| hd |

NRC Publications Archive
Archives des publications du CNRC

Evolution of the local climate in Montreal and Ottawa before, during
and after a heatwave and the effects on urban heat islands
Shu, Chang; Gaur, Abhishek; Wang, Liangzhu; Lacasse, Michael A.

This publication could be one of several versions: author’s original, accepted manuscript or the publisher’s version. /
La version de cette publication peut étre I'une des suivantes : la version prépublication de I'auteur, la version
acceptée du manuscrit ou la version de I'éditeur.

For the publisher’s version, please access the DOI link below./ Pour consulter la version de I'éditeur, utilisez le lien
DOl ci-dessous.

Publisher’s version / Version de I'éditeur:
https://doi.org/10.1016/j.scitotenv.2023.164497
Science of The Total Environment, 890, C, pp. 1-22, 2023-05-30

NRC Publications Archive Record / Notice des Archives des publications du CNRC :
https://nrc-publications.canada.ca/eng/view/object/?id=a14cd434-021f-4256-b8dd-6b3e06a9618a
https://publications-cnrc.canada.ca/fra/voir/objet/?id=a14cd434-021f-4256-b8dd-6b3e06a9618a

Access and use of this website and the material on it are subject to the Terms and Conditions set forth at
https://nrc-publications.canada.ca/eng/copyright
READ THESE TERMS AND CONDITIONS CAREFULLY BEFORE USING THIS WEBSITE.

L’accés a ce site Web et I'utilisation de son contenu sont assujettis aux conditions présentées dans le site
https://publications-cnrc.canada.ca/fra/droits
LISEZ CES CONDITIONS ATTENTIVEMENT AVANT D’UTILISER CE SITE WEB.

Questions? Contact the NRC Publications Archive team at
PublicationsArchive-ArchivesPublications@nrc-cnrc.gc.ca. If you wish to email the authors directly, please see the
first page of the publication for their contact information.

Vous avez des questions? Nous pouvons vous aider. Pour communiquer directement avec un auteur, consultez la
premiére page de la revue dans laquelle son article a été publié afin de trouver ses coordonnées. Si vous n’arrivez
pas a les repérer, communiquez avec nous a PublicationsArchive-ArchivesPublications@nrc-cnrc.gc.ca.

 Ld

National Research  Conseil national de
Council Canada recherches Canada Canada


https://doi.org/10.1016/j.scitotenv.2023.164497
https://nrc-publications.canada.ca/eng/view/object/?id=a14cd434-021f-4256-b8dd-6b3e06a9618a
https://publications-cnrc.canada.ca/fra/voir/objet/?id=a14cd434-021f-4256-b8dd-6b3e06a9618a
https://nrc-publications.canada.ca/eng/copyright
https://publications-cnrc.canada.ca/fra/droits

—

10
11
12
13
14
15
16
17
18
19
20
21
22

Evolution of the Local Climate in Montreal and Ottawa
Before, During and After a Heatwave and the Effects on

Urban Heat Islands

Chang Shu'?, Abhishek Gaur!, Liangzhu (Leon) Wang?, Michael A. Lacasse!

Abstract

The heatwave event to which the Ontario-Quebec area was subjected in 2018 resulted in significant
morbidity and mortality. In this study, an investigation was conducted on how this heatwave
affected the respective urban heat islands (UHIs) in Montreal and Ottawa. The modelled urban
climates were compared before, during and after the heatwave using a Weather Research and
Forecast (WRF) model having a 1 km spatial resolution. The UHI was calculated using two
methods. As a first method, the “rural-ring” method was used to calculate the UHI in regard to
temperature differences between urban and surrounding rural areas. The second method used the
“urban-increment” approach where simulation results were compared to another simulation in
which urban cells are replaced by croplands. Results show that urban land can raise temperatures
by up to 12 °C at surfaces and 6 °C in the near-surface air. A synoptic anticyclone in the lower
atmosphere was responsible for the heatwave, although both cities were located in areas peripheral
to the anticyclone. During the heatwave, precipitation at the initial stage of the event and low wind
conditions largely varied the pattern of the UHI effect within each urban centre. The UHI was
generally unchanged or even reduced during this heatwave, but there was substantial diurnal
variation. Around noon and in the afternoon, the UHI was amplified by up to 3 °C, whereas it was

suppressed or even negative at sunrise.
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Highlights
»  The heatwave event as occurred in 2018 in Ontario-Quebec area was caused by a strong

anticyclone.
*  During the heatwave, the overall UHI remains unchanged or even decreases in general.

* In diurnal cycles, heatwave intensified UHI during hot hours of day and suppressed it

during cool hours.
»  UHI effects can be highly affected by precipitations, wind speed and cloud formations.

*  The urban land cover can increase temperatures by up to 12 °C at surfaces and 6 °C in 2-

meter air.
1. Introduction

Heatwave events can negatively impact the health of the population (Campbell et al., 2018;
Laouadi et al., 2023; Xu et al., 2018), the resilience of buildings (Attia et al., 2021; Ji et al., 2023;
Zhang et al., 2021), as well as many other socioeconomic factors (Zuo et al., 2015). At least 700
heat-related deaths were reported during the 1995 Chicago heatwave, which reached
unprecedented high temperatures with high relative humidity (Semenza et al., 1996). As a result
of the heatwave that hit Europe in 2003, a 500-year extreme temperature record was broken
(Luterbacher et al., 2004), and approximately 70,000 people died as a result of heat-induced
illnesses (Robine et al., 2008; Schir and Jendritzky, 2004). The extreme heatwave that hit western
Russia in 2010 caused the deaths of around 55,000 people (Otto et al., 2012) while breaking
extreme temperature records across Europe (Barriopedro et al., 2011). It was found that 354 of the
473 heat-related deaths in Australia occurred during heatwaves between 2001 and 2018, and
almost two-thirds occurred during the two most severe heatwaves in 2009 and 2014 (Coates et al.,
2022). Based on a review and analysis of 70 European cities under heatwave conditions, Ward et
al. (2016) found northern cities with cooler climates, such as those located in the UK, northern
Germany, and northern Poland, are more susceptible to heatwaves than southern cities having

warmer climates, such as those located in Spain and Italy. The lack of air conditioners and other
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cooling facilities in northern areas also makes residents more vulnerable to extreme heat (Lamothe
et al., 2019; Sampson et al., 2013). The Ontario-Quebec region of Canada experienced a severe
heatwave in the summer of 2018 (Environment and Climate Change Canada, 2019; Lamothe et
al., 2019), resulting in approximately 100 heat-related deaths (Environment and Climate Change
Canada, 2019). To characterize the climate for heatwaves as may occur in northern areas, in this

study described in this paper, focus is made on such type of events.

There is a growing likelihood that heatwaves will become more intense, more frequent, and longer-
lasting in the future (Ji et al., 2022; Meehl and Tebaldi, 2004; Zou et al., 2023). Therefore, it is
vital to examine the characteristics of heatwaves. According to Perkins (2015), heatwaves are
caused by three major physical mechanisms: large-scale synoptic systems, soil moisture and
surface interactions, and climate variability with global teleconnections. In a study conducted by
Charney and DeVore (1979), heatwaves were often associated with high-pressure synoptic
systems or anticyclones (blocking highs). A high-pressure system at high or medium latitudes can
block cool air from reaching the affected region (Matsueda, 2011; Meehl and Tebaldi, 2004),
resulting in clear skies and low wind speeds (Ramamurthy et al., 2017; Xoplaki et al., 2003). A
lack of soil moisture may extend the duration of the heatwave (Lorenz et al., 2010). In addition, a
heatwave may affect surface energy partition (Alexander, 2011) and land surface interactions with
the atmosphere (Miralles et al., 2014; Miralles et al., 2012). E. M. Fischer et al. (2007) studied the
2003 European mega-heatwave and found that a large precipitation deficit and radiative anomalies
resulted in rapid soil moisture loss, which, in turn, resulted in increased sensible heat flux and
reduced latent heat flux. According to their subsequent study of European heatwaves (Erich M.
Fischer et al., 2007), soil-moisture and temperature interactions typically increase the number of
extremely hot days by 50-80% during major heatwaves as occurred in 1976, 1994, 2003, and 2005.
Black et al. (2004) used data from the European Center for Medium-Range Weather Forecasts
(ECMWF) (Grazzini et al., 2003) to analyze the 2003 European heatwave. They found a steady
anticyclone over western Europe, a lack of precipitation and enhanced radiative forcing were

responsible for the heatwave.

While heatwaves are large-scale, synoptic phenomena, urban heat islands (UHI) are local-scale,
microclimate phenomena defined by higher temperatures in urban areas than their surrounding

suburban/rural counterparts (Howard, 1833; Kim and Brown, 2021). The intensity of UHI can be
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affected by multiple factors, such as the thermal inertia of the constructed area (Li et al., 2015; Sun
et al., 2017), radiative properties of urban surfaces (Jandaghian and Akbari, 2020; Tewari et al.,
2019; Yang et al., 2015), urban morphology (Hang et al., 2009; B. J. He et al., 2020; Li et al.,
2020), aerodynamic resistance (D. Li et al., 2019; Li and Bou-Zeid, 2014; Shu et al., 2020), the
impervious or vegetation surface ratios (Gao et al., 2020; Imran et al., 2019; Jamei et al., 2019; D.
Li et al., 2019), the density and size of the city (Li et al., 2020; Ren et al., 2021), anthropogenic
heat (Salamanca et al., 2014), types of climate zones (Jiang et al., 2019; Zhao et al., 2014), and
local secondary atmospheric advections, such as urban heat domes (Fan et al., 2017; Wang et al.,
2020), sea breeze (Bauer, 2020; B. J. He et al., 2020; Hu and Xue, 2016), and mountain-valley
flows (Miao et al., 2009; Yang and Li, 2009) and so on. UHI can be classified into subsurface/soil
UH]I, surface UHI, canopy layer UHI, and boundary layer UHI depending on the vertical layers
chosen for calculation (Kim and Brown, 2021; Kong et al., 2021; Oke et al., 2017). UHIs at the
surface and canopy layers are most widely studied (Kong et al., 2021). A canopy layer UHI is
normally calculated from the screen level (2-m) above the ground (Biggart et al., 2020; Li et al.,
2014; Palou and Mahalov, 2019). This study shows the difference in spatial and temporal patterns
of both the surface and air UHI. The data source and the definition of urban and rural locations
included in the calculation also affect the magnitude of the UHI (Bahi et al., 2020; Kim and Brown,
2021; Stewart, 2011). Measurements, remote sensing, and numerical simulations are usually used
to calculate the UHI effect. Measurements taken at a few stations/towers located in urban or rural
areas are the most common method for calculating the UHI effect (Jiang et al., 2019). This method,
however, cannot reproduce the spatial distribution of the UHI. Various local factors, such as land
cover type (Bhati and Mohan, 2016; Mohammad Harmay et al., 2021; Zou et al., 2021), and
population (Richard et al., 2021), may have a major influence on the UHI calculation (Bahi et al.,
2020; Kim and Brown, 2021; Stewart, 2011). In Ngarambe et al. (2020) the UHI profiles calculated
by different urban-rural weather station pairs were quite inconsistent. Remote sensing can provide
global monitoring of land surface temperatures (Rasul et al., 2017; Zhou et al., 2019). However,
data quality is highly influenced by cloud cover and air clarity (Kumar and Mishra, 2019; Zhou et
al., 2019), and the satellite sensor cannot continuously record data for a specific city given that it

follows an Earth orbit (Bahi et al., 2020).

With numerical simulation, all climate variables can be calculated with considerable spatial and

temporal resolution (Grawe et al., 2013; Kong et al., 2021; Yeon-Hee and Jong-Jin, 2005; Zou et
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al., 2023), allowing cities and rural areas to be distinguished at the grid cell level (Giscience et al.,
2021; H. Li et al., 2019; Moffett et al., 2019; Yao et al., 2019; Zhou et al., 2014). In accordance
with our previous studies (Gaur et al., 2021; Shu et al., 2022), updating the urban land cover and
using an advanced urban parametrization model can significantly improve model accuracy (Gaur
et al., 2021). Furthermore, a high-resolution convection-permitting model can better capture the
urban heat island and overheating distribution (Shu et al., 2022). As a result, in this study,
numerical simulations using a high-resolution urban-effect permitted climate model are used to

analyze the UHI effect.

As urbanization can exacerbate the extremely hot conditions during the heatwave, some studies
have examined the interaction between the heatwave and UHI. Using a numerical simulation of 1
km resolution, Ramamurthy et al. (2017) evaluated the UHI in New York City during a heatwave
and determined that it increased by 1.5-2 °C. Li and Bou-Zeid (2013) reported similar results,
using both observational data and WRF simulations to quantify the UHI in the Baltimore area
during the 2008 heatwave. Ramamurthy and Bou-Zeid (2017) extended their studies to seven (7)
U.S. cities, arguing that the amplitude of the UHI varies depending on the city’s size and its local
climate conditions. As a result of their long-term study in Athens, Greece, Founda et al. (2015)
found an increase in UHI intensity and a significant amplification of nocturnal UHI during
heatwaves. Additionally, the average UHI in Athens increased by up to 3.5 °C during the five
heatwaves as occurred in 2012 (Founda and Santamouris, 2017). Jiang et al. (2019) analyzed
hourly observation data from 2013 to 2015 for three Chinese cities, Beijing, Shanghai and
Guangzhou, each, respectively, located in different climate zones, and found an elevated UHI
effect during the heatwave. Due to increased net radiation flux, sensible heat flux, and
anthropogenic heat flux, Ao et al. (2019) also suggested an increased UHI during the heatwave in
Shanghai. Gao et al. (2019) examined the sensitivity of UHI to the background temperature in
Beijing through simulation. A positive sensitivity was found, suggesting that the UHI tends to
increase during a heatwave. As reported by X. He et al. (2020), the UHI in Beijing increased by
0.78 °C during the heatwave, primarily at night when it was more apparent. Changes during the
day were to a greater extent related to the increased urban-rural contrast in surface
evapotranspiration, whereas changes at night were related to increased anthropogenic heat and
enhanced warm advection. The synergistic interaction of heatwave and UHI intensifies the

temperature difference between rural and urban areas, resulting in greater heat effects in cities.
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Nevertheless, Scott (2018) observed that from 2000 to 2015, in 54 U.S. cities the UHI tended to
diminish as the temperature rose. According to De De Ridder et al. (2016), during the Paris
heatwave of 2003, the UHI was observed to increase in densely populated city centres, but in city
parks, the UHI was around half as high as that evident in densely populated areas, demonstrating
the heterogeneity of UHI change in different urban areas. The spatial distribution of UHI was
measured for six summers in Dijon, France using 60 sensors in a study by Richard et al. (2021),
from this study, no statistical relationship was found between temperature and UHI. Under
conditions of low wind and sunny skies, UHI is intensified, but during heatwaves, it is actually
reduced due to warmer rural nights. In the study by Rogers et al. (2019), it was determined that
only the city of Perth exhibited a lower UHI or even UCI during the night-time of the heatwave,
amongst the three (3) Australian cities studied, that included: Melbourne, Adelaide and Perth.
Chew et al. (2021) investigated the synergy effect between heat waves and UHI in the tropical
coastal city of Singapore. They concluded that heatwaves did not necessarily alter UHI effects. In
the review study completed by Kong et al. (2021), it was claimed that there was an evident need
to investigate this interaction in different climate zones, but no study has been conducted for this
intense hot spell as occurred in the same climate zone in North America in 2018. As such, and
based on previous studies, there is an inconsistent synergy effect between UHI and heatwave,

depending on how the UHI and heatwave are defined and calculated.

As aresult of the literature review, no study has examined the potential synergy between heatwaves
and UHIs in Canadian cities, thus, indicating a number of research gaps in such type of climate

regions, more specifically:

A) How did the 2018 North American heatwave form and affect Ontario-Quebec regions?
B) How did the heatwave affect the UHI in cities in these regions?

C) How did different climate factors interact and influence the UHI during the heatwave?

To address these questions, this paper has been divided into the following sections. In Section 2,
the study area and the period are presented, which is followed, in Section 3, by simulation and
UHI calculation method. In Section 4, we examine in detail the formation of the heatwave, the
temperature and UHI patterns over this heatwave, and other climate factors affecting the UHIL. A
discussion of the findings and a comparison of these results with those obtained from other studies,

is presented in Section 5. Finally, Section 6 concludes the paper.
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2 Area and time period of the study

The study is focused on the southwestern region of Canada, encompassing two major urban
centers: Ottawa and Montreal. An extreme heat spell event was recorded between 30 June and 6
July 2018 in this region, which led to around 100 deaths (Environment and Climate Change
Canada, 2019). According to Environment and Climate Change Canada (2013), a heatwave occurs
when the maximum temperature is 32°C for three or more consecutive days. At different regions
of Canada, heatwaves are defined differently. Quebec (Lamothe et al., 2022) defines extreme heat
as a period of at least three consecutive days in which, at the reference weather stations of the
health regions, the moving average of maximum and minimum temperatures reaches the
previously established thresholds for extreme heat. In the case of Montreal, the predefined
maximum and minimum temperatures are 33°C and 20°C, respectively. In Southern Ontario
(ServiceOntario, 2023), heat warnings are triggered when the maximum temperature is above 31°C
and the minimum temperature is above 20°C, or if the humidity is greater than 40°C. This event
was reported to meet the definition of all these definitions (Lamothe et al., 2019). As shown in the
time-series air temperature profiles included in Appendix Fig. A.1, the duration of the heatwave
event is six (6) days for both cities in accordance with the three definitions established by the
ECCC, Quebec and Southern Ontario. The time period analyzed in this study covers this heat spell
event. Both cities analyzed are classified as a semi-continental climate (Dfb) in the updated
Koppen—Geiger climate classification (Beck et al., 2018), with a warm, humid summer and a very

cold winter. The simulated region and the location of the two cities are shown in Fig. 1.
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Figure 1: Study region, computational domain and investigated two cities, Ottawa and Montreal.

The method for selecting timeframes for comparing heatwave and non-heatwave days has been
varied, as reported in previous studies. For the purpose of analysing the continuous evolution of
climate during the entire period, three consecutive timeframes were selected, before, during, and
after the heatwave. In determining the length of the two (2) timeframes before and after a heatwave,

two criteria are considered: 1) it cannot be too short, e.g., only one or two days, since the analysis
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and conclusions may be affected by the internal variability of the weather system; ii) it cannot be
too long, e.g., over two weeks or over one month, since seasonal effects may be introduced. If a
longer timeframe is selected for the comparison, the sunrise and sunset hours may also be
considerably altered, which is not ideal for analyzing the diurnal patterns between three
timeframes. Additionally, the heatwave occurred towards the end of June and the beginning of
July. Due to the significant differences in the climate condition of the study region between mid-
June and mid-July, the selected timeframe should attempt to avoid covering these two time periods.
In order to make the timeframes comparable with the period during the heatwave, they are defined
as 6 days adjacent to the heatwave, which equals the duration of the heatwave. In Section 4.2.1,
the temperature profiles of these timeframes are discussed. For clarity, the evaluated timeframes

before, during, and after the heatwave are summarized in Table 1.

Table 1: Summary of the evaluated timeframes.

Timeframes Start time End time

Before the heatwave (or Pre-heatwave) 00:00:00, 24 June 23:00:00, 29 June
During the heatwave (or Heatwave) 00:00:00, 30 June 23:00:00, 05 July
After the heatwave (or Post-heatwave) 00:00:00, 06 July 23:00:00, 11 July

3 Simulation and methods
3.1 Climate simulation

A WRF model (Skamarock et al., 2019) for the area was developed with three two-way nested
domains. The outermost domain had a spatial resolution of 9 km, which is ideal for examining
large-scale synoptic effects, and the innermost domain had a spatial resolution of 1 km, which is

ideal for capturing the climate distribution in the two cities of interest (Shu et al., 2022).

For obtaining realistic climate representations in the study area (Fig. 1), land use land cover
(LULC) (Fig. 2 a,b) was updated based on the North American Land Change Monitoring System
(NALCMS) dataset for 2015 (‘North American Land Change Monitoring System (NALCMS)
dataset, 2015°, 2015), which is the most up-to-date LULC dataset available for open access at a
high spatial resolution of 30 m for the study area. Notice that even though there are other LULC

datasets providing the updated LULC on an annual basis, they are of coarser spatial resolution than

9
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the NALCMS land-cover dataset considered in this study. According to our discussion with the
WRF developer team, LULC source data with a spatial resolution approximately two orders of
magnitude higher than the WRF grid resolution can effectively reduce statistical error during re-
gridding. Thus, we used the 30 m resolution NALCMS dataset for our 1 km resolution simulation.
A detailed comparison of the LULC from different data sources and their impact on WRF

simulations will be evaluated in a future study.

To test the sensitivity of using the NALCMS LULC from different years as the input of WRF
simulation, a comparison of simulation accuracy using various LULC datasets as inputs for WRF
is provided in the Supplementary Information (Figs. S.4-S.10, Tables S.2-S.4), including the
default MODIS 21 land cover for WRF as well as the updated LULC derived from the NALCMS
2010 dataset and the NALCMS 2015 dataset. The simulations using the LULC updated by the
NALCSM datasets produced significant improvements when compared to the simulations using
the default LULC generated between 2001 and 2005 by the WRF. However, it was found that: 1)
the increment in urban land cover area from 2010 to 2015 (can be seen from Fig. S.4); ii) the WRF
simulation results from the 2010 LULC are similar to those from 2015 LULC (Figs. S.5-S.10) in
terms of Root Mean Squared Error (RMSE) (Table S.2), Mean Absolute Error (MAE) (Table
S.3), and Mean Bias Error (MBE) (Table S.4). Furthermore, Zhao et al. (2016) also concluded
that, in areas of rapid urbanization (Zhao et al., 2015; Zhou et al., 2015), such as Asia, Africa, and
South America, land cover of the most recent and concurrent years should be considered in
quantifying UHI, whereas, on the other hand, in regions with relatively stable urban development
(Seto et al., 2010), such as Europe and North America, using a land cover map within the last five
to ten years should not pose a problem. These findings convey that using 2015 LULC dataset as a
proxy for simulating the 2018 climate condition is a reasonable assumption. With this updated
LULC, it is found that Montreal is distinguished by 1184 grid cells in the 1 km resolution domain,
whereas Ottawa has only 501 grid cells. As a result, Montreal has twice as many urban areas as

compared to that of Ottawa.

The boundary and initial conditions of the simulation was taken from the National Centres for
Environment Prediction (NCEP) North American Regional Reanalysis (NARR) product #ds608.0
(National Centers for Environmental Prediction, National Weather Service, NOAA, U.S.

Department of Commerce, 2005). A multi-layer urban canopy model (UCM) and building effect
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parametrization (BEP) were used (Martilli et al., 2002) to account for the urban footprint. A

detailed description of the WRF model configuration and validation of results over a long-term

period of time can be found in our previous studies (Gaur et al., 2021; Shu et al., 2022).

Furthermore, detailed validation results pertaining to the period of the heatwave (between June 28

and July 10, 2018) are included in the Supplementary Information (Figs. S.1-S.10, Tables S.1-

S.4).
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Figure 2: Land use and land cover (LULC) distribution around the two cities in the simulations

(a, b) with urban land cover, and (c, d) without urban land cover - where urban land cover is

replaced by croplands. Three types of areas (urban, rural, and cropland) are outlined with three

different line types.
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3.2 Urban heat island calculation

Two UHI calculation methods are presented in this study. In the first method, the UHI is calculated
as the temperature difference between urban areas and surrounding rural areas (Eq. 1). The urban
area is defined as grids dominated by “Urban and Built-Up” land cover types in the city, whereas
the rural areas are the less constructed areas that surround, indeed encircle the urban region
(Giscience et al., 2021; Moffett et al., 2019). Thus, this method is known as the “rural-ring” (RR)
method. To minimize local impacts, the rural area should be 2-5 km from the urban area, but still
within 10-30 km to avoid uncertainties associated with parent geospatial regions (Giscience et al.,
2021; H. Liet al., 2019; Yao et al., 2019; Zhou et al., 2014). Therefore, in this study, it is defined
as the area between 3 and 10 kilometres from the boundary of urban areas. Considering that local
temperatures can change significantly, grids containing water bodies and grids 50 meters above
the highest point of urban areas have been excluded from the analysis (H. Li et al., 2019; Yao et
al., 2019; Zhou et al., 2014).

UHIrg = Tyrban — Truwrai

In the second method, the UHI is calculated as the temperature difference over urban areas from
two sets of simulations: one in which the urban land-cover of the cities is kept unchanged (Fig. 2
a,b), and another in which the urban land-cover is replaced by croplands (Fig. 2 c,d). In this sense,
it is referred to as the “urban-increment” (UI) method (Bohnenstengel et al., 2011). A comparison
is made between a presumed natural land cover before urbanization and the actual status after
urbanization is in place (Wang et al., 2012). As such, the effects of urbanization on the local

climate can be quantified (Eq. 2).

UHIly; = Tyrpan — Tcropland

Since the simulation without urban land cover in the UI method represents a virtual scenario that
does not exist in reality, no observation data can be used to validate the simulation directly. While
the only difference between simulations with and without urban land cover is the absence of
nearfield parameters for constructed and built-up areas. The urban canopy model (UCM) is also
not required as there are no urban areas in the simulation. The original simulations with urban land
cover used the Noah land surface model (Chen and Dudhia, 2001a, 2001b) to simulate natural

land, and a multilayer building effect parameterization (BEP) (Martilli et al., 2002) model to

12



295
296
297
298
299

300
301
302
303
304
305
306
307
308

309
310

311

312

313
314
315
316

317
318
319
320
321
322

simulate urban areas. In the event that the original simulation of urban land cover is validated by
observational data, we can assume that the Noah land surface model accurately captures the natural
land surface, and the BEP model accurately captures the urban land surface. This means that even
after urban land cover has been removed from the modified simulation for UI method, the model

can still capture the environment using only natural land surfaces.

The UHI calculation results will change if another type of land cover is substituted for urban land
cover in the UI method, since different land cover types are associated with different parameters
for the land surface models in WRF, including soil properties, vegetation properties, etc. In this
study, croplands were selected for the Ul method in light of two reasons: i) croplands were
identified as a dominant land cover type surrounding the two cities; ii) croplands represent the
transition from ancient tribal societies to urban civilization in human development. In other studies
(Chen et al., 2014; Chen et al., 2018; Chew et al., 2021; Kang et al., 2014; X. X. Li et al., 2016; Li
et al., 2013; Li and Norford, 2016; Vogel and Afshari, 2020), similar principles are also used to

select natural land cover types to mimic pre-urbanization environments.

The study calculates UHIs using both the surface temperature and the air temperature, which are

referred to as the surface UHI (UH I5,,-¢) and the air UHI (UH ;).

4. Analysis and results
4.1 Formation of the heatwave

To inspect the background synoptic weather pattern, snapshots of temperature and wind barbs
maps at 850-mb (Fig. 3) are extracted from the 9 km-resolution parent domain, which shows the
atmospheric behaviour at the top of the lower atmospheric boundary layer. The snapshots were

taken at 1600 LT, corresponding to the daily peak hour of air temperature (Fig. 4).

In the timeframe before the heatwave, the two cities are greatly influenced by the low temperature
(<9 °C, 282 K) flow from the polarward side and the average wind speed of about 8 m/s (Fig. 3,
a). At the beginning of the heatwave on June 30, a strong warm flow from the inland area moved
towards the east coast (Fig. 3, b) at a rapid rate (8 m/s), affecting the two cities in the study. At the
same time, a strong anticyclone (“blocking high”) started to form away from the study region with

its high-pressure center located in the West Virginia and Virginia area. On the second day of the
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heatwave, it then very quickly rolled into the northeast, with its center lingering in the New York
city and Connecticut regions over the following days of the heatwave (Fig. 3, ¢). Upon expiration
of the heatwave on July 5, the rotational blocking flow rapidly weakened and finally disappeared,
allowing the prevailing south-westerly flow (driven by the subtropical high) to sweep over the two
cities on a daily basis (Fig. 3, d); this resulted in a relatively warmer post-heatwave period than

the pre-heatwave period.

The anticyclone (“blocking high) found in this study (Fig. 3, ¢) is similar to that found for New
York in the 2006 North America heatwave (Ramamurthy et al., 2017). It appears that the center of
the anticyclone is located at approximately the same point in both heatwaves. In contrast, the
anticyclone in this study covers a broader area affecting both Ottawa and Montreal and lasts for a
longer period of time. Since these two cities are located in the peripheral area of the circulatory
system, they experience a diurnal interaction between the warm anticyclone and the northern cool
air. The wind speed at the center of the anticyclone is less than 2.6 m/s and only slightly increases
when it passes over Ottawa and Montreal. The temperature above the two cities is at the same level
as the temperature in the eye of the anticyclone, which is warmer than 21 °C (294 K). As a result
of this atmospheric system, there were days with clear skies during the heatwave, and the cloud
cover fraction was clearly reduced as compared to the period before the heatwave(Supplementary

Information Fig. S.29).

14



341

342
343
344

2018-06-25 16:00:00 ~2018-06-30 16:00:00
55°NK S \

50°N

45°N |}

40°N

35°N

2018-07-04 16:00:00

50°N}
45°N
40°N

35°N

B5°W  80°W T TESW BO°W 75°W 70°W

276 278 280 282 284 286 288 290 292 294
Temperature (K)

Figure 3: Comparison of typical 850-mb wind speed and temperature snapshots in the three
timeframes, (a) before, (b,c) during, and (d) after the heatwave. The clockwise rotational flow in

(b, c) indicates the anticyclone.
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4.2 Temperature and UHI patterns over the heatwave
4.2.1 Temperature patterns over the heatwave

In accordance with the three types of areas defined in Fig. 2, the spatial average temperatures of
each of these areas can be determined (Appendix Fig. A.1). On each of the six days of the six-day
heatwave, the surface temperature and maximum air temperature in the urban areas of both cities
exceeded 43°C and 35°C, respectively, which was significantly higher than those during the other
two heatwaves. For a better comparison of the temporal patterns, the diurnal profile is provided in

(Fig. 4).

All three timeframes show a peak in diurnal surface temperatures around 1300 or 1400 local time
(LT), followed by a lag in air temperatures around 1600 LT. Temperatures drop to a minimum
around 0500 LT, just before sunrise. Over the urban area, the air and surface temperature
differences between the heatwave and the post-heatwave can be as much as 7-8 °C during the peak
hours (1600 LT), and the temperature of the pre-heatwave is even lower than the post-heatwave
by around 2-3 °C. As a result of its smaller diurnal temperature range (DTR) than surface
temperatures, air temperatures generally stay lower during the day, but higher than surface

temperatures during the night (Supplementary Information Fig. S.17).
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Figure 4: Diurnal profiles of the spatial-averaged (a-d) surface temperature (Tsy,5), and (e-h) 2-

m air temperature (Ty;,) over the urban and rural/cropland areas. The shaded area in grey

indicates the night-time hours.

In Fig. 5 is illustrated how the time-averaged air temperature over the three timeframes is spatially
distributed, and Fig. A.3, provided in the Appendix, is illustrated the same distribution for surface
temperatures. As part of the Supplementary Information, MODIS satellite land surface
temperatures extracted from the datasets, MOD21A1D (Hulley and Hook, 2021a), and
MOD21AIN (Hulley and Hook, 2021b), are also provided to illustrate general spatial patterns of
surface temperatures. The simulated surface temperature from WRF exhibited a similar spatial
pattern to that captured by satellite observations. However, comparing the satellite observed
surface temperature with the simulated surface temperature is outside the scope of this study due

to the reasons discussed in Section 5.4.

According to both simulations, i.e., with and without urban land cover, the temperatures during
the heatwave were significantly higher than those before and after the heatwave. This implies that
even in the absence of urban land cover, high temperatures continue to persist during the heatwave
period. However, it is still evident that urbanized surfaces affect not only the near-ground
temperature within an urban area but also its surroundings. Parts of the rural areas may have higher

air temperatures than parts of the urban areas. As an example, the air temperature in the eastern
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380 portion of Montreal’s rural area is higher than that in the southern and western portions of
381  Montreal’s urban area. This indicates that a UHI would be biased if it were derived from a limited

382  number of sites.
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The air and surface temperatures averaged over different hours of the day are summarized in Table

S.5 (Supplementary Information).
4.2.2 UHI patterns over the heatwave

The air and surface UHIs (shown in Appendix Fig. A.2) are calculated using the RR and Ul
methods described in Section 3.2 using temperature data for urban, rural, and cropland areas.
According to the RR method, Montreal’s surface UHI reaches approximately 6 °C, whereas that
of Ottawa reaches approximately 4 °C. The maximum air UHI in both cities is only around 2 °C.
The UHI calculated by the UI method is much higher, where the surface UHI in Montreal can

exceed 12°C and that of Ottawa, 9°C. The maximum air UHI is around 6 °C in both cities.

The diurnal profiles of air and surface UHIs are shown in Fig. 6. The surface UHI calculated by
the RR method increases rapidly after sunrise and remains at a high-level during noon and
afternoon, then drops to a low level after sunrise hours. The diurnal profile presented here is similar
to that presented in Stewart et al. (2021) for humid continental climate areas, as well as in Rome,
Italy (Sismanidis et al., 2015), and Boston, USA (Chang et al., 2021). It is also similar to the
findings from another study (Shreevastava et al., 2021) for six (6) European cities, including Paris,
Frankfurt, London, Essen, Cologne, and Rotterdam, in that the surface UHI of some of these cities
tends to be suppressed during cool hours over the night and early morning, while being stronger
during warm hours around noon. Interestingly, negative values are observed during the night and
early morning of heatwaves and after heatwaves, which is known as the urban cool island (UCI)
effect (Yang et al., 2017). A similar surface UCI has also been observed in Beijing, which occurs

during the night hours until early in the morning (Miao et al., 2009).

In contrast to surface UHI, the diurnal profiles of air UHIs are quite different. It is low during the
daytime and gradually increases to a peak around sunset, before dropping over night. Over the
course of the night, the profiles of the pre- and post-heatwaves decrease slowly and remain at a
high level, whereas the profiles of the heatwaves decrease rapidly. The profile shapes are similar
to those observed in Shenyang, China (Du et al., 2021) and Lisbon, Portugal (Oliveira et al., 2021)
as well as measurements from two pairs of weather stations in Athens, Greece (Founda and
Santamouris, 2017). Similarly, to the study of European cities (Shreevastava et al., 2021), during

heat waves there is also a reduction in air UHI during the night. Air UHI profiles also exhibit the
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UCI eftect. It occurs early in the morning (0600 - 0700 LT) with subtle negative values pre- and
post-heatwave, which is consistent with other studies (Bohnenstengel et al., 2011; Johansson,
2006; Oliveira et al., 2021; Theeuwes et al., 2015; Yang et al., 2017). The air UCI is more
observable during the heatwave, and it can start before sunrise. Such an increased occurrence of

nocturnal air UCI during a heatwave is also found in Perth (Rogers et al., 2019).

Comparing the different timeframes, the UHI calculated through different methods also presented
slightly different results. By using the UI method, it can be determined that the surface UHI is not
enhanced during the heatwave, whereas the air UHI is even lower during the heatwave (Fig. 6
b,d,f,h). The air and surface UHIs of the pre-heatwave period tend to be the highest out of the three
timeframes, suggesting that urban land cover has a more significant impact during a period of
cooler temperatures. On the other hand, the RR profiles (Fig. 6 a,c,e,g) illustrate more consistent
diurnal changes for both air and surface UHIs. The UHIs are amplified during the warmer hours
of the day (0900 - 1900 LT), whereas they turn to be lower or even negative (UCI) during the
cooler hours (2000 - 0800 LT). Additionally, Montreal has a larger increment in UHI and a smaller

increment in UCI than Ottawa, as a result of its higher construction density and larger city size.
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Figure 6: Diurnal profiles of the (a, b) surface UHI (UHlg,¢) and (c, d) air UHI (UHly;y)
calculated by the (a,c,e,g) “rural-ring” (RR) and (b,d,f,h) “urban-incrument” (Ul) methods. The

shaded area in grey indicates the night-time hours.
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The distribution of time-averaged air temperature difference (A4T,;,) calculated following the
“rural-ring” and “urban-increment” methods is shown in Fig. 7, and the same figure for surface

temperature difference (AT, ) is included in Appendix Fig. A.4. Following the RR concept
(Fig. 7 a-c, g-1), this temperature difference is calculated by subtracting the spatial-averaged
temperature of the entire rural area (Trq) from the temperature at each grid (T; jy) (Eq. 3). The

subscript (i, j) in the equation indicates the index of the local grid cells.

AT(}E,I;) = T(i,j) — Trural

It can be noticed that the urban area is dominated by positive values, and both cities exhibit certain
patterns of temperature difference distribution. There is a clear warm zone in the center and east
of Ottawa, as well as a warm zone in the north and east of Montreal. A more diverse distribution
can be observed in the rural regions since they cover a larger geographical area surrounding the
urban areas. Rural areas in the south-west of Ottawa and Montreal appear to have warmed up more
during this heatwave than prior to and following the heatwave, which may be a result of the
synoptic high temperature discussed in Section 4.1. The warm rural environment during the

heatwave also contributed to a reduced UHI.

The temperature difference calculated following the Ul concept (Fig. 7 d-f, j-1) is determined by
the grid level difference between the time-averaged temperature of the simulations with urban land

cover (T(; ;) and that without urban land cover (T('i, ) (Eq. 4). The superscript (°) in the equation

indicates the result at the same grid cell (i, j) extracted from the modified simulation case without

urban land cover.
ul _ !
AT p = Tap — Tap

According to these maps, not only has urban land cover warmed the urban area, but also a larger
area around it. Urban land cover may have a significant effect on the overall temperature of the
domain rather than just the urban grid cells, since urban land cover influences many climate factors
in addition to temperature, such as near-field wind speed, air humidity and cloud formation, and
thus can affect the overall climate pattern as well. Even though the impact on areas away from the
urban area can be reduced, it will not be the same as the original simulation with the urban cover.

The temperature increase is more pronounced during the first timeframe and then becomes
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462  minimal during the heatwave. This suggests that the background climate played a significant role

463 in the extreme heat event.
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Figure 7: Time-averaged maps of the air temperature difference (AT,;,) calculated following the
(a-c, g-i) “rural-ring” (RR) concept, i.e., ATER and (d-f, j-1) “urban-increment” (UI) concept, i.e.,

ATUI

air:

The average air and surface UHIs calculated over different hours of the day are presented in Table

S.6 (Supplementary Information).
4.3 Factors affecting UHI
4.3.1 Near-surface wind condition

The near-ground 10-m wind pattern has a significant impact on UHI. It is driven not just by
synoptic flow in the upper atmosphere, but also by secondary circulations caused by land use, land
cover, and urban tissue. Fig. 8 shows the time-averaged wind speed distribution at 10 meters above
the ground for simulations with and without urban land cover. In the simulation without urban land
cover (Fig. 8, d-f, j-1), the wind speed after the heatwave is the highest among the three timeframes
with the wind speed at most of the cropland area exceeding 4 m/s, and it is the lowest before the

heatwave with the wind speed between 3 and 4 m/s for both cities.

In the simulation with urban land cover (Fig. 8, a-c, g-1), the pattern is clearly different. Urban
land cover greatly reduces wind speed not only in the city but also in the surrounding areas. For
all three timeframes, the wind speed over the urban area is only around 2-3 m/s. Time-averaged
wind speeds in urban areas remain higher after the heatwave than before and during the heatwave,
but the difference between the pre-heatwave and the heatwave becomes minimal. Cool convection

in the area was reduced by urban land cover, which prolonged the heatwave.
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486  Figure 8: Time-averaged 10-m wind speed (W;) maps simulated (a-c, g-i) with and (d-f, j-1)

487  without urban land cover.
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Wind speed variation (W) and urban-rural contrasts (AW;) are shown in Fig. 9. Both the pre-
heatwave period and the heatwave period were marked by relatively low wind speeds compared
with the post-heatwave period. As reported in other studies (D. Li et al., 2016; Ngarambe et al.,
2020; Sun et al., 2017), low wind speeds are associated with more frequent heatwaves. A higher
wind speed can be observed in the afternoons of the heatwave than that of pre-heatwave, while it
keeps at a very low level during the heatwave after mid-night hours (around 0200 LT in Ottawa,
and 0300 LT in Montreal) till around 0900 LT in the early morning. The wind speed displayed
significant variations in the diurnal course during the heatwave, which may be due to an interaction

between the anticyclone and northern flow.

In the wind speed comparison (4AW;) between urban and rural areas (Fig. 9, e-h), the urban wind
speed is usually around 1 m/s lower than the rural wind speed for most of the hours. There were
no accentuated differences in wind speeds between urban and rural areas as a result of the
heatwave. Thus, the wind speed difference would not amplify the overall UHI. However, due to
the reduced wind speed, heat extraction from both urban and rural surfaces was limited, making

the urban-rural difference more susceptible to diurnal fluctuations in other climate variables.
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Figure 9: Diurnal profiles of the spatial-averaged (a-d) 10-m wind speed (W) at the urban and
rural/cropland areas, and (e-h) 10-m wind speed difference (AW;) between the urban and

rural/cropland areas. The shaded area in grey indicates the night-time hours.
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4.3.2 Precipitation, moisture and humidity

Another factor that modifies the local thermal environment is the availability and dynamics of
water content in the region. Heatwave events in history are most often associated with soil
desiccation in the region (Black et al., 2004; Miralles et al., 2014; Perkins, 2015), which limits
cooling effects through evaporation. Nevertheless, this was not the case during the 2018 heatwave
in the study area. Two heavy rainfalls were found two days before the heatwave (27, and 28 June)
and during the early stages of the heatwave (30 June, and 01 July) (Fig. 10 a, b) provided sufficient
moisture input to the ground surface in the area, altering the thermal properties of the soil and the
partitioning of surface energy accordingly. As a result of enhanced vertical convection in the urban
area, precipitation in the urban area is typically intensified compared to rural and cropland areas

(Han et al., 2014; Liu and Niyogi, 2019).

The volumetric soil moisture (8) in the top surface layer (10 cm) is extracted to show its evolution
with precipitation (Fig. 10 ¢, d). An increase in soil moisture can be noticed under precipitation,
thus the two heavy precipitation events contributed abundant moisture to the land surface at the
beginning of the heatwave (Fig. 10 c, d). Rural areas and cropland areas had higher soil moisture
levels than urban areas, owing to the ability of natural lands to hold moisture. The mean wilting
point (8,,) of the area around the two cities is estimated to be 0.12 m3/m3, and the saturation point
(6,) is approximately 0.47 m3/m3. The volumetric soil moisture is always between the wilting
and saturated soil moisture points over the 3 timeframes. As suggested by previous studies (Gao
etal., 2020; Yang and Wang, 2015), the transpiration rate is not limited by volumetric soil moisture
when it is above 0.33 m3 /m3. In Ottawa, the rainfall on 27 June raised the volumetric soil moisture
level to 0.38 m3/m3. Another rainfall on 30 June provided additional moisture, allowing soil
moisture levels to remain high. In Montreal, a strong rainfall on 28 June shifted the volumetric soil
moisture to above 0.4 m3/m3, followed by rain on 01 July. As a result of comparatively intense
rainfall in Montreal, its volumetric soil moisture is generally higher than in Ottawa. However, the
average green area fraction (Fyegetation) in Montreal (24%) is lower than that in Ottawa (33%).
This may limit the cooling effect through the transpiration of the plants. In fact, the actual moisture
availability (Eq. 5) in Montreal is even lower than in Ottawa (Supplementary Information, Fig.

S.19).

Oacturar = 0 - Fvegetation

28



537

538
539

540
541
542
543

544

545
546
547

548

549
550
551
552

Ottawa Montréal

E 12 4 IEI Urban ] IE
B Fural 3
g- 10 - Cropland
p
c 8-
o ]
£ o |
- — 1
2 4 {
8 2] E ';Ii
v i
= 0 fe | i = | 4 ?"#I ! .ﬁ A, l
0.45

06:25 06:2? 06:29 0?-'{)1 0?103 0?105 O'.-"-IO? 0?-'09 0?-'11 06125 0612? 06:29 OT-IOl 0?:03 0'.-'105 O?-IO? 0?109 O?-Ill
Time Time
Figure 10: Spatial-averaged (a, b) precipitation and (c,d) volumetric soil moisture availability (0)

of the urban, rural, and cropland areas.

Since different types of soil may have distinct hydrological properties, the evaporative cooling of
the soil in different areas should be compared by a dimensionless parameter, relative soil moisture
(0) (Genuchten V M, 1980), in which volumetric soil moisture is scaled by the local wilting point

(8,,) and saturation point (6;)(Eq. 6).

In order to illustrate the contrast between urban and rural soil moisture deficits, the urban-rural
soil moisture deficit (Sy) (Ramamurthy et al., 2017) can be calculated using a spatial average of

relative soil moisture for urban (0,4, )and rural (0,.,,,4;) (Eq. 7).

[{021_(M)

@rural

It is a dimensionless number not exceeding 1, which indicates that urban surfaces are fully dry. A
deficit value of 0 indicates balance between urban and rural soil moisture, whereas a negative value
indicates even higher moisture in the urban surface than in the rural. In Fig. 11, the deficit value

(By) for the two cities is displayed over three time periods. When precipitation events occur, the
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urban and rural deficits are usually small or negative. The heavy rainfall right before the heatwave
lowered the deficit values in both cities below 0.1, and they remained below 0.4 throughout the
heatwave. Furthermore, the moisture deficit value during the heatwave is lower than those during
the other two periods and even during most of the three summer months (Supplementary
Information, Fig. S.20). The low urban-rural moisture deficit implies that the UHI during the

heatwave is moderated by the soil moisture availability as a result of the rainfall.
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Figure 11: Urban-rural soil moisture deficit across the three timeframes in Ottawa and Montreal.

The highlighted area in yellow indicates the heatwave period.
4.3.3 Surface energy balance

Surface energy partitions can affect the thermal environment around a city, and a biased partition
between urban and rural areas could cause contrasts (Oke, 1982). The net amount of the income
and outcome of short-wave and long-wave radiation is the total energy available at the ground
surface, which is defined as the net all-wave radiation (Q). It can be split into three parts (Eq. 8),
including the sensible heat flux (Qy), latent heat flux (Qf), and net heat storage flux (4Qs) (Oke,
1988).

Q" =Qu+ Qp + 405
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The four heat fluxes are compared for the three timeframes in Fig. 12 with their diurnal profiles.
A considerable increment in net all-wave radiation (Q*) during daytime can be found from the pre-
heatwave to the heatwave period, which is attributed to the reduced cloud cover associated with
the anticyclone (Black et al., 2004). Due to the dry soil and minor precipitation, the weather
remained clear after the heatwave, so Q* was the same or even higher than during the heatwave.
The Q" during nighttime is negative, indicating the dissipation of heat from the ground surface,
while this nighttime net heat loss during the heatwave is less than that of the other two timeframes.
Throughout all three timeframes, the partitioning of energy into the three components can reflect

heat exchange behind air and surface temperature patterns (Fig. 4).

The sensible heat flux (Qy) indicates heat transfer from the surface to the atmosphere through
turbulent air motion. It is governed by the surface-air temperature difference, wind speed and
surface roughness (Chen and Zhang, 2009; Li and Bou-Zeid, 2014). The surface roughness is
solely determined by the land cover elements, which are constant in the simulation. The Qy
(Fig. 12, e-h) in the urban area is clearly higher than that in the rural/cropland area due to the
enlarged temperature difference between the surface and air. At night, the surface temperature was
even lower than the air temperature, resulting in a negative sensible heat flux. Due to an enlarged
surface-air temperature difference (Supplementary Information Fig. S.17) and increased near-
ground wind speeds (Fig. 8), the Qy is more pronounced after the heatwave than during the other
two periods. The Qy during the heatwave is only marginally higher than the pre-heatwave during
the midday hours. This can be explained by the slightly increased surface-air temperature

difference, and the increased wind speed in the corresponding hours (Fig. 8).

The latent heat flux (Qg) is the heat dissipated by evaporation and transpiration from plants. It is
clearly higher in rural/cropland areas than in urban areas, as a result of the higher amount of
vegetation and soil moisture (Fig. 12). With regard to the different timeframes, it can also be seen
that the Qf is intensified during the heatwave due to its higher surface moisture content following

the precipitation event.

The net storage heat flux (4Qs) indicates changes in heat conduction and heat storage from the
ground surface to the deeper soil sublayers. As both sensible heat fluxes (Q) and latent heat fluxes
(Qp) are close to zero during the night, the climate at night tends to be more sensitive to thermal

storage. Previous studies (Li et al., 2015; Sun et al., 2017) found that storage heat flux terms during
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heatwaves are much stronger than during the daytime. A similar behavior was observed in this
study, with much higher values during the heatwave than during the other timeframes. The
negative values of AQ; after sunset indicate that heat is being discharged from the ground. When
compared to pre- and post-heatwave nights, the absolute value of the negative AQg is smaller
during the heatwave period. The higher thermal capacity and conductivity of moist urban ground,
combined with a lower surface wind speed, may have lowered the heat release from the ground at
night. This reduced heat release can be responsible for the lower urban temperatures during the

heatwave which was the UCI effect.
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Figure 12: Diurnal profiles of the spatial-averaged (a-d) net all-wave radiation (Q*), (e-h)
sensible heat flux (Qy), (i-l) latent heat flux (Qg), and (m-p) net heat storage flux (AQs) at the

urban and rural/cropland areas. The shaded area in grey indicates the night-time hours.
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For further understanding the differences between urban and rural areas, the diurnal differences in

surface fluxes are shown in Fig. 13. Q" in the city is higher than in the town and in the rural

area/cropland for all 3 timeframes, while this 4Q* is within 50 W /m? for most of the time and is

not enlarged during the heatwave as it is during the other two timeframes. The more substantial

AQg and A(AQy) after 0800 LT in the daytime indicates a biased partition of heat flux which tends

to amplify the surface UHI (Fig. 6, a-d). The slightly higher AQy restricted this amplification of

surface UHI, and contributed to a higher air UHI (Fig. 6, e-h). These observed changes in the heat

flux in the daytime of heatwaves are consistent with other studies (Li et al., 2015; Ramamurthy

and Bou-Zeid, 2017; Sun et al., 2017). Meanwhile, during the nighttime, sensible and latent heat

fluxes were minimal. However, during the heatwave and post-heatwave periods, nighttime 4(4Qs)

increased, indicating a large difference in the amount of heat released by the sublayers of the soil

between urban and rural areas, and the reduced discharge of storage heat flux resulted in cooler

surfaces in urban areas.
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Figure 13: Diurnal profiles of the spatial-averaged (a-d) net all-wave radiation difference (AQ"),
(e-h) sensible heat flux difference (AQy), (i-1) latent heat flux difference (AQg), and (m-p) net heat
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storage flux difference (A(AQs)) between the urban and rural/cropland areas. The shaded area in

grey indicates the night-time hours.
5. Discussion

In Section 4, several climate variables are compared across three timeframes in order to determine
the characteristics of heatwaves and their impact on UHI. In this section, these findings are
discussed in more detail. Furthermore, the effects of urbanization on local climate are summarized

based on the concepts of “rural-ring” and “urban increment”.

5.1 Characteristics of the heatwave

Heatwaves are meteorological events that can affect multiple cities on a large spatial scale. Several
studies have shown that a high-pressure synoptic anticyclone is usually a major driver of
heatwaves (Black et al., 2004; Founda et al., 2015; Loikith and Broccoli, 2012; Luo and Lau, 2017,
Meehl and Tebaldi, 2004; Perkins, 2015; Ramamurthy et al., 2017; Ward et al., 2016). The high-
pressure synoptic system normally results in dry, low-wind weather with very sparse cloud cover
(Perkins, 2015; Ramamurthy et al., 2017). In this study, a heatwave event was analyzed for two
cities located in the peripheral region of the anticyclone. This means that the anticyclone’s effects
are lessened as compared to heatwaves that occur in the central region of the affected area, as have
been described in studies completed by, for example, Ramamurthy et al. (2017) and Luo and Lau
(2017). Even though the wind speed and cloud cover of both cities in the study described in this
paper remained at a low level during the heatwave, the wind speed during the heatwave was
slightly higher than that of the pre-heatwave (Fig. 8) and the cloud cover fraction during the
heatwave was also slightly higher than that of the post-heatwave (Supplementary Information Fig.
S.29).

It is also pertinent to note that when the anticyclone reached the two cities at the beginning of the
heatwave, the collision of warm air with Arctic cold jets may have contributed to the heavy
precipitation. As a result of the abundance of moisture on land surfaces during heatwaves, the air
became more humid. In terms of both specific and relative humidity (Supplementary Information
Figs. S.23 and S.26), the air humidity during the heatwave was significantly increased than pre-
and post-heatwave conditions , which is consistent with other findings (Ngarambe et al., 2020;

Pyrgou et al., 2020) whereby extreme hot spells are normally associated with high air humidity.
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The increased air humidity can significantly worsen heat stress by impairing the thermoregulatory

system (Ji et al., 2021), which in turn increases morbidity and mortality during the event.
5.2 Impact of heatwave on UHI/UCI

The debate has been whether the UHI is exacerbated during a heatwave. Depending on the methods
used to calculate the UHI and the time of day considered in the evaluation, the answer may differ

as discussed in Section 4.2.2.

A time-averaged UHI through each of the three timeframes shows that the UHI during the
heatwave can even be the lowest among the three timeframes, and only the surface UHI of
Montreal is higher in the heatwave than other timeframes. However, the diurnal profiles of UHI
show a stronger UHI during the heatwave as compared to the background days (i.e., pre- and post-
heatwave) during the hot hours of the day (noon and afternoon), and much lower with negative
values during the cool hours (i.e., night and early morning). This indicates that urban areas may

exacerbate extreme heat conditions during a heatwave.

As shown in Section 4.3, various climate factors can explain the intensification of UHI/UCI at
certain hours of the day and the overall reduction of UHI during the heatwave. During this
heatwave, although there is no significant urban-rural difference in wind speed, the wind speed is
generally weak during that period, which can exacerbate the variation in UHI/UCI when other
factors are taken into account, such as the variation in heat fluxes, as described in Section 4.3.3.
Ren et al. (2021) also found that under low wind speed conditions, both near-surface UHI and UCI
tend to be amplified.

UCI occurrence and intensification contributed to the overall reduction in UHI during the
heatwave. Several factors have been attributed to air UCI, including increased thermal inertia,
anthropogenic heat flux, reduction of solar radiation into street canyons, and changes in planetary
boundary layer thickness across urban areas (Bohnenstengel et al., 2011; Johansson, 2006;
Theeuwes et al., 2015; Yang et al., 2017). The cause of surface UCI, however, has not been
adequately discussed in previous studies. In this study, nocturnal surface UCI was evident, which
also intensified during heat waves. One of the reasons is that there was enough soil moisture during
the event and the urban-rural moisture deficit was not exacerbated by the heatwave. The cooling

effect in rural areas was found to be less efficient in moist conditions (Scott, 2018). The high
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moisture content of the soil caused variations in the thermal properties of the soil, resulting in a
higher thermal capacity and heat conductivity (Chen and Dudhia, 2001a; Peters-Lidard et al.,
1998), which, in turn, resulted in higher thermal inertia and changes to the storage heat flux (4Qs)
over the heatwave period. Increasing soil moisture availability through irrigation and utilizing
permeable pavement have also been identified as effective strategies to mitigate the UHI effect
(Chen et al., 2019; Gao et al., 2020; Santamouris, 2013; Sun et al., 2017). Another fact is that more
nocturnal clouds form over urban areas than in rural areas during a heatwave (Supplementary
Information Fig. S.29). This can be connected to a lessened high-pressure synoptic effect after
sunset allowing clouds to form in the lower atmosphere. The intensity of the UHI is normally
inversely related to cloud cover (Arnds et al., 2017; Arnfield, 2003; Oke, 1982). Some studies
(Fenner et al., 2019; Yeon-Hee and Jong-Jin, 2005) also found an increased occurrence of hot rural
nights during cloudy evenings. The cloud cover at night not only affects the longwave radiation,
but it also re-allocates the heat vertically in the night due to stronger vertical convection, which

makes urban areas cooler than rural areas (Morris and Simmonds, 2001).

In summary, abundant soil moisture and an increased latent heat flux reduced the overall UHI
intensity during the heatwave, whereas low wind speeds, changes in diurnal storage heat flux and

cloud formation at night intensified the UHI and UCI during specific hours of the diurnal cycle.

5.3 Urban effects on local climate

As in the calculation of UHI using temperatures, the “rural-ring” and “urban-increment” concepts
can be used to analyze how urban land cover affects local weather. According to the “rural-ring”
method, climate variables in urban areas are compared with those in surrounding rural areas.
Besides having a higher surface and air temperature, the urban area also has reduced wind speed
(Figs. 8, 9 and Supplementary Information Fig. S.18), reduced air humidity (Supplementary
Information Figs. S.21-S.26), and an increase in the fraction of clouds (Supplementary Information

Figs. S.27-S.29).

The lower wind speed in urban areas as compared to rural areas is a result of the blocking effect
of urban structures. This phenomenon has been called Urban Stilling Island (USI) (Yang et al.,
2020). When it comes to humidity, studies have produced varying results. In a few studies, an

Urban Moisture Island (UMI) effect has been identified in cities such as Hong Kong (Du et al.,
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2022; Huang et al., 2021) due to dense high-rise structures trapping moisture. In spite of this, the
majority of cities (Chen et al., 2014; Meili et al., 2022) have Urban Dry Islands (UDIs) due to an
increased impervious area in the city, which supports the findings of our study. The formation of
clouds is influenced by convection and precipitation. It was observed that urbanized imperial land
intensified the surface-air moisture exchange through more dramatic precipitation events as
compared with rural areas (Han et al., 2014; Liu and Niyogi, 2019). Previous observations from
satellites have also indicated increased cloud formation in the urban areas of Moscow (Romanov,
1999), Paris and London (Theeuwes et al., 2019). However, the impact of urban surfaces on cloud

formation remains unclear (Chiu et al., 2022); as such, further research is needed.

In the “urban-increment” method, the climate variables from the simulation with urban land cover
are compared with those from the simulation without urban land cover. The method can provide
similar results to the “rural-ring” method regarding changes in climate within urban areas.
However, more importantly, the method also highlights another two aspects, including i) the
sensitivity of the background climate to urban land cover, and ii) the changes in the surrounding
area caused by urbanization. As an example of the first aspect, the temperature in place is more
sensitive to the urban land cover under a cool environment before the heatwave, as discussed in

Section 4.2.2.

Regarding the second aspect, it appears that the air temperature in the surrounding area has also
increased. Although, interestingly, urban land cover can affect the surroundings differently. For
example, the near-field wind speed in the surrounding area of the city is reduced during the
heatwave and the post-heatwave period (Supplementary Information Fig. S.18 k,1), while it
increases during the pre-heatwave period (Supplementary Information Fig. S.18 j). A possible
explanation for this difference is that the approaching wind is driven by a cold front during the
pre-heatwave period, rather than the prevailing warm air during and after the heatwave. The change
in specific humidity (q) in the surrounding area during the heatwave (Supplementary Information
Fig. S.22 k) is also different from that before and after the heatwave (Supplementary Information
Fig. S.22 j, I). The specific humidity (q) in the surrounding area is higher than in the simulation
without urban land cover, even though the relative humidity (RH) is still lower (Supplementary

Information Fig. S.25 k). This shows that the air accepts more water content from the soil under
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warmer conditions, since it can sustain more water vapour. The physics of how urban land cover

affects near-field weather will need further study in the future.

5.4 Liminations of the simulation

The simulation has yet to be compared quantitatively with the satellite-observed land surface
temperature data. There are several difficulties in comparing WRF simulation results with satellite
observations. These include, 1) satellite data always contain substantial missing data, as indicated
in Supplementary Information; ii) satellite observation times vary from location to location within
the study area, and continuous satellite data is difficult to obtain for certain study areas; ii1) satellite
data resolution and grid system differ significantly from numerical simulation; iv) satellite
observations capture surface temperatures differently than numerical simulations. Following our
communication with the WRF developer group and an examination of the source code, we
discovered that the Building Effect Parameterization (BEP) model in WRF calculates surface
temperatures based on roof, road, and wall surfaces for urban areas. However, remote sensing
observations only consider roofs and road surfaces, which may result in a significantly higher
surface temperature than numerical simulations. A discrepancy has been identified between the
Canadian climate model Global Environmental Multiscale (GEM) and satellite data in studies
conducted by the ECCC (Leroyer et al., 2014, 2011). They clarified some difficulties in comparing
numerical model results with satellite data. For example, the numerical model has difficulty
capturing seasonal vegetation changes. These factors make it necessary to examine the
methodology by which simulation is compared with satellite observations, as well as to develop a
complete workflow, which can be used to calibrate simulation parameters and further optimize

and customize the models for a variety of study regions using various types of satellite data.

Another limitation of the current simulation is that it does not consider the effects of anthropogenic
heat flux on local climate, such as heat emissions from the building sector (Luo et al., 2020). As
compared to other models, the numerical model used in this study was sufficiently accurate, but
future studies incorporating anthropogenic heat fluxes as well as building energy models
(Salamanca et al., 2010; Salamanca and Martilli, 2010) may provide more insight into how these

changes may affect our environment.

38



772

773
774
775
776
777
778
779

780
781
782
783
784
785
786

787
788
789
790
791

792
793
794
795
796

797
798
799
800

6. Conclusions

Two Canadian cities, Ottawa and Montreal, have been studied in detail using a modeling-based
approach to assess the spatial-temporal urban heat island pattern before, during, and after the
summer 2018 heatwave. The UHI and urban effects on local climate have been quantified through
the rural-ring” (RR) and “urban increment” (UI) methods. The synergy between heatwaves and
UHI is illustrated through an analysis of several major climate factors. This includes synoptic
atmospheric advection, wind speed, precipitation, soil moisture availability, air humidity, clouds,

and the balance of surface energy. Some final remarks are provided below.

* A synoptic anticyclone in the lower atmosphere is responsible for the heatwave. In addition
to extremely high temperatures, this heatwave event is characterized by high air humidity,
generally low wind speeds, reduced cloud cover and increased latent heat flux and thermal
storage. Due to their location in the peripheral area of the circulatory system, these two
cities are subject to an interaction between the anticyclone and the northern atmospheric
flow. As a result, there is a wide range of variations in cloud cover and wind speed

throughout the diurnal cycle.

*  The UHI calculated by the UI method is higher than that calculated by the RR method.
According to the RR method, the surface UHI is around 6°C in Montreal and around 4°C
in Ottawa, whereas the air UHI is around 2°C in both cities. Using the UI method, surface
UHI can reach 12°C in Montreal and 9°C in Ottawa, whereas air UHI is approximately 6°C

in both cities.

*  During the heatwave, the UHI remains unchanged or even decreases. However, the diurnal
pattern indicates that the UHI is more intense during the hot hours of the day, such as noon
and afternoon. By contrast, it is less intense or even negative during cool hours, such as
early in the morning and before sunrise. Due to the larger urban area and higher level of

construction density, Montreal has a higher UHI and a weaker UCI than Ottawa.

*  The advancing warm air collided with the cool air in the area at the beginning of the
heatwave, resulting in strong precipitation events. The precipitation contributed to
abundant soil moisture, which in turn moderated the UHI during the heatwave through

evaporative latent flux. In addition, the intensification of UHI and UCI during specific
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times of the day should be attributed to low wind speeds, changes in diurnal storage heat

flux, and cloud formation at night.

*  The spatial pattern of the climate variables shows that urban land cover not only affects the
climate within the city but also a much larger surrounding area. The impact of urbanization
on various climate variables can vary greatly depending on the background conditions and
timeframes. There is a need for further research to estimate the climate impact of

urbanization.

This study examined the physical details of one heatwave event. It should be noted that the
interaction of heatwaves and UHI can be sensitive to a variety of other factors, and, therefore, this
interaction may vary for different events. In order to gain a full understanding of the impact of heat
waves on UHI, long-term observational studies and more physical case studies would be necessary
to discern how different characteristics of heatwave events, such as their duration and intensity,
may affect UHI. In addition, this study analysed only the physical aspect of the climate process,
whereas a statistical analysis may be required to evaluate and quantify the contribution of various

climate factors to UHI in the next study.
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Figure A.1: Time series profiles of the spatial-averaged (a, b) surface temperature (Tgy,,r) and

(c,d) 2-m air temperature (T,;,.) of the urban, rural and cropland areas.
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Figure A.2: Time series profiles of the (a, b) surface UHI (UHlgy,f) and (c, d) air UHI (UHl ;)

calculated by the “rural-ring” (RR) and “urban-incrument” (UI) methods.
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Figure A.4: Time-averaged maps of the surface temperature difference (ATsyr) calculated

following the (a-c, g-i) “rural-ring” (RR) concept, i.e., ATS’fﬁf and (d-f, j-1) “urban-increment”

(Ul) concept, i.e., ATSI{frf.
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