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RESUME

Nous utilisons des experiences de prévision numérique du temps a haute résolution avec le modele global
environnemental multiéchelles (GEM) afin d’étudier I'effet de la surface sur la température, le confort
thermique ainsi que la précipitation sur la région de Montréal (Canada). Nous étudions deux différents
évenements de précipitation intense suivant des températures élevées durant les 2-3 jours précédant la
pluie : le premier est un systeme a grande échelle traversant la région durant la nuit, et le deuxieme, une
ligne de grain qui croise la ville I'aprés-midi. Notre modéle est performant et représente adéquatement
la température de I'air, la température du point de rosée et la précipitation lors des deux évenements
étudiés, malgré que les systemes semblent étre légerement bloqués en amont de la zone urbaine. Des
expériences de sensibilité a I'occupation de la surface sont effectuées. Le remplacement de toutes les
surfaces urbaines par de la végétation basse conduit a I'amélioration du confort thermique en diminuant
I'indice de chaleur de 2-6°C. L'augmentation de I'albédo des surfaces urbaines mene a une amélioration
du confort de 0.5-1°C dans la région, tandis que lors de l'ajout de végétation basse en ville, une
amélioration du confort jusqu’a 0.5°C est relevée dans les régions urbaines denses seulement. En ce qui
concerne la précipitation, le signal de la ville est seulement visible dans le cas de la ligne de grain, ou le
patron de précipitation est différent quand la ville est présente et quand elle est retirée numériquement.
Ces résultats peuvent supporter des choix de design urbains futurs afin de réduire I'effet de I'il6t de chaleur

urbain.

Mots clés : simulations numériques, flot de chaleur urbain, précipitation, température, confort
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ABSTRACT

High-resolution numerical weather prediction experiments using the Global Environmental Multiscale
(GEM) model are used to investigate the effect of the urban land-use on temperature, comfort and rainfall
over the Montreal (Canada) area. We focus on two different events of high temperatures lasting 2-3 days
followed by intense rainfall: one is a large-scale synoptic system that crosses Montreal during nighttime
and the other is an afternoon squall line. Our model shows an overall good performance in adequately
capturing the surface air temperature, dew-point temperature and rainfall during the events, although the
precipitation pattern seems to be slightly blocked upwind of the city. Sensitivity experiments with different
land use scenarios were conducted. Replacing all urban surfaces by low vegetation showed an increase of
human comfort, lowering the heat index by 2-6°C. Increasing the albedo of urban surfaces leads to an
improvement of comfort of 0.5-1°C, whereas adding street-level low vegetation had an improvement of
comfort of up to 0.5°Cin the downtown area. With respect to precipitation, significant differences are only
seen for the squall line event, for which removing the city modifies the precipitation pattern. These

findings could support future design choices to mitigate the urban heat island.

Keywords : numerical simulation, urban heat island, precipitation, temperature, comfort
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INTRODUCTION

Bien que les villes noccupent qu’une petite fraction de la surface de la Terre, plus de la moitié de la
population mondiale habite dans celles-ci, et cette proportion risque d’augmenter significativement dans
les prochaines décennies (World Urbanization Prospects, 2019). Les villes ont un impact sur
I’environnement local puisqu’elles sont baties selon une géométrie particuliére et avec des matériaux
différents de ceux qu’on retrouve dans la nature. Les structures urbaines viennent notamment modifier
les échanges de chaleur et d’humidité entre la surface et I'atmosphére, ainsi qu’influencer les vents de
surface. Il est crucial de bien comprendre ces interactions afin d’identifier et de réduire les risques

auxquels est exposée la population urbaine.

Les températures de surface des zones urbaines sont plus élevées que celles des milieux ruraux avoisinants
(Mills, 2008), phénomeéne qui est bien observé et documenté depuis le début du 19e siecle et que I'on
appelle flot de chaleur urbain (ICU) (Oke, 1982; Stewart, 2011). Les matériaux utilisés dans la construction
des villes ont une faible réflectance, sont de bons conducteurs thermiques et ont une plus grande capacité
thermique. Ainsi, ils absorbent et emmagasinent plus efficacement que les matériaux naturels, les flux de
radiation et la chaleur, qui sont par la suite relachés durant la nuit sous forme de chaleur sensible et de
rayonnement infrarouge. Cet effet est accentué par la géométrie urbaine. Le rayonnement solaire est
réfléchi a plusieurs reprises entre les routes et les batiments, augmentant ainsi la probabilité d’étre
absorbé par le tissu urbain (Oke et al., 2017). Aussi, les surfaces urbaines sont imperméables, ce qui altere
le bilan hydrologique en réduisant l'infiltration, en réduisant les périodes d’évaporation et en augmentant
I’écoulement de surface. Il y a également moins de végétation dans les milieux urbains que dans les milieux
ruraux, donc I"’évapotranspiration par les plantes est peu importante en ville. Ceci a pour effet de réduire
le refroidissement de I'air d(i a I’évaporation et, ainsi, la majorité des échanges de chaleur entre la surface
et 'atmosphere se produit sous forme de flux de chaleur sensible. De plus, les zones urbaines réduisent le
vent de surface, ce qui accentue I’'emmagasinement de chaleur dans la ville (He et al., 2020; Oke et al.,
2017). Finalement, des sources anthropogéniques de chaleur, comme les batiments et les voitures, ainsi
que la pollution atmosphérique sont plus importantes dans les villes et modifient le bilan énergétique (Oke

et al., 2017).

Les planificateur-rice:s des zones urbaines cherchent a adopter différentes stratégies dans le but de

réduire l'intensité de I'ICU et ses effets sur la population. Deux stratégies fréquemment employées sont



I'ajout d’infrastructures vertes telles que des toits verts, des parcs et des arbres (Berardi et al., 2020;
Krayenhoff et al., 2020; Lee et al., 2016; J. Yang et al., 2016) et I'augmentation de la réflectivité des surfaces
urbaines (Krayenhoff & Voogt, 2010; Taha et al., 1988; Taleghani & Berardi, 2018; F. Yang et al., 2011).
Tout d’abord, I'ajout de végétation dans les milieux urbains tend a réduire la température de surface de
I'air en augmentant I'’évapotranspiration et, dans les cas ou les surfaces urbaines sont remplacées par de
la végétation (parcs, toits verts, etc.), le processus d’emmagasinage de chaleur durant le jour et de
relachement la nuit est moins important. Malgré cette réduction de la température de surface, la
végétation ajoute de la vapeur d’eau dans I'air, ce qui peut potentiellement réduire le confort ressenti par
les habitant-e:s de la ville. Plusieurs études ont toutefois démontré que, globalement, I'ajout
d’infrastructures vertes dans une ville réduit le stress thermique (Broadbent et al., 2018; Lee et al., 2016).
De plus, le type de végétation (c.-a-d. de la végétation haute ou basse) qui est ajoutée et son emplacement
dans le canyon urbain peuvent avoir un effet différent sur le confort thermique. Par exemple, les arbres
interagissent avec la radiation en créant des zones ombragées a la surface et sont donc plus efficaces a
améliorer le confort (Krayenhoff et al., 2020). Puis, 'augmentation de I'albédo et de la réflectivité des
surfaces urbaines diminue la température de surface de I'air durant le jour, puisqu’elles réfléchissent
davantage le rayonnement solaire, alors que I'impact durant la nuit est négligeable (Taleghani & Berardi,
2018; F. Yang et al.,, 2011; J. Yang et al.,, 2016). Finalement, I'efficacité de ces stratégies dépend
grandement de la localisation géographique, de la taille et de la composition de la ville. De plus, I'intensité
de I'ICU est typiquement plus grande la nuit que le jour, malgré que I'impact le plus important sur la
population urbaine est durant le jour (Martilli et al., 2020). Ainsi, les stratégies de reduction de I'ICU les
plus efficaces sont celles qui augmentent le comfort thermique durant le jour, plutét que simplement

I'intensité de I'ICU global.

Plus récemment, les études ont montré que les villes ont un large impact sur la précipitation. En
regroupant et en résumant des études d’observation et de modélisation, Liu & Niyogi (2019) montrent
une augmentation des quantités de précipitation de 16% au-dessus des villes et de 18% a 20-50 km en aval
de celles-ci (Liu & Niyogi, 2019). Bien que les processus physiques qui influencent les paramétres de
surface (température et humidité) sont bien compris, la compréhension de ceux influengant la
précipitation urbaine évolue encore. Plusieurs facteurs complexes influencent les systemes de
précipitation, tels que les mouvements synoptiques des systéemes et la microphysique des nuages : il est
donc difficile d’isoler I'effet potentiel de la ville. Néanmoins, les mécanismes les plus importants sont les

suivants.



e Une augmentation de la convergence dans les bas niveaux due a la rugosité plus élevée des villes
peut impacter la convection au-dessus de celles-ci (Bornstein & Lin, 2000);

e Latempérature élevée de I'air en ville due a I'ICU vient déstabiliser I'atmosphére et peut générer
des nuages convectifs (Li et al., 2020; Oke et al., 2017; Zhang et al., 2017);

e Une concentration plus importante d’aérosols au-dessus des villes due a la pollution est une
source de noyaux de condensation (CCN) et influence le transfert radiatif entre la couche nuageuse
et la surface. Ces effets sont résumés dans (Shepherd, 2013);

e Lessystemes tendent a bifurquer autour des villes (Bornstein & Lin, 2000) ou se séparer en petites

cellules orageuses en amont des villes (Niyogi et al., 2011).

Ces processus sont complexes et difficiles a représenter adéquatement dans les modéles numériques. Liu
& Niyogi (2019) rapportent des différences entre les études d’observation et de modélisation quant a
I'impact des villes sur la précipitation, ces différences peuvent étre expliquées par la représentation
numérique de ces processus. Néanmoins, les expériences numériques sont de plus en plus utilisées afin
d’approfondir notre compréhension des interactions entre les villes et I'atmospheére, puisque, ces

expériences permettent d’isoler certains processus et donnent de I'information sur plusieurs variables.

Dans cette étude, des études de cas de prévision numérique du temps (NWP) sont effectuées dans la
région de Montréal (Canada), qui est une région ou d’importants ICU sont observés durant la période
estivale. L'impact de la ville sur la température et sur le confort thermique est I'objet de plusieurs études
(Oke & Maxwell, 1975, p. 197; Wang & Akbari, 2016), mais peu d’entre elles se sont penchées sur I'impact
de Montréal sur la précipitation durant I’été. Etant située dans le fleuve Saint-Laurent, I'lle de Montréal
est souvent affectée par des inondations importantes. Au printemps, la fonte rapide de la neige
conjointement aux précipitations plus importantes que la moyenne cause des inondations dans la région
du Grand Montréal (Teufel et al., 2019). Durant I'été, par exemple, en juillet 1987, une série d’orages
violents a traversé la ville de Montréal et a entrainé une crue soudaine qui a paralysé la ville. Cet
évenement suivait une vague de chaleur extréme, qui a probablement intensifié les orages. Ce type
d’événement risque d’arriver plus souvent dans le futur puisque les zones urbaines ne cessent de grossir.
De plus, outre I'environnement urbain, d’autres facteurs risquent d’intensifier les événements extrémes
de précipitation. Par exemple, les températures plus élevées dues aux changements climatiques
augmentent la capacité de I'atmosphere a contenir de I'eau (Trenberth, 2011). Une combinaison de ces

deux facteurs risque d’affecter les populations urbaines dans le futur.



Les deux objectifs de cette étude sont de comprendre la maniére dont I'environnement de Montréal
influence la température et I’humidité locale pendant les périodes de forte chaleur et d’évaluer I'impact
de la ville sur la précipitation suite a ces vagues de chaleur. Afin d’y arriver, deux événements distincts de
périodes de chaleur suivies de précipitation intense sont étudiés a I'aide d’'un modele numérique a tres
haute résolution. De plus, I'efficacité a réduire I'lCU de différents scénarios d’atténuation répliquant des

stratégies de désign urbain est évaluée.

Le mémoire est structuré comme suit. Le chapitre 1 présente un article scientifique rédigé en anglais. La
section 1.1 introduit le sujet et met en situation I’étude effectuée; la section 1.2 présente la méthodologie,
les modeéles utilisés et la configuration expérimentale; la section 1.3 présente les résultats des deux études
de cas; la section 1.4 discute des résultats; et la section 1.5 résume et conclut des résultats principaux de

cette étude. Puis, le mémoire se terminera par une conclusion générale rédigée en frangais.



CHAPITRE 1
EFFET DES SCENARIOS DE MITIGATION DE L'ILOT DE CHALEUR URBAIN SUR LA PRECIPITATION
ET LA TEMPERATURE A MONTREAL, CANADA : DEUX ETUDES DE CAS

Ce chapitre comporte un article scientifique rédigé en quatre différentes sections. La section 1 correspond
a la mise en contexte de I'étude scientifique. La section 2 présente la méthodologie expérimentale et les
modeles utilisés. La section 3 de I'article présente les résultats des deux études de cas. La section 4 discute
des résultats. Pour conclure, la section 5 résume et discute les résultats principaux de I’étude. Certains
passages ont été modifiés par rapport a I'article scientifique accepté pour publicationafin de répondre aux

besoins de ce mémoire.
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1.1 Introduction

Cities occupy a small fraction of the Earth's surface, yet over half of the world's population lives in urban
areas, a number that is expected to significantly increase in the next decades (World Urbanization
Prospects, 2019). Cities modify the local environment because they are built with materials and geometries
that clearly differ from the natural landscape. Built structures have an impact on the local climate because
they alter surface exchanges of heat, moisture, momentum, and radiation with the atmosphere. A
complete understanding of these effects is crucial to identify and reduce the risks that urban dwellers are

exposed to.

Initially observed and documented in the 1800s, urban areas are warmer relative to their rural
surroundings (Mills, 2008). This phenomenon is referred to as the canopy urban hat island (UHI) and
processes explaining the unique local climate of cities have been well documented (Oke, 1982; Stewart,
2011). Materials used in cities have low reflectance, are good thermal conductors and have greater heat
storage capacity, so they are more efficient than the natural materials at absorbing atmospheric radiation
fluxes and heat, which is then released at night mainly through sensible heat flux. Urban surfaces are
mostly impervious, which alters the water budget by reducing infiltration and evaporation, and by
increasing surface runoff. As a result, there is little water available for evaporative cooling and most
turbulent heat exchanges are channelled through sensible heat fluxes. In addition, city landscapes are
often less vegetated than rural areas, reducing evapotranspiration from plants and its effect on
temperature. Urban geometry accentuates these effects by trapping energy because solar radiation is
reflected multiple times by urban surfaces and thus the probability for it to be absorbed by the city fabric
is larger (Oke et al., 2017). Urban areas reduce the wind, which enhances the heat trapping in the city (He
et al., 2020; Oke et al., 2017). Anthropogenic heat sources (i.e. road traffic, industry, heating and air-
conditioning) and atmospheric pollution also contribute to increasing the intensity of the urban heat island

(Oke et al., 2017).

Urban planners tend to adopt many different strategies to reduce the strength of the UHI and its potential
effects on the increasing urban population. Common mitigation strategies are, for example, adding green
infrastructures such as green roofs, parks and trees (Berardi et al., 2020; Krayenhoff et al., 2020; Lee et al.,
2016; J. Yang et al., 2016), and increasing the reflectivity of urban surfaces (Krayenhoff & Voogt, 2010;
Taha et al., 1988; Taleghani & Berardi, 2018; J. Yang et al., 2016). Replacing urban surfaces with vegetation

lowers air temperature due to increased evapotranspiration and less surface warming during the day.



Furthermore, low vegetation might enhance heat release at night since it often has a high sky-view factor.
On the other hand, vegetation also adds water vapor to the air, potentially decreasing human comfort on
local population. Studies show that in general heat stress is typically lowered when vegetation is added
(Broadbent et al., 2018; Lee et al., 2016), which is beneficial to urban population. The type of vegetation
(i.e. low or high vegetation) added and its placement inside the urban canyon can have a different effect
on thermal comfort. For example, trees offer and are more effective than grass in improving comfort
(Krayenhoff et al., 2020), since they offer shade. Increasing urban surface albedo decreases daytime air
temperature due to higher reflection of solar radiation. Nighttime impacts of albedo change seem instead
to be negligible (Taleghani & Berardi, 2018; F. Yang et al., 2011; J. Yang et al., 2016). For this mitigation
strategy, the impact on human comfort can vary depending on the way it is assessed. Recent studies have
shown that increasing the ground-level albedo may well decrease pedestrian comfort due to increased
reflection (Erell et al., 2014; Herrmann & Matzarakis, 2012; Taleghani & Berardi, 2018). The effectiveness
of these strategies is also greatly affected by the geographical location, size, and composition of the city.
Also, the UHI intensity is typically greater at night than during the day, although the most important effect
on human comfort are during daytime (Martilli et al., 2020). Therefore, the most effective heat mitigation

measures are those that improve daytime comfort instead of the average UHI intensity.

In the last decade, it has also been shown that urban areas can have a sizeable impact on precipitation.
Observational and modeling studies in mostly North American and Asian megacities reviewed by Liu &
Niyogi (2019) show a rainfall enhancement of 16% over and 18% downwind of the city (20-50 km from the
city center) (Liu & Niyogi, 2019). Our understanding on the urban processes that modify rainfall is still
evolving because precipitation is influenced by many factors from large-scale synoptic systems to local
cloud microphysics. The main mechanisms through which urban areas can influence precipitation are the

following, in no particular order of importance:

e An increase in low-level convergence due to increased roughness of cities which impacts
convection over the urban areas (Bornstein & Lin, 2000);
e Higher temperatures over cities due to the UHI tend to destabilize atmosphere, therefore create

UHI-generated convective clouds (Li et al., 2020; Oke et al., 2017; Zhang et al., 2017);



e Enhanced concentration of atmospheric aerosols over cities due to pollution are sources of cloud
condensation nuclei (CCN) and influence the radiative transfer between the cloud layer and the
surface. These effects are summarized in (Shepherd, 2013);

e Storms tend to either bifurcate around cities (Bornstein & Lin, 2000) or split into small convective
cells upwind from the city (Niyogi et al., 2011).

These processes are not always represented correctly in numerical studies, thus could explain the
differences with observational studies reported in (Liu & Niyogi, 2019). Nevertheless, numerical
experiments have become more and more important to understand interactions between the cities and
the atmosphere as different urban processes can be isolated to disentangle their relative impact on local

climate.

In this study, numerical weather prediction (NWP) case studies in the Montreal (Canada) region are
explored. During summertime, important UHI both night and daytime can be observed in Montreal. While
the impact of this city on temperature and heat stress has been previously investigated (Oke & Maxwell,
1975; Wang & Akbari, 2016), few studies have hitherto explored the impact of Montreal UHI on
summertime precipitation. Located in the Saint-Laurence River, Montreal has been affected by significant
flooding events. For example, springtime flooding in the Great Montreal region is typically linked to rainfall
associated with extended thaw periods, hence leading to rapid melting of winter snowpack (Teufel et al.,
2019). In July 1987, a series of strong thunderstorms that crossed the island in the afternoon generated
significant downpours, which paralyzed the city. This event followed a significant heat wave over the
region, which likely intensified the storm. Since previous studies have shown an enhancement of rainfall
over urban areas and given that urbanized areas are growing, flooding events could be more likely to occur
in the future (Madsen et al., 2014). Moreover, impervious surfaces in cities intensify surface runoff and
reduces water infiltration, which increases the flooding frequency (Huong & Pathirana, 2013). Additional
factors beyond the urban environment may produce an intensification of extreme events, for instance
higher temperatures due to climate change increases the atmosphere’s water-holding capacity (Trenberth,
2011). Studies have indeed shown a higher number of flooding events due to increasing urbanization and
climate change (Huong & Pathirana, 2013; Kundzewicz et al., 2013; Miller & Hutchins, 2017), which urges

cities to adapt.



The main objectives of this paper are, to understand how the urban environment of Montreal influences
local temperature and human comfort during heat waves and to evaluate the impact of the city on rainfall
following these heat waves. To achieve this, two heat events immediately followed by intense
precipitation are studied using a high-resolution numerical model. Furthermore, different mitigation
scenarios replicating urban design strategies are investigated to assess their effectiveness on improving
comfort. The manuscript is divided as follows: section 2 presents the models used and the experimental
design; section 3 shows the results from two different case studies; section 4 summarizes and discusses

the key findings of this study.

1.2 Methodology
1.2.1 NWP models and system

The NWP experiments are conducted at a 250-m horizontal grid spacing. They are obtained through a
nesting technique starting from the 2.5-km operational forecasts from Environment and Climate Change
Canada (ECCC) High-Resolution Deterministic Prediction System (HRDPS) and dynamically downscaled to
a 1-km and then 250-m resolution. The domains for the HRDPS and experiments at 1 km and 250 m

centered on the city of Montreal are shown in the upper panel of Fig 1.

The atmospheric model used in this study is the Global Environmental Multiscale (GEM) model version 5.1
(Coté et al., 1998; Husain & Girard, 2017). GEM is a non-hydrostatic model on a staggered Arakawa-C
horizontal grid and a staggered Charney-Phillips vertical grid. The configuration used in this work is based

on a log-hydrostatic-pressure type terrain-following vertical coordinate.

In GEM, surface fluxes are calculated over 5 types of surfaces: natural land, water, glaciers, sea ice and
urban. The surface processes over natural land including vegetation in urban areas are represented with
the Interaction between Soil-Biosphere-Atmosphere (ISBA) scheme (Bélair et al., 2003; Noilhan & Planton,
1989). For built-up surfaces, the surface processes are represented with the Town Energy Balance (TEB)
scheme (Lemonsu et al., 2009; Masson, 2000). The urban surface uses a canyon representation (Oke, 1981),
which is a single road surrounded by buildings (walls and roofs) on each side. Interactions between
surfaces such as shadowing and radiation trapping are considered by TEB and three distinct energy
budgets are calculated — one for each surface. For water bodies, the surface temperature provided by the

operational analysis is considered constant throughout the experiment, given water high heat capacity.
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Ancillary data needed as input for TEB are computed directly on the model grid cell based on the
methodology of Leroyer et al. (2022) and extended to the entire Canada including Montreal. The most
important underlying vectorial dataset are Canvec and Circa-2000 (from Natural Resources Canada) NRCan
databases and the Circa-2000 for vegetation and precise building heights and footprints for the downtown
area (City of Montreal office). Morphological parameters including aerodynamical roughness are
computed at the model grid resolution (Macdonald et al., 1998). Cloud and precipitation processes
occurring at sub-grid scales are represented using four different schemes in GEM: a boundary layer clouds
scheme, shallow and deep convection schemes and cloud microphysics. In this study, deep convection is
considered explicitly resolved because the forecasts are done on a subkilometer grid and therefore the
deep convection scheme is not activated. For boundary layer clouds and shallow convection, MoisTKE and
Kuo Transient implicit schemes are activated. This configuration is further detailed in (Bélair et al., 2018).
Finally, a two-moment version of the bulk microphysical scheme MY2 is used to represent the grid-scale

processes (Milbrandt & Yau, 2005).

A similar setup has been used in many studies from ECCC (Bélair et al., 2018; Leroyer et al., 2022). This
NWP system down to 250 m grid-spacing is experimental and was built similarly to the NWP system used
for the Toronto metropolitan area (Canada) run daily for specific applications. Seasonal objective
evaluation revealed a good representation of summertime afternoon convective precipitation (Lemonsu
et al., 2009). At this scale, part of the turbulence is resolved and the thermal plumes in the mixed
boundary-layer — eddies of the size of 1000-1500 m and more might be resolved (Honnert et al., 2020).
The remaining sub-grid scale turbulent component, corresponding to smaller eddies, is computed through
a vertical diffusion scheme for which a reduction of the maximum mixing length in neutral conditions from

200 m to 57 m has been applied (Mason & Brown, 1999).

1.2.2 Data for observations and analysis

Data from operational ECCC surface stations is used to evaluate the experiments. Hourly observations for
surface variables are available for a few stations in the domain of interest (Fig 1.1, black dots). These
stations are used to validate surface air temperature and humidity, as well as the timing and rainfall rate.
More stations are available with daily observations (Fig 1.1, gray dots), which are used to compare total
precipitation accumulations from our experiments. The complete list of stations with their description is

available in the supporting materials (Table S1).
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Due to precise representation of the elevation in the model and to moderate slopes in the region, elevation
difference between model and in situ stations was found to be less than 10 m and is neglected in this study.
In addition, 2-m temperature is computed above the road in the street directly and the reference level is

not impacted by the large buildings in downtown.

Another dataset used for validation is the Canadian Precipitation Analysis (CaPA) dataset. The version used
in this study is the High-Resolution Deterministic Precipitation Analysis (CaPA-HRDPA), which uses a
background field from the HRDPS forecasts and observations from surface stations and radars (Fortin et

al., 2018). 6-h accumulated precipitation at 2.5-km resolution is available for the two studied periods.

1.2.3 Experimental setup
1.2.3.1 Ensemble setup

In order to account for model internal variability, a 9-member ensemble is formed for each event as
sketched in Fig A.1. Each member uses the same driving data from HRDPS forecasts (based on 12 to 24
hours lead-time forecasts), but has a different initialization date, each separated by 12 hours. This is a way
for each member to have different initial conditions, and then to evolve in their own way, even with the
same boundary conditions from the HRDPS forecasts. The last initialized member starts at least 12 h before
the precipitation event to let the model spin-up. These first forecasted 12 h are not considered in our

results analysis.

Initial surface conditions for ISBA are produced from the Canadian Land Data Assimilation System (CaLDAS)
downscaled from 2.5 km to 1 km and 250 m and for water bodies from ECCC’s analysis. Temperature of
the urban surfaces in TEB in contact with the atmosphere is considered the same as the surrounding air
temperature at the time of the initialization (surface layer for roads and walls, and first atmospheric level
for roofs). Temperature in the deepest layer of road is assumed similar to the soil temperature from ISBA.

In addition, a 12-hours spin-up time is considered for the surface temperatures to adjust.

1.2.3.2 Sensitivity experiments

Four sensitivity experiments are carried out on both the 250-m and 1-km grid for each ensemble member:
a control simulation (CTL) using the default land use (as depicted in Fig 1.1), an experiment without any
urban areas (NOURB), a simulation in which the albedo of the urban surfaces is increased (ALB) and

another one in which urban vegetation is enhanced (VEG). In the CTL simulation, the urban surface is
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represented by using a database of rasterized maps of detailed urban and natural classes at a 5-m
resolution, following the method used in Leroyer et al. (2022) for Toronto. In the NOURB experiment,
every urban surface (roads and roofs) is replaced by low vegetation and the TEB scheme is deactivated. In
the ALB simulation, the albedo of roads, walls and roofs is modified over 85% of the grid points on the
island of Montreal. Road, roof and building wall albedo are increased from 0.20, 0.15 and 0.25 to 0.45,
0.65 and 0.60 respectively. Other city properties (i.e. geometry, composition and materials) are not

modified in the ALB experiment.

In VEG, we replace half of the roads on each grid point with low vegetation if the original road fraction is
between 0.2 and 0.5. An important thing to note on the operation of the TEB scheme is its separation of
urban land use from natural cover. Both are considered completely separated — TEB will calculate variables
(i.e. air temperature, humidity and winds) inside the canyon, the ISBA scheme will calculate these variables
over vegetation, and weighted average is done for the whole grid point afterwards. To keep the city’s
geometry fixed, the building aspect ratio is kept the same. In other words, the surface description used by
TEB is similar in both VEG and CTL, but the weight attributed to the ISBA scheme’s results at the time of

the aggregation will be larger.

1.2.4 Description of the events

This study focuses on two distinct events where surface air temperature values above 30°C in Montreal

were followed by remarkable rainfall.

The first studied period is in July 2018 (SYNOPTIC, Fig 1.2), when hot days (with temperature values
progressively increased up to about 32.5°C) were followed by a significant rainfall event over the Montreal
region associated with a large-scale synoptic system crossing the Montreal Island from the southwest. The
radar images available in the Supplementary Materials (S2 Fig) show the propagation of the system. The
event occurred during late night/early morning and brought intense precipitation between 0400 and 0800
local time on the 17" of July 2018 with hourly rainfall amounts reaching about 10-15 mm. A complete

analysis of this event will be done in the following sections.

The second studied period is in July 2019 (SQUALL), where a series of hot days with temperature reaching
up to 30°C was followed by intense precipitation in the Montreal region. A squall line travelled from the

northwest and brought heavy rain and thunderstorms in the region during the late afternoon of the 11t
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of July 2019 (Fig 1.3). The radar images available in the Supplementary Materials (S3 Fig) show the
propagation of the squall line near Montreal. The line is well defined while approaching Montreal, when
it seems to split right before crossing the city and then merges over the southeast part of the city. These
systems are typically very unstable and can be further destabilized as cold and humid air travels through

hot and dry air over urban areas.

1.3  Results

This section is divided in 3 parts. In the first part (Sect. 1.3.1) we validate the model performance in
representing the urban processes and the rainfall events against observations. In Section 1.3.2 we look at
the effects on surface air temperature and humidity of each mitigation scenarios and finally in Section

1.3.3 we investigate the impacts of NOURB experiment on rainfall relative to the CTL case.

1.3.1  Control experiment (CTL) versus observations
1.3.1.1 Surface variables in the CTL experiment

Results for two stations for the SYNOPTIC event are analyzed in this section: McTavish station (WTA) which
isin a dense urban area in downtown Montreal, and St-Hubert Airport station (YHU) which is in a suburban

area east of Montreal (Fig 1.1).

The model captures well the surface air temperature diurnal cycle during the days prior to the rain event
at different locations in the area, especially in the 250-m experiments. First, we look at the 250-m
resolution results (Fig 1.4a and 1.5a) for the SYNOPTIC event. Daily maximum temperatures at the urban
station (McTavish, Fig 1.4a) for the 3 days leading to the precipitation event are higher by 1-2°C in the CTL
experiment than the observation. Such discrepancy is likely due to the fact that measurements are done
at a single point, usually over low grass or bare soil (World Meteorological Organization (WMO), 2018),
whereas the model computes an average over all urban surfaces in a 250-m radius. Hence, in the model
the output, temperatures also include temperatures over urban surfaces, which are warmer than bare soil
and vegetation during the day. At the suburban station (St-Hubert Airport, Fig 1.5a), maximum
temperature is similar in the CTL experiment and the observations. The station is located outside the urban
area (Fig 1.1), where the land use is more uniform (i.e. large fields and roads), thus the conditions
experienced by the sensor are more representative of the model grid point average. In the 1-km resolution

CTL experiments (Fig 1.4b and 1.5b), the model is also able to capture well the air surface temperature,
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although the differences in the maxima between the model and the observations are larger than in the

250-m experiments.

For the SYNOPTIC event at the 250-m resolution, at both stations, the temperature from July 14" to the
early hours of July 15" of the CTL experiment differs quite substantially from observations (Fig 1.5a and
1.6a). The forecasted daytime surface air temperatures are around 2°C higher and nighttime temperatures
around 1-2°C cooler than observed temperatures. This indicates a somewhat incorrect model
representation of some processes, possibly related to cloud cover or inexact representation of the
boundary layer. On the other hand, for the two days leading to the event (July 15%" and July 16™) the model

correctly captures the surface air temperature diurnal cycle.

Regarding surface dew-point temperature, the results from CTL tend to agree with the available
observations but present slight differences (Fig 1.4c, Fig 1.5c). In particular, the dew point model behaviour
on July 15 and 16™ seems delayed by a few hours compared to observations. No delay is simulated in the
air temperature, suggesting that the discrepancy in simulating the dew point could be due to a delay in
the large-scale moisture advection. During the precipitation events (on July 17%"), modelled surface dew

point temperature agrees well with observations both on timing and value.

The SQUALL event shows a similar behavior (Fig 1.6 and 1.7). Air temperature in CTL follows quite closely
the observations, although maximum daily temperatures are overestimated (as explained above). During
the morning leading to the precipitation event, the model shows a rise of temperature to up to 30°C a few
hours before the observations, which we can attribute to clouds that are not simulated in CTL. As for dew
point temperature, the model presents slight differences with the observations throughout the period. As

for the SYNOPTIC event, a delay in the rise of dew point on the day of the event is present in CTL.

Results for other stations are available in the supporting materials for SYNOPTIC (Fig. B.2, B.3, B.4). The
250-m resolution experiments follow more closely observations than the 1-km experiments. Daily surface
air temperature maximas and minimas are better represented at the higher resolution for the downtown
and suburban stations. In both cases, the dewpoint presents slight differences with observations. The bias
and standard deviation, indicated on the top left of each figure, is generally better in the 250-m resolution
experiments for all stations, except the Granby station (MGB) (Fig. B.4), where the model at 250-m
resolution strongly overestimates the daily maximum temperature. This needs to be investigated further,

as the model might misrepresent physical processes in that region. Overall, the ability of the model to
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represent adequately air temperature and dew point indicates an overall good performance in capturing
the surface processes. The 250-m resolution experiment will be used as the reference in the following

sections. Precipitation in the CTL experiment

The SYNOPTIC event is a large-scale system that crosses the Montreal Island and travels following the St-
Laurent River from the southwest to the northeast. Two accumulation maxima are present in the CaPA
analysis on both shores of the St-Laurence River (Fig 1.8i). The first maximum on the southeast shore of
the river is well reproduced in the CTL experiment, with similar intensities and shape. The second
maximum over the island of Montreal and on the northwest shore of the river is less intense in the model
relative to the CaPA analysis. The model strongly underestimates this maximum, as if it was supressed
completely, with less than 20 mm in the 24-hour accumulated precipitation on most of the grid points on
the northwestern shore. On the other hand, a strong maximum in the southwest of the island is shown in

the CTL results, which is absent in the CaPA analysis.

Hourly accumulations are available at a few stations in the area providing more details on the evolution of
the rainfall event (Fig 1.8). Considering the system travelling from the southwest to the northeast, we
accordingly choose four stations to investigate hourly rainfall intensities (see stations location in Fig 1.1)
as follows: (a) a station upwind southwest of downtown (Sainte-Anne de Bellevue, WYQ), (b) a station in
the downtown area (McTavish, WTA), (c) a station east of downtown (St-Hubert Airport, YHU) on the
southeast shore of the river, and (d) a station downwind north of downtown (L’Assomption, WEW).
Precipitation is simulated in the CTL experiment at around the same time as the observations, but

intensities differ.

Both the 24-h accumulations (Fig 1.8j) and the hourly precipitation in the CTL experiment seem to indicate
the system is slightly blocked by the city and bifurcates on the south shore of the St-Laurent river only.
Considering the split of the system on each shore of the river in the observation (Fig 1.8i), the cell on the
southeast shore is well represented in the model as shown at station YHU (Fig 1.8c), but the part passing
over the city (defined by the path of stations WVQ, WTA and WEW) seemed blocked before crossing. The
model simulates strong accumulations upwind (Fig 1.8a), consistent with observations, and very little
rainfall over the city downtown (Fig 1.8b) and downwind (Fig 1.8d), underestimating accumulation in

comparison to observations. The 1-km results (Fig 1.9 e-h) results show the same trends as those from the
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250-m resolution experiments (Fig 1.9 a-d). Intensities differ slightly between both resolutions, and the

timing at the studied stations is similar.

The SQUALL event is a squall line that crosses perpendicularly the St-Laurence River and the island of
Montreal during the afternoon from northwest to southeast (Fig 1.9i). The radar shows the squall line split
before crossing the city (C.1 Fig), which can also be noticed in the CaPA analysis, where there are two poles
of intense precipitation located on the northern and southwestern parts of the island, and lower intensity
in the center (Fig 1.9i). Both poles seem to regroup over and downwind from the city to form a weaker
squall line with the same propagation direction. The model simulates the squall line, with the same
propagation direction and timing as the observed one, although convection over the city seem completely
supressed (Fig 1.10). It splits into two smaller cells right before crossing the island, but contrary to the
radar observations, both cells do not merge downwind of the city. This causes the dissipation of the squall
line and therefore there is barely any precipitation downwind from the city (east and southeast of the

Montreal island).

We choose four stations according to the propagation direction of the system to investigate hourly rainfall
intensities in the 250-m experiments (Fig 1.9 a-d) as follows: (a) a station upwind (L’Assomption, WEW),
(b) a station in the downtown area (McTavish, WTA), (c) a station southwest of downtown (Pierre-Elliott-
Trudeau Airport, YUL), and (d) a station downwind east of downtown (St-Hubert Airport, YHU). At the
stations upwind (WEW), downtown (WTA) and downwind (YHU), hourly observations show an intense
peak of precipitation in the first two hours (20-30 mm) followed by a trail of less than 10 mm for the next
two hours. The same signal is observed at the station YUL, but with lower hourly accumulations (less than
10 mm during the first hour). The model is consistent with observations upwind (Fig 1.9a), with about 30
mm accumulated rainfall in the first two hours, followed by traces of precipitation in the next two hours.
As for the other three stations (Fig 1.9b,c,d), the model rather simulates a 4-hour period of constant rainfall

(less than 5 mm/h), which indicates a dissipation of the squall line over the island of Montreal.

In both cases, the model seems to overestimate the blocking of the precipitation system before the city.
In the SYNOPTIC event, accumulated precipitation indicated a blockage upwind and a possible bifurcation
south of the city. In the SQUALL event, the squall line seems to dissipate before crossing the river. In
following sections, we will investigate whether this behavior is due to the presence of the city in the CTL

experiment.
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1.3.2 Effect on surface air temperature and humidity of mitigation scenarios

In this section, we investigate how the urban land-use/land-cover influences the surface air temperature,
humidity and heat index, by either completely removing the urban area or by using heat mitigation
scenarios. In the following subsections, only the member average is presented and analyzed. The impact
of these land-use changes is shown in two types of figures. First, we look and the spatial average and
variability over the island of Montreal (Fig 1.11 and C.3) for the member average. The black line is the
spatial average on the island, and the grey zone represents the 5 to 9" percentile of spatial variability.
Second, we look at maps of the differences from the member average (Fig 1.12, B.5, B.6 and C.4), since it

gives information about that previously analyzed spatial variability.

1.3.2.1 NOURB versus CTL — surface

To quantify the impact of the city, we replace urban areas with vegetation in the NOURB experiment as

described in section 1.2.3.2.

As expected, replacing all urban areas by vegetation significantly reduces surface air temperature (Fig
1.11a), with maximum differences up to 4-5°C at night. Thermal properties of urban surfaces cause them
to be more efficient than rural areas in storing heat, which is then released into the atmosphere during
the night. This heat release increases the surface air temperature over urban surfaces, which explains such
large temperature anomaly when they are removed in the NOURB experiment. Dew point, on the other
hand, is up to 2-4°C higher in the NOURB run than in the CTL run (Fig 1.11b), reaching maximum differences

during the afternoon and at night. Such an increase is due to added water vapor from evapotranspiration.

The comfort felt by the city’s inhabitants depends mostly on air temperature and humidity. A way to define
this comfort is by calculating a heat index. The U.S. National Weather Service (NWS) algorithm is used in
this study (Anderson et al., 2013). According to this algorithm, we find that heat index is decreased quite
substantially in the NOURB experiment compared to the CTL experiment (Fig 1.11c). At night, there is an
average decrease of heat index of 2-4°C, with local peaks of up to 6°C in the downtown area. During the

day, the decrease of heat index is less noticeable, and it is around 1°C.

The surface landscape and possible wind advection strongly determine the spatial pattern of the heat
index, temperature, and humidity anomalies (Fig 1.12). Denser urban areas show a more substantial

temperature and moisture differences than rural areas, as expected. A dispersion plot of the temperature
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differences between NOURB and CTL versus the urban fraction of the gridpoint (Fig 1.13) shows this trend.
Higher urban fractions (dense areas) have a larger temperature difference than gridpoints with a low urban
fraction. Although these modifications are local, the hot and dry air is advected outside the city according

to the wind’s direction.

These results show how much the presence of a city like Montreal can modify the environmental
properties of the city and surrounding areas, making it warmer and drier than the rural regions. The results
for the SQUALL event are available in the supporting materials (Fig C.3 and C.4). Intensities of differences
between the NOURB and CTL are slightly lower for the SQUALL event than the SYNOPTIC event. Maximum
daily temperatures during the SQUALL event (30°C) are lower than during the SYNOPTIC event (32°C),
which indicates proportionality between the strength of the UHI and high temperatures. Our results also
show the same diurnal pattern in both the 2018 and 2019 events, with the largest differences in heat index
at night. Both events show similar advection patterns, however the signal is less clear in the SQUALL event
rather than during the SYNOPTIC event due to the surface wind that changes direction the day prior to the

precipitation event.

1.3.2.2 ALB versus CTL - surface

In the ALB experiment only surface reflectivity is increased — the city’s geometry, composition and

materials are kept as in the CTL simulation, therefore thermal properties are not modified.

Surface air temperature is decreased throughout the whole day in the ALB experiment compared to the
CTL experiment (Fig 1.11d), but to a lesser degree than in NOURB. As expected, this decrease is most
important during the afternoon when the solar radiation is at its strongest. The higher albedo reflects
more shortwave radiation in the ALB experiment; therefore, the brighter urban surface will warm less than
the darker CTL surface. On the other hand, nighttime air temperatures in the ALB experiment are only
slightly lower than in CTL (less than 0.5°C). This is expected since emissivity and thermal properties of
materials were not modified. The white and dark surfaces both release heat at night at similar rates;
therefore, the nighttime UHI is not significantly affected by changes in albedo. The slight decrease in

temperature can be associated with the fact that less heat is stored in the surfaces during the day.

19



The change in albedo slightly affects moisture (Fig 1.11e). Dew point is increased up to 1°C during the
afternoon in the ABL experiment compared to the CTL. Overall, the heat stress is lowered by the increased

albedo (Fig 1.11f), which is in turn beneficial for the population living in the city.

1.3.2.3 VEG versus CTL - surface

In the VEG experiment, parts of the roads are replaced by low vegetation and the city’s geometry is not
modified compared to the CTL simulation. Considering the configuration used in the experiment, the
weight attributed to the natural land cover fraction relative to the CTL will be more important in the VEG
experiment; however, the natural land cover fraction is much less dominant in the VEG than in the NOURB

experiment.

Vegetation has different properties than asphalt and cement roads, in particularly albedo, emissivity, soil
moisture evolution through the day and presence of evapotranspiration. Therefore, air is cooler and
moister over vegetation than over urban cover. Since the weight attributed to vegetation is larger in the
VEG experiment than in the CTL, the overall results show a slight decrease in 2-m air temperature and a
slight increase of dew point (Fig 1.11g,h). Some single grid points show the opposite behavior, especially
in less dense areas, where the VEG experiment showed higher temperatures and lower dew point than
the CTL experiment (Fig B.6a,b,c). As those anomalies are isolated and located outside of the main urban

core, the benefits of the scenario are still relevant.

These factors create a mixed effect on heat stress (Fig 1.11i), with areas that show a slight increase of
comfort and others a slight decrease; in particular, an overall increase of comfort is simulated in dense

urban areas (Fig B.6).

1.3.3 Effect on precipitation of mitigation scenarios

The results presented in section 1.3.2 indicate the clear impact of the urban land use on temperature and
humidity at the surface. In this section, we investigate whether this modification of the surface layer

properties (NOURB) can possibly affect rainfall.

1.3.3.1 SYNOPTIC event

In terms of the effect of Montreal urban area on rainfall during SYNOPTIC event, when the system passes

through Montreal at night, our model experiment does not show any significant impact in terms of
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cumulative amount during 24 hours (Fig 1.14). To asses the significance of the precipitation differences, a
Student’s t-test considering a p-value of under 0.1 is computed at each grip point. The results of this
statistical test is overlayed to the precipitation difference map (black dots). Therefore, most small
differences between NOURB and CTL are just random noise from the ensemble average. Some significant
differences are present on the outside of the Montreal, which are hard to explain in the context of our
numerical experiments. As mentioned in section 1.3.1.2, the CTL experiment shows less precipitation than
observations over the city and downwind of the city, which we initially surmised to be related to the city’s
parametrisation in the model. However, replacing the urban surfaces and decreasing the roughness in the
NOURB run does not seem to change the precipitation pattern. Therefore, the decreased rainfall over the

city area in the CTL experiment cannot be due to the presence of built-up surfaces.

In addition, the surface instability caused by the UHI seems negligible in this case, as the rainfall event is
part of a well-organized synoptic scale system. A vertical sounding of the modelled atmosphere in the CTL
experiment at the start of the event shows very little convective available potential energy (CAPE) and a
large zone of convective inhibition (CIN) at the surface (Fig 1.16a), which indicates low atmospheric
instability in the region. Modifying the land properties is expected to affect only the lower atmospheric
levels, which is visible in the skew-T (Fig 1.16b). Hot and dry surface air in the CTL run generates a smaller
surface CIN region compared to the NOURB run, but this reduction of CIN is not sufficient to provide a

detectable impact on the system.

1.3.3.2 SQUALL event

As opposed to the SYNOPTIC event, the SQUALL event is characterized by high instability. The front edge
of the squall line is typically very unstable, with strong updrafts of moist air and the system travels over
the city in the afternoon, when instability is at its maximum. Our results show a displacement of heavy
rainfall towards the city in the NOURB simulation (Fig 1.15) compared to the CTL experiment. Analysis of
the composite reflectivity calculated by the model for the NOURB and CTL experiment shows no visible
differences in timing and propagation of the squall line (Fig 1.10; the results at 1-km resolution are shown
in order to see a larger portion of the squall line). In both cases, the system arrives at the city at 19:00 local
time with strong intensity. The intensity of the squall line dissipates by splitting in small cells as it travels
over Montreal (Fig C.1). Accumulated rainfall differences between the NOURB and the CTL experiment
show a signal at approximately the same location as the dissipation (over the city). There is a translation

of accumulated rainfall of 10 mm more towards the island of Montreal in the NOURB experiment. In both
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cases, the squall line loses a lot on intensity downwind of the city, but it continues with the same
propagation direction. This indicates that the presence of the city seems to affect the system on the

upwind side of the island only.

The atmosphere is quite stable right before the passage of the squall line (Fig 1.17). As the system passes
over the island of Montreal, a large area of CAPE is present in the vertical sounding. The CTL experiment
(Fig 1.17c,e) shows a significantly larger CAPE area than the NOURB experiment (Fig 1.17d,f) which
indicates that the presence of the city has more potential of enhancing convection. In our case, the squall
line splits over the island of Montreal in both the CTL and NOURB experiments, which might explain why

there is no significant effect on precipitation.

1.4 Discussion

Using a 250-m grid spacing for this type of study is interesting for many reasons. First, the surface
heterogeneity is represented with very high accuracy and precision, therefore local processes of the urban
heat island can be parametrized and resolved. A study from Leroyer et al. (2022) with a similar setup at
250-m horizontal resolution has proven better results than the 2.5-km operational analysis for 2-m
temperature, dewpoint, winds and precipitation in summertime in Toronto (Leroyer et al., 2022).
Precipitation patterns showed more details and have the potential to represent processes that cannot be
resolved with the 2.5-km resolution (Leroyer et al., 2022). However, NWP experiments at hectometric
horizontal resolution are still experimental and further studies are necessary to strengthen their

applicability.

1.4.1 Surface variables

The results presented in the study for 2-m temperature, dew point and thermal comfort agree with the
existing literature. The NOURB experiment, in which all urban areas are replaced by low vegetation,
highlights the intensity of the urban-induced modifications to local microclimate. The 2-m air temperature
is greatly decreased especially at night, where differences with the CTL experiment reach 4-5°C. The
simulated anomalies are consistent with the difference in temperature between the urban station
(McTavish, WTA) and the rural stations of Mirabel (YMX) to the west and Saint Hubert (YHU) to the east.
Available observations show about the same maximum daily temperature between the urban station and
the rural stations, but a 5°C difference in minimum temperature. This decrease in temperature is well

documented and the urban processes are well understood (Oke et al., 2017). The added vegetation also
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has the effect of adding moisture in the air due to evapotranspiration, but, overall, the thermal comfort is
improved in the NOURB experiment on average around 2-4°C, and around 1°C during the day on average.
However, a notable spatial variability in the heat index anomalies is simulated over the island of Montreal,
with larger differences over dense urban areas (4-6°C) and negligible effects over existing large parks and
low urban density areas. Therefore, mitigating the effect of the UHI has the potential to lead to a

remarkable increase in human comfort for the population living in the city.

The spatial variability is visible in the maps of differences between the NOURB and CTL experiment (Fig
1.12) and the scatter plots of the differences (Fig 1.13). Although the differences in temperature between
both experiments is more important when the urban fraction is higher (negative trendline, the dispersion
within the individual gridpoints is large. This can be attributed to different factors, for example the road
and building partitioning, or that the neighboring gridpoints influence each other and surface wind advect

the air towards other areas.

In our study, we perform two mitigation scenarios, 1) increasing the urban surface’s albedo (ALB) and 2)
adding low vegetation at the street level (VEG). The increased albedo experiment shows a reduction of
surface air temperature peaking during the afternoon, while nighttime temperature modification is
negligible. According to literature, peak decrease of temperature due happens when sun radiation is
maximal. At night, the air temperature is expected to be decreased in the ALB experiment compared to
CTL, since there is less heating of the surface during the day (Redon et al., 2017). Our results show this
behavior, although the difference in temperature reaches almost zero as the end of the night. Our results
show a slight increase of moisture during daytime in the ALB experiment, possibly due to an indirect effect
on condensation. Overall, this strategy increases thermal comfort by 0.5-1°C during the day. There are
many ways to calculate the thermal comfort. In this study, the NWS heat index is used, which takes into
consideration temperature and humidity. Other comfort indices also consider radiative exchanges at the
street-level and winds, and studies have shown that increasing the ground-level albedo tend to decrease
pedestrian comfort due to increased reflection (Erell et al., 2014; Herrmann & Matzarakis, 2012; Taleghani
& Berardi, 2018). No detailed analysis of the comfort was conducted as it is outside the scope of this study,
therefore results on comfort changes for the ALB experiment must be interpreted carefully and are more
representative of no-ground level albedo change. Further studies on the impact of mitigation scenarios on

other comfort indices are necessary.
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Adding low vegetation at the street level (VEG) in our numerical experiment shows a marginal and mixed
impact on improving thermal comfort with slight reduced temperature and increased humidity. However,
in dense urban areas, our results do show a decrease in temperature large enough to improve comfort.
Adding trees instead of low vegetation would certainly have a more positive impact on thermal comfort
since they interact directly with radiation by shading the surface (Oke et al., 2017). This scenario was not
considered, as such effect is not represented in our model. Investigation with other urban schemes in
which the effect of trees is accounted for would provide better insights on mitigation strategies(Redon et
al., 2017). The results from the mitigation scenarios presented in this paper are in agreement with a similar
study done for Montreal’s local authorities (Leroyer et al., 2019) in which the effect of multiple mitigation
scenarios is analyzed. Furthermore, Leroyer et al. showed that the small reduction of air temperature (<
0.5°C) associate with adding street-level vegetation could be greatly increased with forced soil irrigation
(around 1°C). Hence, a combination of increased albedo and vegetation, would be greatly beneficial for

the population living in dense urban areas.

1.4.2 Precipitation

For the SYNOPTIC event, in which an organized frontal system crossed the city at night, the impact on
precipitation from the urban land use is not detected in our numerical experiments. The main reason is
probably related to the fact that the UHI induced modification of the air mass above the city is not large
enough to affect a large-scale organized system. These system’s trajectories and intensity are defined by
synoptic factors and a small perturbation at the surface has likely no impact. Furthermore, even if the
signal of the UHI is strongest at night, the atmosphere is typically very stable, as compared to during the
day, where the surface is very hot and generates substantial vertical instability. Nevertheless, Li et al. (22)
have shown that in some cases, the UHI impacts on surface variables have a significant effect on

atmospheric stability and hence, can enhance rainfall.

For this reason, we investigate another event in 2019 (SQUALL), characterized by large instability as a
squall line develops in the afternoon and crosses Montreal from the northwest. In this case, the city seems
to slightly affect the system. Results revealed more rainfall over the city in the CTL experiment compared
to the NOURB case. The different spatial pattern of accumulated precipitation from the CTL and NOURB
experiment shows a signal that indicates a possible impact from the land use: when the city is present the
front seemed to be blocked before the island of Montreal before dissolving. The analysis of the vertical

profile over the downtown area showed a large CAPE area at the time of the storm, which is significantly
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larger in the CTL experiment than NOURB. This indicates that the UHI can notably increase convection and
instability, and therefore intensify the storm. However, in our experiment the squall line splits and
weakens before passing over the city, which may explain why there is no significant differences on
precipitation downwind of the city. Nevertheless, our results highlight how the presence of a large urban

area can affect the vertical stability of the atmosphere, especially during periods of high instability.

Such impact on precipitation supports the finding of the above-mentioned study by Li et al. (22), suggesting
an impact on rainfall of the UHI. However, our study indicates that conclusions on modification of
precipitation due to urban land-use from isolated case studies have to be interpreted carefully as rainfall
is highly variable and can be associated with different meteorological conditions. Therefore, other rainfall
events, such as more localized events spurred by the instability created by the presence of the city itself
should be considered to gain a more robust understanding of the city impacts on precipitation.
Furthermore, a model intercomparison and further investigation on the model configuration and the
schemes used for the representation of physical processes at the surface and in the boundary layer could

help shedding light on model inaccuracy and misrepresentation of the rainfall systems.

A small number of ensemble members was used to reduce the effects of the model internal variability.
Precipitation is a hard variable to modelize accurately — many different factors will influence the
precipitation outputs. Since our numerical setup of the CTL run was able to modelize both systems with

good accuracy and timing, our results can give insight into the effect of the city on precipitation.

1.5 Conclusion

The objective of this study is to determine potential effects of the city of Montreal and the impact of
different urban development strategies on the local climate. At present, studies have investigated the UHI
in Montreal (Oke & Maxwell, 1975; Wang & Akbari, 2016) and the possible impact of mitigation scenarios
(Leroyer et al., 2019); however, little is known on the UHI impact on summer rainfall. Numerical
experiments with a subkilometer (250 m) Numerical Weather Prediction System using GEM as
atmospheric model and TEB as surface scheme are performed, following recent configurations used for

urban studies at ECCC (Leroyer et al., 2022).

Local surface climate is in general well represented by our numerical model. Overall, air temperature and

dew-point temperature followed accurately the observations available for the studied periods with some
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minor discrepancies. As for precipitation, the model was able to simulate the rainfall event for both the
SYNOPTIC and SQUALL events, although presented differences with the observations. In both cases,
accumulated precipitation was lower over and downwind of the city, suggesting a possible blockage of the
systems by the city. This conclusion has to be interpreted carefully, as low number of ensemble members

and case studies were used in this study.

Finally, Montreal has a particular geographical setting since it is an island in the St-Laurent River valley,
which influences winds and precipitation (Carrera et al., 2009; Dookhie, 2011). It is thought that storms
have the tendency to bifurcate or split around Montreal. This phenomenon has not been yet studied, but
it has been surmised that the river could modify low-level divergence and therefore protect the island
from strong storms (Ouellette-Vézina, 2022). The 2018 event did not show this behavior, but the model
simulated a bifurcation of the system in all experiments. Observations as well as the experiments of the
2019 event showed a split of the squall line, although the model misses the merge of the system over the
city. It may well be that our model overestimates the processes that influence the bifurcation and split.
Additional studies of model sensitivity to the river properties (temperature and presence) and for other
heavy rain events are necessary to shed light on the role of Montreal island in bifurcating or splitting

storms.
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Figure 1.1. Geographical locations of model domains and weather stations. a) The HDRPS (2.5 km) domain over
North America used to drive our model simulations, b) The high-resolution domains at 1km (blue rectangle) and
250m (green rectangle) and c) details of land use on the 250 m grid. The grayscale shows the building fraction, with
main roads added in white. The green-red scale shows the main type of vegetation at the grid point. Weather
stations are shown (in black: hourly observations; in grey: daily observations) with their corresponding national
identification (refer to table in the supporting materials for details of stations)
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2018 event: SYNOPTIC
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Figure 1.2. Observed temperature and precipitation for the SYNOPTIC event. Observed hourly a) surface
temperature and b) precipitation accumulation at different stations. Precipitation data is missing for Mirabel-Intl
and Ste-Anne de Bellevue stations during that period.
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2019 event: SQUALL
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Figure 1.3. Observed temperature and precipitation for the SQUALL event. Same as Fig 1.3 for SQUALL case study.

29




a) TT, McTavish, 250m

35.0
3251
U 30.01
g
52751
25.0 1
22.51
20.0 1

2-m tempera

17.54

15.0

bias=0.38
RMSE=1.23
STD=1.16

30

c) TD, McTavish, 250m

251

201

15

2-m dew-point temperature (C)

bias=0.13
RMSE=1.83
STD=1.83

14 15 16 17
Jul Jul Jul Jul

35.0

b) TT, McTavish, 1km

32.51

C
w
o
o

27.51
25.01
22.54

2-m temperature (C)

20.01
17.51

bias=0.61
RMSE=1.48
STD=1.35

15.0

d) TD, McTavish, 1km

W
o

N
wn
L

201

154

=
o
L

2-m dew-point temperature (C)

bias=0.06
RMSE=2.33
STD=2.33

14 15 16
Jul Jul Jul

17

Jul

Figure 1.4. Timeseries of observed and simulated surface variables at McTavish for the SYNOPTIC event.
Observed (black) and simulated (blue) surface air temperature (a,b) and dew point temperature (c,d) at station
McTavish (WTA) for the SYNOPTIC event. Left panel are the results of the 250m resolution experiments (a,c) and
right panel are the 1km resolution experiments (b,d). The blue shading shows the ensemble spread (5" to 95t

percentiles).
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Figure 1.5. Timeseries of observed and simulated surface variables at St-Hubert for the SYNOPTIC event. Same as
Fig 1.4 but at the St-Hubert station (YHU).
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a) TT, McTavish, 250m b) TT, McTavish, 1km
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Figure 1.6. Timeseries of observed and simulated surface variables at McTavish for the SQUALL event. Observed
(black) and simulated (blue) surface air temperature (a,b) and dew point temperature (c,d) at station McTavish
(WTA) for the SQUALL event. Left panel are the results of the 250m resolution experiments (a,c) and right panel are
the 1km resolution experiments (b,d). The blue shading shows the ensemble spread (5" to 95" percentiles).
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a) TT, St-Hubert, 250m b) TT, St-Hubert, 1km
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Figure 1.7. Timeseries of observed and simulated surface variables at St-Hubert for the SQUALL event. Same as
Fig 1.6 but at the St-Hubert station (YHU).
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a) Ste-Anne-de-Bellevue b) McTavish c) St-Hubert d) L’Assomption
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Figure 1.8. Observed and simulated rainfall for the SYNOPTIC event. a-d) Timeseries of 1h-precipitation
accumulation in four different stations along the precipitation system for the 250 m resolution (a-d) and 1 km
resolution (e-h): Ste Anne de Bellevue, up-wind of the city (a,e), McTavish, downtown (b,f), St-Hubert, suburb next
to the downtown (c,g) and Assomption, down-wind (d,h). The box represents the 25 to 95 percentile of the
ensemble spread, and the whiskers show the rest of the distribution. Outliers are shown with a diamond.
Observations are indicated with a black horizontal line. X-axis is the hour on July 17th 2018 (in local time). The
bottom panel shows 24-h precipitation accumulation from 2018-07-16 2000 LST to 2018-08-17 2000 LST from CaPA
analysis (i) and the ensemble average of CTL run at 250 m (j), with colored circles representing observed
accumulation values at available surface stations.

34
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Figure 1.9. Observed and simulated (ensemble mean) rainfall for the SQUALL event. a-d) Timeseries of 1h-
precipitation accumulation in four different stations along the precipitation system for the 250 m resolution (a-d)
and 1 km resolution (e-h): Assomption, up-wind of the city (a,e), McTavish, downtown (b,f), Pierre-Elliott-Trudeau
Airport, next to the downtown (c,g) and St-Hubert, down-wind (d,h). The box represents the 25 to 95" percentile
of the ensemble spread, and the whiskers show the rest of the distribution. Outliers are shown with a diamond.
Observations are indicated with a black horizontal line. X-axis is the hour on July 11th 2019 (in local time). The
bottom panel shows 24-h precipitation accumulation from 2019-07-11 0800 LST to 2019-08-12 0800 LST from CaPA
analysis (i) and the ensemble average of CTL run at 250 m (j), with colored circles representing observed
accumulation values at available surface stations.
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a) 2019-07-11 17:00 LST, CTL f) 2019-07-11 17:00 LST, NOURB I_ k) 2019-07-11 17:00 LST, radar
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Figure 1.10. Model reflectivity for SQUALL event. Maximum reflectivity at different times for the SQUALL event for
CTL (left) and NOURB (center) experiment, and from the rader (right). Times are, from top to bottom row, 1800,
1900, 2000, 2100 and 2200 LST on 2019-07-12.
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Figure 1.11. Changes in averaged 2-m air temperature, 2-m dew point and heat index for the SYNOPTIC event.
Spatial timeseries of the difference in 2-m air temperature (a, d, g), 2-m dew point (b, e, h) and heat index (c, f, i)
between NOURB-CTL (a, b, c), ALB-CTL (d, e, f) and VEG-CTL (g, h, i) model runs for the SYNOPTIC event. The black
line is the spatial average on the island of Montreal of the difference between the sensitivity and the CTL
experiments. The gray area is the 5th to 95th percentile and represents the spatial variability on the island of
Montreal. The dashed vertical lines show when the precipitation starts.
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Figure 1.12. Changes in surface temperature, dew point, relative humidity and heat index between NOURB and

CTL for the SYNOPTIC event. Anomalies in air temperature (a, b, c), dew-point temperature (d, e, f), relative

between NOURB and CTL experiments. The three columns correspond to

)

k, |
different times: 2018-07-16 12:00 LST (left), 2018-07-16 18:00 LST (center) and 2018-07-17 00:00 LST

i) and heat index (j,

humidity (g, h,

(right).

).

Surface winds for the CTL experiment are shown (in knots
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A) Distribution of NOURB-CTL on 2018-07-16 20:00 LST
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Figure 1.13. Scatter plots. Scatter plot of the difference of temperature versus the urban fraction for the SYNOPTIC
event at 2018-07-16 20:00 LST (a) and the SQUALL event at 2019-07-11 18:00 LST (b). The black line is the best
fitted linear regression, with the corresponding equation on the top.
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Figure 1.14. Changes in precipitation for the SYNOPTIC event. Difference in accumulated precipitation between
NOURB and CTL experiments for the 250 m resolution (a) and the 1 km resolution (b). The dots represent gridpoints
where the difference are significant (p value = 0.1). Brown signifies more precipitation when the city is present.
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Figure 1.15. Changes in precipitation for the SQUALL event. Same as Fig 1.14 but fot the SQUALL event.
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Figure 1.16. Skew-T diagram for the SYNOPTIC event. Skew-T diagram on 2018-07-18 00:00 LST for the CTL
experiment (a) and NOURB experiment (b) at the closest grid point to McTavish station. The red line is the
temperature, the green line is the dew-point temperature and the black line is the air parcel lifted. The blue and

red shaded areas represents the layers where convective inhibition (CIN) and convective available potential energy
(CAPE) is present, respectively.
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Figure 1.17. Skew-T diagram for the SQUALL event. Skew-T diagram on 2019-07-11 18:00 LST (c,e) and 2019-07-11
19:00 LST (d,f) for the CTL experiment (c,e) and NOURB experiment (d,f) at the closest grid point to McTavish
station. The red line is the temperature, the green line is the dew-point temperature and the black line is the air

parcel lifted. The blue and red shaded areas represents the layers where convective inhibition (CIN) and convective
available potential energy (CAPE) is present, respectively.
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CONCLUSION

L’'objectif de ce travail est de déterminer les effets potentiels de la présence et de la composition de la ville
de Montréal sur le climat local. Plusieurs études ont investigué I'ICU dans la région de Montréal (Oke &
Maxwell, 1975; Wang & Akbari, 2016) et I'efficacité de certaines stratégies d’atténuation de I'ICU (Leroyer
et al., 2019), mais peu ont investigué I'impact de I'ICU sur la précipitation estivale. Pour y arriver, des
expériences numériques de prévision du temps a tres haute résolution (250 m) sont effectuées dans la
région. Les expériences utilisent le modéle atmosphérique global environnemental multiéchelles (GEM) et
le schéma de surface Town Energy Balance (TEB) et se basent sur la configuration utilisée dans plusieurs
études sur le climat urbain a Environnement et Changement climatique Canada (ECCC) (Leroyer et al.,
2022). Deux études de cas ont été effectuées : un systéme de grande échelle en 2018 (SYNOPTIC) et une

ligne de grain en 2019 (SQUALL).

D’une part, les processus de surface semblent généralement bien représentés par le modele. La
température de l'air et la température du point de rosée a la surface suivent généralement les
observations disponibles. Les températures maximales journalieres du modele numérique sont
légerement plus élevées que celles observées. Ceci peut étre associé au fait que les observations sont
effectuées en un seul point au-dessus d’une zone herbacée, alors que le modeéle numérique donne une
moyenne sur une région de 250 m x 250 m. D’autre part, tant pour I'’événement SYNOPTIC que celui de
SQUALL, le modele simule de la pluie, mais selon un patron et une intensité différente que les observations.
Dans les deux cas étudiés, les quantités d’accumulations de précipitation calculées par le modéle sont plus
faibles au-dessus et en aval du centre-ville, ce qui suggére un blocage des systémes par la ville dans les

expériences numériques.

La comparaison de I'expérience NOURB, dans laquelle toutes les surfaces urbaines sont remplacées par de
la végétation basse, avec I'expérience CTL montre I'intensité des modifications induites par la ville sur le
climat local. Dans NOURB, le confort est grandement amélioré, avec I'indice de chaleur calculé qui diminue
de 2 a 4°C en moyenne durant la nuit, et de 1°C durant le jour. Toutefois, une grande variabilité spatiale
de l'indice de chaleur dans la région de Montréal est simulée. Les zones urbaines denses présentent une
diminution de l'indice de chaleur de l'ordre de 4 a 6°C pendant la nuit alors que l'effet est plut6t
négligeable dans les parcs et dans les zones rurales. Les anomalies simulées sont cohérentes avec les

différences observées de températures entre la station située en milieu urbain (McTavish, WTA) et celles
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situées en milieu rural (Mirabel, YMX et Saint-Hubert, YHU), ou les différences atteignent 5°C durant la
nuit. Ainsi, I'ICU dans la région de Montréal est important et les stratégies d’atténuation de I'lICU ont le

potentiel d’améliorer le confort ressenti par les Montréalais.

Deux scénarios d’atténuation sont étudiés et présentés dans ce mémoire : 1) I'augmentation de I'albédo
des surfaces urbaines (ALB) et 2) I'ajout de végétation basse au niveau de la rue (VEG). Premierement,
I’expérience ou l'albédo est augmenté montre une réduction de la température de surface de I'air par
rapport a I'expérience de CTL. Cette réduction est maximale quand le rayonnement solaire incident est
maximal (I'aprés-midi) et négligeable quand le rayonnement est nul (la nuit). Le bilan hydrique n’est pas
modifié par I'augmentation de I'albédo. Ainsi, cette stratégie améliore le confort thermique de I'ordre de
0.5 a 1°C durant le jour seulement, amélioration qui est liée a la réduction de la température.
Deuxiéemement, I'impact du remplacement d’une partie des routes par de la végétation basse (VEG) est
généralement faible. En moyenne, la température semble Iégérement plus faible dans I'expérience VEG
gue dans I'expérience CTL, mais 'humidité, quant a elle, est Iégérement plus élevée. Ces deux variables
influencent de maniére opposée I'indice de chaleur, qui semble plus élevé dans certaines régions et plus
faible dans d’autres, avec une moyenne spatiale proche de zéro. Une analyse spatiale des résultats indique
que l'indice de chaleur est diminué dans les zones urbaines denses. Ceci indique que malgré de la vapeur
d’eau ajoutée dans I'air, la diminution de température est assez importante dans les zones denses pour
étre bénéfique sur le confort ressenti. L’ajout d’arbres au lieu de végétation basse aurait certainement un
plus grand impact sur le confort thermique puisqu’ils créent des zones ombragées a la surface (Krayenhoff
et al., 2020). Ce scénario n’a pas pu étre considéré dans cette étude puisque le schéma urbain employé ne
permet pas la représentation de cet effet. Une investigation avec d’autres schémas urbains ou I'effet des
arbres dans le canyon est pris en compte fournirait de meilleures informations sur cette stratégie

d’atténuation (Lemonsu et al., 2012).

Les résultats obtenus avec les scénarios d’atténuation présentés dans ce mémoire suivent les résultats
d’une étude similaire effectuée a Montréal pour les autorités locales (Leroyer et al., 2019), ou plusieurs
scénarios d’atténuation de I'ICU sont analysés. De plus, Leroyer et al. (2019) ont montré que la faible
diminution de la température (< 0.5°C) associée a I'ajout de la végétation basse dans les rues pouvait étre
diminuée davantage (autour de 1°C) en forgant l'irrigation du sol. Finalement, une combinaison de
I"augmentation de I'albédo, qui réduit la température durant le jour, et de I'ajout de la végétation, qui

réduit la température durant la nuit, pourrait étre davantage bénéfique a réduire I'intensité de I'lCU.
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Quant a la précipitation de I’évenement SYNOPTIC, ou un systeme a grande échelle traverse la ville durant
la nuit, I'impact sur la précipitation causé par la présence de la ville n’est pas détecté dans nos expériences
numériques. Ceci est possiblement di au fait que la modification de la masse d’air au-dessus de la ville
due a I'lCU n’est pas assez importante pour affecter un systéeme bien organisé et de grande envergure. Les
trajectoires et intensités de ces types de systemes sont définies par des facteurs a I’échelle synoptique,
ainsi, une faible perturbation a la surface a probablement peu d’impact, comme le démontre nos résultats.
De plus, bien que le signal de I'ICU soit a son plus fort durant la nuit, I'atmosphére est typiquement tres
stable comparativement au jour, ou la surface trés chaude entraine une importante instabilité verticale.
Ces deux mécanismes expliquent pourquoi nos résultats montrent peu de différences sur la précipitation
entre les expériences CTL et NOURB. Cependant, Li et al. (2020) ont montré que, dans certains cas, I'ICU a
un impact significatif sur la stabilité atmosphérique et par conséquent, augmente les quantités de
précipitation. C'est pour cela qu’un deuxiéme événement de précipitation, en 2019, est étudié.
Contrairement a I'événement SYNOPTIC, celui de 2019 est caractérisé par une grande instabilité : une ligne
de grain se développe dans le nord-ouest de I'lle de Montréal et traverse celle-ci a la fin de I'aprés-midi.
Dans ce cas, nos résultats montrent un faible impact sur le systéme et les précipitations accumulées. Plus
de pluie au-dessus de la ville est obtenue dans I'expérience CTL comparativement a NOURB. De plus, le
motif spatial de précipitation accumulée est différent entre les deux expériences, ce qui signifie un impact
possible de la surface urbaine. Quand la ville est présente (CTL), le systeme semble bloqué en amont de
Montréal avant de se séparer en plus petites cellules orageuses. Finalement, I'analyse du profil vertical de
I’'atmosphere au-dessus du centre-ville de Montréal montre une région de CAPE assez grande juste avant
le passage du systéme, indiquant l'instabilité de I'atmosphére a ce moment. Cette région de CAPE est
légerement plus grande dans I'expérience CTL que dans NOURB, indiquant que I'ICU accroit I'instabilité et
la convection, et par conséquent a plus de possibilités d’intensifier I'orage. Par contre, dans I'expérience
numérique, la ligne de grain se sépare et s’affaiblit avant de traverser la ville, ce qui peut expliquer
pourquoi I'impact sur la précipitation est faible. Malgré tout, ces résultats mettent en évidence comment
la présence d’une zone urbaine affecte la stabilité verticale de I'atmosphére surtout pendant les périodes
de haute instabilité (comme la fin de I'aprés-midi), et montrent comment la ville de Montréal a la

possibilité d’affecter la précipitation.

L’étude présentée dans ce mémoire supporte les résultats obtenus par Li et al. (2020), qui suggérent une
augmentation de la précipitation due a I'ICU. Par contre, les résultats présentés ci-dessus indiquent aussi

que les conclusions sur la modification de la précipitation par les zones urbaines obtenues par des études
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de cas isolées doivent étre interprétées avec précaution, puisque la précipitation est déterminée par de
multiples conditions météorologiques. Ainsi, d’autres éveénements doivent étre étudiés afin d’avoir une
compréhension plus robuste de la précipitation urbaine. De plus, une différente configuration du modele
ou l'utilisation de différents modeles atmosphériques pourraient aider a déterminer les incertitudes et

fausses représentations de la pluie par les modeéles numériques.

Finalement, il faut noter que Montréal a une position géographique particuliere puisque la ville est
comprise sur une fle située dans une vallée. Il est de croyance commune que Montréal a tendance a
bloquer ou faire bifurquer les systemes venant de I'ouest de part et d’autre de I'fle. Un bon exemple de ce
phénoméne fut visible en 2022, quand un derecho provenant de I'ouest s’est séparé en deux a |I'approche
de I'lle de Montréal, qui fut épargnée de I'orage. Des météorologues commentant I’événement expliquent
que le fleuve modifie la divergence dans les bas niveaux, ce qui protége la ville d’orages violents (Ouellette-
Vézina, 2022). Bien que les événements choisis dans cette étude étaient des systemes qui traversaient bel
et bien la ville, les résultats obtenus par le modele tendent a supporter ce phénomene. Lors de
I’évenement SQUALL, les observations montrent une certaine séparation et bifurcation de la ligne de grain
a I'approche de la ville, qui est recombinée au-dessus de la ville. Le modeéle réussit a obtenir cette
séparation, mais n’arrive pas a reformer le systeme par la suite. Ce comportement du modéle indique
peut-étre une surestimation des processus qui influencent la séparation des systémes. Par conséquent,
des études supplémentaires sur la sensibilité du modele aux propriétés du fleuve (température, présence,

etc.) sont nécessaires afin de comprendre le role de Montréal sur la bifurcation des orages.
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ANNEXE A

MATERIEL SUPPLEMENTAIRE COMMUN

Table S1. Weather stations. Information and localisation of weather stations used as observations.

Identifier Station name Latitude Longitude | Type
WTA McTavish 45.50°N 73.58°W Hourly
YHU St-Hubert Airport 45.52°N 73.42°W Hourly
YUL Pierre-Elliott-Trudeau Airport | 45.47°N 73.74°W Hourly
WIT St-Jovite 46.08°N 74.56°W Hourly
YMX Mirabel 45.67°N 74.03°W Hourly
WEW Assomption 45.81°N 73.43°W Hourly
WvQ Saint-Anne de Bellevue 45.43°N 73.93°W Hourly
MGB Granby 45.37°N 72.78°W Hourly
WIT Ste-Clothilde 45.17°N 73.68°W Hourly
Wiz Acadie 45.29°N 73.35°W Hourly
WBZ St-Anicet 45.12°N 74.29°W Hourly
7015730 Oka 45.50°N 74.07°W Daily
7024100 Laprairie 45.38°N 73.43°W Daily
7028700 Vercheres 45.77°N 73.37°W Daily
7026612 Riviere-des-Prairies 45.30°N 74.05°W Daily
7014290 Les Cedres 45.40°N 73.13°W Daily
7024627 Marieville 45.80°N 74.05°W Daily
7037400 St-Jerome 45.32°N 74.17°W Daily
7011947 Coteau-du-lac 45.65°N 74.33°W Daily
7033650 Lachute 45.50°N 74.37°W Daily
7016470 Rigaud 45.30°N 74.05°W Daily
7026734 Sabrevois 45.22°N 73.20°W Daily
7023075 Hemmingford 45.07°N 73.72°W Daily
7026916 Lacolle 45.08°N 73.38°W Daily
7025745 Ormstown 45.12°N 74.05°W Daily
7037310 St-Hippolyte 45.98°N | 74.00°W | Daily
7028200 Sorel 46.03°N 73.12°W Daily
7037310 Arundel 45.95°N 74.62°W Daily
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Figure A.1. Driving data ensemble. The ensemble driving data from the 2.5-km HRDPS forecast.
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ANNEXE B

MATERIEL SUPPLEMENTAIRE COMMUN

A) 02:00 LST B) 03:00 LST

C) 04:00 LST D) 05:00 LST

nen

e

Figure B.1.Radar images for the SYNOPTIC event. Radar images from the Blainville radar on 2018-07-17 at a) 0200
LST (0600 UTC), b) 0300 LST (0700 UTC), c) 0400 LST (0800 UTC), d) 0500 LST (0900 UTC), e) 0600 LST (1000 UTC)
and f) 0700 LST (1100 UTC). The island of Montreal is located southeast from the center of the radar (see label).
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Figure B.2.Timeseries of observed and simulated surface variables at Ste-Anne-de-Bellevue for the SYNOPTIC
event. Same as Fig 1.4, but for Ste-Anne-de-Bellevue (WVQ) station.
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Figure B.3. Timeseries of observed and simulated surface variables at St-Jovite for the SYNOPTIC event. Same as
Fig 1.4, but for St-Jovite (WJT) station.
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Figure B.4. Timeseries of observed and simulated surface variables at Granby for the SYNOPTIC event. Same as

Fig 1.4, but for Granby (MGB) station.
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Figure B.5. Changes in surface temperature, dew point, relative humidity and heat index between ALB and CTL
53

for the SYNOPTIC event. Same as Fig 1.12, but for the ALB experiment. Anomalies in air temperature (a, b, c), dew-
point temperature (d, e, ), relative humidity (g, h, i) and heat index (j, k, I) between ALB and CTL experiments. The

three columns correspond to different times: 2018-07-16 12:00 LST (left), 2018-07-16 18:00 LST (center) and 2018-

07-17 00:00 LST (right). Surface winds for the CTL experiment are shown (in knots).
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Figure B.6. Changes in surface temperature, dew point, relative humidity and heat index between VEG and CTL

for the SYNOPTIC event. Same as Fig 1.12, but for the VEG experiment.
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ANNEXE C
MATERIEL SUPPLEMENTAIRE POUR L’EVENEMENT SQUALL

A)17:30 LST B) 18:00 LST

* E%tggment E‘r_/:g;.‘ ement_—

Figure C.1. Radar images for the SQUALL event. Radar images from the Blainville radar on 2019-07-12 at a) 1730
LST (2130 UTC), b) 1800 LST (2200 UTC), c) 1830 LST (2230 UTC) and d) 1900 LST (2300 UTC). The island of Montreal
is located southeast from the center of the radar (see label).
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Figure C.2. Timeseries of observed and simulated surface variables for the SQUALL event. Same as Fig 1.7, but for
the 2019 event. Observed (black) and simulated (blue) surface temperature (TT, a and b) and dew point
temperature (TD, c and d) at station McTavish (WTA, a and c) and St-Hubert (YHU, b and d) for the SQUALL event.
The blue shading shows the ensemble spread.

56



a) NOURB-CTL 30 b) NOURB-CTL 5 c) NOURB-CTL

I 1
I 1
I 1
1 l | 11
l 20 |
’,_1_ /\,\ 18 10 - ! g _q.
) v | | O ' X
; l € w2
3 —2 1 i1 > 0 . 2 -2
s | £ 1R
b [ () | ©
- =31 b .2 ! 0 —3-
) i © —101 i T
—4 - | & : —41
| —20- i
—5 - i 1 —51
| e
—6 : -30 : —6
09 10 11 12 09 10 11 12 09 10 11 12
Jul Jul Jul Jul Jul Jul Jul Jul Jul Jul Jul Jul
LST LST LST

Figure C.3. Changes in averaged surface temperature, relative humidity and heat index for the SQUALL event.
Spatial timeseries of the difference in surface temperature (a), relative humidity (b) and heat index (c) between
NOURB-CTL model runs for the 2019 event. The black line is the spatial average on the island of Montreal of the
difference between the sensitivity and the CTL experiments. The gray area is the 5th to 95th percentile and
represents the spatial variability on the island of Montreal. Vertical lines show 00:00 local time.
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Figure C.4. Changes in surface temperature, dew point, relative humidity and heat index between NOURB and
CTL for the SQUALL event. Same as Fig 1.12, but for the 2019 event. Anomalies in air temperature (a, b, c), dew-
point temperature (d, e, ), relative humidity (g, h, i) and heat index (j, k, I) between NOURB and CTL experiments.
The three columns correspond to different times: 2019-07-11 08:00 LST (left), 2019-07-11 12:00 LST (center) and
2019-07-11 18:00 LST (right). Surface winds for the CTL experiment are shown (in knots).
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