue
la valeur ajoutée de la trés haute résolution spatiale du modele régional canadien du climat MRCC6, en
mode convection-permitting, développée au centre ESCER de 'UQAM. Les rafales sont définies comme
des épisodes de vents d’une durée d’environ 3 s, dont la vitesse excéde les vents moyens d’au moins 5 m/s.
Des simulations du MRCC6 a des résolutions horizontales de 12, 2,5 et 1 km, toutes pilotées par la réanalyse
ERAS, sont analysées. Le module de rafales de vent est basé sur la méthode de Brasseur. L’évaluation
repose sur deux études de cas : une tempéte synoptique survenue en décembre 2022 et un derecho de
mésoéchelle en mai 2022. Les résultats montrent que, pour la tempéte synoptique, les simulations a trés
haute résolution offrent une amélioration notable de I’estimation des vents horaires et des rafales par rapport
a la simulation a 12 km et a la réanalyse ERAS. En revanche, pour le derecho, la valeur ajoutée des
simulations a trés haute résolution est moins systématique, bien que la simulation a 1 km demeure plus

performante par rapport aux autres simulations et aux vents observés.



Abstract: Wind gusts and intense winds are among the primary causes of damage and outages in Hydro-
Québec’s electricity distribution network during extreme weather events. This study assesses the added
value of very high spatial resolution simulations using the Canadian Regional Climate Model, version 6
(CRCMO), in convection-permitting mode, developed at the ESCER Center of UQAM. Wind gusts are
defined as extreme wind episodes lasting approximately 3 s, with speeds exceeding the mean wind by at
least 5 m/s. CRCM6 simulations at horizontal resolutions of 12, 2.5, and 1 km, all driven by the ERAS
reanalysis, are analyzed. Wind gusts are diagnosed using a gust parameterization based on the Brasseur
method. The evaluation is conducted using two case studies: a synoptic-scale storm that occurred in
December 2022 and a mesoscale derecho event in May 2022. The results show that, for the synoptic storm,
very high-resolution simulations significantly improve the estimation of hourly winds and wind gusts
compared to the 12 km simulation and the ERAS5 reanalysis. In contrast, for the derecho event, the added
value of very high-resolution simulations is less systematic, although the 1 km simulation remains the most

skillful.

2.1 Introduction

Extreme wind events from both synoptic and mesoscale storms can lead to major and severe damages to
natural and human systems. In the recent decades, many mesoscale and synoptic windstorms in eastern
Canada have resulted in significant disruptions to the transportation, electricity and communication systems
as well as the environment (Steinheuer & Friederichs, 2020). High-wind events are destructive
meteorological hazards, contributing to economic losses associated with storms in Ontario and Québec
provinces (Hadavi et al., 2022). In the future, a substantial increase is expected in the frequency, intensity
and occurrence of these events (Minola et al., 2020; Pryor & Barthelmie, 2010). However, the links between
the changing climate and high wind events are weak (Azorin-Molina, 2017 and 2022), since one needs to
consider the type of weather systems, from synoptic (i.e., tropical and extratropical cyclones) to mesoscale
convective systems (MCSs; Catto & Dowdy, 2021; Schumacher & Rasmussen, 2020). In particular, the
projection of MCSs and their associated hazards remains a major challenge, which results from multiscale
processes and insufficient resolution of atmospheric models (Schumacher & Rasmussen, 2020). However,
potential improvements in simulated high-wind events and their extreme behaviours using high-resolution
convection-permitting models are promising (Cholette et al., 2015; Gutowski et al., 2020; Lucas-Picher et
al., 2021; Moreno-Ibanez et al., 2023). There is an increased need for accurate short-and long-term wind
simulations associated with severe storms on both local and regional scales to improve preparedness and

reduce impacts.
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During storms, gusts are the most destructive form of wind as they are characterized by bursts of a minimum
of 3 s of winds that exceed the sustained wind (Kolendowicz et al., 2016). They result from nonstationary
turbulence occurring randomly in time and space (Boettcher et al., 2003; Drazin, 2002). Gusts are a
manifestation of turbulence in the boundary layer caused by intense vertical wind shear and low static
stability (Agustsson & Olafsson, 2009). Static stability represents the gravitational resistance to vertical
movements in storms (Young, 2014). Gusts form in the planetary boundary layer (PBL) when turbulent
kinetic energy (TKE) exceeds the buoyancy of an air parcel, allowing dynamic downward momentum
transfer toward the surface. In fact, TKE is associated with the generation of eddies within the PBL that
may potentially transport momentum from a certain level in the atmosphere down to the surface (Hayashi,

1992). 1t is thus the essential source for gusts close to the surface (see Goyette et al., 2003).

Another challenging aspect in the simulation of wind gusts remains, such as their high temporal and spatial
variability that need to be resolved using high resolution modeling tools (Goyette et al., 2003). Furthermore,
the weak correlation between sustained wind speeds and gust magnitudes renders it infeasible to accurately
predict gusts based solely on sustained wind measurements (Brasseur, 2001). Research on wind gusts are
also limited because these variables fluctuates in less predictable ways than temperature or precipitation
ones (Pryor et al,, 2012; Turner et al., 2019), i.e. winds are more stochastic by nature than other
meteorological variables as they are also strongly affected by local surface conditions and physiographic
features as for example the topography (see Goyette et al., 2003) and surface diabatic fluxes, especially over
and near water masses or sea-ice margin (see Gachon et al., 2003; Barthelmie et al., 2010; Moreno-Ibanez
et al., 2023). In Canada, the observations of wind gusts are very sparse and often temporally incomplete,

complicating the analysis of their potential changes across the years and ecosystems (Cheng et al., 2012).

High-resolution regional climate models serve as a valuable tool to study and simulate high wind events and
provide more often a better representation of their spatial and temporal variability than coarse scale global
climate models, especially for extreme wind speeds and their evaluation under climate change (see Morris
et al., 2024). In terms of gusts estimation techniques, these generally fall into two broad categories. The first
being a statistical method which uses distribution functions with extreme value theory to predict the winds
(Sheridan, 2018). The second type consists of physics-based approaches such as the wind gust estimate
method (WGE) proposed by Brasseur (2001) which relies on a parameterization of the PBL physical
component. The WGE method is based on the deflection of an air parcel by turbulence in the PBL. The
accuracy of the estimation is also influenced by the deepening of the convection during an event (Bradbury

et al., 1994; Nakamura et al., 1996). The WGE method is widely used in climate modeling for its ability to

11



provide accurate and consistent results (see Goyette et al., 2003). The application of this method can result

in better results and a better understanding of wind gusts (Sheridan, 2018).

In the Quebec region, limited studies have been conducted on the wind gusts involving physically based
models that evaluate the accuracy of the WGE method over complex terrain (Cheng et al., 2012; Cheng et
al., 2014; Jeong & Sushama, 2019). The heterogeneous regional physiographic feature of the region requires
a high-resolution model because wind is highly sensitive to changes in the surface conditions (see Gachon
and Saucier, 2003) and within the St. Lawrence valley (see Cholette et al., 2015). Also, the wind behavior
fluctuates greatly on intra-annual scale, especially over water masses and oceanic areas, in particular over
cold water in summer or sea-ice free areas during winter (see Gachon et al., 2003; Gachon and Saucier,
2003; Moreno-Ibanez et al., 2023), as well as mountainous terrain, valleys and flat land with respect to the

occurrence and characteristics of extratropical cyclones and MCSs.

The WGE method is embedded in the sixth generation of the Canadian Regional Climate Model (CRCM6)
and permits the simulation of wind during convective events with high-resolution. The CRCM6, developed
at the ESCER center (UQAM), is based on the fifth generation Global Environmental Multiscale (GEMS5;
Girard et al., 2014; McTaggart-Cowan et al., 2019) forecast model developed by Environment and Climate
Change Canada (ECCC). This new CRCM6 model (see Roberge et al., 2024; Llerena et al., 2023) uses the
atmospheric component of the version 5.1.1 of the GEMS5 model (McTaggart-Cowan et al., 2019). The use
of this CRCM6 model facilitates the analysis of hindcast high-wind events to determine the accuracy of the

model, before using it to evaluate these events under climate change.

This study aims to fill gaps in the existing knowledge on high winds and gusts using CRCM6 initialized and
driven at its lateral boundaries by the ERAS reanalysis developed by the European Centre for Medium-
Range Weather Forecasts (ECMWF) (Hersbach et al.,, 2020). Additionally, this study will assess the
capacity of the model CRCM6 and the WGE method to estimate intense wind and gusts during two severe
storms. This paper will also examine the potential added value of a high-resolution and convection
permitting model in improving the prediction of high winds and gusts. This study uses two case studies of
2022 storms which caused major damage. These two events occurred in spring and winter of 2022, at both
mesoscale and synoptic scales. The first case is an MCS derecho event occurred in May 2022 which caused
over 550 000 customers to lose electric power in the Outaouais, Laurentides, Lanaudi¢re, Mauricie and
Capitale-Nationale regions (Hydro-Québec, 2022). The second case study is an extratropical snowstorm

occurred in December of 2022 which resulted in outages to more than 550 000 customers across the province,
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like the derecho, with the regions of Quebec City, Saguenay and Cote-Nord were mostly affected (Hydro-
Québec (2), 2022).

2.2 Data and methods
2.2.1 Study region

The two case studies took place in Québec (Canada), more precisely in the southern part of the province
(see Figures 1b and Ic) which represents the region of interest. The area shown in Figures 1b and 1c has a
high density of population and a dense network of meteorological stations (presented in the following
section with their locations shown in Figure 2a) used here for the comparison with the CRCM6 simulations.
The density of population and infrastructures in Ontario and Québec amplifies the damage and socio-

economic exposure due to severe meteorological events.

This area is mostly centered around the St. Lawrence River with the Appalachian Mountains in the southeast
and eastern sides and the Laurentian and Charlevoix mountainous regions, this valley is a corridor known
for strong wind during storm events along the St. Lawrence River towards the Gulf area (Hundecha et al.,
2008; Cholette et al., 2015). As shown in Figure 1 (panels b and c), the areas with the highest elevations
reach around 1,629 m in the Adirondack Mountains and 1,048 m in the Charlevoix Mountains. In winter,
the differences in temperatures between open water and land surface, as well as strong surface diabatic
fluxes over open water during cold air advection, results in the development of strong winds over the coastal
area and the Gulf of St. Lawrence (see Gachon and Saucier, 2003). The complex terrain and the geography
of the region contribute to the development of deep convection during summer months that promotes higher
local winds and severe gusts across various areas in eastern North America (Changnon, 2009 and 2011;

Letson et al., 2018).

2.2.2  Environment and Climate Change Canada wind observations

Surface wind observation data from Environment and Climate Change Canada (ECCC) serve as a reference
for comparing the model simulation (see the model configuration in section 2.2.3). 100 stations were used
across the province of southern Quebec with hourly and daily surface observations for the overall analysis
(see their locations in Figure 2a). Wind measurement protocols vary significantly across Canada,
particularly regarding anemometer position and the temporal resolution of mean wind speed recordings

(Cheng etal., 2012).
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For detailed analysis, two subsets of 16 stations were selected within the main regions of interest for the
regional assessments in each case study. The stations are distributed in four (4) different regions, shown in
Figures 2b and 2c, for each case study where the storm patterns affect the wind fields. The 16 stations
presented in Table 1 were used for model simulation comparison over similar physiographic features (e.g.,
topographic and land/coastal areas), with consistency of the observed data and the reliability of the
instruments. The wind is measured as the hourly mean speed at 10 m along with the direction. For the

available wind gusts data, only wind speed is measured and represents the instantaneous peak values

observed during the day.
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2.2.

3

Regional model and reanalysis data

For this study, we used both the CRCM6 and reanalysis data time series of hourly wind values. As suggested

previously, the CRCM6 model has been developed by the ESCER (Etude et simulation du climat a I’échelle

régionale) Centre at the Université du Québec a Montréal (as described in Llerena et al., 2023; and Roberge

et al., 2024). The ERAS5 atmospheric reanalysis (Hersbach et al., 2020) served as the initial and lateral

boundary conditions for the CRCM6 simulations used in this study. The experimental configuration consists

of four simulations, presented in Table 2. The CRCM6 is used with three different resolutions: the coarser

resolution is 12 km (CRCM6-12), with the domain covering all North America (dashed green lines in Figure

la, the 2.5 km resolution grid (CRCM6-2.5) covers the domain of eastern Canada (dashed green lines in

Figure 1a, and the 1 km resolution using two different domains, the larger one (CRCM6-1L) and the smaller

1 km domain (CRCM6-1S shown in dashed pink lines in Figure 1a), which includes the southern part of

Quebec but excludes the Cote Nord region shown in Figures 2b and 2c, respectively.
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Figure 2. a) Location of the 100 stations from ECCC
in Quebec used in the wind analysis of both the
December and May 2022 storms. b) and c¢) Location
of the 16 stations from ECCC used for the model
comparison for each case study. The stations located
in the region of Saguenay are in blue, those in the
Estuary (noted as Estuaire in the figure) are in
yellow, inthe Estrie in green, in the Céte-Nord in red.
in the Mauricie in orange, and in the Outaouais are in
purple. Note that the panel b is used for the case study
of December 2022, and the panel c for the case study
in May 2022.
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For studying the windstorms on a larger scale, the smaller 1 km domain (shown in dashed pink color in
Figure 1a) is not used for the stations located in the Cote-Nord regions (red stations located in Figure 1c) as
the corresponding simulation (CRCM6-1S) does not cover this area. The main aim of using a larger versus
smaller 1 km domain is to evaluate if the size of the domain affects the simulated wind fields, and its

accuracy during storm events.

The model configuration includes convection-permitting in CRCM®6-2.5, CRCM6-1L and CRCM6-18
simulations, i.e. without the parameterization of the deep convection (see Roberge et al., 2024). As shown
in the recent work of Ghosh et al. (2025), this configuration is effective to represent deep convection and
high intensity of rainfall, with respect to simulation with parameterized deep convection that tends to
underestimate precipitation intensity. As suggested in the recent work of Ma et al. (2025), these convective
processes simulated with convection-permitting model can potentially be useful for the development and
evolution of a windstorm or extreme wind events. In general, high-resolution and convection-permitting
models generally produce more realistic simulations of intense convective events (Belusi¢ & Klai¢, 2004;
Fosser et al., 2024), as well as for both synoptic (see Ghosh et al., 2025) and mesoscale cyclonic events (see
Alpizar et al., 2026)).For the CRCM®6-12 simulation, the spectral nudging was utilized to improve the
simulation of large-scale patterns during wind events (Separovic et al., 2012; Whittaker et al., 2025). For
all simulations (i.e. at 12, 2.5 and 1 km resolutions), ERAS reanalysis was used as boundary conditions for
both atmospheric (temperature and wind fields) and oceanic (sea surface and sea-ice) fields (see details in

Table 2).
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Table 1. Selected observation stations from ECCC for the analysis of the two storms, i.e. case studies of May (MCS-
derecho) and December (synoptic system) 2022 and the location of each of the 16 stations is presented in Figures 2b
and 2c¢, with four stations located in each Cote Nord, Estuary, Saguenay, Estrie or Mauricie, and Outaouais/Laurentides

areas.
Identification . .
Stations number Region Altitude Igat Lon (°W) Missing

(WMO) (m) (°N) data

Pointe-Claveau 7045398 Saguenay 4.00 48.26 70.11 0%
Cap-Rouge 7040444 Saguenay 7.30  48.37 70.54 0 %
Jonquiére 705S002 Saguenay 135.60 48.43 71.14 0%
Roberval A 7063370 Saguenay 178.60  48.52 72.27 0%
Baie-Comeau 7034900 Estuary 68.60 49.13 68.20 0%
Pointe-au-Pére (INRS)  7053KGR Estuary 7.60 48.51 68.47 0%
Cap-Chat 7055422 Estuary 36.60 49.11 66.65 0%

Ile rouge 7042395 Estuary 5.90 48.07 69.56 0%
Mont-Joli 7053038 Estuary 52.40  48.61 68.19 0%
Beauceville 7028123 Estrie 160.00 46.21 70.79 0%
Thetford Mines RCS 7027470 Estrie 310.90 46.05 71.27 0%
Lac Memphrémagog 7028442 Estrie/Mauricie 208.70 45.27 72.17 0%
Frelighsburg 701Q009 Estrie 112.80  45.03 72.85 9%
Sept-iles 7046059 Cote-Nord 52.60  50.22 66.25 1 %

Ile aux Perroquets 7041JG6 Cote-Nord 9.00  50.22 64.21 0 %
Havre St-Pierre 7041382 Cote-Nord 6.10  50.28 63.61 0%
Natashquan 7043BP9 Cote-Nord 11.90  50.19 61.81 0%
Granby 7015001 Mauricie 175.00 45.37 72.77 0 %
Lennoxville 7022579 Mauricie 181.00 45.37 71.82 0%
Trois-Riviéres 7018562 Mauricie 53.30  46.35 72.52 0 %
Ottawa Gatineau 702LED4 Outaouais/Laurentides  64.30  45.52 75.56 10 %
Maniwaki 7032682 Outaouais/Laurentides 199.70  46.27 75.99 0 %
Montréal Mirabel Intl 7032685 Outaouais/Laurentides  82.30  45.68 74.04 0 %
Saint-Jovite 7033121 Outaouais/Laurentides 234.40  46.06 74.56 0 %

Regarding the reanalysis data, ERAS5 covers the period from 1950 to the present on a grid resolution of 31

km (Hersbach et al., 2020). It includes hourly archiving of wind field data and gusts (at 10 m). ERAS was

also used in comparison with the CRCM6 data by extracting the hourly wind and wind gust components

from the archives for the three-day peak of each storm (see Table 2). The hourly wind speed in the reanalysis

was computed from the horizontal wind components U and V. As for the CRCM6 simulations, hourly wind

gusts are also used; namely, the variables WGE (wind gust estimate), WGN (wind gust minimum), and

WGX (wind gust maximum) were selected. More details on the wind gust estimates are presented in the

following section.
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Table 2. Model configurations used for the simulation and the characteristics of the different resolution and the
variables used. The respective domains of the 12, 2.5, and 1 km CRCM6 resolutions are shown in Figure 1a.

Slmu'lated Domain Resolution Bouqqary Period .Of H(?urly Configuration
Period conditions  analysis  variables
Eastern (Historical)
CRCM6-1S 20-05- No spectral
Canada 1 km 2022 nudgin
15-05-2022  (small) o ging
To WGN
31-05-2022 CRCM6-1L 222'23' WGE — No spectral
CRCM6 / Eastern I km ERAS 0 WGX  nudging
20-122022  Canada  CRCM6-2.5 / uU
To 2.5 km 23-12- vV
31-12-2022 2022
North ~ CRCM6-12 To Spectral
America 12 km 25-12- nudging
2022

2.2.4  Wind Gust Parametrizations

The CRCM6 and the ERAS reanalysis include a wind gust module based on the WGE method (Brasseur,
2001). The method uses wind gusts as caused by eddies created by the surface friction and wind shear. It
determines the location of the eddies and the TKE necessary to overcome the buoyancy of a parcel as

described in this equation 2.1:

1 % zp A0y(2)
. JJPE@) dz = [P g 0.2 2.1

Where z; is the height of the air parcel responsible for the gust, g is the gravitational acceleration, ®, (z) is
the virtual potential temperature, and A8, (z) is the variation of the virtual potential temperature in each layer
and E(z) is the TKE computed (Brasseur, 2001; Lu et al., 2022). The WGE method also uses a lower and
upper bound to confirm the estimate, the lower bound is determined by the local vertical TKE and the upper
bound is determined by the maximum wind in the PBL (Goyette et al., 2003). The interval resulting from
the lower and upper bounds is highly influenced by deep convection. The air parcel deviation must consider
the air column affected by the downdraft as seen in Brasseur (2001), which uses WGE, WGN and WGX for
this purpose.

2.2.5 Analysis method

To analyze the wind data on a common grid, we use conservative interpolation of the U and V variables

separately from the lower to the higher resolution grid to transform the data to the smallest grid (the small
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1 km grid) using the CRCM6 model simulation without modifying the objects analyzed (Pletzer & Fillmore,
2015). Two domains were also used for the 1km resolution model, CRCM6-1L and CRCM6-18, to evaluate
the effect of the proximity of the lateral boundaries on the simulated winds (i.e. to evaluate the spatial spin-
up effect, see Roberge et al., 2024), as well as the effect of large versus small domain on the simulated

winds.

Prior to the evaluation of the WGE method over Québec, the analysis of the continuous wind is done. During
a convective event, the capacity of CRCM6 to estimate the high continuous speed is important for obtaining
an accurate prediction of wing gust (Stucki et al., 2016). The continuous hourly wind speed is a key indicator
of the potential performance of the WGE method. This direct comparison of the hourly data available at the
station allows for more in-depth analysis. The statistical assessment incorporates 100 stations in higher
latitude, and more specific analysis is done on 16 high confidence stations for each event were selected in
the targeted area affected by the storm. The nearest grid point for each station is used for the comparison of
wind fields. After testing four and more grid points around each station, the simulated wind values are

closest to the observed speed with the nearest grid-point values.

For each storm, we use the 100 stations from ECCC as shown in Figure 2a for each of the three days to
evaluate the hourly wind speeds along the trajectory of the storms. We used Taylor diagrams (see Taylor,
2001) and Probability Density Function (PDF) estimate (using kernel density estimation, i.e. KDE method,
see Weglarczyk, 2018; Soh et al., 2013) to compare observed, reanalysis and simulated wind fields. The
Taylor diagram allows to quantify the Pearson correlation, Root-Mean-Square Error (RMSE) and standard
deviation between observed and simulated wind values. In each Taylor diagram, a spatial average value is
given for each of the three statistical criteria using the grid point values from the CRCM6 simulations close

to the 100 stations during the 3 days of the two storm events.

The RMSE statistical criteria is defined as:RMSE = \/ %Z’i\’ﬂ(M i — 0;)? (2.2)

Where M; is the model value O;is the observed value and N is the number of paired observations.
The PDF is also constructed using the same 100 stations and model simulated hourly winds using the same

three days of both storm events. This will help to determine if the hourly wind speeds are or are not well

represented during the 3-days track of each storm.
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Another statistical criteria is used to evaluate the accuracy of simulated winds versus the observed ones,
such as the Bias that corresponds to the mean difference values between the simulated and the observed
wind fields using the 16 stations located in each area presented in Figure 2b and 2c. Therefore, the Skill
score (SS) is also used, which allows to calculate the mean squared error between the simulation and the

observations using the following equation 2.3.:

MSE

SS=1-
MSE,ps

2.3)

MSE is the mean squared error between simulation and observation that allow to quantify the added value
from the simulation of peak sustained wind with respect to the sample climatology from observed data
MSE.s, which is given here by the average of the squared differences from the mean observation (see further
details in Stucki et al., 2016). Positive scores between 0 and 1 mean that the simulation is skillful (von
Storch and Zwiers, 2003; Wilks, 2006; Stucki et al., 2016). This yields improvement over the forecasts; a
positive score shows an improvement where 1 is a perfect forecast and negative score shows deterioration
of the forecast. Relative error was also used in the evaluation of wind gusts to better assess the different
results on a comparable scale. Relative error expresses the difference between simulated and observed
values as a percentage of the observed value, allowing for a normalized comparison across stations and

events with varying wind magnitudes.

2.3 Results
2.3.1 First case study: Extratropical cyclone of December 2022

From 21 to 26 December 2022, an extratropical cyclone brought a significant amount of snow to the
northeastern United States, Ontario, and Québec. This storm formed originally in the Canadian Prairies on
21 December (not shown) and reached the province of Ontario on 23 December (see Figure 3a). An occluded
front formed north of the center of the cyclone (Chai et al., 2022). Figure 3 illustrates the mean sea-level
pressure and wind fields (at 10 m), moving from the Great Lakes on 23 December (Figure 3a) towards
Québec (Figure 3b and c) on 24 and 25 December 2022. Precipitation was observed over the Ohio Valley,
the Great Lakes, and southern Ontario, turning from rain to snow at 18:00 UTC on 23 December according

to station data.
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Figure 3a shows the depression on 23 December at 1200 UTC and the associated winds at 10 m where the
strongest speeds were in the northeast and east of the storm center in southern Québec and New England
states. The wind directions changed with the progression of the front from east to southwest winds (Figures
3a and b). On 24 December, the depression reached the center of the Québec province as shown in Figure
3b. The center of the storm moves toward southeastern Hudson Bay on 25 December with blizzard
conditions along the Saint-Lawrence River (Figure 3c; see Chai et al, 2023). The storm declines on the 26

December and fills during its move towards the north of Québec province.
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Figure 3. Evolution of the storm over 3 days in
December 2022 showing mean sea level pressure (in
hPa colour shading, with low pressure in red and
high pressure in blue) and winds (in m/s)
represented by wind barbs at 10 m on 23 December
12:00UTC (a), 24 December 12:00 UTC (b), and 25
December 12:00UTC (c) using ERAS reanalysis
data.
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2.3.2 Hourly wind speeds comparison in Québec during the December storm event

The most intense phase of the storm in Québec occurred between December 23 and 25, as shown in Figure
3, with the highest wind speeds recorded on the south of the province on the 23. The analysis from 100
ECCC stations (see their locations in Figure 2) exhibit varying degrees of accuracy depending on both the
day and the model resolution used. Figure 4a shows a Taylor diagram from hourly wind speeds over each
day, between 23 and 25 of December 2022, using all datasets from ERAS and all CRCM6 simulations with
respect to the 100 observed stations used as a reference dataset. This diagram includes the mean values of
Pearson correlation, centered RMSE and standard deviation (SD) ratio. The higher correlation, lowest
RMSE and relatively similar SD ratio among all products versus observed data are obtained on December
23 (Figure 4a), when the low pressure was in southern Québec (as shown in Figure 3). The CRCM6-1S
simulation performs slightly better than other simulations and the reanalysis products on that day. On
December 24, the correlation computed from hourly wind speeds decreases for all simulations and
reanalysis compared to the previous day, as along with the increase in RMSE and a general lower SD of all

simulated/reanalysis fields than the observed ones.
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Figure 4. a) Taylor diagram with mean values of Pearson correlation, standard deviation ratio and centered RMSE
(solid circle lines) computed for all simulations (CRCM6-12, CRCM6-2.5, CRCM6-1L and CRCM6-1S) and
ERAS reanalysis with respect to the 100 stations hourly wind data used as a reference, for each day between 23
and 25 of December 2022. Circles represent 23 December, triangles represent 24 December and squares represent
25 December 2022. b) Probability density function of hourly wind speed for the 100 stations and the closest values
from the simulated and reanalysis data during the three days of the extratropical cyclone present in Québec (as
shown in Figure 3). Note that only a subset of 50 stations is used for CRCM6-18S.
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This means that the ECCC observations presented higher variability across the Québec province resulting
in reduced performance metrics for that day. In such case, the CRCM6-1L simulation presents the best
results among all runs. On 25 December, the overall lowest wind speeds from the three days’ time series
were recorded over southern Québec when the storm moved toward southeastern Hudson Bay. The
performance metrics show the lower accuracy among the three days, with correlation between the
simulations and ECCC stations varying between 0.2 to 0.4 with no statistically significant values (see Figure
4a). The best statistical scores are obtained on such day with the CRCM6-2.5 simulation. Annex B shows a
similar Taylor diagram but only using 16 stations shown in Figure 2, it shows very similar data and the

distinction between the three days.

The probability density function (PDF) using the hourly winds from 23 to 25 December 2022 is shown in
Figure 4b, using both observations, reanalysis data, and simulated values. The ERAS5 reanalysis shows the
poorest results and underestimates both low and high wind speed values, resulting in a narrow distribution
compared to the station data. The CRCM6-1S and CRCM6-2.5 simulations show a similar distribution and
tend to overestimate the presence of low-speed wind with respect to observed data. The CRCM6-1L and
CRCM6-12 are quite comparable and more closely match the PDF of the observed stations. Overall, the
observed distribution of hourly wind speeds presents higher spatial variability, with a slightly higher

occurrence of strong winds compared to the CRCM6 simulations.

2.3.3 Mean and maximum wind speeds in specific regions during the December storm event

Figure 5 shows the comparison of hourly wind speeds over the three days (23—25 December 2022) between
all CRCM6 simulations, ERAS reanalysis, and the observed ECCC stations for three regions and six specific
stations from Saguenay, Estuary, and Estrie areas (see their locations in Figure 2b). As suggested previously,
the highest wind speeds were observed on the first day (23 December 2022), with peak wind speeds
occurring above 15 m/s between 06:00 UTC on 23 December and 06:00 UTC on 24 December over the
Saguenay area and the Estuary (see Figures 5a—c). A secondary maximum wind speed was also observed in
the mouth of the Saguenay River and the Estuary on 24 December during the whole day (Figure 5d). This
resulted in lower wind speeds in the south, over the Estrie region (Figures Se—f). The CRCM6 simulations
at every resolution as well as the ERAS reanalysis underestimate the hourly wind speeds when wind peaks
are observed. This means that the highest winds lead to more underestimation by model runs, whereas lower
winds show fewer discrepancies between the observed ECCC data and the CRCM6 simulations in all
regions. The simulations accurately follow the observed time series, with the highest wind speeds reached
by CRCMG6-1S, which is the simulation that is most similar to the observed data, in particular over the

Saguenay and Estuary areas. In these areas, the coarser resolution simulation (CRCM6-12) and the ERAS
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reanalysis reveal the least accurate wind speed values compared to observed data, with a systematic and
stronger underestimation of the highest observed values (Figures 5a—d). The lowest-performing dataset is

the ERAS reanalysis, reaching only 16 m/s compared to the 27 m/s measured at the station over the 23-24
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of December. In summary, the higher-resolution simulation using the smaller domain (CRCM6-1S) presents

in general the best skill among all regions with respect to observed data.
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Figure 5. Temporal evolution of hourly wind speeds during the storm event at six specific stations from 00:00 UTC
on 23 December to 00:00 UTC on 26 December. The locations are the Saguenay Valley (a and b panels), the
Estuary region (c and d panels), and the Estrie region (e and f panels). The station abbreviations are Cap-Rouge
(CAP), Pointe-Claveau (POI), Baie-Comeau (BAI), ile Rouge (ILE), Beauceville (BEA), and Frelighsburg (FRE).
The black line shows the wind measured at the station, the green line represents CRCM6-18S, the blue line is
CRCM6-1L, the purple line is CRCM6-2.5, the red line is CRCM6-12, and ERAS is shown in orange.
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Table 3. Comparison of Pearson correlation (cor), root mean squared error (RMSE), additive bias (BIAS), and skill
score (SS) calculated from hourly wind speeds the reduction of variance of all simulated data from CRCM6-1S,
CRCM6-1L, CRCM6-2.5, CRCM6-12, as well as ERAS reanalysis, and the ECCC stations (used as reference) listed
in Table 1, using four stations from each region and the mean of all 16 stations. The four regions include Saguenay,
Estuary, Estrie and Cote-Nord and their four stations located in each region as shown in Figure 2b. The bold values
represent the best results for each statistical criteria and for each simulation or reanalysis among all regions, with blue
bold values the best ones among all products.

CRCM6-18
cor RMSE BIAS SS
All 0.84 2.13 -0.05 0.63
Saguenay 0.86 2.20 -2.48 0.72
Estuary 0.87 2.18 -1.99 0.75
Estrie 0.80 1.55 4.31 0.43
Cote-Nord - - - -
CRCM6-1L
cor RMSE BIAS SS
All 0.80 2.18 -1.03 0.59
Saguenay 0.82 2.50 -3.59 0.72
Estuary 0.87 2.22 -3.81 0.75
Estrie 0.73 1.51 2.81 0.43
Céte-Nord 0.78 2.48 0.46 0.45
CRCM6S-2.5
cor RMSE BIAS SS
All 0.75 2.84 0.26 0.19
Saguenay 0.81 2.51 -3.74 0.61
Estuary 0.82 2.60 -3.73 0.65
Estrie 0.67 1.81 4.88 0.17
Cote-Nord 0.69 4.44 3.61 -0.67
CRCM6-12
cor RMSE BIAS SS
All 0.65 2.85 0.57 0.19
Saguenay 0.66 2.95 -2.92 0.42
Estuary 0.76 3.12 -3.24 0.55
Estrie 0.52 2.31 6.22 -0.30
Cote-Nord 0.64 3.01 2.22 0.07
ERAS
cor RMSE BIAS SS
All 0.68 2.55 -0.64 0.36
Saguenay 0.57 2.97 -4.59 0.27
Estuary 0.83 2.80 -4.28 0.63
Estrie 0.52 1.94 3.78 0.08

Cote-Nord 0.79 2.49 2.53 0.47
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Table 3 presents various statistical criteria (Pearson correlation, RMSE, Bias, and Skill Score) with a
comparison between all simulated and reanalysis values of wind speeds using observations from stations
during the three storm days (from 23 to 25 December 2022 at 00:00 UTC). The highest Pearson correlation
among all regions and simulations have been obtained over the Estuary area and with the 1 km resolution
(for both small and large grids, i.e., CRCM6-1S/L). This correlation between the stations and CRCM6-1S/L
is 0.87 for the Estuary region, decreasing to 0.86 in Saguenay and 0.80 in Estrie. The Skill Score shows
higher values for CRCM6-1S and for regions with the strongest winds (0.73 in Saguenay and 0.75 in the
Estuary), whereas for the Estrie area, which has the lowest overall winds, it shows a Skill Score of only 0.43.
The CRCM6-1S and CRCM6-1L simulations also present the lowest RMSE values among all simulations
and reanalysis, with the Estrie region showing the best result for this metric across all simulations. Finally,
the bias shows negative values in areas with high winds (Saguenay and Estuary) and positive values in Estrie
and Cote-Nord, where wind speeds are generally lower, with the lowest bias values for CRCM6-1S among
all runs and regions. In summary, the results indicate the best performance for CRCM6-1S and CRCM6-1L

simulations over all regions.

In summary, this winter storm event produced very high sustained winds over two days, with the highest
wind speed observed as well as simulated in the Saguenay and Estuary areas. In fact, the strongest winds
were concentrated along and near the St. Lawrence River, where the detailed analysis was conducted.
Comparisons among all simulations and reanalysis show more often a better agreement with the ECCC
station data during the hours of highest wind intensity. The Estuary region shows the best agreement with
the station data, and the best results among runs and regions are obtained from the CRCM6-1S and CRCM6-
1L simulations (Figures 5a and b and Table 3). In general, the maximum values are underestimated in all

simulations, especially in the coarse-scale resolution products (CRCM6-12 as well as the ERAS5 reanalysis).

Also, for all CRCM6 simulations, performance improves with higher resolution. The correlation between
the simulated and observed datasets also increases with resolution. The performance of CRCM6-1S is the
best according to the temporal evolution of the storm (Figure 5) and the related statistics (Table 3). In other
words, ERAS and the CRCM6-12 coarse-resolution simulation perform the worst. In fact, the probability
density function shows that ERAS strongly underestimates wind speeds in most regions. The CRCM6-12

simulation shows the worst statistics in the analysis, where the correlation and Skill Score are the lowest.

2.3.4 Second case study: mesoscale convective system (derecho) of May 2022

The MCS event was a fast-moving derecho system that occurs during less than 12 hours along a 1,000-km

track and 100-km wide path (Ashton, 2023). Although the storm was small in scale, it has affected southern
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Ontario and Québec, where 40% of the Canadian population lives (Gatzen et al., 2025). The derecho formed
south of the Great Lakes following warm temperatures during 19 to 21 of May 2022 (Henson & Masters,
2022). A cold front around 21 May at 12:00 UTC with high wind speeds caused a thunderstorm to form, the
storm deepened when it reached the Great Lakes and the thunderstorm formed a bow echo (Ashton, 2023).
The derecho that developed over southern Ontario and Québec, was associated with high winds and intense

precipitation (not shown) on May 21, mainly between 12:00 and 18:00 UTC (as shown in Figure 6)

13
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Figure 6. Evolution of hourly winds (in wind
barbs, m/s) and wind gust values (in color scale
with low speed in blue and high speed in red) in
m/s during the derecho event on: a) 21 May 12:00
UTC, b) 21 May 18:00 UTC, and c¢) 22 May 00:00
UTC, all using the CRCM6-18S simulation.
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2.3.5 Hourly wind speeds comparison in Québec during the May storm event

The MCS storm caused significant damages over a short time period (Gatzen et al., 2025) with very intense
winds concentrated in a brief interval over the three-day period from 19 May 12:00 UTC and 22 May 12:00
UTC, with the maximum wind speeds occurring between 15:00 UTC on 21 May (see values on 12:00 UTC
on 21 May in Figure 6a and 09:00 UTC on 22 May.
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Figure 7. a) and b) Same as Figure 4a and Figure 4b (respectively), but for the derecho storm event (20-22 May
2022). Circles represent 20 May; triangles represent 21 May and squares 22 May.

Figure 7a shows the Taylor diagram over the three days (20—22 May 2022) with quite similar results among
the simulations for each day. CRCM6-1S shows the best agreement, with the standard deviation ratio
between 0.8 and 1 for each day. For most products, the simulations and reanalysis present a Pearson
correlation between 0.2 and 0.7, with the best results from the ERAS reanalysis, followed by the CRCM6
simulations at 1 and 2.5 km resolution on 20 and 21 May. Quite similar RMSE values are also obtained
among all products with respect to observed stations (on average). Annex B shows a similar Taylor diagram

but only using the 16 stations shown in Figure 2, it shows very similar data.

As shown in Figure 7b, the PDF of hourly wind speeds shows a heavy tails distribution, but with lower
extreme values compared to the synoptic storm analyzed previously (see Figure 4b). The CRCM6-1S shows
the best agreement with the observed median values followed by CRCM6-2.5 and the CRCM6-1L, while
the CRCM6-12 simulation and the ERAS reanalysis reveal in general an overestimation of hourly wind

speeds in most cases. In summary, as also shown in Figure 7a, although the higher resolution simulations
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perform the best for lower and median quantiles of hourly wind speeds, it is difficult to distinguish which

simulation performs the best for higher quantiles.
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Figure 8. Same as Figure 5 but for the derecho storm event between 00:00 UTC on 19 May to 12:00 UTC on 22 May at six specific
locations. The locations are the Estrie region (a and b), the Estuary region (¢ and d), and the Ottawa/Laurentides region (e and f).
The station abbreviations are Granby (GRA), Lac Memphrémagog (LAC), Baie-Comeau (BAI), Cap-Chat (CAP2), Ottawa (OTT),
and Mont-Joli (MON). The black line shows the wind measured at the stations, the green line represents CRCM 6- 18, the blue line
is CRCM6-1L, the purple line is CRCM6-2.5, the red line is CRCM6-12, and ERAS is shown in orange.
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2.3.6  Hourly wind speeds in specific regions during the storm event (20-22 May 2022)

Figure 8 shows the comparison of hourly wind speeds between CRCM6 simulations, ERAS reanalysis, and
observation stations over the three days (19-22 May 2022) and six locations across southern Québec. As
revealed in this figure, the high winds occur sporadically at a few locations on May 21 and 22, with values
exceeding 8 m/s, whereas the wind gusts were also not sustained for a long period of time. The Ottawa River
basin was first hit with the fast-moving storm, which resulted in winds reaching 15 m/s, with a systematic
underestimation from all products (CRCM6 simulations and ERAS reanalysis), as shown in Figure 8e.
Examining the Estrie region (Figures 8a and b), the CRCM6 simulations generally follow the temporal
distribution of observed data. The CRCM6-1S and CRCM6-2.5 simulations capture the major variations,
whereas CRCM6-12 exhibits more inconsistent peaks, including a systematic overestimation in wind speeds
with respect to observed values. For the other regions or stations, although the more erratic pattern of wind
speed is not fully replicated, the overall fluctuations are well represented in the CRCM6 simulations, in
particular with high-resolution simulations (at 1 and 2.5 km). In the Estuary region (Figures 8c and d), the
simulations tend to overestimate wind speeds when the stations record small changes, particularly as the
storm passes over the eastern area of the Gulf of St. Lawrence (Cap-Chat location shown in Figure 8d). In
the Outaouais region, the temporal series is again generally well represented, but the intense peaks measured

at the stations on May 21 are not fully captured by all simulations (Figure 8e).

Table 4. Same as Table 3 but for the derecho storm event between 00:00 UTC on 19 May to 12:00 UTC on 22 May
over the four regions. The four regions include Mauricie, Estuary, Outaouais and Cote-Nord and their four stations
located in each region as shown in Figure 2b. The bold values represent the best results for each simulation or reanalysis
among all regions, with blue bold values the best ones among all products.

CRCM6-1S
cor RMSE BIAS SS
All 0.56 1.50 0.66 0.09

Mauricie 0.51 1.52 0.70 -0.01
Estuary 0.59 1.51 0.35 0.18
Outaouais 0.59 1.48 0.94 0.10

Cote-Nord - - - -
CRCM6-1L
cor RMSE BIAS SS

All 0.57 1.44 0.26 0.18
Mauricie 0.51 1.49 0.57 0.02
Estuary 0.61 1.35 0.23 0.24
Outaouais 0.53 1.45 0.73 0.10
Cote-Nord 0.65 1.47 -0.50 0.37
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CRCM6-2.5
cor RMSE BIAS SS
All 0.58 1.51 0.28 0.16
Mauricie 0.57 1.43 0.61 0.18
Estuary 0.57 1.50 0.39 0.14
Outaouais 0.57 1.54 0.95 0.08

Cote-Nord 0.61 1.57 -0.81 0.25
CRCM6-12

cor RMSE BIAS SS
All 0.51 1.65 0.35 -0.03
Mauricie 0.50 1.68 0.94 -0.08
Estuary 0.46 1.74 0.13 -0.16
Outaouais 0.47 1.62 1.08 -0.12
Cote-Nord 0.60 1.58 -0.76 0.25

ERA5

cor RMSE BIAS SS

All 0.56 1.51 0.51 0.18

Mauricie 0.52 1.49 0.71 0.10
Estuary 0.59 1.53 0.30 0.19
Outaouais 0.49 1.53 0.89 0.03
Cote-Nord 0.64 1.47 0.13 0.41

In Table 4, the overall statistical criteria (Pearson correlation, RMSE, Bias, and Skill Score) with a
comparison between all simulated and reanalysis values of wind speeds with respect to observed data reflect,
in general, a lower skill of all simulations than for the synoptic low-pressure system, as shown in Table 3.
In fact, the best-performing simulation is the CRCM6-1L for the correlation and RMSE criteria, over the
Estuary and the Cote-Nord areas. For the Skill Score and mean bias criteria, the ERAS reanalysis performs
best, followed by the CRCM6-12 simulation. Overall, the effect of higher resolution within the CRCM6
simulations is less evident for the derecho event in terms of added value for hourly wind speeds, with respect

to the synoptic low-pressure system previously analyzed.

2.3.7 Wind Gust estimates for both storm events

This section focused on the wind gust analysis on both case studies. The WGE method (Brasseur, 2001)
uses the continuous hourly wind speed to estimate the minimum (WGN), and maximum (WGX) wind gust
values. In this section, we will mainly concentrate on the WGE values per day from all CRCM6 simulations
as well as ERAS reanalysis products to compare those with the observed data, whereas for this last the wind

gust speed is measured and represents the instantaneous peak values observed during the day. In the
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following, a comparison is presented between the observed maximum gust value and the corresponding

simulated WGE, as well as the relative error between the simulated and observed values.

2.3.7.1 Maximum wind gusts for the December 2022 synoptic storm event
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Figure 9. a) Comparison during the storm event from 23 to 25 December of wind gust speeds (WGE) between
observations at each station and the CRCM6-1S, CRCM6-1L, CRCM6-2.5, CRCM6-12, and ERAS (within £6 hours of
the observed time values at each station). b) Relative error (%) of the wind gust speeds (WGE) between observations
and each simulation or reanalysis, along with the absolute mean of the relative errors (last row values).

Figure 9 shows the comparison between the simulated and reanalyzed wind gusts (WGE) values and those
from observed stations, as well as the relative errors between simulations/reanalysis vs observed products
over all locations. These WGE values correspond to the gust observed during the event within £6 to the
simulated values. Figure 9a shows the speed in m/s and Figure 9b is the relative error. The highest wind
gusts were observed in the Estuary region (Baie-Comeau, Pointe-des-Monts, Pointe-au-Pére, and ile Rouge)
and the Cote-Nord region (Sept-iles, Iles aux Perroquets, Havre-Saint-Pierre, Natashquan), whereas the
Saguenay region shows lower values across its four stations (Pointe-Claveau, Cap-Rouge, Jonquicre, and
Roberval A). The Estrie region (Beauceville, Thetford Mines, Lac Memphrémagog, and Frelighsburg)
exhibits in general lower WGE values, except for the Lac Memphrémagog station where the second highest
wind gust speed is observed. In most cases, the highest resolutions (CRCM6-1S and CRCM6-1L) provide
the closest values with respect to observed wind gusts for the majority of stations, and lowest relative bias

except for few stations in the south of Québec (Figures 9a and 9b). In general, for the lowest observed wind
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gust values, the highest relative errors are obtained from the CRCM6 simulations and reanalysis, with the

higher biases up to 96.56% from the ERAS reanalysis. This last tends to strongly underestimate the values

observed where maximum WGEs occur (e.g., Pointe-des-Monts and ile Rouge, see Figure 9b). Other

regions and stations with higher wind gusts demonstrate better accuracy among CRCM6 simulations,

particularly in the Saguenay, Cote-Nord, and Estuary regions.

2.3.7.2 Maximum wind gusts for the May 2022 derecho event

The measured and simulated wind gusts exhibit considerable variability depending on the location and the

strength of the preceding hourly winds, as shown in Figure 10. Observed wind gusts were often very sudden

and short-lived, dissipating quickly after onset. Wind gusts differ substantially from hourly winds; for

example, at the Lennoxville station, continuous winds were below 9 m/s, while the observed gust reached

24.44 m/s, ie., 171% higher than hourly values. MCS events like the May derecho are particularly

challenging for the model to replicate (see the review of MCSs in Houze, 2018, and the recent work of

Alpizar et al., 2026), in particular because MCS forward motion is influenced by three factors: mean wind

speed, upwind propagation, and downwind propagation (see Corfidi, 2003); this last factor influences the

occurrence of wind gusts.
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Figure 10. a) b) Same as Figure 9 but for the derecho storm event during the 20 to 22 May period.
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For stations with more typical wind gusts, the simulations represent the observations more accurately,
though instances of over or underestimation are still evident. The relative error between the maximum
observed wind gusts at each station and the corresponding maximum simulated gusts within a 36-hour

window varies depending on the region.

In the Mauricie region, including Lac Memphrémagog, Granby, Lennoxville, and Trois-Riviéres, CRCM6-
1S performs poorly, underestimating gusts by 16.70% to 43.76% and overestimating them by 48.08% at
Granby. Low average wind speeds (Figure 3a and 3b) in the region contribute to these underestimations.
CRCM6-1L and CRCM6-2.5 also show poor performance, with similar or larger errors. CRCM6-12
demonstrates the best overall performance, with only Lennoxville as an outlier, while ERAS5 reanalysis
provides adequate results but generally underestimates gusts compared to the high-resolution simulations.
These results highlight the importance of model resolution for accurately capturing both the magnitude and
spatial variability of extreme wind gusts, particularly in regions with low average winds or unusual gust

events.

For the Estuary stations (Cap-Chat, Mont-Joli, Baie-Comeau, and Pointe-au-Pére), the simulations show
improved performance compared to other regions. These stations, located near water, experience higher
hourly winds due to their proximity to the St. Lawrence River. The relative error for CRCM6-1S ranges
from —15.93% to 5.02% when compared to observations, indicating good performance with reasonable
deviations. Similarly, CRCM6-1L and CRCM6-2.5 perform comparably, with very low errors. CRCM6-12
performs adequately, with errors ranging from —20.47% to 5.99%. Cap-Chat is slightly underestimated only
by CRCM6-12 and ERAS, whereas CRCM6-1S and CRCM6-2.5 slightly overestimate the observed value.

The Outaouais stations (Ottawa, Montréal Mirabel, Maniwaki, and Saint-Jovite) do not show a clear overall
behavior among CRCM6 simulations, with a wide range of relative errors from —50.17% to 22.14% for
CRCM6-18S. The Ottawa station exhibits significant underestimation across all models due to the high wind
gusts observed compared to the continuous wind. CRCM6-1L shows the best performance in the region,
with the lowest relative errors. CRCM6-1S and CRCM6-2.5 perform adequately, while CRCM6-12 and
ERAS perform the worst, generally underestimating the gusts.

The Céte-Nord stations (Sept-iles, Iles-aux-Perroquets, Havre-Saint-Pierre, and Natashquan) also do not
display a clear trend, with over- and underestimations depending on the station and model. Overall,
performance is below that of the other regions, with Iles-aux-Perroquets showing the largest

underestimations. CRCM6-12 performs the worst, with errors ranging from —7.50% to —75.34%.
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The absolute mean of the relative error shows that CRCM6-1S performs best, with 16.87%, although this
statistic excludes the Cdte-Nord region since it is outside the model domain. This exclusion likely
contributes to the higher performance of this simulation. The ERAS reanalysis follows with a mean relative
error of 21.5%. Compared to the CRCM®6 simulations, ERAS is more conservative in its output, producing
gusts within a narrower range across all stations. This results in consistent underestimation but also
relatively higher performance in terms of mean relative error. CRCM6-2.5 shows a higher absolute mean
error of 24.89%, indicating poorer performance when continuous hourly wind speeds are low. CRCM6-1L
does not show improvement over CRCM6-2.5, with a mean relative error of 26.45%. CRCM6-12 performs
the worst in this comparison, with an average relative error of 28.36%, largely influenced by two stations in

the Cote-Nord region.

2.4 Discussion and conclusion

The goal of this study was to evaluate the capacity of the CRCM6 model to reproduce intense winds and
gusts during destructive weather events. Specifically, we assessed the added value of high-resolution,
convection-permitting simulations for mesoscale versus synoptic-scale storms. Hourly wind data from
CRCM6 at multiple resolutions were compared with station observations to evaluate model performance.
Metrics such as correlation, RMSE, bias, skill score, and relative difference were used to quantify the quality
of both continuous wind and gust simulations and shown in Annex B. In this study, CRCM6 performance

was assessed for two cases: a synoptic winter storm and a mesoscale derecho.

Overall, hourly winds were captured by CRCM6 across all resolutions. Consistent with previous studies,
the skill of the WGE method was closely linked to the accuracy of simulated continuous winds (Brasseur,
2001; Stucki et al., 2016). Model performance was found to vary with horizontal resolution, station location,
and the storm type analyzed. The synoptic storm was broadly well represented, though reduced performance
was observed at stations located farther from large bodies of water and in regions experiencing weaker
winds. More realistic wind speeds were also more consistently achieved with higher resolution. For the
mesoscale storm, the simulations did not reproduce the intensity and variability observed over all regions.

The higher resolution produced more realistic results with this mesoscale and rapidly evolving event.
When comparing the different horizontal resolutions, CRCM6-1S provides the most accurate wind estimates

for both events, particularly in cases where complex atmospheric variability must be resolved, suggesting

the added value of high-resolution result in more realistic wind speeds.
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For the mesoscale storm in this study, no other model resolution was able to capture the wind field with
comparable accuracy, and simulations at coarser resolutions show only moderate skill. Due to the nature of
a derecho, the likelihood of accurately representing the event decreases as model resolution is reduced,
leading to underestimated wind speeds and missed rapid wind peaks. Mesoscale storms remain challenging
to simulate with the CRCM6 model. Correlations between stations and model resolutions were generally

consistent, with station location exerting a similar influence as resolution.

In contrast, the synoptic-scale storm is characterized by a more gradual increase in continuous winds,
allowing CRCM6 to represent the event more accurately across all resolutions. Under these conditions, the
performance of CRCM6-18 is comparable to that of CRCM6-1L and CRCM6-2.5, as the larger spatial scale
of the system reduces sensitivity to horizontal resolution. As a result, wind peaks and storm phases are

captured by most model configurations, leading to improved overall wind estimates.

The gust analysis reveals substantial differences between the two case studies. The mesoscale derecho
exhibits lower accuracy and predominantly negative relative errors, indicating a systematic underestimation
of maximum wind gusts in this case. This event is less accurately represented by the model, and local-scale
variability is insufficiently resolved. CRCM®6-1S shows improved skill as with continuous winds in
estimating maximum gusts compared to coarser model resolutions, as the finer grid spacing allows a better
representation of the derecho and its associated small-scale, transient features and fast strengthening and
weakening phases. In contrast, coarser resolutions have a limited ability to capture localized variations in
wind patterns (Agtstsson & Olafsson, 2009). With the synoptic event, the wind gust estimates were more
realistic, and the variability was better represented. The model also had more difficulty when wind was low

resulting in overestimation over the considered regions or stations.

The study nevertheless demonstrates strong potential for characterizing wind patterns at high-resolution in
the CRCM6 model, particularly through its ability to reproduce the overall evolution and phases of wind
speeds during the storm events. The limitations observed in the representation of the derecho event may
also be partly related to uncertainties associated with station measurements. Given the rapid evolution and
highly localized nature of peak wind gusts during the derecho event, observed winds can vary substantially
over short spatial and temporal scales, potentially resulting in station records that underestimate the

maximum winds that occurred locally.

In this study, CRCM6 performance was assessed for two cases: a synoptic winter storm and a mesoscale

derecho. The model performs best in regions of stronger winds and at higher resolutions. The synoptic storm
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is more accurately represented due to its larger scale and smoother wind fields. However, factors such as
spatial spin-up and wind direction were not analysed here, and their consideration could help explain the
lower performance observed during the May 2022 storm and regional differences in model skill. More
studies are needed to assess the capacity of the model to recreate winds in mesoscale events. The analysis
of more case studies is needed to confirm the capacity of CRCM®6 to simulate wind events. The use of
spectral piloting in convection permitting could also be analyzed to determine its added value. More research

on mesoscale events and changes in the configuration of the CRCM6 model would be useful in future works.
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CHAPITRE 3 Discussion générale et conclusion

L’objectif principal de ce projet de maitrise était d’évaluer la capacité du modeéle MRCC6 a reproduire les
vents intenses et les rafales de vent associées a des événements météorologiques dommageables. Plus
spécifiquement, cette étude visait a analyser la valeur ajoutée des simulations a trés haute résolution spatiale
(2,5 et 1 km) en mode convection-permitting, par rapport a des simulations réalisées a plus faible résolution
(12 km). Dans ce contexte, différentes configurations du MRCC6 utilisant ces différentes résolutions ont
¢té comparées a partir de simulations effectuées pour deux tempétes, une de mésoéchelle et une autre
d’échelle synoptique, qui ont affecté¢ le sud du Québec en mai et décembre 2022 respectivement. Ces

simulations ont été comparées et évaluées en utilisant les stations d’observation et la réanalyse ERAS.

Les résultats indiquent que le modéle MRCC6 est globalement capable de simuler de maniére satisfaisante
les vents horaires des tempétes analysées. Ils montrent aussi que les vents intenses sont reproduits avec une

précision acceptable par le modele, bien que des différences subsistent selon le type d’événement.

La tempéte synoptique est généralement mieux représentée que la tempéte de mésoéchelle (Alpizar et al.,
2026), laquelle n’est correctement simulée qu’aux résolutions les plus fines. Les simulations a trés hautes
résolutions utilisées dans cette étude se distinguent par des estimations plus précises des vitesses de vent et
des rafales, par rapport aux valeurs observées. Pour les deux cas a 1’étude, la résolution spatiale est
importante pour la représentation des phénomeénes atmosphériques intenses et potentiellement affectés par
des facteurs locaux, notamment & proximité des reliefs et le long des zones de transition terre-mer, comme
1I’ont montré les résultats pour la région du Saguenay et I’Estuaire ou le MRCC6 a plus haute résolution (2,5
et 1 km) présentait de meilleures performances que la simulation a plus basse résolution (12 km) ou la
réanalyse ERAS. De maniére générale, les régions situées a proximité des plans d’eau importants, comme
le fleuve Saint-Laurent ou les Grands Lacs, présentent généralement une qualité de simulation supérieure
pour les deux cas d’études. Par ailleurs, la présence de vents soutenus plus intenses favorise une meilleure
représentation des rafales par le modéle (Brasseur, 2001), comme ce fut le cas le plus souvent pour les deux

tempétes analysées.

Par ailleurs, la taille du domaine, pour les simulations a 1 km, ne semble pas avoir un effet majeur sur les
résultats, que ce soit pour les vents horaires ou les rafales de vent, et que ce soit pour le cas du derecho et
de la tempéte synoptique. Toutefois, une analyse détaillée de I’effet du spin-up spatial sur la qualité des

simulations devrait étre poursuivie, sachant que cela influence le développement de la convection (Matte et
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al., 2017) et la distribution des événements de précipitation selon 1’¢éloignement de la limite du domaine (cf.

Roberge et al., 2024).

L’analyse des simulations pour ces deux cas d’étude démontre une bonne capacité a reproduire les
événements de maniére générale. A plus faible résolution (i.e. avec le CRCM6-12), la variabilité et
I’intensité des vents ne sont pas adéquatement capturées, toutefois, dans le cas de la tempéte synoptique en
particulier, les différentes phases de I’événement et leurs vents associés sont reproduites. Les périodes
d’intensification et de dissipation de la tempéte sont également bien représentées. Avec le raffinement de la
résolution, soit pour les simulations CRCM6-2.5 et CRCM6-1L, la variabilité ainsi que ’intensité des vents
sont mieux reproduites avec davantage de réalisme, de méme que 1’évolution spatiale a plus petite échelle.
Finalement, pour la plus haute résolution et le petit domaine (celle du CRCM6-18), ’intensité des vents
ainsi que la variabilité spatiale et temporelle sont représentées de fagon plus réaliste. Ces résultats sont
cohérents avec les études récentes quant a la valeur ajoutée de la haute résolution, que ce soit pour la
simulation des précipitations extrémes (ex. Alpizar et al.,, 2026; Ghosh et al., 2025) ou dans le cas de

systemes météorologiques a I’origine de vents intenses (ex. Ma et al., 2025; Goyette et al., 2003).

L’analyse des directions des vents et des rafales mériterait également d’étre approfondie pour confirmer la
performance du modéle MRCC6. L’annexe C présente ’exemple d’une comparaison entre les directions
des vents continus observés aux stations et celles simulées par le modéle a différentes résolutions. Les
résultats montrent que, pour les deux cas étudiés, les simulations MRCC6-1S et MRCC6-2.5 reproduisent
de manicre satisfaisante les directions du vent (voir annexe C), tandis que la réanalyse ERAS géneére des
directions moins précises ou plus éloignées des observations. Ce type d’analyse permettrait de valider plus
rigoureusement la capacité du modele a reproduire fidélement les vents, non seulement en termes d’intensite,

mais aussi de direction.

Cette étude demeure toutefois limitée par le nombre restreint de cas analysés, et la courte durée des
simulations. L’inclusion d’autres cas de tempétes de mésoéchelle pourraient en effet permettre de confirmer
ou d’infirmer les résultats obtenus dans la présente étude. Des travaux futurs basés sur un ensemble plus
large d’événements permettraient également de mieux évaluer les performances du MRCC6, en particulier
selon la saison ou la période de I’année, et en mode climat historique et futur. Ceci permettrait d’améliorer
notre compréhension et notre connaissance de la variabilité régionale et intra-saisonniére des vents intenses

et des rafales et de leur changement dans le contexte des changements climatiques.
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ANNEXE A

Free atmosphere
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Figure A 1. Diagramme provenant de 1’article Brasseur (2001) qui présente le mécanisme qui explique les rafales de
vent observées a la surface.
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ANNEXE B
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Figure B 1. a) Taylor diagram with Pearson correlation, standard deviation ratio and centered RMSE (solid
circle line) for the simulations and reanalysis (Like Figure 4a). Added to the figure are small dot represents
a data point of the 16 stations chosen at every hour and the bigger ones represent the average for every

simulation (Excluding) Cote-Nord in the CRCM6-1S) in (a) 23 December (b) 24 December (c) 25
December (d) 20 May (e) 21 May (f) 22 May
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ANNEXE C

Province : QC Station_Name:BAIE-COMEAU  Climate_ID:7034900 Date:2022-12-24
Longitude (x) : -68.2 Latitude (y) : 49.13

BN (00:150) N (50:300) BN [300:450) B (45.0:60.0) [EEE (60.0:75.00 [ [(750:9%0.0 [ »900
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Figure C 1. Exemple d’une analyse de la direction des vents pour la station de Baie-Comeau le 24 décembre 2022. La
force des vents horaires continus est codée selon un gradient de couleur allant du mauve (vents faibles) au jaune (vents
forts) et la direction dans le cadran. Comparaison entre : (a) observations de la station, (b) simulation CRCM6-2.5 km,
(c) simulation CRCM6-18, (d) réanalyse ERAS et (e) simulation CRCM6-12
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