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Abstract 5 

As a consequence of global warming and rapid urbanization around the globe, the magnitudes and 6 

frequencies of extreme heat events (EHEs) are increasing and this trend is expected to continue 7 

into the future. In this study, the added benefit of modelling climate at convection-permitting 8 

spatial resolutions (grid spacing < 4 km) is considered for a set of exterior climate and interior 9 

building simulations during EHEs in the urban areas of Ottawa and Montreal, Canada over the 10 

summer of 2018. The climate is modelled at two spatial resolutions: i) 25 km – typically considered 11 

for regional-scale climate modelling; and ii) 1 km. The results derived from modeling at each of 12 

these resolutions is compared in respect to their adequacy in predicting different measures of 13 

overheating outdoors as well as those within a typical single-detached home. The results clearly 14 

demonstrate that simulations undertaken at a 1 km resolution permit more accurately calculate the 15 

magnitude of overheating, whereas simulations completed at a 25 km resolution lead to an 16 

underestimation of overheating in about 95% of the urban grids within either of these two cities. 17 

These results suggest the necessity of using convection-permitting climate simulations for 18 

overheating assessments over the urban scale.   19 
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Highlights 4 

• Urban climate of Ottawa and Montreal is simulated at 1 and 25 km spatial resolutions. 5 

• Added value of convection-permitting model in overheating studies is demonstrated. 6 

• Simulations at a high-resolution are found more accurate in simulating urban temperatures 7 

and wind. 8 

• Use of regional climate simulations leads to underestimation of overheating. 9 

1. Introduction 10 

As a consequence of global warming and urban expansion, the frequency and intensity of extreme 11 

heat events (EHEs) in cities around the globe is increasing, resulting in both high morbidity and 12 

mortality [1–4]. Urban areas are typically warmer, wetter, and less windy than the areas 13 

surrounding them due to their distinct morphology [5]. This urban-rural climate contrast cannot be 14 

properly simulated by global climate models (GCMs) operating at a spatial resolution of 100-300 15 

km, and typically a downscaling step is required to complete a useful simulation.  16 

A limited-area regional climate model (RCM) performs dynamic downscaling of GCMs and 17 

produces regional-scale climate estimates at 10-50 km spatial resolution [6]. State-of-the-art 18 

reanalysis datasets such as ERA-Interim [7], North American Regional Reanalysis [8] and the 19 

Climate Forecast System Reanalysis [9] , also provide regional-scale estimates of historical climate 20 

at aforementioned spatial resolutions. The RCMs add value over the GCMs for three reasons: i) 21 
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the finer resolution allows a more realistic representation of surface forcings such as orography, 1 

lakes, rivers, and coastal regions; ii) the finer resolution allows a more accurate discretization of 2 

equations, and thus, a better simulation of the atmospheric circulation and gradients; and iii) with 3 

finer resolution, a broader range of fine-spatial scale processes can be explicitly resolved, which 4 

includes mesoscale weather phenomena such as sea breezes, lake-effect snowstorms, local winds, 5 

tropical cyclones and mesoscale convective systems [10].  6 

Several studies have investigated the benefit or "added value" [11] of modelling climate at finer 7 

regional scales. Lucas-Picher et al. [12] compared climate across North America over 1979-2014 8 

as simulated by the Canadian Regional Climate Model version 5 (CRCM5) [13,14] at 0.44°, 0.22°, 9 

and 0.11° spatial resolutions. They concluded that higher spatial resolution simulations showed a 10 

more realistic description of complex climate phenomena as orographic precipitation, precipitation 11 

extremes, sea-breeze formulation, and similar climate phenomena. Similarly, Qiu et al. [15] 12 

compared climate simulations performed at 20 km and 5 km over South Korea over a 20-year 13 

historical period and concluded that both sets of climate simulations captured the spatially and 14 

temporally averaged climate characteristics. Meanwhile, finer scale simulations better simulated 15 

the intensity and frequency of extreme events and spatio-temporal variations in climate variables. 16 

Mayer et al. [16] discussed the importance of performing high-resolution climate simulations for 17 

assessing the impacts of extreme events on infrastructure by comparing 8 km resolution simulation 18 

results with lower resolution simulations conducted at about 70 km over Scandinavia. On the other 19 

hand, Curry et al. [17] identified limited added value of 15 km resolution simulations over 45 km 20 

resolution simulations from Canadian Regional Climate Model version 4 [18] in terms of predicted 21 

temperature and precipitation. It was concluded that the added value by RCMs depends on the 22 

variable to be evaluated and the problem to be addressed.  23 
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Convection permitting models (CPMs) are a type of regional climate models (RCMs) in which 1 

climate simulations are conducted at a spatial resolution of less than 4 km. CPMs offer more 2 

accurate climatic information for regional to local scale applications than RCMs because they do 3 

not require convection parameterization, which identified as a major source of errors and 4 

uncertainties in the RCMs. At the same time, they allow for an even more accurate representation 5 

of surface and orographic fields in the simulations [19]. Several studies have used CPMs to obtain 6 

local scale climate using boundary conditions from GCMs [20,21] or RCMs [22–24]. The CPMs 7 

have been found to add value over RCMs in simulating mean precipitation [25–27], their spatial 8 

patterns[22,23], and extremes [24,27,28]. Similar improvements in the modeling of temperature 9 

and its extremes have been obtained [23,29]. Meanwhile, their added value has also been 10 

demonstrated in local-scale impact assessments, for instance, in the simulations of the energy and 11 

mass balance of glaciers [30], river runoff, and flood forecasting [31,32], and renewable energy 12 

production [33–35]. 13 

CPMs have been used to model urban climate, assess the effects of urbanization and climate 14 

change in urban areas, and evaluate the effectiveness of various heat-stress mitigation strategies. 15 

Weverberg et al. [36]  isolated the contribution of urban heat island (UHI) on temperatures 16 

recorded in Uccle, Belgium, by conducting 1 km resolution simulations using the Weather 17 

Research and Forecasting (WRF) model [37] and comparing them with the observational records. 18 

The role of urban growth in forming four historical EHEs in the Phoenix, Arizona metropolitan 19 

area was evaluated by Grossman-Clarke et al. [38]. It was found that new urban developments 20 

around the city caused an intensification and expansion of the area experiencing extreme 21 

temperatures during EHE. Wouters et al. [39] simulated the UHI over Paris by conducting 1 km 22 

resolution urban climate simulations using an Advanced Regional Prediction System [40,41]. Taha 23 
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[42] demonstrated that UHI could be mitigated by up to 3ºC in Sacramento by increasing the city's 1 

albedo and urban vegetation cover. Schubert and Grossman-Clarke [43] demonstrated the 2 

effectiveness of increasing green urban infrastructure, high-reflective surfaces, and judicious 3 

selection of building materials in effectively reducing the heat stress in Berlin, Germany, during 4 

EHE.  5 

The external climate is a significant driver of a building's indoor conditions. A few recent studies 6 

have used climate simulated by CPMs in simulating the indoor environment in buildings. Ciancio 7 

et al. [44] simulated the climate of the metropolitan area of Rome by performing a 4 km resolution 8 

WRF simulation. The simulated outdoor conditions were used to undertake building energy 9 

simulations in EnergyPlus [45]. The results were compared with another two simulations using the 10 

weather data recorded at airports. The study concluded that using the weather data from airports 11 

might result in an underestimation of cooling energy consumption and an overestimation of heating 12 

energy consumption in the city as urban effects are not accounted for. Similar conclusions were 13 

drawn by Jain et al. [46], who emphasized the importance of using climate data with urban effects 14 

incorporated, which can be simulated in a WRF simulation, for the prediction of building energy 15 

in Chicago. Luo et al. [47] evaluated the spatial variation of the building waste heat emission in 16 

Los Angeles, California, by conducting WRF simulations at 500m spatial resolution and building 17 

energy simulations using EnergyPlus. It was concluded that heat emission from the buildings 18 

during EHEs exacerbates the outdoor heat stress, especially in densely populated urban districts in 19 

the city.  20 

Previous studies have used high-resolution climate simulations using CPMs for building 21 

simulations, while they only focused on studying the building’s impact on the outdoor environment 22 

and/or evaluating the building energy consumptions.The added value of CPMs over RCMs has not 23 
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been quantified in a building overheating context. This study fills this research gap by comparing 1 

two sets of simulations of an extreme summer season recorded in the Ottawa and Montreal region 2 

of Canada. The first set of simulations is conducted at a typical RCM spatial scale (25 km), and 3 

the second at a CPM scale (1 km). The results from this study provide evidence and novel 4 

information that help confirm the importance of using CPMs when assessing overheating in 5 

buildings located in urban areas. The rest of the paper is organized as follows: the details of the 6 

study area, data, and methods are provided in section 2, followed by results and discussion in 7 

section 3, and conclusions in section 4. 8 

2. Methodology 9 

2.1 Study area and evaluation period 10 

The study area comprises of two Canadian cities: Ottawa, in the province of Ontario, and Montreal 11 

in the province of Quebec (Figure 1). The region encompassing these cities experienced an extreme 12 

heat event (EHE) from June 30 – July 05, 2018, resulting in around 70-100 heat-related deaths in 13 

both provinces [48]. During this EHE, parts of Ottawa reached an all-time highest humidex [49] 14 

value of 47, and the city of Montreal's public health office recorded 66 heat-related deaths in the 15 

city [50]. The city-scale overheating of the two cities is evaluated over the five months of Summer 16 

2018 (May 01 – September 30), encompassing the EHE. 17 

  18 
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 1 

Figure 1. The numerical domain in WRF simulation surrounding the geographical location of 2 

the study area and the two cities, Ottawa and Montreal.  3 

The layout of the two cities used in the WRF simulations can be seen from Figure 2, which shows 4 

the distribution of the land use and land cover (LULC) surrounding the two cities from the 2015 5 

North American Land Change Monitoring System (NALCMS) dataset [51]. The urban areas are 6 

represented in the WRF model by the means of a single urban class because our previous work 7 

showed that using more than one categories of urban land-cover in the cities didn’t add any value 8 

in the WRF model in terms of it’s accuracy in modelling urban climate parameters in these cities. 9 

The Ottawa river passes through the north of the city. On the other hand, the layout of the urban 10 

area in Montreal is quite different. The center of the city is located on Montreal Island, which is 11 
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surrounded by rivers. There are also several small agglomerations of urban areas outside the island. 1 

Both cities are surrounded by croplands and forested areas. The study area normally experiences 2 

a semi-continental climate, with warm, humid summers and cold winters. 3 

 4 

Figure 2. Land use and land cover (LULC) around a) Ottawa and b) Montreal cities and the 5 

outlines of urban area considered in 1 and 25 km resolution climate simulations.  6 

2.2 Weather Research and Forecasting (WRF) configurations 7 

The regional climate model used in this study is the Weather Research and Forecasting (WRF) 8 

model [37]. The National Centres for Environmental Prediction (NCEP) North American Regional 9 

Reanalysis (NARR) product # ds608.0 [52] are used as the initial and boundary conditions for the 10 

WRF simulations. The setup of the simulations completed at a 1 km-resolution consists of three 11 

two-way nested domains with 276 × 296, 250 × 283, and 391 × 364 grid points at a grid distance 12 

of 9, 3, and 1 km, respectively. For simulations completed at the 25 km-resolution, only one non-13 

nested domain is used with 100 × 100 grid points, covering a similar area (shown as the dotted 14 

blue line in Figure 1) as the first parent domain in the simulation completed at a 1 km-resolution 15 
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(shown as the solid black line in Figure 1).  The domains for both sets of simulations are centered 1 

in the middle of the Ottawa and Montreal cities (74.63°W, 45.47°N). 2 

A series of WRF simulations were conducted in our previous study to evaluate the performances 3 

of using different urban parametrizations and LULC datasets and identify optimum settings for the 4 

modelling of urban climate in the two cities [53]. The model configuration listed in Table 1 5 

simulated urban climate in the cities with the best accuracy are therefore adopted in this study as 6 

well. Note that the cumulus parameterization is only activated for simulations completed at the 25 7 

km resolution and the first domain with a grid spacing of 9 km in the simulation completed at the 8 

1 km resolution. In comparison, the model of the second and third domains with a grid spacing of 9 

3 km and 1 km can resolve the deep convection as the grids are smaller than 4 km.  10 

Table 1. Physical parameterization schemes in WRF simulations. 11 

Category Physical parameterization scheme 

Microphysics WRF Single-Moment 3-class scheme (WSM3) [54] 

Land Surface model NOAH [55] 

Planetary boundary layer Two-order closure Mellor-Yamada-Janjic [56] 

Shortwave radiation Dudhia scheme [57] 

Longwave radiation Rapid Radiative Transfer Model (RRTM)[58] 

Cumulus parameterization Kain-Fritsch scheme [59] for domains of grid size > 4 km 

Advection scheme Runge-Kutta 3rd order 

Land cover classification MODIS 21-category 

Number of vertical layers 40 

Urban canopy model Multilayer UCM building effect parametrization (BEP) [60] 

2.3 Climate observations 12 

The WRF model is validated over the time period of analysis, i.e., May-September, 2018 with 13 

regards to its performance in simulating observed values of climate variables: air temperature, and 14 

wind speed, as recorded at Environment and Climate Change Canada (ECCC) operated climate 15 
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gauging stations surrounding the cities of Ottawa and Montreal. The observations of hourly climate 1 

are collected from ECCC historical climate database [61]. Nine climate gauging stations are 2 

located around the two cities and contain the hourly observations of the variables that are used for 3 

analysis. These ECCC stations and their local LULC types are listed in Table 2, and their locations 4 

are shown in Figure A1 of the appendix. 5 

Table 2. Details of climate gauging stations for WRF model evaluation. 6 

Short 

Name 
Full Name (Province) 

Latitude 

(°N) 

Longitude 

(°E) 

Local LULC type 

GATI Ottawa Gatineau A (Québec) 45.52 -75.56 Croplands 

OTUB Ottawa Cda Rcs (Ontario) 45.38 -75.72 Urban and Built-up 

OTAP Ottawa Intl A (Ontario) 45.32 -75.67 Urban and Built-up 

MIRA Montreal Mirabel Intl A (Québec) 45.68 -74.04 Urban and Built-up 

SHUB Montreal/St-Hubert (Québec) 45.52 -73.42 Urban and Built-up 

MCTA McTavish (Québec) 45.50 -73.58 Urban and Built-up 

PETR Montreal/Pierre Elliott Trudeau Intl (Québec) 45.47 -73.75 Croplands 

INTL Montreal Intl A (Québec)  45.47 -73.74 Urban and Built-up 

ANNE Ste-Anne-De-Bellevue 1(Québec) 45.43 -73.93 Croplands 

 7 

2.4 Building simulation model 8 

Previous studies have found that most of the heat-related deaths in the 2018 EHE happened in 9 

residential buildings [50]. In this study, a typical residential building type: a single-detached home, 10 

is selected for the assessment. A building model of the archetype single-detached home [62], 11 

shown in Figure 3, is prepared in EnergyPlus [45]. The building model comprises of four thermal 12 

zones: the underground basement, living room on the first floor, bedroom on the second floor, and 13 

an attic on the top of the building. The total footprint area of the building is 80.20 m2. In Table 3, 14 

the building envelope configurations are listed, following the current construction practice [63] for 15 

homes. The internal heat gains and schedules also follow recommendations taken from the 16 

National Building Code of Canada [63], with 5 𝑊/𝑚2 for lighting, 5 𝑊/𝑚2 for equipment, and 17 
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500 𝑊/𝑝𝑒𝑟𝑠𝑜𝑛 for the servicing of hot water. The occupancy of the building is considered for a 1 

typical family of three people. For the building infiltration rate, an air change rate of 2.32 air 2 

changes per hour at 50 Pa obtained from a measurement database for new homes of the region is 3 

considered for the current construction. The building model is naturally ventilated for the 4 

evaluation of the potential overheating under a free-running condition following the requirements 5 

of the overheating guidelines [64]. Natural ventilation (open window) is available when the 6 

outdoor air temperature is lower than the indoor air temperature, and the indoor air temperature is 7 

higher than 26°C [63]. The occupant schedules for the living room were defined as 7:00 to 21:00 8 

hours and 22:00 to 6:00 hours for the bedroom according to the most recent versoin of the National 9 

Energy Code of Canada for Buildings (NECB) [65]. 10 

 11 

Figure 3. Archetype single-detached home building model used for indoor overheating analysis 12 

using EnergyPlus. 13 

The climate inputs for EnergyPlus simulations are prepared from WRF outputs from (1 or 25 km 14 

resolution) grids closest to the locations of interest. The climate varibles considered from WRF 15 
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simulations are: dry bulb air temperature, dew point temperature, relative humidity, atmospheric 1 

station pressure, global horizontal radiation, wind speed and wind direction, cloud fraction, rain 2 

fall and snow depth. In addition, the global horizontal radiation is used to estimate direct horizontal 3 

irradiance, direct normal irradiance, and diffused horizontal irradiance using widely used methods 4 

[66]. 5 

Table 3. Envelope components for building model of archetype single-detached home  6 

Component Material and properties 

Window Double clear with Low-E (U = 1.58; VT = 73%; SHGC = 0.67, WWR =15%) 

Roof Asphalt shingles with attic insulation (RSI 8.2) 

Walls Wood stud with Vinyl cladding (RSI 4.5) 

Basement Wall Insulated concrete (RSI 1.7) 

Basement Slab Insulated concrete (RSI 1.6) 

Blinds Internal blinds 

 7 

2.5 Overheating assessment 8 

There is no universal definition and criteria for defining EHE for overheating assessments [67]. A 9 

literature review of previous studies has shown that a fixed or adaptive temperature threshold value 10 

can be chosen to identify overheating events [67–69]. In this study, a fixed temperature threshold 11 

is used for overheating assessment since it has been widely used in previous overheating studies, 12 

standards, and codes, and is more suitable for our application, i.e., to compare climate simulations 13 

at multiple spatial resolutions. Following the practical guidelines of extreme weather file selection 14 

[70] and indoor overheating evaluation [64], the threshold value for outdoor overheating is chosen 15 

as 28°C, and for indoor overheating, the used temperature thresholds are 28°C for the living room, 16 

and 26°C for the bedroom. Furthermore, operative temperature (𝑇𝑜𝑝𝑡), which better reflects the 17 
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thermal sensation of occupants, is used for indoor overheating evaluation. These values  have also 1 

been adopted by other standards, codes and guidelines [71–73].  2 

The hours with air temperature or indoor operative temperature higher than the above thresholds 3 

are defined as overheating hours (𝑂𝐻) and are used to calculate the percentage of overheating 4 

(𝑃𝑂𝐻) durations using the total number of hours over the evaluation period (e.g. 3672 h in total 5 

for May-September 2018). To segregate indoor overheating in different building spaces, the 6 

percentage of overheating hours is calculated for the daytime and nighttime, assuming occupancy 7 

of the living room in the daytime (7 AM to 9 PM) and bedrooms in the nighttime (10 PM to 6 8 

AM). The mean air/operative temperature and maximum air/operative temperature are also 9 

calculated to quantify overheating. 10 

3. Results and discussions 11 

3.1. Accuracy of simulations completed at 25 and 1 km grid resolution  12 

The accuracy of the modelled near-surface climate variables from simulations completed at 25 and 13 

1 km resolution is quantified by comparing the simulated data with the hourly measurements from 14 

nine weather stations surrounding the Ottawa and Montreal cities. The root mean square error 15 

(RMSE), mean absolute error (MAE) and mean bias error (MBE) associated with the simulation 16 

results are calculated using Equations 1-3.  17 

                                                      𝑅𝑀𝑆𝐸 = √∑ (𝑥𝑚,𝑖−𝑥𝑜,𝑖)2𝑁
𝑖=1

𝑁
                                                       (1) 18 

                                                          𝑀𝐴𝐸 =
∑ |𝑥𝑚,𝑖−𝑥𝑜,𝑖|𝑁

𝑖=1

𝑁
                                                          (2) 19 

                                                        𝑀𝐵𝐸 =
∑ (𝑥𝑚,𝑖−𝑥𝑜,𝑖)𝑁

𝑖=1

𝑁
                                                            (3) 20 
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where 𝑖 corresponds to each time step in the evaluation, N is the total number of hours, and 𝑥𝑚,𝑖 1 

and 𝑥𝑜,𝑖 are the simulated and measured values, respectively. 2 

From the results summarized in Table 4, it is clear that RMSE and MAE associated with 3 

simulations completed at a 1 km resolution are lower than those at a 25 km resolution for both air 4 

temperature and wind speed. The MBE of air temperature from simulations completed at a 1 km 5 

and 25 km resolution are negative, indicating that air temperatures are underestimated for both 6 

simulations. The MBE ranged from -0.4 ºC to -2.0 ºC for temperatures derivied from simulations 7 

of 1 km resolution and -1.4 ºC to -2.6 ºC for those at a 25 km resolution, showing the magnitude 8 

of underestimation is lower for simulations completed at 1 km resolution than those at 25 km 9 

resolution. The MBE of wind speed varies between negative and positive values for different 10 

weather stations, reflecting the complex and highly variable nature of the wind speed variable. The 11 

MBE of wind speed from the 1 km resolution model varies between -1.4 m/s to 1 m/s, whereas 12 

MBE from the 25 km resolution model varies from -1.3 m/s to 1.5 m/s, indicating higher accuracy 13 

of simulations completed at a 1 km as compared to 25 km resolution.  14 

Table 4. Root Mean Square Error (RMSE), Mean Absolute Error (MAE), and Mean Bias Error 15 

(MBE) of the simulated near-surface variables: air temperature and wind speed. 16 

Criteria Variables Resolution GATI OTUB OTAP MIRA SHUB MCTA PETR INTL ANNE Avg. 

RMSE 

Air 

Temperature 

(°C) 

1 km  2.6 2.5 2.4 2.5 2.4 2.6 3.3 3.0 3.2 2.7 

25 km  3.1 3.0 2.9 2.7 2.8 3.4 3.5 3.4 2.9 3.1 

Wind Speed 

(m/s) 

1 km  1.7 1.5 1.6 1.3 1.9 1.6 1.7 2.2 1.7 1.7 

25 km  2.1 1.4 1.7 2.3 1.9 1.9 1.7 2.1 2.4 2.0 

MAE 

Air 

Temperature 

(°C) 

1 km  2.0 2.0 1.9 1.9 1.9 2.1 2.6 2.4 2.6 2.2 

25 km  2.5 2.4 2.3 2.2 2.3 2.8 2.9 2.8 2.4 2.5 

Wind Speed 

(m/s) 

1 km  1.3 1.1 1.2 1.0 1.4 1.3 1.3 1.8 1.3 1.3 

25 km  1.6 1.1 1.3 1.8 1.5 1.5 1.3 1.7 1.9 1.5 
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MBE 

Air 

Temperature 

(°C) 

1 km  -0.4 -0.8 -0.8 -0.6 -0.8 -1.3 -2.0 -1.8 -1.9 -1.1 

25 km  -1.9 -1.9 -1.8 -1.4 -1.6 -2.4 -2.6 -2.5 -1.7 -2.0 

Wind Speed 

(m/s) 

1 km  0.6 0.3 -0.6 0.3 -0.8 1.0 -0.4 -1.4 0.7 0.0 

25 km  1.1 -0.1 -0.7 1.5 -1.0 1.2 -0.8 -1.3 1.5 0.2 

The observed hourly temperatures are also compared with simulation results completed at 1 and 1 

25 km resolution using scatterplots and linear regression analysis. The results are presented for all 2 

nine climate gauging stations in Figure 4. The simulation results for the 1 km resolution and trend 3 

line (in red) are found to be better aligned with the observations than the temperatures from 4 

simulations completed at a 25 km resolution for eight out of nine stations. For one station (ANNE), 5 

the results are similar. The distribution of the scatter points illustrates that hourly temperatures 6 

from simulations completed at a  25 km resolution are lower than those from 1 kmresolution, 7 

especially at higher temperatures. This can be seen from a comparison of the linear regression lines 8 

of simulations completed at a 25 km resolution with a greater deviation from observations at higher 9 

temperatures than lower temperatures. On the other hand, simulations completed at a 1 km 10 

resolution demonstrate a lower level of errors under extreme temperatures showing their higher 11 

utility for overheating assessments.     12 

The regression coefficients of both sets of simulations are summarized in Table 5. The simulations 13 

completed at 1 km have a higher coefficient of determination (R2) on average of 0.78 than the 25 14 

km resolution with R2 of 0.73, showing the 1 km resolution model has a stronger capability for 15 

simulating the variance in air temperature. The simulations completed at a 1 km resolution show 16 

a stronger positive correlation with the observations (0.97), which is significantly better than those 17 

at 25 km resolution (0.93). Also, the simulations completed at 1 km resolution exhibit a lower level 18 

of underestimation in air temperature with the averaged intercept of -0.5 comparing to the value 19 

of -0.64 from the simulations completed at 25 km resolution. 20 
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 1 

Figure 4. Comparison of the simulated and measured air temperatures from the nine weather 2 

stations during the five months (May 01 - September 30) in the summer of 2018. The red solid 3 

lines show the correlation between the observation and the WRF simulations completed at 1 km 4 

resolution, and the blue dashed lines show the correlation between the observation and the WRF 5 

simulations completed at 25 km resolution. 6 
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Table 5. Linear regression coefficients between observations and simulations at nine climate 1 

gauging stations. 2 

Linear 

regression 

coefficients 

Station GATI OTUB OTAP MIRA SHUB MCTA PETR INTL ANNE Average 

Slope 
1 km res. 0.96 1.03 0.97 0.98 0.94 0.98 0.96 0.93 0.96 0.97 

25 km res. 0.87 0.93 0.91 0.93 0.91 0.98 0.96 0.95 0.96 0.93 

Intercept 
1 km res. 0.28 -1.32 -0.11 -0.23 0.34 -0.84 -1.16 -0.33 -1.16 -0.50 

25 km res. 0.48 -0.52 0.00 -0.07 0.22 -1.94 -1.68 -1.38 -0.88 -0.64 

R-squared 
1 km res. 0.84 0.82 0.85 0.83 0.85 0.67 0.78 0.72 0.70 0.78 

25 km res. 0.76 0.75 0.78 0.79 0.78 0.62 0.64 0.66 0.75 0.73 

 3 

 4 

3.2. Outdoor overheating from simulations completed at 1 and 25 km grid resolution  5 

In addition to being more accurate, the simulations completed at 1 km resolution can capture the 6 

spatial distribution of temperature extremes and overheating better within and around the two cities 7 

than those at 25 km resolution. This is clear from Figure 5, which shows the distribution of mean 8 

air temperature over May-September 2018 obtained from simulations completed at 1 and 25 km 9 

resolution. It can be seen that the spatial variation of temperature is better represented in the 10 

simulations completed at 1 km resolution, whereas the urban extents of the Ottawa (Montreal) city 11 

are encompassed by one (two) simulations completed at 25 km resolution grids. Therefore, urban 12 

temperatures, and resulting overheating, are not properly captured by the simulations completed 13 

at 25 km resolution. Moreover, the urban-rural differences in climate are not well captured. For 14 

example, the lower temperatures over water bodies are not well captured in simulations completed 15 

at 25 km resolution, whereas they are better captured in simulations completed at 1 km resolution.  16 

 17 
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 1 

Figure 5. Modelled air temperature distribution averaged over the five months (May - September 2 

2018) around the two cities: Ottawa (a,b) and Montreal (c,d) from simulations completed at 1 km 3 

resolution (a,c), and 25 km resolution (b,d). 4 

The temperatures, their extremes, and resulting overheating are generally underpredicted in 5 

simulations completed at 25 km resolution over the land areas compared to simulations completed 6 

at 1 km resolution. The difference in mean air temperature (𝑇𝑎𝑖𝑟,𝑚𝑒𝑎𝑛), maximum air temperature 7 

(𝑇𝑎𝑖𝑟,𝑚𝑎𝑥) and overheating hours above 28°C (𝑂𝐻28°𝐶) between simulations completed at 1 and 8 

25 km resolution are shown in Figure 6. For the 𝑇𝑎𝑖𝑟,𝑚𝑒𝑎𝑛  (Figure 6 a, d) over May-September 9 
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2018, the magnitude of underprediction can be up to 2°C. The underprediction in the case of 1 

𝑇𝑎𝑖𝑟,𝑚𝑎𝑥  can be up to 3°C. Finally the total number of overheating hours are also severely 2 

underpredicted (up to 200 hours over five months) in the simulations completed at 25 km 3 

resolution as compared to the results simulations completed at 1 km resolution . These results 4 

demonstrate that simulations completed at 1 km resolution are more suited to capture the variations 5 

in extreme temperatures and the associated overheating conditions than those at 25 km resolution. 6 

 7 

Figure 6. The difference in simulation results completed at 1 km and 25 km grid resolutions over 8 

Ottawa (a,b,c) and Montreal (d,e,f) in terms of mean air temperature (a,d), maximum air 9 

temperature (b,e) and the number of overheating hours (c,f). 10 
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To further investigate the differences in simulated overheating over urban areas from the two 1 

simulation groups, five grids from simulations completed at a 1 km resolution are selected in each 2 

city for assessment. These grids correspond to 0, 5, 50, 95, and 100th quantiles of simulated mean 3 

air temperature over the Summer of 2018 from simulations completed at a 1 km resolution. 4 

Hereafter, these grids are referred to the city names (Ottawa or Montreal), data source (fine or 5 

coarse resolution results), and quantile values associated with the grid. For example, 𝑂𝐹0 denotes 6 

the Ottawa Fine resolution grid with the 0th quantile value in terms of mean temperature. Similarly, 7 

the 25 km grid associated with these 1 km grids is referred to the city names (Ottawa or Montreal) 8 

and data source (fine or coarse resolution results). For example, 𝑂𝐶 refers to the Ottawa Coarse 9 

grid case. In the case of Montreal, the two grids are named as 𝑀𝐶𝑊 (Montreal Coarse grid located 10 

on the West) and 𝑀𝐶𝐸  (Montreal Coarse grid located on the East). The locations of these 11 

representative grids are shown in Figure 5 (1 km simulation grids) and Figure 2 (25 km simulation 12 

grids). In the case of Ottawa, all selected 1 km grids fall within one 25 km grid, whereas in the 13 

case of Montreal, two 1 km grids are located within 𝑀𝐶𝑊 and three 1 km grids are located in 𝑀𝐶𝐸. 14 

The mean (𝑇𝑎𝑖𝑟,𝑚𝑒𝑎𝑛) and maximum air temperatures (𝑇𝑎𝑖𝑟,𝑚𝑎𝑥), percentage of overheating hours 15 

over 28ºC ( 𝑃𝑂𝐻28°𝐶 ), and mean wind speed ( 𝑊𝑆𝑚𝑒𝑎𝑛 ) for the representative grids are 16 

summarized in Table 6. The results show that the mean and extremes of temperature and 17 

overheating conditions are highly underestimated in simulations completed at a 25 km resolution. 18 

The number of the overheating hours at the 50th percentile 1 km simulation grid is almost twice 19 

the value of that at the 25 km simulation grid. In fact, for both cities, the mean and extremes 20 

temperatures and overheating hours from simulations completed at a 25 km resolution are always 21 

lower than the values associated with the 5th percentile 1 km simulation grid, which means that 22 

only 5% of 1 km simulation grids have lower mean and extremes temperatures, and overheating 23 
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hours than the 25 km simulation grids. This is also true for the wind speeds where none of the 1 1 

km grids in Ottawa and less than 5% of 1 km simulation grids in Montreal are found to have lower 2 

wind speeds than simulations completed at a 25 km resolution.     3 

Table 6. Summary of the outdoor thermal conditions at representative urban grids for 4 

simulations completed at 1 km and 25 km grid resolution. 5 

Climate 

statistic 

Ottawa grids Montreal grids 

𝑂𝐶 𝑂𝐹0 𝑂𝐹5 𝑂𝐹50 𝑂𝐹95 𝑂𝐹100 𝑀𝐶𝑊 𝑀𝐶𝐸 𝑀𝐹0 𝑀𝐹5 𝑀𝐹50 𝑀𝐹95 𝑀𝐹100 

𝑇𝑎𝑖𝑟,𝑚𝑒𝑎𝑛(°𝐶) 17.3 13.8 17.9 18.4 18.7 18.8 17.5 17.8 13.4 17.7 18.5 18.9 19.0 

𝑇𝑎𝑖𝑟,𝑚𝑒𝑎𝑛
𝑑𝑎𝑦

(°𝐶) 19.2 15.0 19.8 20.8 21.0 21.1 19.4 19.7 14.3 19.9 20.7 20.9 21.1 

𝑇𝑎𝑖𝑟,𝑚𝑒𝑎𝑛
𝑛𝑖𝑔ℎ𝑡

(°𝐶) 14.1 11.8 14.8 14.5 14.9 15.0 14.4 14.6 12.0 14.1 15.0 15.6 15.5 

𝑇𝑎𝑖𝑟,𝑚𝑎𝑥(°𝐶) 33.6 25.1 34.9 36.3 36.1 36.1 34.0 35.3 23.8 35.0 35.2 35.9 35.9 

𝑃𝑂𝐻28°𝐶  (%) 3.3 0.0 4.5 7.0 7.1 7.5 3.2 3.8 0.0 4.1 6.0 6.6 7.1 

𝑊𝑆𝑚𝑒𝑎𝑛(𝑚/𝑠) 2.9 2.6 2.6 2.3 2.3 2.2 2.8 2.9 3.4 2.2 2.6 2.7 2.4 

The hourly distribution of temperatures from simulations completed at a 1 and 25 km resolution 6 

and their difference over the analysis time period from May 1 to September 30, 2018 is presented 7 

in Figures 7 and 8, respectively, for the 50th percentile location. Figure 7 illustrates that both 8 

simulations completed at 1 and 25 km resolutions can capture the much higher temperature 9 

occurred during the EHE of June 30 – July 5, 2018 than other days during the evaluated 5 months. 10 

However, Figure 8 makes it clear that the intensity of the extreme event is underestimated in the 11 

simulations completed at a 25 km resolution, as found in the previous results. For example, during 12 

the five months, 69% of hours in Ottawa and 75% of hours in Montreal have a higher temperature 13 

than the simulations completed at a 25 km resolution. Another important observation from Figure 14 

8 is that the underprediction of temperatures in simulations completed at a 25 km resolution, which 15 

can be as high as 10ºC in some cases, is more prevalent in the daytime than the night-time. A high 16 
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overestimation of temperatures of up to 6 ºC is obtained in the simulations completed at a 25 km 1 

resolution during the night-time.  2 

 3 

 4 

Figure 7. The hourly distribution of the outdoor air temperature of simulations completed at 1 5 

and 25 km grid resolution at 50th percentile urban location in Ottawa and Montreal. (HW: 6 

heatwave period from June 30 to July 5, 2018 shown with vertical solid lines; JJA: June, July 7 

and August shown with vertical dashed lines) 8 
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 1 

Figure 8. The hourly difference in outdoor air temperature from simulations completed at 1 and 2 

25 km grid resolution at 50th percentile urban location in Ottawa and Montreal. (HW: heatwave 3 

period from June 30 to July 5, 2018 shown with vertical solid lines; JJA: June, July and August 4 

shown with vertical dashed lines) 5 

3.3. Indoor overheating from simulations completed at 1 and 25 km grid resolution  6 

The outdoor conditions at the selected representative grids from simulations completed at 1 and 7 

25 km using the WRF model were used as inputs into the EnergyPlus program to simulate the 8 

indoor environment in the archetype single-detached home. As mentioned before, indoor 9 

overheating is calculated using operative temperatures instead of air temperatures for the outdoor 10 

overheating assessment. The results are shown in Table 7-8 and Figures 9-10. The indoor operative 11 

temperatures were found to be higher than the outdoor air temperatures by about 8-10 ºC, and the 12 

percentage of overheating hours (𝑃𝑂𝐻28°𝐶) with temperatures more than 28ºC are found to be 2-3 13 

times greater than those from the outdoor overheating analysis, so the building undergoes a much 14 

longer overheating period than that evident for the outdoors. 15 
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Between the different sections of the single-detached home, higher temperatures and overheating 1 

conditions are found in the bedroom (located on the 1st floor) than in the living room (located on 2 

the ground floor). This is likely because of the thermal stratification effect in buildings when 3 

warmer air circulates and moves from the lower to upper spaces. The comparison of Tables 7 and 4 

8 shows that the operative temperatures in the bedroom are up to 1ºC higher, which, together with 5 

a lower threshold (26 ºC) for the calculation of overheating in the bedroom, leads to about 45% 6 

more overheating hours than in the living room. Since occupants often spend more time in the 7 

bedroom than the living room, this potentially creates high overheating risks. In addition, the 8 

temperature difference was found higher during the day than during the night.  9 

Finally, indoor overheating obtained from simulations completed at 1 and 25 km resolution, and 10 

their relative difference is investigated. The timing of the EHE during June 30-July 5, 2018, is well 11 

captured in the indoor temperatures from both simulations completed at 1 and 25 km resolution, 12 

as shown by Figure 9. It shows the indoor operative temperatures in the living room for the 50th 13 

percentile urban location however, its magnitude was underestimated in the results of simulations 14 

completed at 25 km simulation resolution. In line with the observations made from the outdoor 15 

overheating assessment, the operative temperatures and percentage of overheating hours from the 16 

simulations completed at 25 km resolution fall between the 0th and 5th quantile urban grids in both 17 

cities, again highlighting that indoor overheating at more than 95% of the urban grids is 18 

underpredicted if simulations completed at 25 km resolution are used for the assessment. This is 19 

also reflected from the difference in the number of overheating hours obtained at, for example, the 20 

50th percentile grid. Our results indicate that about 80% of hours in Ottawa and 73% of hours in 21 

Montreal over the time period of analysis are simulated with higher temperatures from simulations 22 

completed at 1 km than the 25 km resolution. The difference in mean operative temperature 23 
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between simulations completed at 1 and 25 km resolution is slightly lower than the difference 1 

obtained in terms of outdoor air temperatures; however, the percentage of overheating hours is 2 

comparable.  3 

Table 7. Summary of thermal conditions in the living room of the archetype single-detached 4 

house building simulated at representative grids from simulations completed at 1 and 25 km grid 5 

resolution 6 

Climate 

statistic 

Ottawa grids Montreal grids 

𝑂𝐶 𝑂𝐹0 𝑂𝐹5 𝑂𝐹50 𝑂𝐹95 𝑂𝐹100 𝑀𝐶𝑊 𝑀𝐶𝐸 𝑀𝐹0 𝑀𝐹5 𝑀𝐹50 𝑀𝐹95 𝑀𝐹100 

𝑇𝑜𝑝𝑡,𝑚𝑒𝑎𝑛 

(°𝐶) 
25.7 24.9 26.0 26.3 26.3 26.4 25.7 25.8 24.7 26.0 26.2 26.3 26.4 

𝑇𝑜𝑝𝑡,𝑚𝑒𝑎𝑛
𝑑𝑎𝑦

 

(°𝐶) 
26.2 25.3 26.6 27.0 27.0 27.1 26.3 26.4 25.2 26.7 26.9 27.0 27.1 

𝑇𝑜𝑝𝑡,𝑚𝑒𝑎𝑛
𝑛𝑖𝑔ℎ𝑡

 

(°𝐶) 
24.7 24.2 24.9 25.1 25.1 25.2 24.8 24.8 24.0 24.9 25.1 25.2 25.2 

𝑇𝑜𝑝𝑡,𝑚𝑎𝑥 

(°𝐶) 
34.9 28.7 35.9 37.0 36.6 37.3 35.9 36.7 28.7 36.6 36.7 37.4 37.6 

𝑃𝑂𝐻28°𝐶  
(%) 

9.2 0.2 12.8 16.2 16.9 17.6 8.6 9.4 0.1 12.6 15.7 16.3 17.5 

𝑃𝑂𝐻28°𝐶
𝑑𝑎𝑦

 

(%) 
14.5 0.3 19.9 25.2 26.1 27.0 13.2 14.3 0.1 19.9 24.1 24.9 26.8 

𝑃𝑂𝐻28°𝐶
𝑛𝑖𝑔ℎ𝑡

 

(%) 
0.4 0.0 1.1 1.2 1.7 1.8 0.9 1.2 0.0 0.3 1.5 2.0 2.1 

Table 8. Summary of thermal conditions in the bedroom of the archetype single-detached house 7 

building simulated at representative grids from simulations completed at 1 and 25 kmgrid 8 

resolution . 9 

Climate 

statistic 

Ottawa grids Montreal grids 

𝑂𝐶 𝑂𝐹0 𝑂𝐹5 𝑂𝐹50 𝑂𝐹95 𝑂𝐹100 𝑀𝐶𝑊 𝑀𝐶𝐸 𝑀𝐹0 𝑀𝐹5 𝑀𝐹50 𝑀𝐹95 𝑀𝐹100 

𝑇𝑜𝑝𝑡,𝑚𝑒𝑎𝑛 

(°𝐶) 
26.2 25.4 26.6 26.8 26.9 27.0 26.2 26.3 25.2 26.6 26.8 26.9 27.0 

𝑇𝑜𝑝𝑡,𝑚𝑒𝑎𝑛
𝑑𝑎𝑦

 

(°𝐶) 
26.7 25.7 27.2 27.5 27.6 27.7 26.8 26.8 25.5 27.3 27.5 27.5 27.7 

𝑇𝑜𝑝𝑡,𝑚𝑒𝑎𝑛
𝑛𝑖𝑔ℎ𝑡

 

(°𝐶) 
25.3 24.8 25.5 25.7 25.7 25.8 25.4 25.4 24.7 25.5 25.7 25.8 25.8 

𝑇𝑜𝑝𝑡,𝑚𝑎𝑥 

(°𝐶) 
35.9 29.8 37.0 38.1 37.7 38.3 37.0 37.7 30.8 37.9 37.8 38.6 38.7 
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𝑃𝑂𝐻26°𝐶  

(%) 
48.9 35.0 56.7 61.0 62.8 64.1 49.7 50.3 28.2 58.6 60.0 61.9 62.3 

𝑃𝑂𝐻26°𝐶
𝑑𝑎𝑦

 

(%) 
60.0 46.3 67.6 71.9 73.4 74.3 60.7 61.6 37.2 69.8 70.4 71.8 72.5 

𝑃𝑂𝐻26°𝐶
𝑛𝑖𝑔ℎ𝑡

 

(%) 
30.2 16.3 38.5 42.9 45.0 47.0 31.5 31.4 13.2 39.8 42.6 45.4 45.5 

 1 

 2 

Figure 9. The hourly distribution of the indoor operative temperature in the living room from 3 

simulations completed at 1 and 25 km grid resolution at 50th percentile urban location in Ottawa 4 

and Montreal. (HW: heatwave period from June 30 to July 5, 2018 shown with vertical solid 5 

lines; JJA: June, July and August shown with vertical dashed lines) 6 
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 1 

Figure 10. The hourly difference in indoor operative temperature in the living room from 2 

simulations completed at 1 and 25 km grid resolution at 50th percentile urban location in Ottawa 3 

and Montreal. (HW: heatwave period from June 30 to July 5, 2018 shown with vertical solid 4 

lines; JJA: June, July and August shown with vertical dashed lines) 5 

4. Conclusions 6 

This study highlights the added value of using high-resolution convection-permitting climate data 7 

over regional climate model (RCM) simulated data for the overheating assessment in cities. The 8 

study was conducted for two major Canadian cities: Ottawa and Montreal, over a period ranging 9 

between May and September 2018. Urban climate simulations were performed at a convection-10 

permitting spatial resolution of 1 km, and at a typical RCM spatial resolution of 25 km using a 11 

Weather Research and Forecasting (WRF) model. The magnitude of overheating as occurred 12 

outdoors and within a single-detached home were evaluated by using the two sets of climate data 13 

completed at either grid resolution.  14 

The results demonstrate greater accuracy from simulations undertaken at a 1 km grid resolution 15 

when modelling the outdoor climate than that obtained at a 25 km resolution by comparing with 16 
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the observation at nine weather stations in the domain. The air temperature is underestimated in 1 

simulations for both 1 and 25 km resolution, whereas simulations completed at a 1 km resolution 2 

have smaller bias, mean absolute error, and root mean squared error than those done at 25 km. The 3 

added accuracy of 1 km simulations in modelling extreme hight temperatures is especially evident 4 

from the validation results.  5 

The temporal variation in air temperatures over the time period of the analysis (i.e. June 30 – July 6 

05, 2018) is well captured in simulations undertaken at both 1 km and 25 km grid resolution. 7 

However, the simulations done at a 25 km resolution are found to underpredict mean air 8 

temperatures by up to 2ºC over the entire study domain. The maximum air temperatures are 9 

underpredicted by up to 3ºC, and the number of overheating hours could be underpredicted by up 10 

to 200 hours, which is half the number of overheating hours predicted from the simulation 11 

completed at a 1 km resolution.  12 

The indoor operative temperatures are found to be higher than the outdoor air temperatures by 13 

about 8-10 ºC, and the number of overheating hours with temperatures more than 28ºC is found to 14 

be 2-3 times greater than that obtained from the outdoor overheating analysis. The indoor 15 

overheating is also underestimated using the 25 km resolution climate data, at least 70% of hours 16 

over the time period of analysis are predicted with lower temperatures from simulations completed 17 

at 25 km than the median level of the 1 km resolution results. 18 

The results from this study also permitted showing that, if simulations done at a 25 km grid 19 

resolution are used to assess outdoor and indoor overheating in the cities of Ottawa and Montreal, 20 

the extent of overheating in terms of modelled temperatures, their extremes, and the number of 21 

overheating hours can be underpredicted in about 95% of the urban area grids of both cities. These 22 

results highlight the importance completing urban climate simulations using convection-23 
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permitting climate data as compared to regional climate models for outdoor and indoor overheating 1 

analysis in cities. In the face of rapid urbanization and climate change, it is essential that future 2 

projected overheating effects are quantified in the urban centres of cities for different urban growth 3 

and climate change scenarios by conducting convection-permitting climate simulations from 4 

which heat-stress mitigation strategies can be developed in the future. 5 
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