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 5 

Abstract 6 

The heatwave event to which the Ontario-Quebec area was subjected in 2018 resulted in significant 7 

morbidity and mortality. In this study, an investigation was conducted on how this heatwave 8 

affected the respective urban heat islands (UHIs) in Montreal and Ottawa. The modelled urban 9 

climates were compared before, during and after the heatwave using a Weather Research and 10 

Forecast (WRF) model having a 1 km spatial resolution. The UHI was calculated using two 11 

- n regard to 12 

temperature differences between urban and surrounding rural areas. The second method used the 13 

-14 

which urban cells are replaced by croplands. Results show that urban land can raise temperatures 15 

by up to 12 °C at surfaces and 6 °C in the near-surface air. A synoptic anticyclone in the lower 16 

atmosphere was responsible for the heatwave, although both cities were located in areas peripheral 17 

to the anticyclone. During the heatwave, precipitation at the initial stage of the event and low wind 18 

conditions largely varied the pattern of the UHI effect within each urban centre. The UHI was 19 

generally unchanged or even reduced during this heatwave, but there was substantial diurnal 20 

variation. Around noon and in the afternoon, the UHI was amplified by up to 3 °C, whereas it was 21 

suppressed or even negative at sunrise. 22 
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Highlights 26 

 The heatwave event as occurred in 2018 in Ontario-Quebec area was caused by a strong 27 

anticyclone. 28 

 During the heatwave, the overall UHI remains unchanged or even decreases in general. 29 

 In diurnal cycles, heatwave intensified UHI during hot hours of day and suppressed it 30 

during cool hours. 31 

 UHI effects can be highly affected by precipitations, wind speed and cloud formations. 32 

 The urban land cover can increase temperatures by up to 12 °C at surfaces and 6 °C in 2-33 

meter air. 34 

1. Introduction 35 

Heatwave events can negatively impact the health of the population (Campbell et al., 2018; 36 

Laouadi et al., 2023; Xu et al., 2018), the resilience of buildings (Attia et al., 2021; Ji et al., 2023; 37 

Zhang et al., 2021), as well as many other socioeconomic factors (Zuo et al., 2015). At least 700 38 

heat-related deaths were reported during the 1995 Chicago heatwave, which reached 39 

unprecedented high temperatures with high relative humidity (Semenza et al., 1996). As a result 40 

of the heatwave that hit Europe in 2003, a 500-year extreme temperature record was broken 41 

(Luterbacher et al., 2004), and approximately 70,000 people died as a result of heat-induced 42 

illnesses (Robine et al., 2008; Schär and Jendritzky, 2004). The extreme heatwave that hit western 43 

Russia in 2010 caused the deaths of around 55,000 people (Otto et al., 2012) while breaking 44 

extreme temperature records across Europe (Barriopedro et al., 2011). It was found that 354 of the 45 

473 heat-related deaths in Australia occurred during heatwaves between 2001 and 2018, and 46 

almost two-thirds occurred during the two most severe heatwaves in 2009 and 2014 (Coates et al., 47 

2022). Based on a review and analysis of 70 European cities under heatwave conditions, Ward et 48 

al. (2016) found northern cities with cooler climates, such as those located in the UK, northern 49 

Germany, and northern Poland, are more susceptible to heatwaves than southern cities having 50 

warmer climates, such as those located in Spain and Italy. The lack of air conditioners and other 51 
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cooling facilities in northern areas also makes residents more vulnerable to extreme heat (Lamothe 52 

et al., 2019; Sampson et al., 2013). The Ontario-Quebec region of Canada experienced a severe 53 

heatwave in the summer of 2018 (Environment and Climate Change Canada, 2019; Lamothe et 54 

al., 2019), resulting in approximately 100 heat-related deaths (Environment and Climate Change 55 

Canada, 2019). To characterize the climate for heatwaves as may occur in northern areas, in this 56 

study described in this paper, focus is made on such type of events. 57 

There is a growing likelihood that heatwaves will become more intense, more frequent, and longer-58 

lasting in the future (Ji et al., 2022; Meehl and Tebaldi, 2004; Zou et al., 2023). Therefore, it is 59 

vital to examine the characteristics of heatwaves. According to Perkins (2015), heatwaves are 60 

caused by three major physical mechanisms: large-scale synoptic systems, soil moisture and 61 

surface interactions, and climate variability with global teleconnections. In a study conducted by 62 

Charney and DeVore (1979), heatwaves were often associated with high-pressure synoptic 63 

systems or anticyclones (blocking highs). A high-pressure system at high or medium latitudes can 64 

block cool air from reaching the affected region (Matsueda, 2011; Meehl and Tebaldi, 2004), 65 

resulting in clear skies and low wind speeds (Ramamurthy et al., 2017; Xoplaki et al., 2003). A 66 

lack of soil moisture may extend the duration of the heatwave (Lorenz et al., 2010). In addition, a 67 

heatwave may affect surface energy partition (Alexander, 2011) and land surface interactions with 68 

the atmosphere (Miralles et al., 2014; Miralles et al., 2012). E. M. Fischer et al. (2007) studied the 69 

2003 European mega-heatwave and found that a large precipitation deficit and radiative anomalies 70 

resulted in rapid soil moisture loss, which, in turn, resulted in increased sensible heat flux and 71 

reduced latent heat flux. According to their subsequent study of European heatwaves (Erich M. 72 

Fischer et al., 2007), soil-moisture and temperature interactions typically increase the number of 73 

extremely hot days by 50-80% during major heatwaves as occurred in 1976, 1994, 2003, and 2005. 74 

Black et al. (2004) used data from the European Center for Medium-Range Weather Forecasts 75 

(ECMWF) (Grazzini et al., 2003) to analyze the 2003 European heatwave. They found a steady 76 

anticyclone over western Europe, a lack of precipitation and enhanced radiative forcing were 77 

responsible for the heatwave. 78 

While heatwaves are large-scale, synoptic phenomena, urban heat islands (UHI) are local-scale, 79 

microclimate phenomena defined by higher temperatures in urban areas than their surrounding 80 

suburban/rural counterparts (Howard, 1833; Kim and Brown, 2021). The intensity of UHI can be 81 
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affected by multiple factors, such as the thermal inertia of the constructed area (Li et al., 2015; Sun 82 

et al., 2017), radiative properties of urban surfaces (Jandaghian and Akbari, 2020; Tewari et al., 83 

2019; Yang et al., 2015), urban morphology (Hang et al., 2009; B. J. He et al., 2020; Li et al., 84 

2020), aerodynamic resistance (D. Li et al., 2019; Li and Bou-Zeid, 2014; Shu et al., 2020), the 85 

impervious or vegetation surface ratios (Gao et al., 2020; Imran et al., 2019; Jamei et al., 2019; D. 86 

Li et al., 2019), the density and size of the city (Li et al., 2020; Ren et al., 2021), anthropogenic 87 

heat (Salamanca et al., 2014), types of climate zones (Jiang et al., 2019; Zhao et al., 2014), and 88 

local secondary atmospheric advections, such as urban heat domes (Fan et al., 2017; Wang et al., 89 

2020), sea breeze (Bauer, 2020; B. J. He et al., 2020; Hu and Xue, 2016), and mountain-valley 90 

flows (Miao et al., 2009; Yang and Li, 2009) and so on. UHI can be classified into subsurface/soil 91 

UHI, surface UHI, canopy layer UHI, and boundary layer UHI depending on the vertical layers 92 

chosen for calculation (Kim and Brown, 2021; Kong et al., 2021; Oke et al., 2017). UHIs at the 93 

surface and canopy layers are most widely studied (Kong et al., 2021). A canopy layer UHI is 94 

normally calculated from the screen level (2-m) above the ground (Biggart et al., 2020; Li et al., 95 

2014; Palou and Mahalov, 2019). This study shows the difference in spatial and temporal patterns 96 

of both the surface and air UHI. The data source and the definition of urban and rural locations 97 

included in the calculation also affect the magnitude of the UHI (Bahi et al., 2020; Kim and Brown, 98 

2021; Stewart, 2011). Measurements, remote sensing, and numerical simulations are usually used 99 

to calculate the UHI effect. Measurements taken at a few stations/towers located in urban or rural 100 

areas are the most common method for calculating the UHI effect (Jiang et al., 2019). This method, 101 

however, cannot reproduce the spatial distribution of the UHI. Various local factors, such as land 102 

cover type (Bhati and Mohan, 2016; Mohammad Harmay et al., 2021; Zou et al., 2021), and 103 

population (Richard et al., 2021), may have a major influence on the UHI calculation (Bahi et al., 104 

2020; Kim and Brown, 2021; Stewart, 2011). In Ngarambe et al. (2020) the UHI profiles calculated 105 

by different urban-rural weather station pairs were quite inconsistent. Remote sensing can provide 106 

global monitoring of land surface temperatures (Rasul et al., 2017; Zhou et al., 2019). However, 107 

data quality is highly influenced by cloud cover and air clarity (Kumar and Mishra, 2019; Zhou et 108 

al., 2019), and the satellite sensor cannot continuously record data for a specific city given that it 109 

follows an Earth orbit (Bahi et al., 2020). 110 

With numerical simulation, all climate variables can be calculated with considerable spatial and 111 

temporal resolution (Grawe et al., 2013; Kong et al., 2021; Yeon-Hee and Jong-Jin, 2005; Zou et 112 
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al., 2023), allowing cities and rural areas to be distinguished at the grid cell level (Giscience et al., 113 

2021; H. Li et al., 2019; Moffett et al., 2019; Yao et al., 2019; Zhou et al., 2014). In accordance 114 

with our previous studies (Gaur et al., 2021; Shu et al., 2022), updating the urban land cover and 115 

using an advanced urban parametrization model can significantly improve model accuracy (Gaur 116 

et al., 2021). Furthermore, a high-resolution convection-permitting model can better capture the 117 

urban heat island and overheating distribution (Shu et al., 2022). As a result, in this study, 118 

numerical simulations using a high-resolution urban-effect permitted climate model are used to 119 

analyze the UHI effect. 120 

As urbanization can exacerbate the extremely hot conditions during the heatwave, some studies 121 

have examined the interaction between the heatwave and UHI. Using a numerical simulation of 1 122 

km resolution, Ramamurthy et al. (2017) evaluated the UHI in New York City during a heatwave 123 

and determined that it increased by 1.5-2 °C. Li and Bou-Zeid (2013) reported similar results, 124 

using both observational data and WRF simulations to quantify the UHI in the Baltimore area 125 

during the 2008 heatwave. Ramamurthy and Bou-Zeid (2017) extended their studies to seven (7) 126 

127 

climate conditions. As a result of their long-term study in Athens, Greece, Founda et al. (2015) 128 

found an increase in UHI intensity and a significant amplification of nocturnal UHI during 129 

heatwaves. Additionally, the average UHI in Athens increased by up to 3.5 °C during the five 130 

heatwaves as occurred in 2012 (Founda and Santamouris, 2017). Jiang et al. (2019) analyzed 131 

hourly observation data from 2013 to 2015 for three Chinese cities, Beijing, Shanghai and 132 

Guangzhou, each, respectively, located in different climate zones, and found an elevated UHI 133 

effect during the heatwave. Due to increased net radiation flux, sensible heat flux, and 134 

anthropogenic heat flux, Ao et al. (2019) also suggested an increased UHI during the heatwave in 135 

Shanghai. Gao et al. (2019) examined the sensitivity of UHI to the background temperature in 136 

Beijing through simulation. A positive sensitivity was found, suggesting that the UHI tends to 137 

increase during a heatwave. As reported by X. He et al. (2020), the UHI in Beijing increased by 138 

0.78 °C during the heatwave, primarily at night when it was more apparent. Changes during the 139 

day were to a greater extent related to the increased urban-rural contrast in surface 140 

evapotranspiration, whereas changes at night were related to increased anthropogenic heat and 141 

enhanced warm advection. The synergistic interaction of heatwave and UHI intensifies the 142 

temperature difference between rural and urban areas, resulting in greater heat effects in cities. 143 
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Nevertheless, Scott (2018) observed that from 2000 to 2015, in 54 U.S. cities the UHI tended to 144 

diminish as the temperature rose. According to De De Ridder et al. (2016), during the Paris 145 

heatwave of 2003, the UHI was observed to increase in densely populated city centres, but in city 146 

parks, the UHI was around half as high as that evident in densely populated areas, demonstrating 147 

the heterogeneity of UHI change in different urban areas. The spatial distribution of UHI was 148 

measured for six summers in Dijon, France using 60 sensors in a study by Richard et al. (2021), 149 

from this study, no statistical relationship was found between temperature and UHI. Under 150 

conditions of low wind and sunny skies, UHI is intensified, but during heatwaves, it is actually 151 

reduced due to warmer rural nights. In the study by Rogers et al. (2019), it was determined that 152 

only the city of Perth exhibited a lower UHI or even UCI during the night-time of the heatwave, 153 

amongst the three (3) Australian cities studied, that included: Melbourne, Adelaide and Perth. 154 

Chew et al. (2021) investigated the synergy effect between heat waves and UHI in the tropical 155 

coastal city of Singapore. They concluded that heatwaves did not necessarily alter UHI effects. In 156 

the review study completed by Kong et al. (2021), it was claimed that there was an evident need 157 

to investigate this interaction in different climate zones, but no study has been conducted for this 158 

intense hot spell as occurred in the same climate zone in North America in 2018. As such, and 159 

based on previous studies, there is an inconsistent synergy effect between UHI and heatwave, 160 

depending on how the UHI and heatwave are defined and calculated. 161 

As a result of the literature review, no study has examined the potential synergy between heatwaves 162 

and UHIs in Canadian cities, thus, indicating a number of research gaps in such type of climate 163 

regions, more specifically: 164 

A) How did the 2018 North American heatwave form and affect Ontario-Quebec regions? 165 

B) How did the heatwave affect the UHI in cities in these regions? 166 

C) How did different climate factors interact and influence the UHI during the heatwave? 167 

To address these questions, this paper has been divided into the following sections. In Section 2, 168 

the study area and the period are presented, which is followed, in Section 3, by simulation and 169 

UHI calculation method. In Section 4, we examine in detail the formation of the heatwave, the 170 

temperature and UHI patterns over this heatwave, and other climate factors affecting the UHI. A 171 

discussion of the findings and a comparison of these results with those obtained from other studies, 172 

is presented in Section 5. Finally, Section 6 concludes the paper. 173 
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2 Area and time period of the study 174 

The study is focused on the southwestern region of Canada, encompassing two major urban 175 

centers: Ottawa and Montreal. An extreme heat spell event was recorded between 30 June and 6 176 

July 2018 in this region, which led to around 100 deaths (Environment and Climate Change 177 

Canada, 2019). According to Environment and Climate Change Canada (2013), a heatwave occurs 178 

when the maximum temperature is 32°C for three or more consecutive days. At different regions 179 

of Canada, heatwaves are defined differently. Quebec (Lamothe et al., 2022) defines extreme heat 180 

as a period of at least three consecutive days in which, at the reference weather stations of the 181 

health regions, the moving average of maximum and minimum temperatures reaches the 182 

previously established thresholds for extreme heat. In the case of Montreal, the predefined 183 

maximum and minimum temperatures are 33°C and 20°C, respectively. In Southern Ontario 184 

(ServiceOntario, 2023), heat warnings are triggered when the maximum temperature is above 31°C 185 

and the minimum temperature is above 20°C, or if the humidity is greater than 40°C. This event 186 

was reported to meet the definition of all these definitions (Lamothe et al., 2019). As shown in the 187 

time-series air temperature profiles included in Appendix Fig. A.1, the duration of the heatwave 188 

event is six (6) days for both cities in accordance with the three definitions established by the 189 

ECCC, Quebec and Southern Ontario. The time period analyzed in this study covers this heat spell 190 

event. Both cities analyzed are classified as a semi-continental climate (Dfb) in the updated 191 

Köppen Geiger climate classification (Beck et al., 2018), with a warm, humid summer and a very 192 

cold winter. The simulated region and the location of the two cities are shown in Fig. 1. 193 
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 194 

Figure 1: Study region, computational domain and investigated two cities, Ottawa and Montreal. 195 

The method for selecting timeframes for comparing heatwave and non-heatwave days has been 196 

varied, as reported in previous studies. For the purpose of analysing the continuous evolution of 197 

climate during the entire period, three consecutive timeframes were selected, before, during, and 198 

after the heatwave. In determining the length of the two (2) timeframes before and after a heatwave, 199 

two criteria are considered: i) it cannot be too short, e.g., only one or two days, since the analysis 200 
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and conclusions may be affected by the internal variability of the weather system; ii) it cannot be 201 

too long, e.g., over two weeks or over one month, since seasonal effects may be introduced. If a 202 

longer timeframe is selected for the comparison, the sunrise and sunset hours may also be 203 

considerably altered, which is not ideal for analyzing the diurnal patterns between three 204 

timeframes. Additionally, the heatwave occurred towards the end of June and the beginning of 205 

July. Due to the significant differences in the climate condition of the study region between mid-206 

June and mid-July, the selected timeframe should attempt to avoid covering these two time periods. 207 

In order to make the timeframes comparable with the period during the heatwave, they are defined 208 

as 6 days adjacent to the heatwave, which equals the duration of the heatwave. In Section 4.2.1, 209 

the temperature profiles of these timeframes are discussed. For clarity, the evaluated timeframes 210 

before, during, and after the heatwave are summarized in Table 1. 211 

Table 1: Summary of the evaluated timeframes. 212 

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 213 

3.1 Climate simulation 214 

A WRF model (Skamarock et al., 2019) for the area was developed with three two-way nested 215 

domains. The outermost domain had a spatial resolution of 9 km, which is ideal for examining 216 

large-scale synoptic effects, and the innermost domain had a spatial resolution of 1 km, which is 217 

ideal for capturing the climate distribution in the two cities of interest (Shu et al., 2022). 218 

For obtaining realistic climate representations in the study area (Fig. 1), land use land cover 219 

(LULC) (Fig. 2 a,b) was updated based on the North American Land Change Monitoring System 220 

(NALCMS) dataset for 2015 (221 

), which is the most up-to-date LULC dataset available for open access at a 222 

high spatial resolution of 30 m for the study area. Notice that even though there are other LULC 223 

datasets providing the updated LULC on an annual basis, they are of coarser spatial resolution than 224 
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the NALCMS land-cover dataset considered in this study. According to our discussion with the 225 

WRF developer team, LULC source data with a spatial resolution approximately two orders of 226 

magnitude higher than the WRF grid resolution can effectively reduce statistical error during re-227 

gridding. Thus, we used the 30 m resolution NALCMS dataset for our 1 km resolution simulation. 228 

A detailed comparison of the LULC from different data sources and their impact on WRF 229 

simulations will be evaluated in a future study. 230 

To test the sensitivity of using the NALCMS LULC from different years as the input of WRF 231 

simulation, a comparison of simulation accuracy using various LULC datasets as inputs for WRF 232 

is provided in the Supplementary Information (Figs. S.4-S.10, Tables S.2-S.4), including the 233 

default MODIS 21 land cover for WRF as well as the updated LULC derived from the NALCMS 234 

2010 dataset and the NALCMS 2015 dataset. The simulations using the LULC updated by the 235 

NALCSM datasets produced significant improvements when compared to the simulations using 236 

the default LULC generated between 2001 and 2005 by the WRF. However, it was found that: i) 237 

the increment in urban land cover area from 2010 to 2015 (can be seen from Fig. S.4); ii) the WRF 238 

simulation results from the 2010 LULC are similar to those from 2015 LULC (Figs. S.5-S.10) in 239 

terms of Root Mean Squared Error (RMSE) (Table S.2), Mean Absolute Error (MAE) (Table 240 

S.3), and Mean Bias Error (MBE) (Table S.4). Furthermore, Zhao et al. (2016) also concluded 241 

that, in areas of rapid urbanization (Zhao et al., 2015; Zhou et al., 2015), such as Asia, Africa, and 242 

South America, land cover of the most recent and concurrent years should be considered in 243 

quantifying UHI, whereas, on the other hand, in regions with relatively stable urban development 244 

(Seto et al., 2010), such as Europe and North America, using a land cover map within the last five 245 

to ten years should not pose a problem. These findings convey that using 2015 LULC dataset as a 246 

proxy for simulating the 2018 climate condition is a reasonable assumption. With this updated 247 

LULC, it is found that Montreal is distinguished by 1184 grid cells in the 1 km resolution domain, 248 

whereas Ottawa has only 501 grid cells. As a result, Montreal has twice as many urban areas as 249 

compared to that of Ottawa. 250 

The boundary and initial conditions of the simulation was taken from the National Centres for 251 

Environment Prediction (NCEP) North American Regional Reanalysis (NARR) product #ds608.0 252 

(National Centers for Environmental Prediction, National Weather Service, NOAA, U.S. 253 

Department of Commerce, 2005). A multi-layer urban canopy model (UCM) and building effect 254 
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parametrization (BEP) were used (Martilli et al., 2002) to account for the urban footprint. A 255 

detailed description of the WRF model configuration and validation of results over a long-term 256 

period of time can be found in our previous studies (Gaur et al., 2021; Shu et al., 2022). 257 

Furthermore, detailed validation results pertaining to the period of the heatwave (between June 28 258 

and July 10, 2018) are included in the Supplementary Information (Figs. S.1-S.10, Tables S.1-259 

S.4). 260 

 261 

Figure 2: Land use and land cover (LULC) distribution around the two cities in the simulations 262 

(a, b) with urban land cover, and (c, d) without urban land cover - where urban land cover is 263 

replaced by croplands. Three types of areas (urban, rural, and cropland) are outlined with three 264 

different line types. 265 
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3.2 Urban heat island calculation 266 

Two UHI calculation methods are presented in this study. In the first method, the UHI is calculated 267 

as the temperature difference between urban areas and surrounding rural areas (Eq. 1). The urban 268 

-269 

the rural areas are the less constructed areas that surround, indeed encircle the urban region 270 

(Giscience et al., 2021; Moffett et al., 2019 -271 

method. To minimize local impacts, the rural area should be 2-5 km from the urban area, but still 272 

within 10-30 km to avoid uncertainties associated with parent geospatial regions (Giscience et al., 273 

2021; H. Li et al., 2019; Yao et al., 2019; Zhou et al., 2014). Therefore, in this study, it is defined 274 

as the area between 3 and 10 kilometres from the boundary of urban areas. Considering that local 275 

temperatures can change significantly, grids containing water bodies and grids 50 meters above 276 

the highest point of urban areas have been excluded from the analysis (H. Li et al., 2019; Yao et 277 

al., 2019; Zhou et al., 2014). 278 

 279 

In the second method, the UHI is calculated as the temperature difference over urban areas from 280 

two sets of simulations: one in which the urban land-cover of the cities is kept unchanged (Fig. 2 281 

a,b), and another in which the urban land-cover is replaced by croplands (Fig. 2 c,d). In this sense, 282 

- Bohnenstengel et al., 2011). A comparison 283 

is made between a presumed natural land cover before urbanization and the actual status after 284 

urbanization is in place (Wang et al., 2012). As such, the effects of urbanization on the local 285 

climate can be quantified (Eq. 2). 286 

 287 

Since the simulation without urban land cover in the UI method represents a virtual scenario that 288 

does not exist in reality, no observation data can be used to validate the simulation directly. While 289 

the only difference between simulations with and without urban land cover is the absence of 290 

nearfield parameters for constructed and built-up areas. The urban canopy model (UCM) is also 291 

not required as there are no urban areas in the simulation. The original simulations with urban land 292 

cover used the Noah land surface model (Chen and Dudhia, 2001a, 2001b) to simulate natural 293 

land, and a multilayer building effect parameterization (BEP) (Martilli et al., 2002) model to 294 
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simulate urban areas. In the event that the original simulation of urban land cover is validated by 295 

observational data, we can assume that the Noah land surface model accurately captures the natural 296 

land surface, and the BEP model accurately captures the urban land surface. This means that even 297 

after urban land cover has been removed from the modified simulation for UI method, the model 298 

can still capture the environment using only natural land surfaces. 299 

The UHI calculation results will change if another type of land cover is substituted for urban land 300 

cover in the UI method, since different land cover types are associated with different parameters 301 

for the land surface models in WRF, including soil properties, vegetation properties, etc. In this 302 

study, croplands were selected for the UI method in light of two reasons: i) croplands were 303 

identified as a dominant land cover type surrounding the two cities; ii) croplands represent the 304 

transition from ancient tribal societies to urban civilization in human development. In other studies 305 

(Chen et al., 2014; Chen et al., 2018; Chew et al., 2021; Kang et al., 2014; X. X. Li et al., 2016; Li 306 

et al., 2013; Li and Norford, 2016; Vogel and Afshari, 2020), similar principles are also used to 307 

select natural land cover types to mimic pre-urbanization environments. 308 

The study calculates UHIs using both the surface temperature and the air temperature, which are 309 

referred to as the surface UHI ( ) and the air UHI ( ). 310 

4. Analysis and results 311 

4.1 Formation of the heatwave 312 

To inspect the background synoptic weather pattern, snapshots of temperature and wind barbs 313 

maps at 850-mb (Fig. 3) are extracted from the 9 km-resolution parent domain, which shows the 314 

atmospheric behaviour at the top of the lower atmospheric boundary layer. The snapshots were 315 

taken at 1600 LT, corresponding to the daily peak hour of air temperature (Fig. 4). 316 

In the timeframe before the heatwave, the two cities are greatly influenced by the low temperature 317 

(< 9 °C, 282 K) flow from the polarward side and the average wind speed of about 8 m/s (Fig. 3, 318 

a). At the beginning of the heatwave on June 30, a strong warm flow from the inland area moved 319 

towards the east coast (Fig. 3, b) at a rapid rate (8 m/s), affecting the two cities in the study. At the 320 

321 

its high-pressure center located in the West Virginia and Virginia area. On the second day of the 322 



14 
 

heatwave, it then very quickly rolled into the northeast, with its center lingering in the New York 323 

city and Connecticut regions over the following days of the heatwave (Fig. 3, c). Upon expiration 324 

of the heatwave on July 5, the rotational blocking flow rapidly weakened and finally disappeared, 325 

allowing the prevailing south-westerly flow (driven by the subtropical high) to sweep over the two 326 

cities on a daily basis (Fig. 3, d); this resulted in a relatively warmer post-heatwave period than 327 

the pre-heatwave period. 328 

The Fig. 3, c) is similar to that found for New 329 

York in the 2006 North America heatwave (Ramamurthy et al., 2017). It appears that the center of 330 

the anticyclone is located at approximately the same point in both heatwaves. In contrast, the 331 

anticyclone in this study covers a broader area affecting both Ottawa and Montreal and lasts for a 332 

longer period of time. Since these two cities are located in the peripheral area of the circulatory 333 

system, they experience a diurnal interaction between the warm anticyclone and the northern cool 334 

air. The wind speed at the center of the anticyclone is less than 2.6 m/s and only slightly increases 335 

when it passes over Ottawa and Montreal. The temperature above the two cities is at the same level 336 

as the temperature in the eye of the anticyclone, which is warmer than 21 °C (294 K). As a result 337 

of this atmospheric system, there were days with clear skies during the heatwave, and the cloud 338 

cover fraction was clearly reduced as compared to the period before the heatwave(Supplementary 339 

Information Fig. S.29). 340 
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 341 

Figure 3: Comparison of typical 850-mb wind speed and temperature snapshots in the three 342 

timeframes, (a) before, (b,c) during, and (d) after the heatwave. The clockwise rotational flow in 343 

(b c) indicates the anticyclone. 344 
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4.2 Temperature and UHI patterns over the heatwave 345 

4.2.1 Temperature patterns over the heatwave 346 

In accordance with the three types of areas defined in Fig. 2, the spatial average temperatures of 347 

each of these areas can be determined (Appendix Fig. A.1). On each of the six days of the six-day 348 

heatwave, the surface temperature and maximum air temperature in the urban areas of both cities 349 

exceeded 43°C and 35°C, respectively, which was significantly higher than those during the other 350 

two heatwaves. For a better comparison of the temporal patterns, the diurnal profile is provided in 351 

(Fig. 4). 352 

All three timeframes show a peak in diurnal surface temperatures around 1300 or 1400 local time 353 

(LT), followed by a lag in air temperatures around 1600 LT. Temperatures drop to a minimum 354 

around 0500 LT, just before sunrise. Over the urban area, the air and surface temperature 355 

differences between the heatwave and the post-heatwave can be as much as 7-8 °C during the peak 356 

hours (1600 LT), and the temperature of the pre-heatwave is even lower than the post-heatwave 357 

by around 2-3 °C. As a result of its smaller diurnal temperature range (DTR) than surface 358 

temperatures, air temperatures generally stay lower during the day, but higher than surface 359 

temperatures during the night (Supplementary Information Fig. S.17). 360 
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 361 

Figure 4: Diurnal profiles of the spatial-averaged (a-d) surface temperature ( ), and (e-h) 2-362 

m air temperature ( ) over the urban and rural/cropland areas. The shaded area in grey 363 

indicates the night-time hours. 364 

In Fig. 5 is illustrated how the time-averaged air temperature over the three timeframes is spatially 365 

distributed, and Fig. A.3, provided in the Appendix, is illustrated the same distribution for surface 366 

temperatures. As part of the Supplementary Information, MODIS satellite land surface 367 

temperatures extracted from the datasets, MOD21A1D (Hulley and Hook, 2021a), and 368 

MOD21A1N (Hulley and Hook, 2021b), are also provided to illustrate general spatial patterns of 369 

surface temperatures. The simulated surface temperature from WRF exhibited a similar spatial 370 

pattern to that captured by satellite observations. However, comparing the satellite observed 371 

surface temperature with the simulated surface temperature is outside the scope of this study due 372 

to the reasons discussed in Section 5.4. 373 

According to both simulations, i.e., with and without urban land cover, the temperatures during 374 

the heatwave were significantly higher than those before and after the heatwave. This implies that 375 

even in the absence of urban land cover, high temperatures continue to persist during the heatwave 376 

period. However, it is still evident that urbanized surfaces affect not only the near-ground 377 

temperature within an urban area but also its surroundings. Parts of the rural areas may have higher 378 

air temperatures than parts of the urban areas. As an example, the air temperature in the eastern 379 
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outhern and western portions of 380 

381 

number of sites. 382 
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 383 

Figure 5: Time-averaged 2-m air temperature ( ) maps simulated (a-c, g-i) with and (d-f, j-l) 384 

without urban land cover. 385 
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The air and surface temperatures averaged over different hours of the day are summarized in Table 386 

S.5 (Supplementary Information). 387 

4.2.2 UHI patterns over the heatwave 388 

The air and surface UHIs (shown in Appendix Fig. A.2) are calculated using the RR and UI 389 

methods described in Section 3.2 using temperature data for urban, rural, and cropland areas. 390 

391 

of Ottawa reaches approximately 4 °C. The maximum air UHI in both cities is only around 2 °C. 392 

The UHI calculated by the UI method is much higher, where the surface UHI in Montreal can 393 

exceed 12°C and that of Ottawa, 9°C. The maximum air UHI is around 6 °C in both cities. 394 

The diurnal profiles of air and surface UHIs are shown in Fig. 6. The surface UHI calculated by 395 

the RR method increases rapidly after sunrise and remains at a high-level during noon and 396 

afternoon, then drops to a low level after sunrise hours. The diurnal profile presented here is similar 397 

to that presented in Stewart et al. (2021) for humid continental climate areas, as well as in Rome, 398 

Italy (Sismanidis et al., 2015), and Boston, USA (Chang et al., 2021). It is also similar to the 399 

findings from another study (Shreevastava et al., 2021) for six (6) European cities, including Paris, 400 

Frankfurt, London, Essen, Cologne, and Rotterdam, in that the surface UHI of some of these cities 401 

tends to be suppressed during cool hours over the night and early morning, while being stronger 402 

during warm hours around noon. Interestingly, negative values are observed during the night and 403 

early morning of heatwaves and after heatwaves, which is known as the urban cool island (UCI) 404 

effect (Yang et al., 2017). A similar surface UCI has also been observed in Beijing, which occurs 405 

during the night hours until early in the morning (Miao et al., 2009). 406 

In contrast to surface UHI, the diurnal profiles of air UHIs are quite different. It is low during the 407 

daytime and gradually increases to a peak around sunset, before dropping over night. Over the 408 

course of the night, the profiles of the pre- and post-heatwaves decrease slowly and remain at a 409 

high level, whereas the profiles of the heatwaves decrease rapidly. The profile shapes are similar 410 

to those observed in Shenyang, China (Du et al., 2021) and Lisbon, Portugal (Oliveira et al., 2021) 411 

as well as measurements from two pairs of weather stations in Athens, Greece (Founda and 412 

Santamouris, 2017). Similarly, to the study of European cities (Shreevastava et al., 2021), during 413 

heat waves there is also a reduction in air UHI during the night. Air UHI profiles also exhibit the 414 
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UCI effect. It occurs early in the morning (0600 - 0700 LT) with subtle negative values pre- and 415 

post-heatwave, which is consistent with other studies (Bohnenstengel et al., 2011; Johansson, 416 

2006; Oliveira et al., 2021; Theeuwes et al., 2015; Yang et al., 2017). The air UCI is more 417 

observable during the heatwave, and it can start before sunrise. Such an increased occurrence of 418 

nocturnal air UCI during a heatwave is also found in Perth (Rogers et al., 2019). 419 

Comparing the different timeframes, the UHI calculated through different methods also presented 420 

slightly different results. By using the UI method, it can be determined that the surface UHI is not 421 

enhanced during the heatwave, whereas the air UHI is even lower during the heatwave (Fig. 6 422 

b,d,f,h). The air and surface UHIs of the pre-heatwave period tend to be the highest out of the three 423 

timeframes, suggesting that urban land cover has a more significant impact during a period of 424 

cooler temperatures. On the other hand, the RR profiles (Fig. 6 a,c,e,g) illustrate more consistent 425 

diurnal changes for both air and surface UHIs. The UHIs are amplified during the warmer hours 426 

of the day (0900 - 1900 LT), whereas they turn to be lower or even negative (UCI) during the 427 

cooler hours (2000 - 0800 LT). Additionally, Montreal has a larger increment in UHI and a smaller 428 

increment in UCI than Ottawa, as a result of its higher construction density and larger city size. 429 

 430 

Figure 6: Diurnal profiles of the (a, b) surface UHI ( ) and (c, d) air UHI ( ) 431 

- -432 

shaded area in grey indicates the night-time hours. 433 
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The distribution of time-averaged air temperature difference ( ) calculated following the 434 

- - Fig. 7, and the same figure for surface 435 

temperature difference ( ) is included in Appendix Fig. A.4. Following the RR concept 436 

(Fig. 7 a-c, g-i), this temperature difference is calculated by subtracting the spatial-averaged 437 

temperature of the entire rural area ( ) from the temperature at each grid ( ) (Eq. 3). The 438 

subscript (i, j) in the equation indicates the index of the local grid cells. 439 

 440 

It can be noticed that the urban area is dominated by positive values, and both cities exhibit certain 441 

patterns of temperature difference distribution. There is a clear warm zone in the center and east 442 

of Ottawa, as well as a warm zone in the north and east of Montreal. A more diverse distribution 443 

can be observed in the rural regions since they cover a larger geographical area surrounding the 444 

urban areas. Rural areas in the south-west of Ottawa and Montreal appear to have warmed up more 445 

during this heatwave than prior to and following the heatwave, which may be a result of the 446 

synoptic high temperature discussed in Section 4.1. The warm rural environment during the 447 

heatwave also contributed to a reduced UHI. 448 

The temperature difference calculated following the UI concept (Fig. 7 d-f, j-l) is determined by 449 

the grid level difference between the time-averaged temperature of the simulations with urban land 450 

cover ( ) and that without urban land cover ( ) (Eq. 451 

indicates the result at the same grid cell (i, j) extracted from the modified simulation case without 452 

urban land cover. 453 

 454 

According to these maps, not only has urban land cover warmed the urban area, but also a larger 455 

area around it. Urban land cover may have a significant effect on the overall temperature of the 456 

domain rather than just the urban grid cells, since urban land cover influences many climate factors 457 

in addition to temperature, such as near-field wind speed, air humidity and cloud formation, and 458 

thus can affect the overall climate pattern as well. Even though the impact on areas away from the 459 

urban area can be reduced, it will not be the same as the original simulation with the urban cover. 460 

The temperature increase is more pronounced during the first timeframe and then becomes 461 
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minimal during the heatwave. This suggests that the background climate played a significant role 462 

in the extreme heat event. 463 
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 464 
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Figure 7: Time-averaged maps of the air temperature difference ( ) calculated following the 465 

(a-c, g- -  and (d-f, j- -466 

. 467 

The average air and surface UHIs calculated over different hours of the day are presented in Table 468 

S.6 (Supplementary Information). 469 

4.3 Factors affecting UHI 470 

4.3.1 Near-surface wind condition 471 

The near-ground 10-m wind pattern has a significant impact on UHI. It is driven not just by 472 

synoptic flow in the upper atmosphere, but also by secondary circulations caused by land use, land 473 

cover, and urban tissue. Fig. 8 shows the time-averaged wind speed distribution at 10 meters above 474 

the ground for simulations with and without urban land cover. In the simulation without urban land 475 

cover (Fig. 8, d-f, j-l), the wind speed after the heatwave is the highest among the three timeframes 476 

with the wind speed at most of the cropland area exceeding 4 m/s, and it is the lowest before the 477 

heatwave with the wind speed between 3 and 4 m/s for both cities. 478 

In the simulation with urban land cover (Fig. 8, a-c, g-i), the pattern is clearly different. Urban 479 

land cover greatly reduces wind speed not only in the city but also in the surrounding areas. For 480 

all three timeframes, the wind speed over the urban area is only around 2-3 m/s. Time-averaged 481 

wind speeds in urban areas remain higher after the heatwave than before and during the heatwave, 482 

but the difference between the pre-heatwave and the heatwave becomes minimal. Cool convection 483 

in the area was reduced by urban land cover, which prolonged the heatwave. 484 
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 485 

Figure 8: Time-averaged 10-m wind speed ( ) maps simulated (a-c, g-i) with and (d-f, j-l) 486 

without urban land cover. 487 
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Wind speed variation ( ) and urban-rural contrasts ( ) are shown in Fig. 9. Both the pre-488 

heatwave period and the heatwave period were marked by relatively low wind speeds compared 489 

with the post-heatwave period. As reported in other studies (D. Li et al., 2016; Ngarambe et al., 490 

2020; Sun et al., 2017), low wind speeds are associated with more frequent heatwaves. A higher 491 

wind speed can be observed in the afternoons of the heatwave than that of pre-heatwave, while it 492 

keeps at a very low level during the heatwave after mid-night hours (around 0200 LT in Ottawa, 493 

and 0300 LT in Montreal) till around 0900 LT in the early morning. The wind speed displayed 494 

significant variations in the diurnal course during the heatwave, which may be due to an interaction 495 

between the anticyclone and northern flow. 496 

In the wind speed comparison ( ) between urban and rural areas (Fig. 9, e-h), the urban wind 497 

speed is usually around 1 m/s lower than the rural wind speed for most of the hours. There were 498 

no accentuated differences in wind speeds between urban and rural areas as a result of the 499 

heatwave. Thus, the wind speed difference would not amplify the overall UHI. However, due to 500 

the reduced wind speed, heat extraction from both urban and rural surfaces was limited, making 501 

the urban-rural difference more susceptible to diurnal fluctuations in other climate variables. 502 

 503 

Figure 9: Diurnal profiles of the spatial-averaged (a-d) 10-m wind speed ( ) at the urban and 504 

rural/cropland areas, and (e-h) 10-m wind speed difference ( ) between the urban and 505 

rural/cropland areas. The shaded area in grey indicates the night-time hours. 506 
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4.3.2 Precipitation, moisture and humidity 507 

Another factor that modifies the local thermal environment is the availability and dynamics of 508 

water content in the region. Heatwave events in history are most often associated with soil 509 

desiccation in the region (Black et al., 2004; Miralles et al., 2014; Perkins, 2015), which limits 510 

cooling effects through evaporation. Nevertheless, this was not the case during the 2018 heatwave 511 

in the study area. Two heavy rainfalls were found two days before the heatwave (27, and 28 June) 512 

and during the early stages of the heatwave (30 June, and 01 July) (Fig. 10 a, b) provided sufficient 513 

moisture input to the ground surface in the area, altering the thermal properties of the soil and the 514 

partitioning of surface energy accordingly. As a result of enhanced vertical convection in the urban 515 

area, precipitation in the urban area is typically intensified compared to rural and cropland areas 516 

(Han et al., 2014; Liu and Niyogi, 2019). 517 

The volumetric soil moisture ( ) in the top surface layer (10 cm) is extracted to show its evolution 518 

with precipitation (Fig. 10 c, d). An increase in soil moisture can be noticed under precipitation, 519 

thus the two heavy precipitation events contributed abundant moisture to the land surface at the 520 

beginning of the heatwave (Fig. 10 c, d). Rural areas and cropland areas had higher soil moisture 521 

levels than urban areas, owing to the ability of natural lands to hold moisture. The mean wilting 522 

point ( ) of the area around the two cities is estimated to be 0.12 , and the saturation point 523 

( ) is approximately 0.47 . The volumetric soil moisture is always between the wilting 524 

and saturated soil moisture points over the 3 timeframes. As suggested by previous studies (Gao 525 

et al., 2020; Yang and Wang, 2015), the transpiration rate is not limited by volumetric soil moisture 526 

when it is above 0.33 . In Ottawa, the rainfall on 27 June raised the volumetric soil moisture 527 

level to 0.38 . Another rainfall on 30 June provided additional moisture, allowing soil 528 

moisture levels to remain high. In Montreal, a strong rainfall on 28 June shifted the volumetric soil 529 

moisture to above 0.4 , followed by rain on 01 July. As a result of comparatively intense 530 

rainfall in Montreal, its volumetric soil moisture is generally higher than in Ottawa. However, the 531 

average green area fraction ( ) in Montreal (24%) is lower than that in Ottawa (33%). 532 

This may limit the cooling effect through the transpiration of the plants. In fact, the actual moisture 533 

availability (Eq. 5) in Montreal is even lower than in Ottawa (Supplementary Information, Fig. 534 

S.19). 535 

 536 
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 537 

Figure 10: Spatial-averaged (a, b) precipitation and (c,d) volumetric soil moisture availability ( ) 538 

of the urban, rural, and cropland areas. 539 

Since different types of soil may have distinct hydrological properties, the evaporative cooling of 540 

the soil in different areas should be compared by a dimensionless parameter, relative soil moisture 541 

( ) (Genuchten V M, 1980), in which volumetric soil moisture is scaled by the local wilting point 542 

( ) and saturation point ( )(Eq. 6). 543 

 544 

In order to illustrate the contrast between urban and rural soil moisture deficits, the urban-rural 545 

soil moisture deficit ( ) (Ramamurthy et al., 2017) can be calculated using a spatial average of 546 

relative soil moisture for urban ( )and rural ( ) (Eq. 7). 547 

 548 

It is a dimensionless number not exceeding 1, which indicates that urban surfaces are fully dry. A 549 

deficit value of 0 indicates balance between urban and rural soil moisture, whereas a negative value 550 

indicates even higher moisture in the urban surface than in the rural. In Fig. 11, the deficit value 551 

( ) for the two cities is displayed over three time periods. When precipitation events occur, the 552 
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urban and rural deficits are usually small or negative. The heavy rainfall right before the heatwave 553 

lowered the deficit values in both cities below 0.1, and they remained below 0.4 throughout the 554 

heatwave. Furthermore, the moisture deficit value during the heatwave is lower than those during 555 

the other two periods and even during most of the three summer months (Supplementary 556 

Information, Fig. S.20). The low urban-rural moisture deficit implies that the UHI during the 557 

heatwave is moderated by the soil moisture availability as a result of the rainfall. 558 

 559 

Figure 11: Urban-rural soil moisture deficit across the three timeframes in Ottawa and Montreal. 560 

The highlighted area in yellow indicates the heatwave period. 561 

4.3.3 Surface energy balance 562 

Surface energy partitions can affect the thermal environment around a city, and a biased partition 563 

between urban and rural areas could cause contrasts (Oke, 1982). The net amount of the income 564 

and outcome of short-wave and long-wave radiation is the total energy available at the ground 565 

surface, which is defined as the net all-wave radiation ( ). It can be split into three parts (Eq. 8), 566 

including the sensible heat flux ( ), latent heat flux ( ), and net heat storage flux ( ) (Oke, 567 

1988). 568 

 569 



31 
 

The four heat fluxes are compared for the three timeframes in Fig. 12 with their diurnal profiles. 570 

A considerable increment in net all-wave radiation ( ) during daytime can be found from the pre-571 

heatwave to the heatwave period, which is attributed to the reduced cloud cover associated with 572 

the anticyclone (Black et al., 2004). Due to the dry soil and minor precipitation, the weather 573 

remained clear after the heatwave, so  was the same or even higher than during the heatwave. 574 

The  during nighttime is negative, indicating the dissipation of heat from the ground surface, 575 

while this nighttime net heat loss during the heatwave is less than that of the other two timeframes. 576 

Throughout all three timeframes, the partitioning of energy into the three components can reflect 577 

heat exchange behind air and surface temperature patterns (Fig. 4). 578 

The sensible heat flux ( ) indicates heat transfer from the surface to the atmosphere through 579 

turbulent air motion. It is governed by the surface-air temperature difference, wind speed and 580 

surface roughness (Chen and Zhang, 2009; Li and Bou-Zeid, 2014). The surface roughness is 581 

solely determined by the land cover elements, which are constant in the simulation. The  582 

(Fig. 12, e-h) in the urban area is clearly higher than that in the rural/cropland area due to the 583 

enlarged temperature difference between the surface and air. At night, the surface temperature was 584 

even lower than the air temperature, resulting in a negative sensible heat flux. Due to an enlarged 585 

surface-air temperature difference (Supplementary Information Fig. S.17) and increased near-586 

ground wind speeds (Fig. 8), the  is more pronounced after the heatwave than during the other 587 

two periods. The  during the heatwave is only marginally higher than the pre-heatwave during 588 

the midday hours. This can be explained by the slightly increased surface-air temperature 589 

difference, and the increased wind speed in the corresponding hours (Fig. 8). 590 

The latent heat flux ( ) is the heat dissipated by evaporation and transpiration from plants. It is 591 

clearly higher in rural/cropland areas than in urban areas, as a result of the higher amount of 592 

vegetation and soil moisture (Fig. 12). With regard to the different timeframes, it can also be seen 593 

that the  is intensified during the heatwave due to its higher surface moisture content following 594 

the precipitation event. 595 

The net storage heat flux ( ) indicates changes in heat conduction and heat storage from the 596 

ground surface to the deeper soil sublayers. As both sensible heat fluxes ( ) and latent heat fluxes 597 

( ) are close to zero during the night, the climate at night tends to be more sensitive to thermal 598 

storage. Previous studies (Li et al., 2015; Sun et al., 2017) found that storage heat flux terms during 599 
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heatwaves are much stronger than during the daytime. A similar behavior was observed in this 600 

study, with much higher values during the heatwave than during the other timeframes. The 601 

negative values of  after sunset indicate that heat is being discharged from the ground. When 602 

compared to pre- and post-heatwave nights, the absolute value of the negative  is smaller 603 

during the heatwave period. The higher thermal capacity and conductivity of moist urban ground, 604 

combined with a lower surface wind speed, may have lowered the heat release from the ground at 605 

night. This reduced heat release can be responsible for the lower urban temperatures during the 606 

heatwave which was the UCI effect. 607 

 608 

Figure 12: Diurnal profiles of the spatial-averaged (a-d) net all-wave radiation ( ), (e-h) 609 

sensible heat flux ( ), (i-l) latent heat flux ( ), and (m-p) net heat storage flux ( ) at the 610 

urban and rural/cropland areas. The shaded area in grey indicates the night-time hours. 611 
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For further understanding the differences between urban and rural areas, the diurnal differences in 612 

surface fluxes are shown in Fig. 13.  in the city is higher than in the town and in the rural 613 

area/cropland for all 3 timeframes, while this  is within 50  for most of the time and is 614 

not enlarged during the heatwave as it is during the other two timeframes. The more substantial 615 

 and  after 0800 LT in the daytime indicates a biased partition of heat flux which tends 616 

to amplify the surface UHI (Fig. 6, a-d). The slightly higher  restricted this amplification of 617 

surface UHI, and contributed to a higher air UHI (Fig. 6, e-h). These observed changes in the heat 618 

flux in the daytime of heatwaves are consistent with other studies (Li et al., 2015; Ramamurthy 619 

and Bou-Zeid, 2017; Sun et al., 2017). Meanwhile, during the nighttime, sensible and latent heat 620 

fluxes were minimal. However, during the heatwave and post-heatwave periods, nighttime  621 

increased, indicating a large difference in the amount of heat released by the sublayers of the soil 622 

between urban and rural areas, and the reduced discharge of storage heat flux resulted in cooler 623 

surfaces in urban areas. 624 

 625 

Figure 13: Diurnal profiles of the spatial-averaged (a-d) net all-wave radiation difference ( ), 626 

(e-h) sensible heat flux difference ( ), (i-l) latent heat flux difference ( ), and (m-p) net heat 627 
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storage flux difference ( ) between the urban and rural/cropland areas. The shaded area in 628 

grey indicates the night-time hours. 629 

5. Discussion 630 

In Section 4, several climate variables are compared across three timeframes in order to determine 631 

the characteristics of heatwaves and their impact on UHI. In this section, these findings are 632 

discussed in more detail. Furthermore, the effects of urbanization on local climate are summarized 633 

-  634 

5.1 Characteristics of the heatwave 635 

Heatwaves are meteorological events that can affect multiple cities on a large spatial scale. Several 636 

studies have shown that a high-pressure synoptic anticyclone is usually a major driver of 637 

heatwaves (Black et al., 2004; Founda et al., 2015; Loikith and Broccoli, 2012; Luo and Lau, 2017; 638 

Meehl and Tebaldi, 2004; Perkins, 2015; Ramamurthy et al., 2017; Ward et al., 2016). The high-639 

pressure synoptic system normally results in dry, low-wind weather with very sparse cloud cover 640 

(Perkins, 2015; Ramamurthy et al., 2017). In this study, a heatwave event was analyzed for two 641 

642 

are lessened as compared to heatwaves that occur in the central region of the affected area, as have 643 

been described in studies completed by, for example, Ramamurthy et al. (2017) and Luo and Lau 644 

(2017). Even though the wind speed and cloud cover of both cities in the study described in this 645 

paper remained at a low level during the heatwave, the wind speed during the heatwave was 646 

slightly higher than that of the pre-heatwave (Fig. 8) and the cloud cover fraction during the 647 

heatwave was also slightly higher than that of the post-heatwave (Supplementary Information Fig. 648 

S.29). 649 

It is also pertinent to note that when the anticyclone reached the two cities at the beginning of the 650 

heatwave, the collision of warm air with Arctic cold jets may have contributed to the heavy 651 

precipitation. As a result of the abundance of moisture on land surfaces during heatwaves, the air 652 

became more humid. In terms of both specific and relative humidity (Supplementary Information 653 

Figs. S.23 and S.26), the air humidity during the heatwave was significantly increased than pre- 654 

and post-heatwave conditions , which is consistent with other findings (Ngarambe et al., 2020; 655 

Pyrgou et al., 2020) whereby extreme hot spells are normally associated with high air humidity. 656 
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The increased air humidity can significantly worsen heat stress by impairing the thermoregulatory 657 

system (Ji et al., 2021), which in turn increases morbidity and mortality during the event. 658 

5.2 Impact of heatwave on UHI/UCI 659 

The debate has been whether the UHI is exacerbated during a heatwave. Depending on the methods 660 

used to calculate the UHI and the time of day considered in the evaluation, the answer may differ 661 

as discussed in Section 4.2.2. 662 

A time-averaged UHI through each of the three timeframes shows that the UHI during the 663 

heatwave can even be the lowest among the three timeframes, and only the surface UHI of 664 

Montreal is higher in the heatwave than other timeframes. However, the diurnal profiles of UHI 665 

show a stronger UHI during the heatwave as compared to the background days (i.e., pre- and post-666 

heatwave) during the hot hours of the day (noon and afternoon), and much lower with negative 667 

values during the cool hours (i.e., night and early morning). This indicates that urban areas may 668 

exacerbate extreme heat conditions during a heatwave. 669 

As shown in Section 4.3, various climate factors can explain the intensification of UHI/UCI at 670 

certain hours of the day and the overall reduction of UHI during the heatwave. During this 671 

heatwave, although there is no significant urban-rural difference in wind speed, the wind speed is 672 

generally weak during that period, which can exacerbate the variation in UHI/UCI when other 673 

factors are taken into account, such as the variation in heat fluxes, as described in Section 4.3.3. 674 

Ren et al. (2021) also found that under low wind speed conditions, both near-surface UHI and UCI 675 

tend to be amplified. 676 

UCI occurrence and intensification contributed to the overall reduction in UHI during the 677 

heatwave. Several factors have been attributed to air UCI, including increased thermal inertia, 678 

anthropogenic heat flux, reduction of solar radiation into street canyons, and changes in planetary 679 

boundary layer thickness across urban areas (Bohnenstengel et al., 2011; Johansson, 2006; 680 

Theeuwes et al., 2015; Yang et al., 2017). The cause of surface UCI, however, has not been 681 

adequately discussed in previous studies. In this study, nocturnal surface UCI was evident, which 682 

also intensified during heat waves. One of the reasons is that there was enough soil moisture during 683 

the event and the urban-rural moisture deficit was not exacerbated by the heatwave. The cooling 684 

effect in rural areas was found to be less efficient in moist conditions (Scott, 2018). The high 685 
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moisture content of the soil caused variations in the thermal properties of the soil, resulting in a 686 

higher thermal capacity and heat conductivity (Chen and Dudhia, 2001a; Peters-Lidard et al., 687 

1998), which, in turn, resulted in higher thermal inertia and changes to the storage heat flux ( ) 688 

over the heatwave period. Increasing soil moisture availability through irrigation and utilizing 689 

permeable pavement have also been identified as effective strategies to mitigate the UHI effect 690 

(Chen et al., 2019; Gao et al., 2020; Santamouris, 2013; Sun et al., 2017). Another fact is that more 691 

nocturnal clouds form over urban areas than in rural areas during a heatwave (Supplementary 692 

Information Fig. S.29). This can be connected to a lessened high-pressure synoptic effect after 693 

sunset allowing clouds to form in the lower atmosphere. The intensity of the UHI is normally 694 

inversely related to cloud cover (Arnds et al., 2017; Arnfield, 2003; Oke, 1982). Some studies 695 

(Fenner et al., 2019; Yeon-Hee and Jong-Jin, 2005) also found an increased occurrence of hot rural 696 

nights during cloudy evenings. The cloud cover at night not only affects the longwave radiation, 697 

but it also re-allocates the heat vertically in the night due to stronger vertical convection, which 698 

makes urban areas cooler than rural areas (Morris and Simmonds, 2001). 699 

In summary, abundant soil moisture and an increased latent heat flux reduced the overall UHI 700 

intensity during the heatwave, whereas low wind speeds, changes in diurnal storage heat flux and 701 

cloud formation at night intensified the UHI and UCI during specific hours of the diurnal cycle. 702 

5.3 Urban effects on local climate 703 

- -704 

can be used -705 

method, climate variables in urban areas are compared with those in surrounding rural areas. 706 

Besides having a higher surface and air temperature, the urban area also has reduced wind speed 707 

(Figs.  8, 9 and Supplementary Information Fig. S.18), reduced air humidity (Supplementary 708 

Information Figs. S.21-S.26), and an increase in the fraction of clouds (Supplementary Information 709 

Figs. S.27-S.29). 710 

The lower wind speed in urban areas as compared to rural areas is a result of the blocking effect 711 

of urban structures. This phenomenon has been called Urban Stilling Island (USI) (Yang et al., 712 

2020). When it comes to humidity, studies have produced varying results. In a few studies, an 713 

Urban Moisture Island (UMI) effect has been identified in cities such as Hong Kong (Du et al., 714 
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2022; Huang et al., 2021) due to dense high-rise structures trapping moisture. In spite of this, the 715 

majority of cities (Chen et al., 2014; Meili et al., 2022) have Urban Dry Islands (UDIs) due to an 716 

increased impervious area in the city, which supports the findings of our study. The formation of 717 

clouds is influenced by convection and precipitation. It was observed that urbanized imperial land 718 

intensified the surface-air moisture exchange through more dramatic precipitation events as 719 

compared with rural areas (Han et al., 2014; Liu and Niyogi, 2019). Previous observations from 720 

satellites have also indicated increased cloud formation in the urban areas of Moscow (Romanov, 721 

1999), Paris and London (Theeuwes et al., 2019). However, the impact of urban surfaces on cloud 722 

formation remains unclear (Chiu et al., 2022); as such, further research is needed. 723 

-724 

are compared with those from the simulation without urban land cover. The method can provide 725 

-726 

However, more importantly, the method also highlights another two aspects, including i) the 727 

sensitivity of the background climate to urban land cover, and ii) the changes in the surrounding 728 

area caused by urbanization. As an example of the first aspect, the temperature in place is more 729 

sensitive to the urban land cover under a cool environment before the heatwave, as discussed in 730 

Section 4.2.2. 731 

Regarding the second aspect, it appears that the air temperature in the surrounding area has also 732 

increased. Although, interestingly, urban land cover can affect the surroundings differently. For 733 

example, the near-field wind speed in the surrounding area of the city is reduced during the 734 

heatwave and the post-heatwave period (Supplementary Information Fig. S.18 k,l), while it 735 

increases during the pre-heatwave period (Supplementary Information Fig. S.18 j). A possible 736 

explanation for this difference is that the approaching wind is driven by a cold front during the 737 

pre-heatwave period, rather than the prevailing warm air during and after the heatwave. The change 738 

in specific humidity (q) in the surrounding area during the heatwave (Supplementary Information 739 

Fig. S.22 k) is also different from that before and after the heatwave (Supplementary Information 740 

Fig. S.22 j, l). The specific humidity (q) in the surrounding area is higher than in the simulation 741 

without urban land cover, even though the relative humidity (RH) is still lower (Supplementary 742 

Information Fig. S.25 k). This shows that the air accepts more water content from the soil under 743 
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warmer conditions, since it can sustain more water vapour. The physics of how urban land cover 744 

affects near-field weather will need further study in the future. 745 

5.4 Liminations of the simulation 746 

The simulation has yet to be compared quantitatively with the satellite-observed land surface 747 

temperature data. There are several difficulties in comparing WRF simulation results with satellite 748 

observations. These include, i) satellite data always contain substantial missing data, as indicated 749 

in Supplementary Information; ii) satellite observation times vary from location to location within 750 

the study area, and continuous satellite data is difficult to obtain for certain study areas; iii) satellite 751 

data resolution and grid system differ significantly from numerical simulation; iv) satellite 752 

observations capture surface temperatures differently than numerical simulations. Following our 753 

communication with the WRF developer group and an examination of the source code, we 754 

discovered that the Building Effect Parameterization (BEP) model in WRF calculates surface 755 

temperatures based on roof, road, and wall surfaces for urban areas. However, remote sensing 756 

observations only consider roofs and road surfaces, which may result in a significantly higher 757 

surface temperature than numerical simulations. A discrepancy has been identified between the 758 

Canadian climate model Global Environmental Multiscale (GEM) and satellite data in studies 759 

conducted by the ECCC (Leroyer et al., 2014, 2011). They clarified some difficulties in comparing 760 

numerical model results with satellite data. For example, the numerical model has difficulty 761 

capturing seasonal vegetation changes. These factors make it necessary to examine the 762 

methodology by which simulation is compared with satellite observations, as well as to develop a 763 

complete workflow, which can be used to calibrate simulation parameters and further optimize 764 

and customize the models for a variety of study regions using various types of satellite data. 765 

Another limitation of the current simulation is that it does not consider the effects of anthropogenic 766 

heat flux on local climate, such as heat emissions from the building sector (Luo et al., 2020). As 767 

compared to other models, the numerical model used in this study was sufficiently accurate, but 768 

future studies incorporating anthropogenic heat fluxes as well as building energy models 769 

(Salamanca et al., 2010; Salamanca and Martilli, 2010) may provide more insight into how these 770 

changes may affect our environment. 771 
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6. Conclusions 772 

Two Canadian cities, Ottawa and Montreal, have been studied in detail using a modeling-based 773 

approach to assess the spatial-temporal urban heat island pattern before, during, and after the 774 

summer 2018 heatwave. The UHI and urban effects on local climate have been quantified through 775 

the rural-776 

UHI is illustrated through an analysis of several major climate factors. This includes synoptic 777 

atmospheric advection, wind speed, precipitation, soil moisture availability, air humidity, clouds, 778 

and the balance of surface energy. Some final remarks are provided below. 779 

 A synoptic anticyclone in the lower atmosphere is responsible for the heatwave. In addition 780 

to extremely high temperatures, this heatwave event is characterized by high air humidity, 781 

generally low wind speeds, reduced cloud cover and increased latent heat flux and thermal 782 

storage. Due to their location in the peripheral area of the circulatory system, these two 783 

cities are subject to an interaction between the anticyclone and the northern atmospheric 784 

flow. As a result, there is a wide range of variations in cloud cover and wind speed 785 

throughout the diurnal cycle. 786 

 The UHI calculated by the UI method is higher than that calculated by the RR method. 787 

According to the RR method, the surface UHI is around 6°C in Montreal and around 4°C 788 

in Ottawa, whereas the air UHI is around 2°C in both cities. Using the UI method, surface 789 

UHI can reach 12°C in Montreal and 9°C in Ottawa, whereas air UHI is approximately 6°C 790 

in both cities. 791 

 During the heatwave, the UHI remains unchanged or even decreases. However, the diurnal 792 

pattern indicates that the UHI is more intense during the hot hours of the day, such as noon 793 

and afternoon. By contrast, it is less intense or even negative during cool hours, such as 794 

early in the morning and before sunrise. Due to the larger urban area and higher level of 795 

construction density, Montreal has a higher UHI and a weaker UCI than Ottawa. 796 

 The advancing warm air collided with the cool air in the area at the beginning of the 797 

heatwave, resulting in strong precipitation events. The precipitation contributed to 798 

abundant soil moisture, which in turn moderated the UHI during the heatwave through 799 

evaporative latent flux. In addition, the intensification of UHI and UCI during specific 800 
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times of the day should be attributed to low wind speeds, changes in diurnal storage heat 801 

flux, and cloud formation at night. 802 

 The spatial pattern of the climate variables shows that urban land cover not only affects the 803 

climate within the city but also a much larger surrounding area. The impact of urbanization 804 

on various climate variables can vary greatly depending on the background conditions and 805 

timeframes. There is a need for further research to estimate the climate impact of 806 

urbanization. 807 

This study examined the physical details of one heatwave event. It should be noted that the 808 

interaction of heatwaves and UHI can be sensitive to a variety of other factors, and, therefore, this 809 

interaction may vary for different events. In order to gain a full understanding of the impact of heat 810 

waves on UHI, long-term observational studies and more physical case studies would be necessary 811 

to discern how different characteristics of heatwave events, such as their duration and intensity, 812 

may affect UHI. In addition, this study analysed only the physical aspect of the climate process, 813 

whereas a statistical analysis may be required to evaluate and quantify the contribution of various 814 

climate factors to UHI in the next study. 815 
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APPENDIX 823 

 824 

Figure A.1: Time series profiles of the spatial-averaged (a, b) surface temperature ( ) and 825 

(c,d) 2-m air temperature ( ) of the urban, rural and cropland areas. 826 

 827 

Figure A.2: Time series profiles of the (a, b) surface UHI ( ) and (c, d) air UHI ( ) 828 

- -  829 
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 830 

Figure A.3: Time-averaged surface temperature ( ) maps simulated (a-c, g-i) with and (d-f, 831 

j-l) without the urban land cover. 832 
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Figure A.4: Time-averaged maps of the surface temperature difference ( ) calculated 834 

following the (a-c, g- -  and (d-f, j- -835 

(UI) concept, i.e., . 836 
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