
 

 

Assessment of the Effects of Extreme Heat Events on Buildings 

 

Chang Shu 

 

 

 

A Thesis 

In the Department  

of 

Building, Civil and Environmental Engineering 

 

 

 

Presented in Partial Fulfilment of the Requirements 

for the Degree of 

Doctor of Philosophy (Building Engineering) at 

Concordia University 

Montreal, Quebec, Canada 

 

 

 

October 2021 

 

 

© Chang Shu, 2021  



CONCORDIA UNIVERSITY 

SCHOOL OF GRADUATE STUDIES 
 

 
This is to certify that the thesis prepared 
 
By: Chang Shu 
 

 Entitled: Assessment of the Effects of Extreme Heat Events on Buildings 
 

and submitted in partial fulfillment of the requirements for the degree of 
 

Doctor Of Philosophy (Building Engineering) 
 
complies with the regulations of the University and meets the accepted standards with respect to originality and 
quality. 
 
Signed by the final examining committee: 
 
                     Chair 
 Dr. John Xiupu Zhang 
 
                                                                             External Examiner 
 Dr. Ian Beausoleil-Morrison  
 
                                                                              External to Program 
 Dr. Ursula Eicker 
 
                                                                              Examiner 
 Dr. Hua Ge 
 
                                                                              Examiner 
 Dr. Radu Grigore Zmeureanu 
 
                                                                               Thesis Supervisor 
 Dr. Liangzhu Wang  
 
                                                                              Thesis Co-Supervisor 
 Dr.  Abhishek Gaur   
 
  
 
 
  
Approved by                                                                                                   ____  
   Dr. Mazdak Nik-Bakht, Graduate Program Director  
 
 
12/2/2021                                                                                               ____      
   Dr. Mourad Debbabi, Dean 
   Gina Cody School of Engineering and Computer Science 



iii 

Abstract 

Assessment of the Effects of Extreme Heat Events on Buildings 

Chang Shu, Ph.D. 

Concordia University, 2021 

Due to urbanization and global warming, extreme heat events, e.g., heat waves, in the urban area 

tend to occur much more intensively and frequently, imposing a great threat to the health and safety 

of urban dwellers. The warming temperature also leads to a deteriorating of the indoor thermal 

conditions. Studies on indoor overheating should be conducted to figure out the interactions 

between the outdoor environment and indoor conditions and estimate possible approaches to 

optimize the design and operation of the building system adapting to the changing climate. 

Considering the building and construction assets are typically designed for a long period over 

several decades or even centuries. The resiliency of the buildings to extreme conditions should be 

reconsidered under the future climate conditions, therefore the future weather inputs should be 

critical for the building overheating study, and any possible mitigation intervenes should be re-

evaluated under different future scenarios to evaluate the robustness of the decision and detect the 

potential risks. The study includes a procedure to select buildings from Montreal city for the field 

monitoring study, followed by the outcome of building information surveys and site visits. After 

an overall evaluation of these buildings, 6 school buildings, 6 hospital buildings and 3 residential 

social housings have been selected for further studies. The measured data are used for the 

overheating assessment of these buildings and the calibration of these real building models. The 

measured data exhibited strong evidence of overheating in existing building stocks in Montreal, 

showing the necessity for further investigation to mitigate the overheating. To consider the spatial 

impact of urban climate, the study developed a high-resolution regional climate model for the 

Montreal and Ottawa region and elaborated the importance of preserving the urban effect in 

weather files for building studies. The generated climate dataset can be used as the input of 

EnergyPlus building simulations to evaluate the spatial-temporal pattern of indoor overheating. 

The validated climate model can also be extended for the future projection of urban scale 

overheating studies. In the future, overheating mitigation strategies can be applied to the baseline 

model to evaluate their effectiveness on both historical and future climate in the long run with the 

proposed workflow and the climate dataset generated by this study.  



iv 

Acknowledgments 

Along with my journey to a Ph.D., so many people generously provided their help and support to 

me. I would like to first thank my supervisor, Dr. Liangzhu (Leon) Wang, who is gracious enough 

to provide me opportunities to work on multiple different projects. During the over four years of 

doctoral study, Dr. Wang encouraged me to continuously move forward and overcome any 

challenges in my way. His passion for research and endeavors to innovate is contagious to 

everyone in the research group. The same acknowledgments to my co-supervisor, Dr. Abhishek 

Gaur at National Research Council Canada (NRCC), who led me to a new research field of climate 

data downscaling and weather file generation. His profound knowledge of climate data and 

statistical analysis is always a strong backup for me to explore new topics, and his humble and 

open mind to new concepts made our work efficient and enjoyable. Thank you, Dr. Wang, and Dr. 

Gaur, for your guidance and your dedication to making me excel in my research. 

I would like to also thank Dr. Radu Zmeureanu and Dr. Hua Ge for their guidance and supervision 

on the project “Assessment and Mitigation of Summertime Overheating Conditions in Vulnerable 

Buildings of Urban Agglomerations”, which is the core project during my Ph.D. to develop this 

thesis. The discussions with them on a weekly or bi-weekly basis helped me to extend my view to 

many other topics and inspired me to think more differently and learn the limitations of my work. 

I also hope to express my appreciation to Dr. Michael Lacasse, the respectful team leader in the 

Façade System and Products (FSP) group, who always provides me with every support, affection, 

and care. I enjoy the two years working, meeting, and chatting with him and all the other colleagues 

in the FSP group, which is a memorable time for me.  

Furthermore, I would like to also acknowledge the collaborators in the building overheating project, 

Dr. Abdelaziz Lauoadi and Dr. Michal Bartko at NRCC, Dr. Sylvie Leroyer, and Dr. Stéphane 

Bélair at Environment and Climate Change Canada (ECCC), who provided their precious supports 

and help at the different stages of the project and my Ph.D. study. I also appreciate the days with 

my colleagues and friends, Lili Ji, Cheng Zhang, Senwen Yang, Danlin Hou, Dr. Dahai Qi, Dr. 

Lin Wang, Dr. Xuechen Bai, Weigang Li, and Zhe Xiao, who accompanied me over the hard and 

joyful days.  

Since the start of the building overheating project, I have managed to connect with collaborators 

from multiple institutes, including Ministère de la santé et des services sociaux (MSSS), Ministère 

de l'Éducation et de l'Enseignement supérieur (MEES), Société d'habitation du Québec (SHQ), 



v 

Office municipal d'habitation de Montréal (OMHM), Direction régionale de santé publique de 

Montréal (CCSMTL), to gain the access to the different types of buildings across the Montreal 

city. I appreciate their generous supports and thanks to the five hospital institutes, CIUSSS Centre 

sud île de Montréal, CIUSSS North-Island, Centre universitaire de santé McGill, CIUSSS West-

Island-of-Montreal, and Centre hospitalier Universitaire de Saine-Justine, and the five school 

boards, Commission scolaire de Montréal, Marguerite-Bourgeoys School Board, Lester B. Pearson 

School Board, English Montreal School Board, and Commission scolaire de la Pointe-de-l'Île, who 

provided the local supports and continuous collaborations to ensure the success of the building 

information survey, site-visiting, sensor instruments and data collections in those real buildings in 

Montreal. I also appreciate the Concordia team in this project for the hard work and keeping 

together with me to face the challenges during the field study. 

I would like to acknowledge the financial support from the Natural Sciences and Engineering 

Research Council (NSERC) through the Advancing Climate Change Science in Canada Program 

[#ACCPJ 535986 - 18] as well as funding from Infrastructure Canada by the means of Climate 

Resilient Buildings and Core Public Infrastructure project. And thanks to the members of my 

examining committee, notably the external examiners, Dr. Ursula Eicker and Dr. Ian Beausoleil-

Morrison, for their precious comments to help improve my thesis.  

Finally, my deepest gratitude goes to my parents, Weiying Shu and Fengyun Sun, for their 

unconditional love and support. 

 

 

  



vi 

Table of Contents 

Table of Contents ........................................................................................................................... vi 

List of Figures ................................................................................................................................. x 

List of Tables ............................................................................................................................. xviii 

Chapter 1 Introduction .................................................................................................................... 1 

1.1. Problem statement ................................................................................................................ 2 

1.2. Thesis objective ................................................................................................................... 5 

1.3. Summary and the layout of the thesis .................................................................................. 7 

Chapter 2 Literature review .......................................................................................................... 10 

2.1. Current research status on building overheating ................................................................ 10 

2.2. Field monitoring of building overheating .......................................................................... 13 

2.3. Climate data for overheating assessment ........................................................................... 15 

2.3.1 Climate data selection and weather file generation ..................................................... 15 

2.3.2 Urban climate simulation using Regional Climate Models ......................................... 18 

2.3.3 Application of Convection-Permitting climate models ............................................... 20 

Chapter 3 Field Monitoring - Building Survey, Site Visiting, and Selection ............................... 24 

3.1. Building selection procedure ............................................................................................. 24 

3.2. Building prescreening result .............................................................................................. 27 

3.3. Site-visiting study .............................................................................................................. 28 

3.3.1 Site visits to hospital buildings .................................................................................... 28 

3.3.2 Site visits to school buildings ...................................................................................... 32 

3.4. Summary of the building information................................................................................ 35 

3.5. Building selection result .................................................................................................... 36 

3.6. Summary ............................................................................................................................ 37 

Chapter 4 Field Monitoring – Data Analysis for Overheating Assessment.................................. 39 



vii 

4.1. Field monitoring instruments ............................................................................................. 39 

4.1.1 Weather stations ........................................................................................................... 39 

4.1.2 Indoor sensors .............................................................................................................. 42 

4.2. Monitored rooms and data ................................................................................................. 43 

4.3. Overheating assessment criteria and thermal indices ........................................................ 46 

4.3.1 Fixed temperature criteria ............................................................................................ 47 

4.3.2 Adaptive temperature criteria ...................................................................................... 47 

4.3.3 Humidex ....................................................................................................................... 48 

4.3.4 Heat Index .................................................................................................................... 49 

4.3.5 Wet-Bulb Globe Temperature ...................................................................................... 50 

4.3.6 Summer Simmer Index ................................................................................................ 51 

4.3.7 Discomfort index ......................................................................................................... 51 

4.3.8 Standard Effective Temperature .................................................................................. 52 

4.4. Method for assessment metrics and criteria comparison ................................................... 53 

4.5. Case studies ........................................................................................................................ 56 

4.5.1 Field monitoring of a school building .......................................................................... 56 

4.5.2 Field monitoring of a hospital building ....................................................................... 58 

4.6. Compare the overheating of different rooms ..................................................................... 63 

4.7. Compare the overheating metrics ...................................................................................... 66 

4.7.1 Correlation analysis of the mean and maximum values of thermal indices ................ 66 

4.7.2 Correlation analysis of the overheating hours identified by different criteria ............. 70 

4.8. Summary ............................................................................................................................ 77 

Chapter 5 Overheating Assessment by Climate Modelling - Weather Research and Forecast (WRF) 

Validation ...................................................................................................................................... 79 

5.1. Methodology ...................................................................................................................... 79 



viii 

5.1.1 WRF experiments ........................................................................................................ 79 

5.1.2 Update urban land cover .............................................................................................. 81 

5.1.3 Validation setup ........................................................................................................... 82 

5.2. Validation results ............................................................................................................... 85 

5.2.1 Air temperature ............................................................................................................ 85 

5.2.2 Relative humidity ......................................................................................................... 87 

5.2.3 Wind speed and wind direction .................................................................................... 89 

5.2.4 Accumulated precipitation ........................................................................................... 93 

5.3. Summary ............................................................................................................................ 95 

Chapter 6 Overheating Assessment by Climate Modelling - Added Value of High-resolution 

Climate Models ............................................................................................................................. 97 

6.1. Methodology ...................................................................................................................... 97 

6.1.1 Study area and evaluation period ................................................................................. 97 

6.1.2 Weather Research and Forecasting (WRF) configurations ......................................... 99 

6.1.3 Climate observations .................................................................................................. 100 

6.1.4 Building simulation model ......................................................................................... 101 

6.1.5 Overheating assessment ............................................................................................. 102 

6.2. Results and discussions .................................................................................................... 103 

6.2.1 Accuracy of simulations completed at 25 and 1 km grid resolution.......................... 103 

6.2.2 Outdoor overheating from simulations completed at 1 and 25 km grid resolution ... 107 

6.2.3 Indoor overheating from simulations completed at 1 and 25 km grid resolution ...... 112 

6.3. Summary .......................................................................................................................... 115 

Chapter 7 Overheating Assessment by Climate Modelling – Spatial Impacts of Climate on 

Buildings ..................................................................................................................................... 117 

7.1. Select representative locations for building simulation ................................................... 117 

7.1.1 Urban and rural areas for urban heat island calculation ............................................ 117 



ix 

7.1.2 Select representative locations from urban and rural areas. ...................................... 120 

7.2. Building simulation results .............................................................................................. 122 

7.2.1 Comparison of the indoor overheating at selected locations ..................................... 123 

7.2.2 Comparison between H95 and H05 in Montreal urban area...................................... 126 

7.2.3 Comparison between H50 and H05 in Ottawa urban area ......................................... 128 

7.2.4 Comparison between urban and rural locations ......................................................... 129 

7.3. Summary .......................................................................................................................... 130 

Chapter 8 Conclusions and Future Works .................................................................................. 132 

8.1. Summary and conclusions ............................................................................................... 132 

8.2. Limitations and future works ........................................................................................... 134 

References ................................................................................................................................... 136 

Appendix A Building information survey forms ........................................................................ 156 

Appendix B Building site-visit procedure and checklist ............................................................ 164 

Appendix C Building selection request form for residential buildings ...................................... 165 

Appendix D Summary of the site visited buildings .................................................................... 166 

Appendix E The monitored buildings and selected rooms ......................................................... 170 

Appendix F The weather conditions of 2020 summer ................................................................ 173 

Appendix G Measured indoor temperature and relative humidity ............................................. 175 

Appendix H Overheating hours calculated by thermal indices .................................................. 183 

Appendix I Boxplot of the thermal indices ................................................................................. 185 

Appendix J Steps to run WRF model on clusters ....................................................................... 186 

Appendix K Validation results at different weather stations ...................................................... 190 

 

  



x 

List of Figures 

Figure 1-1 Investigation of the local effect of heatwaves and the definition method ..................... 2 

Figure 1-2 Location of heat-related-death archived in the report of the heat wave in 2018 (Direction 

régionale de santé publique de Montréal, 2018; Lamothe et al., 2019) .......................................... 3 

Figure 2-1 Searching rules and the number of papers after each screening step. ......................... 10 

Figure 2-2 Heatwave occurrence in the different continent (“List of heat waves,” 2020) (a) and the 

yearly publication trends (b) ......................................................................................................... 12 

Figure 2-3 Global distribution of research on the impact of extreme heat events on buildings ... 13 

Figure 3-1 Procedure for screening and selection of buildings for field monitoring. ................... 24 

Figure 3-2 Distribution of emergency calls due to EHEs in 2018 and death-related EHEs as 

provided in a heat island intensity map (Lamothe et al., 2019; The Institut national de santé 

publique du Québec, 2018) ........................................................................................................... 26 

Figure 3-3 Distribution of a) hospital buildings and b) primary school buildings on Montreal Island 

and locations of heat-related death in 2018. (CHSLD-Residential and long-term care centre, CH-

Hospital centre, CR-Rehabilitation centre, SB-School board) ..................................................... 28 

Figure 3-4 Site view of CH-D from the south view ...................................................................... 29 

Figure 3-5 On-site visiting of CH-D ............................................................................................. 29 

Figure 3-6 Site view of CHSLD-A from the south view .............................................................. 30 

Figure 3-7 HVAC system rooftop units of CHSLD-A ................................................................. 30 

Figure 3-8 Indoor conditions of different types of rooms in CHSLD-A ...................................... 31 

Figure 3-9 Site view of SB2-D from the south view .................................................................... 32 

Figure 3-10 Building plan, thermal images, and photos of 1st floor of SB2-D ............................ 33 

Figure 3-11 Site view of SB1-D from the south view .................................................................. 33 

Figure 3-12 Indoor conditions of the school SB1-D ..................................................................... 34 

Figure 3-13 Thermal images of different classrooms and the building plan of SB1-D ................ 34 

Figure 3-14 Distribution of selected school and hospital buildings. ............................................ 37 

Figure 4-1 Schematic sketch of the weather station. .................................................................... 40 

Figure 4-2 Photo of one of the installed weather stations. ............................................................ 41 

Figure 4-3 Schematic sketch of the indoor sensors. ..................................................................... 42 

Figure 4-4 Photo of the installed indoor sensors. ......................................................................... 43 

Figure 4-5 Summary of the characteristics of the investigated rooms in the field monitoring. ... 45 



xi 

Figure 4-6 The room area, window area and operable window area of the field monitored rooms

....................................................................................................................................................... 46 

Figure 4-7 The surroundings and outlook of the building SB1-D and the monitored rooms ....... 57 

Figure 4-8 Hourly indoor and outdoor temperature monitored at building SB1-D ...................... 58 

Figure 4-9 The surroundings and outlook of the building CH-B and the monitored rooms ........ 59 

Figure 4-10 Hourly indoor and outdoor temperature monitored at building CH-B ..................... 60 

Figure 4-11 Scatter of indoor air temperature with the running mean temperature ..................... 62 

Figure 4-12 Boxplot of the monitored indoor air temperature and relative humidity for the eight 

buildings during TF-5 ................................................................................................................... 63 

Figure 4-13 Percentage of overheating hours in different buildings and rooms evaluated by a) the 

fixed temperature criteria and b) the adaptive temperature criteria during TF-5 ......................... 65 

Figure 4-14 Pearson’s r correlation coefficient between the mean value of different variables, the 

* signs indicate the significant levels: ***-p-value < 0.001, **-p-value < 0.01, * p-value < 0.5. 68 

Figure 4-15 Mean and maximum values of the thermal stress metrics in the monitored rooms 

ordered by the rank of their mean temperature ............................................................................. 69 

Figure 4-16 Kendall's tau correlation coefficient between the mean value of different variables, the 

* signs indicate the significant levels: ***-p-value < 0.001, **-p-value < 0.01, * p-value < 0.5. 70 

Figure 4-17 Comparison of the overall ranges of the overheating evaluated by different assessment 

methods, jitter points show the value for each room. ................................................................... 71 

Figure 4-18 Pearson’s r correlation coefficient of the evaluated overheating percentages between 

different criteria, the * signs indicate the significant levels: ***-p-value < 0.001, **-p-value < 

0.01, * p-value < 0.5. .................................................................................................................... 72 

Figure 4-19 The percentage of overheating hours evaluated by the different clusters of criteria. 73 

Figure 4-20 Kendall's tau correlation coefficient of the evaluated overheating percentages between 

different criteria, the * signs indicate the significant levels: ***-p-value < 0.001, **-p-value < 

0.01, * p-value < 0.5. .................................................................................................................... 75 

Figure 4-21 Map of the equivalency between the different criteria. ............................................. 76 

Figure 5-1 The innermost domain, the layout of land use and land cover, and the weather stations

....................................................................................................................................................... 80 

Figure 5-2 The land cover types distributions in the third domain before and after the urban land 

cover modification. ....................................................................................................................... 82 



xii 

Figure 5-3 The weather stations in Ottawa and Montreal............................................................. 84 

Figure 5-4 Time series of observed (black) and WRF modeled 2-m air temperature at the Ottawa-

Urban weather station in A) June, B) July, and C) August........................................................... 85 

Figure 5-5 Time series of observed (black) and WRF modeled at the Ottawa-Urban weather station 

in A) June, B) July, and C) August ............................................................................................... 87 

Figure 5-6 Time series of observed (black) and WRF modeled 10-m wind speed at the Ottawa-

Urban weather station in A) June, B) July, and C) August........................................................... 89 

Figure 5-7 Time series of observed (black) and WRF modeled 10-m wind direction at the Ottawa-

Urban weather station in A) June, B) July, and C) August........................................................... 91 

Figure 5-8 Time series of observed (black) and WRF modeled accumulated precipitation at the 

Ottawa-Urban weather station in A) June, B) July, and C) August .............................................. 94 

Figure 6-1 The numerical domain in WRF simulation surrounding the geographical location of the 

study area and the two cities, Ottawa and Montreal. .................................................................... 98 

Figure 6-2 Land use and land cover (LULC) around a) Ottawa and b) Montreal cities and the 

outlines of the urban area considered in 1 and 25 km resolution climate simulations. ................ 99 

Figure 6-3 Archetype single-detached home building model used for indoor overheating analysis 

using EnergyPlus. ....................................................................................................................... 102 

Figure 6-4 Comparison of the simulated and measured air temperatures from the nine weather 

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

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

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

simulations completed at 25 km resolution. ............................................................................... 106 

Figure 6-5 Modelled air temperature distribution averaged over the five months (May - September 

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

resolution (a,c), and 25 km resolution (b,d). ............................................................................... 108 

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

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

temperature (b, e) and the number of overheating hours (c, f). .................................................. 109 

Figure 6-7 The hourly distribution of the outdoor air temperature of simulations completed at 1 

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



xiii 

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

August shown with vertical dashed lines) .................................................................................. 111 

Figure 6-8 The hourly difference in outdoor air temperature from simulations completed at 1 and 

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

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

shown with vertical dashed lines) ............................................................................................... 112 

Figure 6-9 The hourly distribution of the indoor operative temperature in the living room from 

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

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

JJA: June, July and August shown with vertical dashed lines) .................................................. 114 

Figure 6-10 The hourly difference in indoor operative temperature in the living room from 

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

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

JJA: June, July and August shown with vertical dashed lines) .................................................. 115 

Figure 7-1 Land use and land cover with the outlines of urban and rural areas of a) Ottawa and b) 

Montreal cities ............................................................................................................................ 119 

Figure 7-2 Site selection based on the three criteria of a, d) mean outdoor air temperature over the 

5 months; b, e) the overheating hours above 28°C; and c, f) Cooling degree hours (CDH) with a 

base temperature of 28°C. ........................................................................................................... 122 

Figure 7-3 Comparison of the mean indoor operative temperature during the 5 months in summer 

(MJJAS) in the bedroom of single house buildings using the climate data from different selected 

locations in a) Montreal and b) Ottawa....................................................................................... 123 

Figure 7-4 Comparison of the overheating hours above 28°C during the 5 months in summer 

(MJJAS) in the bedroom of single house buildings using the climate data from different selected 

locations in a) Montreal and b) Ottawa....................................................................................... 124 

Figure 7-5 Comparison of the mean air change rate during the 5 months in summer (MJJAS) in 

the bedroom of single house buildings using the climate data from different selected locations in 

a) Montreal and b) Ottawa. ......................................................................................................... 125 

Figure 7-6 Time series heatmap of the a,b) outdoor air temperature, c,d) bedroom operative 

temperature at a,c,e) H05, and b,d,f) H95 locations in Montreal. .............................................. 127 



xiv 

Figure 7-7  Comparison of the a) outdoor air temperature and b) operative temperature in bedroom 

at locations H95 and H05 in the urban area of Montreal. ........................................................... 128 

Figure 7-8 Comparison of the a) outdoor air temperature and b) operative temperature in bedroom 

at locations H50 and H05 in the urban area of Ottawa. .............................................................. 129 

Figure 7-9 Comparison of the a) outdoor air temperature and b) operative temperature in bedroom 

at location T50 in the urban and rural areas of Ottawa. .............................................................. 130 

Figure E-1 The surroundings and outlook of the building SB1-A and the monitored rooms .... 170 

Figure E-2 The surroundings and outlook of the building SB2-A and the monitored rooms .... 170 

Figure E-3 The surroundings and outlook of the building SB2-D and the monitored rooms .... 171 

Figure E-4 The surroundings and outlook of the building SB3-A and the monitored rooms .... 171 

Figure E-5 The surroundings and outlook of the building SB3-A and the monitored rooms .... 172 

Figure E-6 The surroundings and outlook of the building CR-A and  the monitored rooms ..... 172 

Figure F-1 Weather condition monitored at the building SB2-D from May 01, 2020, to September 

30, 2020. The timeframe shaded in green is evaluated in this study. ......................................... 173 

Figure F-2 Weather condition monitored at the building SB2-D from July 18, 2020 to August 07, 

2020............................................................................................................................................. 174 

Figure G-1 Hourly indoor and outdoor temperature and relative humidity monitored at building 

SB1-A ......................................................................................................................................... 175 

Figure G-2 Hourly indoor and outdoor temperature and relative humidity monitored at building 

SB1-D ......................................................................................................................................... 176 

Figure G-3 Hourly indoor and outdoor temperature and relative humidity monitored at building 

SB2-A ......................................................................................................................................... 177 

Figure G-4 Hourly indoor and outdoor temperature and relative humidity monitored at building 

SB2-D ......................................................................................................................................... 178 

Figure G-5 Hourly indoor and outdoor temperature and relative humidity monitored at building 

SB2-E .......................................................................................................................................... 179 

Figure G-6 Hourly indoor and outdoor temperature and relative humidity monitored at building 

SB3-A ......................................................................................................................................... 180 

Figure G-7 Hourly indoor and outdoor temperature and relative humidity monitored at building 

CH-B ........................................................................................................................................... 181 



xv 

Figure G-8 Hourly indoor and outdoor temperature and relative humidity monitored at building 

CR-A ........................................................................................................................................... 182 

Figure H-1 Percentage of overheating hours in different buildings and rooms evaluated by 

Discomfort Index (DI) criteria during TF-5................................................................................ 183 

Figure H-2 Percentage of overheating hours in different buildings and rooms evaluated by Heat 

Index (HI) criteria during TF-5 ................................................................................................... 183 

Figure H-3 Percentage of overheating hours in different buildings and rooms evaluated by 

Humidex (H) criteria during TF-5 .............................................................................................. 183 

Figure H-4 Percentage of overheating hours in different buildings and rooms evaluated by 

Standard Effective Temperature (SET) criteria during TF-5 ...................................................... 184 

Figure H-5 Percentage of overheating hours in different buildings and rooms evaluated by Summer 

Simmer Index (SSI) criteria during TF-5.................................................................................... 184 

Figure H-6 Percentage of overheating hours in different buildings and rooms evaluated by Wet-

Bulb Globe Temperature (WBGT) criteria during TF-5 ............................................................ 184 

Figure I-1 Boxplot of the thermal indices in the monitored rooms ............................................ 185 

Figure K-1 Time series of observed (black) and WRF modelled 2-m air temperature at the Pierre 

Elliott Trudeau weather station in A) June, B) July, and C) August .......................................... 190 

Figure K-2 Time series of observed (black) and WRF modelled 2-m air temperature at the Ste-

anne-de-bellevue weather station in A) June, B) July, and C) August ....................................... 191 

Figure K-3 Time series of observed (black) and WRF modeled 2-m air temperature at the 

International Airport weather station in A) June, B) July, and C) August ................................. 192 

Figure K-4 Time series of observed (black) and WRF modeled 2-m air temperature at the Mc-

Tavish weather station in A) June, B) July, and C) August ........................................................ 193 

Figure K-5 Time series of observed (black) and WRF modeled 2-m air temperature at the St-

Hubert weather station in A) June, B) July, and C) August ....................................................... 194 

Figure K-6 Time series of observed (black) and WRF modeled 2-m air temperature at the Ottawa-

Airport weather station in A) June, B) July, and C) August ....................................................... 195 

Figure K-7 Time series of observed (black) and WRF modelled near field relative humidity at the 

Pierre Elliott Trudeau weather station in A) June, B) July, and C) August ................................ 196 

Figure K-8 Time series of observed (black) and WRF modeled near field relative humidity at the 

Ste-anne-de-bellevue weather station in A) June, B) July, and C) August ................................. 197 



xvi 

Figure K-9 Time series of observed (black) and WRF modeled near field relative humidity at the 

International Airport weather station in A) June, B) July, and C) August ................................. 198 

Figure K-10 Time series of observed (black) and WRF modeled near field relative humidity at the 

Mc-Tavish weather station in A) June, B) July, and C) August ................................................. 199 

Figure K-11 Time series of observed (black) and WRF modeled near field relative humidity at the 

St-Hubert weather station in A) June, B) July, and C) August ................................................... 200 

Figure K-12 Time series of observed (black) and WRF modeled near field relative humidity at the 

Ottawa-Airport weather station in A) June, B) July, and C) August .......................................... 201 

Figure K-13 Time series of observed (black) and WRF modelled 10-m wind speed at the Pierre 

Elliott Trudeau weather station in A) June, B) July, and C) August .......................................... 202 

Figure K-14 Time series of observed (black) and WRF modeled 10-m wind speed at the Ste-anne-

de-bellevue weather station in A) June, B) July, and C) August ................................................ 203 

Figure K-15 Time series of observed (black) and WRF modeled 10-m wind speed at the 

International Airport weather station in A) June, B) July, and C) August ................................. 204 

Figure K-16 Time series of observed (black) and WRF modeled 10-m wind speed at the Mc-Tavish 

weather station in A) June, B) July, and C) August .................................................................... 205 

Figure K-17 Time series of observed (black) and WRF modeled 10-m wind speed at the St-Hubert 

weather station in A) June, B) July, and C) August .................................................................... 206 

Figure K-18 Time series of observed (black) and WRF modeled 10-m wind speed at the Ottawa-

Airport weather station in A) June, B) July, and C) August ....................................................... 207 

Figure K-19 Time series of observed (black) and WRF modelled 10-m wind direction at the Pierre 

Elliott Trudeau weather station in A) June, B) July, and C) August .......................................... 208 

Figure K-20 Time series of observed (black) and WRF modeled 10-m wind direction at the Ste-

anne-de-bellevue weather station in A) June, B) July, and C) August ....................................... 209 

Figure K-21 Time series of observed (black) and WRF modeled 10-m wind direction at the 

International Airport weather station in A) June, B) July, and C) August ................................. 210 

Figure K-22 Time series of observed (black) and WRF modeled 10-m wind direction at the Mc-

Tavish weather station in A) June, B) July, and C) August ........................................................ 211 

Figure K-23 Time series of observed (black) and WRF modeled 10-m wind direction at the St-

Hubert weather station in A) June, B) July, and C) August ....................................................... 212 



xvii 

Figure K-24 Time series of observed (black) and WRF modeled 10-m wind direction at the 

Ottawa-Airport weather station in A) June, B) July, and C) August .......................................... 213 

Figure K-25 Time series of observed (black) and WRF modelled accumulated precipitation at the 

Pierre Elliott Trudeau weather station in A) June, B) July, and C) August ................................ 214 

Figure K-26 Time series of observed (black) and WRF modeled accumulated precipitation at the 

Ste-anne-de-bellevue weather station in A) June, B) July, and C) August ................................. 215 

Figure K-27 Time series of observed (black) and WRF modeled accumulated precipitation at the 

International Airport weather station in A) June, B) July, and C) August ................................. 216 

Figure K-28 Time series of observed (black) and WRF modeled accumulated precipitation at the 

Mc-Tavish weather station in A) June, B) July, and C) August ................................................. 217 

Figure K-29 Time series of observed (black) and WRF modeled accumulated precipitation at the 

St-Hubert weather station in A) June, B) July, and C) August ................................................... 218 

Figure K-30 Time series of observed (black) and WRF modeled accumulated precipitation at the 

Ottawa-Airport weather station in A) June, B) July, and C) August .......................................... 219 

 

  



xviii 

List of Tables 

Table 3-1 Overheating complaints in the visited buildings .......................................................... 35 

Table 4-1 Sensor specification of the rooftop weather station ..................................................... 40 

Table 4-2 Sensor specification of the indoor sensors ................................................................... 42 

Table 4-3 Monitored timeframes for each building in 2020. ........................................................ 44 

Table 4-4 Assessment scale of Humidex H (Havenith and Fiala, 2016) ..................................... 48 

Table 4-5 Assessment scale of Heat Index HI (National Weather Service, 2021) ....................... 49 

Table 4-6 Assessment scale of WBGT (ISO 7243, 2017) ............................................................ 51 

Table 4-7 Assessment scale of SSI (Patania et al., 2015) ............................................................ 51 

Table 4-8 Assessment scale of DI (Giles et al., 1990; Matzarakis and Mayer, 1991; Musco et al., 

2016; Poupkou et al., 2011; Siami and Ramadhani, 2019) .......................................................... 52 

Table 4-9 Assessment scale of Standard Effective Temperature SET (Parsons, 2007) ............... 53 

Table 5-1 Urban parameters and thermal properties used within the Noah-BEP and Noah-BEP-

MOD WRF-experiments. .............................................................................................................. 81 

Table 5-2 RMSE and MAE of the 3 months 2-m air temperature results at 7 weather stations in 

Montreal and Ottawa..................................................................................................................... 86 

Table 5-3 RMSE and MAE of the 3 months relative humidity at 7 weather stations in Montreal 

and Ottawa .................................................................................................................................... 88 

Table 5-4 RMSE and MAE of the 3 months wind speed at 7 weather stations in Montreal and 

Ottawa ........................................................................................................................................... 90 

Table 5-5 RMSE and MAE of the 3 months wind direction at 7 weather stations in Montreal and 

Ottawa ........................................................................................................................................... 92 

Table 5-6 Number of missing data found in the weather station data files .................................. 93 

Table 5-7 Monthly accumulated precipitation at the 7-weather station in Montreal and Ottawa 95 

Table 6-1 Physical parameterization schemes in WRF simulations. .......................................... 100 

Table 6-2 Details of climate gauging stations for WRF model evaluation. ................................ 100 

Table 6-3 Envelope components for building model of archetype single-detached home ......... 102 

Table 6-4 Root Mean Square Error (RMSE), Mean Absolute Error (MAE), and Mean Bias Error 

(MBE) of the simulated near-surface variables: air temperature and wind speed. ..................... 104 

Table 6-5 Linear regression coefficients between observations and simulations at nine climate 

gauging stations. ......................................................................................................................... 105 



xix 

Table 6-6 Summary of the outdoor thermal conditions at representative urban grids for simulations 

completed at 1 km and 25 km grid resolution............................................................................. 110 

Table 6-7 Summary of thermal conditions in the living room of the archetype single-detached 

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

resolution..................................................................................................................................... 113 

Table 6-8 Summary of thermal conditions in the bedroom of the archetype single-detached house 

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

resolution..................................................................................................................................... 113 

Table D-1 Summary of school building information survey ...................................................... 166 

Table D-2 Summary of hospital building information survey .................................................... 168 

Table J-1 Files to run the programs in WPS and WRF .............................................................. 186 

Table J-2 Procedure of preprocessing with WPS ....................................................................... 187 

Table J-3 Procedure for WRF simulation ................................................................................... 189 

 



1 

Chapter 1 Introduction 

According to the United Nations, about 50% of the global population lived in cities in 2018 and it 

is expected that by 2050 this figure will increase to 68% of the world’s total population (United 

Nations, Department of Economic and Social Affairs, Population Division, 2019). Urban areas are 

also home to infrastructure systems and buildings upon which the safety and comfort of the people 

critically rely. Several studies have highlighted that in the future, urban environments will 

experience the most drastic shifts in climate due to the combined effects of global warming and 

urbanization. It is estimated that the human activities after the industrial revolution have caused 

approximately 0.8 ℃ to 1.2 ℃, and it is projected that shortly the temperature increase will be 

1.5 ℃ between 2030 and 2052. The fifth assessment of the Intergovernmental Panel on Climate 

Change (IPCC) (IPCC, 2018) suggests that there will be an increased risk of injury, disease, and 

death due to more intensive heatwaves (IPCC, 2014a). 

In recent years, the frequency and intensity of extreme heat events released more risks to human 

life (Meehl and Tebaldi, 2004). In 2003, the mega heatwave strokes Europe. Although the number 

of the death toll caused by the heatwave is different among the literature (Robine et al., 2008), it 

was estimated that the excess deaths are at least more than 22,000 due to the hot spell (Schär and 

Jendritzky, 2004). In 2010, more than 50,000 people died under the extreme heat stress of the 

heatwave in Russia (Otto et al., 2012). In 2018, extreme heat spell events in Canada between 30 

June - 6 July contributed to about 100 deaths in the region (ECCC, 2019).  

However, there is still no universal definition of the heatwave (Souch and Grimmond, 2004). 

Robinson specified the heatwave should be described by its frequency, severity, duration, and areal 

extent, and the definition of heat wave should vary for different locations (Robinson, 2011). WMO 

has defined heatwave as “A marked unusual hot weather (Max, Min, and daily average) over a 

region persisting at least two consecutive days during the hot period of the year based on local 

climatological conditions, with thermal conditions recorded above-given thresholds.” (World 

Meteorological Organization, 2016).  

Existing epidemiological studies focus on the extreme heat impact on public health. For such 

studies, the local effect of a heatwave is related to the increase of the relative risks of the health 

events during the heatwave period, for example, the mortality and morbidity change, the number 

of ambulance call-outs (ACOs), ambulance services uses (ASUs), emergency department 
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admission (EDA), emergency department presentations (EDPs), emergency department visits 

(EDVs), hospital admissions (HAs) and hospitalization (Xu et al., 2018). Although most of the 

heat-related deaths happen in buildings, the current heat-health-related studies are more focused 

on the outdoor climate pattern, but not the indoor overheating conditions. The indoor overheating 

analysis should be more related to the thermal feelings around the occupancy, which may also 

involve some stochastic factors, for example, the occupancy of the building (Mavrogianni et al., 

2017, 2014), the types of the building, the location of the building, and the performance variation 

of the building construction situation and operations along with the changing climate (Figure 1-1). 

To build climate-resilient communities, it is essential to further enhance our current understanding 

of the interaction between the external surrounding environment of buildings and the indoor 

thermal conditions (Lomas and Porritt, 2017; Mylona, 2019).  

 

Figure 1-1 Investigation of the local effect of heatwaves and the definition method 

1.1. Problem statement 

It is unequivocal that the global climate has been consistently warming over the past decades and 

is projected to worsen in the future (IPCC, 2014b). Furthermore, extreme climate events such as 

heatwaves are projected to increase in frequency and intensity (IPCC, 2013). Overheating of 

building interior spaces as may arise from such climate change and extreme heat events have been 

identified as a major concern to the comfort and health of building occupants particularly of the 

vulnerable people such as the homeless, elderly, children, socially disadvantaged people, the 

physically challenged or the sick. Urban area centers that are subject to the urban heat island (UHI) 

effects may exacerbate the risk of overheating events in that indoor thermal conditions can reach 

excessive values over a prolonged period. In a recent heatwave of June 30 – July 7, 2018, up to 66 

deaths were reported in Montreal with most of them being older residents, such as those people 
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who suffered from mental or chronic illness and addiction more easily than the others, as they were 

left without access to air conditioning in vulnerable communities of the city center (Laframboise, 

2018).  

 

Figure 1-2 Location of heat-related-death archived in the report of the heat wave in 2018 

(Direction régionale de santé publique de Montréal, 2018; Lamothe et al., 2019) 

Buildings play a major role in limiting the risk of overheating events (Loughnan et al., 2015). 

Buildings influence the indoor thermal conditions to which occupants are exposed most of the 

time, given the fact that Canadian spend approximately 80% to 90% of their time indoors (IOM, 

2011). Buildings that house vulnerable people and/or with poor management of indoor thermal 

conditions will suffer the most from the effects of overheating. It was found that most of the heat-

related death (55/66) during the 2018 extreme heat event in Montreal happens in the community, 

and still, around 11 happened in the hospital (Figure 1-2). The resilience of hospitals against EHEs 

may help to reduce the mortality and morbidity of vulnerable groups of people, e.g., the elderly, 

the sick, and those having mental illnesses (Xu et al., 2018). The high indoor temperature in 

schools may also violate the academic performance of the children students aged between 8-14 

(Barrett et al., 2015). The risk of overheating in mild climate area has been quantified by simulation 

studies, and more field monitoring are needed to cope with the future overheating problem due to 

the increase of IT equipment usage in classrooms and global warming trend (Jenkins et al., 2009). 

The severity of the indoor conditions depends on many factors of buildings: types (houses, 

Type of buildings of the 66 deaths
(final report)

Type of residential buildings of 53 deaths
(preliminary report)
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retirement homes, apartment buildings, schools, hospitals, etc.), internal space usage (occupant 

density, internal heat gains), construction characteristics (insulation levels, window proportions, 

solar shading, orientation of facades), and building operation (air-conditioning use, natural 

ventilation, etc.) (Quinn et al., 2014).  

However, studies on building indoor thermal conditions as relating to the outdoor conditions are 

still very limited in Canada to enable the health care and building code organizations to establish 

threshold exposure limit of temperature and relative humidity to protect the health of the 

vulnerable population, which could be attributed to the following limitations and challenges: 1). 

There is a major lack of field monitoring data of indoor thermal environments for different building 

types in Canada. As a result, no reliable benchmarking data are available to support the assessment 

of the resilience level of the existing building stocks against overheating, and the establishment of 

threshold overheating exposure limit criteria. 2). There are limited simulation studies for 

establishing correlations between indoor and outdoor conditions, and the development of climate-

adaptive mitigation strategies for developing associated guidelines against overheating. Accurate 

whole building performance simulations require adequate validations against field monitoring 

data. In the previous simulation study by Symonds et al. (Symonds et al., 2017), the simulation 

results were not in good agreement with the measurements due to the lack of dwelling data. In this 

study passive building mitigation strategies, including shading and natural ventilation, will be 

tested on the developed simulation models. 3). The whole building simulations also require 

accurate and detailed inputs of surrounding ambient conditions, which were often based on 

global/regional-scale weather and climate change data in the previous studies without considering 

the impacts from local microclimate environment down to building scales (Gracik et al., 2015). A 

scientific challenge remains to derive reliable climate change information at a spatial resolution 

that is relevant for building-scale impact assessments (e.g., < 1 m) as opposed to the resolution at 

which they are generated at a global scale (e.g.,>100 km) and downscaled to regional level also 

considering the uncertainty in projections as contributed due to the existence of multiple Global 

Climate Models (GCMs) and greenhouse gas emission scenarios. To tackle the challenges, we 

conduct a showcase study for the Ottawa and Montreal cities to assess the overheating risks in 

buildings. 
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1.2. Thesis objective 

To solve the problems mentioned above, this thesis aims at two of the most critical elements in the 

study of building overheating, one is to collect the first-hand on-site measured indoor thermal 

condition data in the real buildings, and the second one is to build a reliable climate database that 

can be used to evaluate the urban scale overheating for both historical and future scenarios over a 

long-time frame. 

There are still limited studies on city-scale field monitoring for building overheating in Canada, 

therefore the status of the current buildings during the summertime is still a question. How would 

the indoor overheating variate in the buildings at the different locations in a city? What are the 

common problems that may lead to overheating for the different types of buildings? How would 

the different occupants in the buildings overcome the overheating problem during the summer? 

How significant is the difference of overheating between the different rooms of the same building? 

How would the air conditioners variate the indoor thermal patterns in a building? All these 

questions are still not clear, and they cannot be easily answered without an in-depth field study. 

This study attempts to provide a peephole to these questions through a systematic building survey, 

site-visiting, and field monitoring. 

The first practical difficulty to overcome for the large-scale study is how to efficiently sample the 

buildings that can be representative of the vulnerable or typical buildings in the city. The previous 

heat-related death, urban-scale climate patterns during the past heatwaves are investigated and a 

hierarchical procedure for building selection has been developed to help reduce the scope of the 

building selection. Building information surveys and on-site visits are then conducted to help 

collect first-hand information in the real buildings. All this information is consolidated for the 

selection of buildings for the field monitoring studies. The indoor air temperature and humidity 

are collected from the rooms of different conditions in these buildings and these data can 

quantitatively identify the current overheating conditions in these buildings. Since the definition 

and the assessment methods of overheating always change for different regions and areas, it is also 

necessary to clarify the difference in the different overheating methods when applied to the real 

building data in Montreal. Another purpose of the field monitoring is to provide the real building 

data for the calibration of the building models which can be used for the study of overheating 

assessment under various climate conditions or future scenarios and examine the effectiveness of 

the different overheating mitigation strategies. A high-quality field monitoring dataset can always 
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enable a series of studies as mentioned and this thesis intends to make this first step solid and in 

the correct and reasonable direction. 

Another goal of this study is to figure out an efficient approach to generate a high-quality climate 

dataset for the building studies. For the overheating assessment during the summertime, it should 

cover a timeframe that is at least one summer (5 months from May to the end of September) to 

capture every possible indoor overheating during the year because of the existing overheating 

criteria are normally developed for the evaluation on an annual basis. The climate dataset should 

also incorporate the effect of the urban area, since the urban heat island effect has significantly 

changed the climate patterns in the city, and the urban microclimate always plays a non-neglectable 

role in the local building thermal performance. Existing building studies normally rely on a 

statistical or stochastic weather generator because it does not need expertise on climate modelling, 

while the reliability of these models should be questioned since the physical process in the climate 

is not solved. With this regard, this study develops a regional climate model for the Ottawa and 

Montreal area at a high-spatial-resolution to explore its potential for building overheating studies. 

The selection of the urban canopy models and the importance of the input information of the land 

cover has been first examined by the validation with the near-field climate observations. Then the 

added benefits of using the high-resolution climate model at a convection-permitting scale for 

overheating study have been first demonstrated in this study. To examine the effect of the urban 

area on building indoor overheating, the indoor conditions of the buildings at different locations 

have been compared by using the weather files extracted from the different locations of the 

simulated urban climate dataset. The contribution of this part of the work would identify the 

benefits of using an urban effect preserved climate dataset for overheating analysis and also 

develop a climate model that is ready for the study of the future projected scenarios.  

Furthermore, to investigate the impact of climate change, the climate dataset should cover a time 

that is long enough to capture the long-term changes in the regional climate. Since the 

infrastructures like the buildings in the cities may normally stand for several decades, it is 

suggested in the existing studies that the weather files for buildings should cover 20-30 years. 

Existing studies have various discussions on how to select the typical or extreme weather files over 

a long time, while these data normally come from the observed dataset or a coarse resolution 

gridded dataset, which would not be enough for the urban scale analysis. An efficient framework 

to generate the long-term dataset should be developed based on the climate model developed in 
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this study but avoid the tremendous simulation workload and simulation time. The methodology 

of this part of the work would be mentioned in the discussion of future work since it still needs 

time to be completed. 

1.3. Summary and the layout of the thesis 

To outline the research gaps been solved by this study for the field of building overheating under 

extreme heat events. The thesis has been organized in the seven chapters following the current 

chapter. 

Chapter 2 presents a systematic review on the current research status to help distinguish the current 

trend on building overheating study and the global distribution of the related studies. This also 

helps to further identify the most critical resources for the building overheating study: field 

monitoring dataset and historical/future climate dataset. The current field monitoring study and the 

methods to obtain the climate data have been reviewed critically. Since the literature review shows 

that a high-resolution dynamical downscaling approach is the most robust and reasonable way to 

generate the climate data with urban effect permitted. The application of using this type of high-

resolution climate model (Convection-Permitting Model) for the simulation of urban heatwaves 

and the analysis of urban-scale overheating has been reviewed. 

Chapter 3 established a systematic and reasonable procedure for the selection of buildings to do 

the field monitoring study in a Canadian metropolitan city Montreal, which can also help to extend 

the work for the other Canadian cities. Unlike the numerical simulation or experiments in the lab, 

field monitoring is more costly in terms of labour work, time, social and human resources, and 

economics. There are also concerns about the safety of instrument installation and data collection, 

permission to access the building, and reducing the disturbance and interruption of the actions of 

site visits on different purposes to the regular operation and work/life of the occupants in the 

measured buildings. This chapter introduced an efficient and effective procedure to obtain the 

building information for the building selection, summarized from the practical work with the 

different buildings and negotiation with the building managers. 

Chapter 4 analyzes the field monitoring data for the selected school and hospital buildings, which 

is strong evidence to benchmark the current indoor thermal conditions of the various buildings in 

Montreal. Furthermore, the existing overheating assessment criteria and the widely used thermal 

indices that can be used to evaluate overheating have been reviewed and compared to identify the 
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discrepancy between the different criteria. The instruments used in this study and the installation 

methods have been described in detail to elaborate on how the measured data are collected. The 

field monitoring data has been used to compare the overheating of the different buildings and 

rooms to analyze the impact of the different room characteristics and operating conditions. The 

different overheating indices and criteria are compared through a correlation clustering analysis to 

help detect the potential connections in between and their general patterns associated with the 

collected measured dataset. 

Chapter 5 describes the climate model been used in this study for the generation of the high-

resolution climate dataset for urban overheating assessment. The Weather Research and Forecast 

(WRF) model has been used in this study for the simulation of the two cities, Ottawa and Montreal, 

at a spatial resolution of 1 km resolution. This study has compared the two most used urban canopy 

models for the urban climate simulation, including one simple bulk urban parameterization scheme 

(BULK), a multiple-layer urban canopy model -the building effect parameterization scheme 

(BEP), and two types of urban land cover has been used as the input for the simulation to help 

identify the impact of the land cover input on the accuracy of the urban climate simulation. The 

WRF simulation results are compared with the near-surface observation from the weather gauges 

in the domain, and the four most important climate variables, air temperature, relative humidity, 

wind speed and wind direction and the accumulated precipitation, are used to validate and compare 

the models. 

Chapter 6 is dedicated to demonstrating the added value of using such a high-resolution climate 

model for the urban overheating analysis. Different from the regular Regional Climate Models 

(RCMs), the regional climate models (RCMs) conducted with a spatial resolution of less than 4 

km are normally referred to as the Convection permitting models (CPMs). It can offer more reliable 

climatic information for the regional to local scale applications than the normal RCMs because 

they do not require convection parameterization, which is identified as a major source of errors 

and uncertainties in the RCMs. The current studies on building overheating only use the climate 

data from the coarse resolution RCMs, normally simulated with a grid spacing of more than 20 

km. The added benefit of modelling climate at convection-permitting spatial resolutions (grid 

spacing < 4 km) was considered for a set of exterior climate and interior building simulations 

during EHEs in the urban areas of Ottawa and Montreal, Canada over the summer of 2018. The 

climate was modelled at two spatial resolutions: i) 25 km – typically considered for regional-scale 
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climate modelling, and ii) 1 km. The results derived from modelling at each of these resolutions 

were compared concerning their adequacy in predicting different measures of overheating 

outdoors as well as those within a typical single-detached home. 

Chapter 7 focuses on using the high-resolution climate data for quantitative analysis of the effect 

of urban effect on building indoor overheating. In this chapter, the current methods to calculate 

the urban heat island effect using a Regional Climate Model is first reviewed for a critical selection 

of the urban heat island calculation in this study, which also helps to identify the urban area and 

rural area through the layout of the urban land cover. Then a limited number of locations 

throughout the urban area and rural area in the two cities, Ottawa and Montreal, are selected based 

on the simulated thermal conditions to represent the external climate conditions that a building 

may expose to at the different locations in the urban and rural areas. Building simulations are 

performed thereafter using the climate extracted from the selected locations to help identify their 

impact on the variation of indoor overheating. 

Finally, in Chapter 8, the major conclusions are summarized, and the future work is proposed, 

which, most importantly, includes the usage of the field monitoring data for the real building model 

calibration and validation, and the procedures to extend the climate model in this study to 

efficiently generate the long-term high-resolution climate data. 
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Chapter 2 Literature review 

2.1. Current research status on building overheating 

A heatwave can have a great impact on so many aspects of people’s life and society, particularly 

a rise in mortality and morbidity (Bassil and Cole, 2010; Campbell et al., 2018). However, there 

have been other reviews discussing the relationship between extreme heat and physical health 

risks. In this thesis, I only focus on the impact on buildings. Therefore, the literature searching rule 

(Figure 2-1) has been designed to consider the two groups of topic keywords for both extreme heat 

events and buildings. The topic words in the same group are connected by the “OR” relationship, 

while the two groups of words are connected by “AND” to limit the searching results with literature 

considering both topics. To avoid the repeating of the article contents in the searching outcomes, 

the types of the publication are limited to only articles, reviews, and editorials. And in this study, 

only the literature in the English language is considered for further review. 

 

Figure 2-1 Searching rules and the number of papers after each screening step. 

The words for the searching have covered a wide range of topics to ensure that any related articles 

can be captured into the initial literature database, which also consequently included a great 

number of papers not related to our interested field. With the above-mentioned searching rules, a 

literature database can be obtained through the search result of two of the most mainstream citation 
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AND
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databases and searching engines, Web of Science and Scopus. There are 1,936 items and 2599 

items that met the searching rule in Web of Science and Scopus, respectively. Then the literature 

records from these two databases are merged and the duplicated items are removed, with 2,865 

records left in total. These searching records are then filtered by reviewing the article and source 

titles to remove the research not related to the topic, i.e., ecological studies, nuclear engineering, 

transportation, and chemical studies. After this round of screening, 1,787 records are left in the 

database related to the urban and building research. To further concentrate the topic of articles onto 

the building scale overheating problems, another round of screening is conducted by reading the 

abstract of these records. Those studies only consider the urban scale or the outdoor thermal 

comfort without discussions on the effect of buildings that are therefore removed from the 

database. At last, 865 records are left in total which is related to the building performance under 

extreme heat conditions and the indoor overheating risks. 

There is a comprehensive summary of the historical extreme heat events labelled by heatwave on 

Wikipedia (“List of heat waves,” 2020) which is reviewed and summarized in Figure 2-2a for the 

heatwave that occurred in each continent. It can be observed that the frequency of heatwave events 

has increased in the 21st century, and after 2010, heat waves may happen on at least two continents 

each year, and sometimes might be more than once on the same continent or the events may affect 

multiple countries. 

From the screened 865 articles after the abstracts are filtered, the locations of the authors can be 

plotted as bubbles on a world map (Figure 2-3), and the size of the bubbles indicates the number 

of publications of the specific country. The percentage of publications for each country is plotted 

in the pie chart. It can be noticed that the UK has the most publications with more than 200 articles 

published already, followed by the USA, Italy, China, and Germany. etc. Most of the studies 

happen in the temperate zone in Europe, North America, while relatively fewer studies can be 

found in the tropical zone. There is increasing research and policy interest in building overheating 

studies in heating-dominated climates (Zero Carbon Hub, 2015a). The death record during the 

2003 and 2010 heat waves in Europe and Russia may also indicate a higher vulnerability in the 

group of people who have been used to temperate climate conditions (Armstrong et al., 2010). 

There is no study marked from Russia, which might be because the language of the literature for 

this review is limited to English only. This distribution of extreme heat and building overheating 

studies is similar to the result of the global review of the health impact of heatwave conducted by 
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S. Campbell et al. (Campbell et al., 2018). The co-authorship between the authors from different 

countries is also analyzed and plotted as connected curves on the map. Unlike the large-scale 

metrological or climatological studies which may have very intensive international collaborations, 

there are relatively fewer collaborations between countries to study the overheating in buildings. 

It can be found that the European countries have more frequent collaborations because of their 

close adjacency relationship, and China also has an intense collaboration with the UK, and 

Germany. 

 

Figure 2-2 Heatwave occurrence in the different continent (“List of heat waves,” 2020) (a) and 

the yearly publication trends (b) 

a)

b)
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Although at a similar latitude with the UK, the number of research in Canada is still far from 

compatible with the UK. The 2018 heatwave with almost 100 deaths in Quebec, which was mostly 

happened indoors, has attracted the attention of the government, society, the medical system, and 

other research institutes to launch studies on the impact of heatwaves on indoor overheating 

problems. 

 

Figure 2-3 Global distribution of research on the impact of extreme heat events on buildings 

2.2. Field monitoring of building overheating 

The building overheating studies from the UK has contributed the most field monitoring studies 

as well, while there is a very limited number of field studies from other regions or countries, 

including Canada. Many researchers from Europe have conducted urban-scale or national-scale 

field monitoring studies on building overheating (Chen, 2019). Mavrogianni et al. (2010) 

monitored 36 dwellings for space overheating in the UHI of London (UK) during the mild summer 

of 2009, which found that 42% of the monitored dwellings failed to achieve the overheating 

criteria. Montazami and Nicol (2013) conducted a field measurement study for 140 classrooms in 

18 naturally ventilated primary schools in London (UK) during the summer months of June and 

July of 2005, 2007, and 2008. It was found that students were more sensitive to thermal discomfort, 

and as such, the exceedance time ought to be 1%. Beizaee et al. (2013) conducted a national scale 
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study for 207 homes across England during the cool summer of 2007, and found around 21% of 

the monitored bedrooms have more than 5% of the nighttime hours is overheated even for a cool 

summer. Symonds et al. (2017) collected large-scale field monitoring data of 823 dwellings across 

the whole of England over the summer of 2011 and compared the measured data against the 

predictions from EnergyPlus simulations. The study found the simulations can be struggled to 

predict the maximum temperatures and not perform well during high temperatures, which therefore 

indicated the necessity to collect real-life data through field monitoring for the overheating 

assessment. McGill et al. (2017) collected the indoor temperature record for 60 buildings, and 57% 

of the bedrooms and 75% of the living rooms were identified to be overheating. van Loenhout et 

al. (2016) conducted field measurements in 113 homes for the elderly in the Netherlands in the 

summer of 2012, which found that the indoor temperature varied among the homes and was 

strongly related to the reported heat-related health problems for the group of the elderly. Since 

older people are particularly vulnerable to the health impact of overheating, Gupta et al. (2017) 

conducted case studies to monitor four care homes in England and found severe overheating 

problems in the monitored buildings. Recent studies by Mohamed et al. (2021) have focused on 

eight typical newly-built classrooms in two school buildings in UK’s Midlands to study their 

overheating risks with around 4 days of data in the summer, and over 60% of the occupied times 

of these classrooms were found to be overheated. In their study, the occupancy levels and window 

opening schedules are also well recorded to explain the variation of the indoor thermal conditions. 

Touchie et al. (2016) conducted field measurements to evaluate overheating in post-war multi-unit 

residential buildings in Toronto, Canada. The overheating was evaluated in terms of temperature 

exceedance over the thermal comfort thresholds of 24°C, 26°C and 28°C. The measurements 

indicated that chronic overheating was present in all buildings during the summer months: all 

suites of all buildings exceeded 24°C and 26°C for 100% and 50% of the summertime, 

respectively, and some buildings exceeded 28°C up to 80% of the time. During the heat alert for 

the city, about 80% of suites surpassed 30°C. However, more field study is needed in Canada to 

collect the data for the assessment of the current building overheating conditions. Since most of 

the existing studies did not clarify how the monitored buildings and rooms are selected and some 

of the studies also pointed out that a survey is needed before the field monitoring, a building 

selection workflow for the field studies in the future should be established to disseminate the 

experience for such large-scale field monitoring practices. And urban-scale field monitoring 
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campaigns should be conducted to quantify the current building overheating conditions in 

Canadian cities. 

2.3. Climate data for overheating assessment 

2.3.1 Climate data selection and weather file generation 

As a consequence of global warming, the increased occurrence of extreme heat events leads to 

higher morbidity and mortality (Meehl and Tebaldi, 2004; World Meteorological Organization 

(WMO) and World Health Organization (WHO), 2015). Overheating in buildings comes to be a 

major problem during the heatwaves which can impose fatal threats to the occupants’ health 

(CIBSE, 2013; Quinn et al., 2014; Santamouris and Kolokotsa, 2015). The external climate is a 

significant driver of indoor building conditions. Taylor et al. (2014) conducted multiple building 

simulations for six cities from different climate regions across the UK to justify the importance of 

the weather files in the assessment of building indoor overheating conditions. Amoako-Attah and 

B-Jahromi, (2016) examined the variation of the simulated indoor operative temperature of 

detached residential buildings in London by using different weather files, which also affirmed the 

importance of selecting weather files for building-related studies. Cumulative efforts have been 

invested in finding the most representative weather file from a long-term climate series for building 

simulations (Berardi and Jafarpur, 2020; Guan, 2009; Herrera et al., 2017). As a result of climate 

change, typical hot conditions need to be considered in the weather files to help evaluate the 

building performance under the more frequent extreme weather events (Moazami et al., 2019). 

The Chartered Institution of Building Services Engineers (CIBSE) (CIBSE, 2002) first defined a 

method to select the third hottest year as the Design Summer Year (DSY) from a 21-year climate 

dataset for the sizing of mechanical cooling systems, which can also be used for building 

overheating analysis (CIBSE, 2014). Thereafter, the probabilistic DSY (pDSY) (Eames, 2016), 

the Summer Reference Year (SRY) (Jentsch et al., 2015), and the near extreme Design Reference 

Year (DRY)(Du et al., 2012) has been developed to consider the warmer than average conditions 

for building overheating analysis based on the DSY method. However, the DSY based methods 

do not include extreme values for the analysis of extreme heat events (Jentsch et al., 2014). To 

overcome this problem, several other weather data generation methods have been developed to 

include the extreme conditions from the long-term climate data. Extreme Meteorological Year 

(XMY) (Crawley and Lawrie, 2015; Ferrari and Lee, 2008), Untypical Meteorological Year 
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(UMY) (Narowski et al., 2013), Hot Summer Year (HSY) (Liu et al., 2016), and Extreme Warm 

Year (EWY) (Nik, 2016), are developed to select the climate data with the maximum values of 

their evaluated thermal metrics to construct the weather file. Guo et al. (Guo et al., 2019) proposed 

a new procedure of selecting the Typical Hot-Year (THY) for different cities of different climate 

conditions by analyzing the simulated indoor conditions of the typical residential building models 

instead of only the outdoor air temperature. Laouadi et al. (Laouadi et al., 2020b) developed the 

Reference Summer Weather Years (RSWY) to evaluate the transient Standard Effective 

Temperature (t-SET) using the two-node bio-heat model to consider the effect of not only air 

temperature but also other variables, e.g. humidity, airflow, radiation and also the status of the 

occupancy. RSWY can also be selected by evaluating three different features of the extreme heat 

conditions, including the intensity, duration and severity of the extreme heat event. This helps to 

describe the detailed properties of the hot conditions, which enables a precise estimation of the 

overheating risk. 

The traditional representative weather year data are normally selected from multiple years which 

cannot reflect the spatial variation of the climate conditions, while buildings may expose to very 

different overheating risks even in the same city due to the various surrounding conditions(Klein 

Rosenthal et al., 2014; Taylor et al., 2015; Uejio et al., 2011). In 1999, a field monitoring campaign 

in London constructed a network of fixed temperature stations along eight transects of the city 

covering the whole urban and suburban areas, which provided the air temperature data to be strong 

evidence of urban heat island phenomenon (Kolokotroni et al., 2006; Kolokotroni and Giridharan, 

2008; Watkins et al., 2002). The monitored data have been adopted by Kolokotroni et al. 

(Kolokotroni et al., 2009) to develop the London Site-Specific Air Temperature (LSSAT) model 

using an artificial neural network (ANN), which provides the localized weather data for a series of 

studies to discuss the urban heat island effect on buildings (Demanuele et al., 2012; Kolokotroni 

et al., 2012, 2010; Oikonomou et al., 2012). These studies used the climate data at the measured 

location across the Greater London Area, and a clear trend can be found that with the increase of 

the distance from urban center the indoor temperature and cooling energy can be lower 

(Demanuele et al., 2012; Kolokotroni et al., 2012) in summer while the heating energy 

consumption in winter can be higher (Kolokotroni et al., 2012, 2010). The study by Pyrgou et al. 

(2017) statistically compared the data collected from two different urban weather stations with the 

typical year data, highlighting the necessity of updating the building simulation weather files 
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frequently to include the microclimate phenomena for the evaluation of extreme conditions. These 

studies compare the overheating in buildings using the climate conditions at limited locations with 

measuring stations, which can be hard to reflect the overall pattern for the whole city. 

To enable the neighborhood and individual building level design and decision making, high-

resolution climate data are required to detect the smaller-scale climate difference (Macintyre et al., 

2018; Murage et al., 2020; Taylor et al., 2018, 2015). A downscaling process is needed to enhance 

the resolution of data from a larger-scale parent climate dataset which can be Global Climate 

Models (GCMs) with the spatial resolution in the range of 100-300km, or some coarse resolution 

Regional Climate Models (RCMs) with the spatial resolution in the range of 10-75km (Giorgi, 

2019). The application of the various downscaling procedures, including statistical downscaling, 

dynamical downscaling and a hybrid of both, for building simulations have been reviewed in 

several studies (Berardi and Jafarpur, 2020; Guan, 2009; Herrera et al., 2017; Moazami et al., 

2019). More than 50% of the 111 building performance studies reviewed by Moazami et al. (2019) 

implemented the statistical approach to obtain the weather data due to the high level of expertise 

is required for the dynamical downscaling using the numerical weather models. The UK Climate 

Projections (UKCP09) dataset (Mylona, 2012) has been widely used for overheating studies in the 

UK, which is available at 25km grid scale originally provided by the UK Meteorological Office 

using the Hadley Centre Climate Model (HadCM3) (McCarthy et al., 2012). To further downscale 

the UKCP09 data, a stochastic weather generator (Jones et al., 2009) is available to reproduce the 

data on a 5km grid scale. This dataset incorporated the 5km×5km gridded rainfall dataset created 

by Perry and Hollis (2005a, 2005b), which was interpolated from the data of a dense observation 

network. Eames et al. (2012) have used the 5km grid climate dataset to investigate the temperature 

variation along the transect of two cities, Devon and Norfolk, in the UK, and found for both indoor 

and outdoor temperature, the temperature variation will be greater under future scenarios. Liu et 

al. (2017) also used the 5km×5km grid data to establish a new workflow of mapping the indoor 

overheating risks over the Sherfield city with the data from the seventeen grids covering the city. 

The statistical methods can also be extended to existing typical weather files or observation data 

to obtain a spatial distribution of climate variables. Hwang et al. (2020) have applied the 

"morphing’ method (Belcher et al., 2005) to generate the location-specific weather files which 

integrated the urban heat island effect into typical year weather data. These weather files are used 

for a series of building simulations to obtain a high-resolution mapping of the building overheating 
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risk in 200m grid resolution. In their study, only two climate variables, air temperature and relative 

humidity, are customized independently without considering the inter-variable relationships for 

the localized weather files, whereas the other variables are not changed from the original baseline 

weather file. Even though some of the studies have already compared the climate information 

between different resolutions (Eames et al., 2012), the added value of using high-resolution 

dynamical downscaling models for building overheating analysis is still unclear. The reason is that 

comparing to the dynamical downscaling using the physical resolved numerical models, the 

statistical downscaling and the various weather generators may have the problems of: a) lower 

reproducibility, b) lack of different climate information, and c) lack of the persistence of the inter-

variable patterns (Guan, 2009; Mylona, 2012). 

2.3.2 Urban climate simulation using Regional Climate Models 

According to the United Nations, about 50% of the global population lived in cities in 2018 and it 

is expected that by 2050 this figure will increase to 68% of the world’s total population (United 

Nations, 2019). Urban areas are also home to infrastructure systems and buildings upon which the 

safety and comfort of the people critically rely. Several studies have highlighted that in the future, 

urban environments will experience the most drastic shifts in climate due to the combined effects 

of global warming and urbanization. To build climate-resilient communities, it is essential to 

further enhance our current understanding of urban climate systems and our ability to model them. 

The Weather Research and Forecasting (WRF) climate modelling system (Skamarock et al., 2019) 

has been used extensively in several previous studies to simulate urban climate in cities across the 

globe. Georgescu et al. (2013) for instance used the WRF model to investigate the potential effects 

of urban expansion of USA-Arizona’s Sun Corridor on regional temperatures. It was found that 

urban expansion in the region could contribute up to a 4 ºC rise in temperatures under the most 

drastic urban expansion scenario. Using WRF, Salamanca et al. (2011)  simulated planetary 

boundary layer processes over the city of Houston, Texas under four sets of urban parameterization 

schemes: a bulk scheme, a single-layer urban canopy model (UCM) with a fixed anthropogenic 

heat diurnal profile, a multilayer UCM, and finally a multilayer UCM with an integrated building 

energy model (BEM). From this study, it was concluded that to quantify anthropogenic heat effects 

on urban meteorology, the use of UCMs combined with BEMs is necessary, however for 

applications such as real-time weather prediction, a bulk scheme can simulate reliable estimates of 
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the urban climate and other data-intensive UCMs are not necessary. Similarly, Salamanca et al. 

(2018) conducted six numerical WRF-experiments using two different land surface models in 

combination with three urban parameterization schemes to evaluate their relative importance on 

the performance of WRF in simulating near-surface air temperature, wind speed, and water content 

profiles over Arizona, USA. It was concluded that the multilayer UCM Building Effect 

Parameterization (BEP) developed by Martilli et al. (2002) in combination with the BEM 

developed by Salamanca et al. (2010) and Salamanca and Martilli (2010), and the Noah-MP land 

surface model (Barlage et al., 2015; Niu et al., 2011; Yang et al., 2011) performed best in 

simulating urban climate at this semiarid urban environment.  

Krayenhoff et al. (2018) used the WRF model to investigate the future increase in temperature as 

a result of potential future greenhouse gas emissions and urban expansion across the contiguous 

USA. It was found that the temperature response to urban expansion was different in the historical 

and future climates suggesting that the two forces dynamically interact to produce temperatures 

that are less than the simple sum of individual responses. Furthermore, it was concluded that 

infrastructure-related adaptation measures can only partially offset the temperature increases 

caused by future greenhouse gas emissions, and a reduction in the latter is essential to fully adapt 

to climate change. Argüeso et al. (2014) evaluated potential future increases in temperature due to 

projected climate change and urban expansion in the Sydney area (Australia) using the WRF 

model. They found that urban expansion will have major impacts on the nighttime temperature, 

which could potentially double the temperature increase in the city projected as a result of climate 

change alone. Paul et al. (2018) evaluated the accuracy of the WRF model towards simulating 

extreme precipitation over Mumbai city of India and found that WRF with a multi-layer UCM can 

capture averaged precipitation characteristics across the city on extreme precipitation days, 

especially when modelled values are evaluated regarding weather stations located within the urban 

areas of the city.  

On the other hand, Hahmann et al. (2015) evaluated the performance of the WRF model towards 

simulating wind speeds over the North and Baltic seas and found that modelled annual mean wind 

speed differed from observations by only 3.2%. Additionally, the sensitivity of the model’s 

performance to the number of vertical levels, the horizontal spatial resolution of the sea surface 

temperature, strength and form of nudging, planetary boundary layer parameterization, and length 

of the spin-up period were also investigated. The WRF model’s performance was found to be 
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critically linked to the planetary boundary layer scheme and spin-up period. Jandaghian et al. 

(2018) evaluated the sensitivity of the WRF model to different physics parameterizations related 

to microphysics, cumulus, planetary boundary layer, radiation, and land surface models. The best 

set of physics schemes were used to drive the model and it was found that an increase of albedo of 

roofs, walls, and roads reduces the absorption of solar radiation and leads to a decrease in relative 

humidity, convective cloud formation, and precipitation in the Montreal metropolitan area. 

Potential future changes in precipitation extreme events over the western Canada region were 

evaluated in Erler and Peltier (2016) by performing 10-km spatial resolution WRF-simulations of 

climate over current and future periods. Results from this study indicated that global warming can 

result in increased wintertime precipitation extremes in the region. In addition to the WRF-urban 

modelling system (Chen et al., 2011), other models such as the Canadian-urban modelling system 

have been used to simulate urban environments in Canadian cities such as Vancouver (Leroyer et 

al., 2014), Montréal (Leroyer et al., 2011), and Toronto (Leroyer et al., 2018). To the best of our 

knowledge, no study has been performed to simulate the urban climate of Ottawa city.  

2.3.3 Application of Convection-Permitting climate models 

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

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

mortality (CIBSE, 2013; Meehl and Tebaldi, 2004; Santamouris et al., 2015; World 

Meteorological Organization (WMO) and World Health Organization (WHO), 2015). Urban areas 

are typically warmer, wetter, and less windy than the areas surrounding them due to their distinct 

morphology (Oke, 1982). This urban-rural climate contrast cannot be properly simulated by global 

climate models (GCMs) operating at a spatial resolution of 100-300 km, and typically a 

downscaling step is required to complete a useful simulation.  

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

produces regional-scale climate estimates at 10-50 km spatial resolution (Giorgi, 2019). State-of-

the-art reanalysis datasets such as ERA-Interim (Dee et al., 2011), North American Regional 

Reanalysis (Mesinger et al., 2006) and the Climate Forecast System Reanalysis (Saha et al., 2010), 

also provide regional-scale estimates of historical climate at aforementioned spatial resolutions. 

The RCMs add value over the GCMs for three reasons: i) the finer resolution allows a more 

realistic representation of surface forcing such as orography, lakes, rivers, and coastal regions; ii) 
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the finer resolution allows a more accurate discretization of equations, and thus, a better simulation 

of the atmospheric circulation and gradients; and iii) with finer resolution, a broader range of fine-

spatial scale processes can be explicitly resolved, which includes mesoscale weather phenomena 

such as sea breezes, lake-effect snowstorms, local winds, tropical cyclones and mesoscale 

convective systems (Giorgi and Gutowski Jr, 2015).  

Several studies have investigated the benefit or "added value" (Di Luca et al., 2015) of modelling 

climate at finer regional scales. Lucas-Picher et al. (2017) compared climate across North America 

over 1979-2014 as simulated by the Canadian Regional Climate Model version 5 (CRCM5) 

(Martynov et al., 2013; Šeparović et al., 2013) at 0.44°, 0.22°, and 0.11° spatial resolutions. They 

concluded that higher spatial resolution simulations showed a more realistic description of 

complex climate phenomena as orographic precipitation, precipitation extremes, sea-breeze 

formulation, and similar climate phenomena. Similarly, Qiu et al. (2020) compared climate 

simulations performed at 20 km and 5 km over South Korea over a 20-year historical period and 

concluded that both sets of climate simulations captured the spatially and temporally averaged 

climate characteristics. Meanwhile, finer scale simulations better simulated the intensity and 

frequency of extreme events and spatio-temporal variations in climate variables. Mayer et al. 

(2015) discussed the importance of performing high-resolution climate simulations for assessing 

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

with lower resolution simulations conducted at about 70 km over Scandinavia. On the other hand, 

(Curry et al. (2016) identified limited added value of 15 km resolution simulations over 45 km 

resolution simulations from the Canadian Regional Climate Model version 4 (Caya and Laprise, 

1999) in terms of predicted temperature and precipitation. It was concluded that the added value 

by RCMs depends on the variable to be evaluated and the problem to be addressed.  

Convection permitting models (CPMs) are a type of regional climate model (RCMs) in which 

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

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

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

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

of surface and orographic fields in the simulations (Prein et al., 2015). Several studies have used 

CPMs to obtain local scale climate using boundary conditions from GCMs (Mahoney et al., 2013, 

2012) or RCMs (A F Prein et al., 2013; Andreas F Prein et al., 2013; Rasmussen et al., 2014). The 
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CPMs have been found to add value over RCMs in simulating mean precipitation (Ban et al., 2014; 

Fosser et al., 2015; Langhans et al., 2013), their spatial patterns(A F Prein et al., 2013; Andreas F 

Prein et al., 2013), and extremes (Ban et al., 2014; Chan et al., 2013; Rasmussen et al., 2014). 

Similar improvements in the modelling of temperature and its extremes have been obtained 

(Hohenegger et al., 2008; A F Prein et al., 2013). Meanwhile, their added value has also been 

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

mass balance of glaciers (Mölg and Kaser, 2011), river runoff, and flood forecasting (Bartholmes 

and Todini, 2005; Cloke and Pappenberger, 2009), and renewable energy production (Foley et al., 

2012; Kleissl, 2013; Tölle et al., 2014). 

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

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

Van Weverberg et al. (2008)  isolated the contribution of urban heat island (UHI) on temperatures 

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

Research and Forecasting (WRF) model (Skamarock et al., 2019) and comparing them with the 

observational records. The role of urban growth in forming four historical EHEs in the Phoenix, 

Arizona metropolitan area was evaluated by Grossman-Clarke et al. (Grossman-Clarke et al., 

2010). It was found that new urban developments around the city caused an intensification and 

expansion of the area experiencing extreme temperatures during EHE. Wouters et al. (Wouters et 

al., 2013) simulated the UHI over Paris by conducting 1 km resolution urban climate simulations 

using an Advanced Regional Prediction System (Xue et al., 2001, 2000). Taha (Taha, 2008) 

demonstrated that UHI could be mitigated by up to 3ºC in Sacramento by increasing the city's 

albedo and urban vegetation cover. Schubert and Grossman-Clarke (2013) demonstrated the 

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

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

EHE.  

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

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

et al. (2018) simulated the climate of the metropolitan area of Rome by performing a 4 km 

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

energy simulations in EnergyPlus (U.S. Department of Energy’s and Building Technologies 

Office, 2020). The results were compared with another two simulations using the weather data 
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recorded at airports. The study concluded that using the weather data from airports might result in 

an underestimation of cooling energy consumption and an overestimation of heating energy 

consumption in the city as urban effects are not accounted for. Similar conclusions were drawn by 

Jain et al. (2020), who emphasized the importance of using climate data with urban effects 

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

in Chicago. Luo et al. (2020) evaluated the spatial variation of the building waste heat emission in 

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

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

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

the city.  
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Chapter 3 Field Monitoring - Building Survey, Site Visiting, and 

Selection 

The study established the procedures for urban-scale multiple building overheating measurements, 

which can be an example for other cities to conduct similar studies in Canada. This chapter presents 

the enormous practical challenges to connect with the local building managers and to make access 

to the buildings happen even during the pandemic, which ensures the success of the instrument 

installation and data collection. The procedure of building selection as described in sections 3.1 

and 3.2 can be summarized as a practice guideline. The building survey and site visits in sections 

3.3 and 3.4 also collected first-hand information to help people understand the real operation 

conditions, occupancy, and construction details of different types of buildings. The final building 

selection results are presented in section 3.5.  

3.1. Building selection procedure 

In this study, the field monitoring will be carried out for a limited number of school and hospital 

buildings for three years. Therefore, determining the best combination of buildings as regards the 

most vulnerable to EHEs, can be a significant challenge to ensure capturing both the EHE and 

indoor overheating problems during the long-term monitoring program.  

 
Figure 3-1 Procedure for screening and selection of buildings for field monitoring. 
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A 5-step guideline for the screening and selection of buildings for field monitoring is given in 

Figure 3-1. A vast database for all the hospital buildings in Montreal was obtained from the: (i) 

Ministère de la santé et des services sociaux (MSSS), (ii) 5 different Centre intégré universitaire 

de santé et de services sociaux (CIUSSSs) in Montreal. As well, for selection of school buildings, 

the Ministère de l'Éducation et de l'Enseignement supérieur (MEES) provided information on 5 

different Montreal school boards. Typically, the building database should have a significant 

number of buildings to permit covering more possibilities for potential cases. 

To further reduce the scope for building selection, a pre-screening of the building database was 

conducted. An investigation on previous heat-related deaths during EHEs showed the location and 

distribution of emergency calls and the heat-related deaths attributed to EHEs; these are highly 

related to the urban heat island intensity as given in Figure 3-2. As well, most of the health events 

(i.e., heat-related deaths and emergency calls) happened in areas with intensive heat island 

problems (Figure 3-2), indicating those dwelling in these areas may have had a higher exposure 

during the EHE, and the buildings in these areas may be more vulnerable to overheating issues. 

Thus, the location of the buildings becomes an essential criterion for the selection of appropriate 

buildings to study. Google maps and Google Street views were found to be useful tools to inspect 

the location, orientation, and surrounding environment of the buildings. A graphic set of each of 

the buildings was created from the southern view on Google Street maps, and the buildings were 

filtered using the following criteria: 

1. Schools mainly with children aged 8 – 14. 

2. Hospitals with long-term residents. 

3. The building location is close to those sites where deaths had been previously noted.  

4. Buildings with a longer façade facing the north-south direction 

5. Buildings that were not close to green areas or parks  

Buildings located in a high-density neighborhood and close to major streets or parking lots have 

large areas of impervious land cover without any shading  

For that reduced set of candidate buildings, a building information survey was prepared to permit 

gathering detailed information about this set of buildings. A building information survey form was 

distributed to the building owners and their material service managers to obtain information on 

construction details, building equipment, and related information. The survey sheet also contained 

information in which the study objectives were provided and that to explain the possibility for 
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building managers to support the study. The building information survey form is organized into 5 

sections: 

1. General information of buildings: building name construction year, number of floors, 

number of occupants, etc. 

2. Building performance and occupant behaviour: thermal comfort and historical heat-related 

health events, building activities, overheating complaints, and relevant measures to mitigate 

impacts of overheating. 

3. HVAC system: type of system, fresh air system, cooling system, ventilation, etc. 

4. Building envelope: type of envelope construction, materials, window type, window-wall-

ratio, etc. 

5. Building plans. 

 
Figure 3-2 Distribution of emergency calls due to EHEs in 2018 and death-related EHEs as 

provided in a heat island intensity map (Lamothe et al., 2019; The Institut national de santé 

publique du Québec, 2018) 
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whereas this occurred in September for schools. Usually, it is optimal to have a team comprised 

of four members, each member assigned a corresponding task; these were: 

1. Communicate with the building manager to know the function of the rooms, building 

system, and equipment, confirm important questions on the previous building information 

survey forms. 

2. Communicate with people in the building, i.e., students and teachers in schools, patients, 

and doctors in the hospital, to know the general level of comfort in the building. 

3. Take photos to keep a good record of the site; undertake thermal images of building surfaces 

for quantitative comparisons later. 

4. Take notes of the communications and use a checklist for process control to ensure all tasks 

have been completed. 

Along with the practice of visits to many different buildings, a team approach using assigned tasks 

provided a most effective and efficient way to collaborate with building managers and users. Too 

many personnel for a visit may disturb the building occupants of which may be undesirable.  

Decisions for the selection of buildings were made after completing the site visit. The overall 

distribution of selected buildings, the real condition of the building, and the attitude and intention 

for collaboration of the building owners should be considered comprehensively. The results of 

these major steps during the site studies are discussed in the next section. 

3.2. Building prescreening result 

In the first step, a list of 200 hospitals and 396 schools was obtained for the Montreal area. The 

locations of the buildings were marked on Google maps, as in Figure 3-3, so that the locations 

could be compared with those of the previous heat-related deaths (red stars). After that, the large 

database of buildings was filtered to 64 schools and 53 hospitals over the entire island.  

Some of the locations would not be able to participate in this project, given that for some, either 

they had no overheating problems evident in their buildings or, retrofitting activities were to take 

place shortly. To determine these instances, the building survey form was used to investigate these 

candidate buildings and communicate with the respective building managers. Several completed 

survey forms were received at the end of step 4: 12 hospitals and 15 schools. On-site visits are the 

most critical step for final decisions on selecting buildings. As examples, only one hospital 

building, and one school building are each described. 
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Figure 3-3 Distribution of a) hospital buildings and b) primary school buildings on Montreal 

Island and locations of heat-related death in 2018. (CHSLD-Residential and long-term care 

centre, CH-Hospital centre, CR-Rehabilitation centre, SB-School board) 

3.3. Site-visiting study 

3.3.1 Site visits to hospital buildings 

Site visits to CH-D 

This hospital has seven floors in total with a building envelope composed of ceramic, brick and 

plaster without insulation. The window- wall-ratio is 40%-50%, and curtain and blinds are installed 

inside for shading. The plant coverage in proximity to the building is low, whereas building density 

is high in the surroundings. 

Although there exists a centralized air conditioning system, it does not cover the whole building. 

To deal with the overheating problem in summer, a temporary air conditioning system is 

temporarily installed in the corridor during the summertime (round air ducts; Figure 3-5). In some 

rooms without centralized AC, window units are used. There is no AC system on the top floor (7th 

floor). The rooms facing south, including a family room, a clinic room, and a therapy room, have 
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higher indoor temperatures than that of the corridor. There are also overheating problems on the 

5th floor. On that floor it was found that apparent high temperature occurs in a waiting room 

without operable windows; this room is often fully occupied. As such, these rooms, having obvious 

overheating complaints and problems, are potential candidates for monitoring later in the study. 

 
Figure 3-4 Site view of CH-D from the south view 

 
Figure 3-5 On-site visiting of CH-D 
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Site visits to CHSLD-A 

Site visitings can be a confirmation of the building information survey and an effective way to find 

more detailed information. 

 
Figure 3-6 Site view of CHSLD-A from the south view 

 
Figure 3-7 HVAC system rooftop units of CHSLD-A 

CHSLD-A is a long-term care center of 6 floors for senior people with severe overheating 

problems built in 1984. It is located in an area with a large number of previous heat-related deaths. 

From the google street view in Figure 3-6, it can be easily observed that the building have a longer 

side façade facing the south, and there are no open area, parks and few plants in the adjacent area, 

the surrounding buildings are low-rise. Other surrounding information from building surveys can 

also be confirmed. The window wall ratio is around 30-40%, and the façade colour is red-brown, 

but the roof colour on the google view was dark grey, which is different from the on-site observed 

colour (Figure 3-7) which should be white. 

Split air conditioners 
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Fresh air intake for 

corridors



31 

During the site visit, checking the building equipment on the roof and in the mechanical room 

should be a major task to inspect the layout of the HVAC system (Figure 3-8). There are several 

outdoor units of the air conditioners for the office rooms, a centralized VRV system for the activity 

rooms on each floor and a fresh air intake on the roof for corridors. 

However, there is normally no air-conditioning in the patient rooms and the indoor thermal 

conditions are not desirable. The elder people in the building felt hot and stuffy in the corridors 

and the patient rooms. We have visited a patient room on the top floor and the patient inside 

complained the room is too hot and has added even two portable fans to ventilate and cool down 

the room (Figure 3-8). The staff of the hospital informed us that they may suggest the patients stay 

in the activity rooms till the night during hot summer days, because there is cooling in the activity 

room, and it was found that a curtain is used between the activity room and the corridor to separate 

the spaces and preserve the cooled air in the activity room (Figure 3-8). Although there are fresh 

air diffusers in the corridor and diffusers, they are not working well. As we have confirmed the 

fresh air units were working when we visited the roofs, there was still no air supply from the fresh 

air diffusers indoors. There is no cooling in the dining rooms and ceiling fans are used to improve 

thermal comfort. 

 
Figure 3-8 Indoor conditions of different types of rooms in CHSLD-A 
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3.3.2 Site visits to school buildings 

Site visits to SB2-D 

This selected school has two floors and one basement, was built in 1951, and in the 1990s, a gym 

and two classrooms were added. There is a fresh air system in the gym, but no cooling for the 

entire building and no fresh air system for the rest of the building.  

Four typical classrooms were selected to be monitored. Two large classrooms next to the gym on 

the 1st floor are south facing and have received complaints of overheating. However, the thermal 

image in these two classrooms exhibited a noticeable difference because, in one of them, a portable 

air conditioner had been added, whereas the other room is cooled passively through the operation 

of the windows. These two classrooms can be used for completing comparisons and thus are an 

ideal pair for undertaking case studies.  

 
Figure 3-9 Site view of SB2-D from the south view 

For those classrooms located on the 2nd floor (top), the temperature in the morning could reach 

47 ℃ in the southwest-facing rooms in June and August, whereas the classroom on the opposite 

side (facing Northeast) is much cooler. Therefore, these two classrooms have also been selected 

for comparative studies.  
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Figure 3-10 Building plan, thermal images, and photos of 1st floor of SB2-D 

Site visits to SB1-D 

SB1-D is a 2-story school built in 1954 surrounded by a park on the north and large areas of the 

impervious playground on the south and east side of the buildings, as in Figure 3-11. It is identified 

to be vulnerable to overheating as it has a long side façade facing the south and its large window-

wall ratio between 40% and 50% (Figure 3-11). There are also no trees close to the building to 

provide shades for the building envelope. The building structure is concrete, and the cladding is a 

brick veneer. The roof colour is grey, and the building façade is red-brown. 

 
Figure 3-11 Site view of SB1-D from the south view 
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Figure 3-12 Indoor conditions of the school SB1-D 

There is no cooling and no fresh air system in this building, and the building is cooled down by 

natural ventilation. There is a window above the door for each classroom for natural ventilation 

and portable fans are used during the summer to improve indoor thermal comfort. 

There are complaints in the southwest facing classrooms on the top floor. 2 classrooms on different 

orientations were visited and the interior wall surface temperatures were measured using infra-red 

thermal images. A noticeable temperature difference of 2 to 3 degrees can be detected between 

these 2 classrooms. After the site-visiting, some more comprehensive information on the buildings 

can be confirmed and collected. The building overheating attributes are analyzed for the final 

selection.  

 
Figure 3-13 Thermal images of different classrooms and the building plan of SB1-D 
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3.4. Summary of the building information 

As is mentioned in the previous section, the building information survey consists of 5 parts 

covering very comprehensive aspects of the building. But it was found that it is hard to know the 

real performance of the buildings and hard to conclude the occupants’ behaviour and the HVAC 

system with the concise answers to the survey sheet. Although the building information survey is 

conducted before the site visit, it seems much efficient to analyze and extract useful information 

from the survey forms after the site visitings.  

We therefore first classified the buildings into 2 groups of categories according to the site 

investigations: (i) buildings with overheating complaints and (ii) without complaints (Table 3-1). 

Then the potential factors considered in the survey forms, as summarized in Appendix D, are 

analyzed to find out the most valuable cases to study the overheating problems in the summer. 

Table 3-1 Overheating complaints in the visited buildings 

Bldg. Types  With complaints Few complaints 

Hospitals 
CHSLD-A,B 

CH-A,B,D,F 

CHSLD-C,D,E 

CH-B,C,E 

CR-A 

Schools 
SB1-A,B,D,G 

SB2-A,B,D,E 

SB1-C,E,F,H 

SB2-C,F 

SB3-A 

After the survey and site visiting, it was found that the cooling system is seldom used in schools. 

Among the 15 buildings visited, only SB1-H has a cooling system in a newly built part. Most of 

the school buildings only have fresh air supply to the corridor, gym, and basement. The buildings 

are usually cooled through cross-ventilation (SB1-F, SB2-B, C) and night ventilation (SB3-A). 

The thermal comfort of the building is highly related to the surrounding environment. The 

orientation of the rooms and the distribution of adjacent plants are the most important factors 

affecting indoor conditions. The overheating complaints that happened in school buildings are 

majorly on the top floor of the buildings. The vulnerable rooms are majorly facing the south (SB1-

B, SB2-A), southwest (SB1-D), southeast (SB2-B, D, E), and west (SB1-A, G). Most of the 

overheating complaints happen in buildings with large window-wall-ratios, e.g. 40-50% (SB1-A, 

D, G; SB2-A, D, E) and >50% (SB1-B).  

SB2-D and E seem to have the most severe overheating complaints and are therefore selected, the 

teachers and students use words like “melting” to describe their feelings in the southeast facing 

classrooms in the morning of July and September. These two buildings are next to each other, with 
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large impervious playgrounds on the southeast side of the building but tall trees on the west or 

south side of the building providing external shadings to the building envelope. Another 2 schools 

(SB1-A, D) from SB1 have a similar problem and are also selected. SB3-A is selected because it 

is a typical building in SB3 with the Building Automation System (BAS) installed to monitor the 

air temperature in the fresh air system. SB2- D is selected because this building is built in 3 

distinctive construction year periods. For the new part built-in 2014, they have temperature sensors 

in each room and well managed fresh air system, while for the old part, there are no plants close 

to the building and there are major complaints in the south and west-facing rooms due to its large 

windows. 

On the other hand, for the hospital buildings, the HVAC system is much more complicated, and 

most of them have cooled down the corridor and the rooms are cooled down by open doors. 

Window air conditioning units are often used for individual offices or patient rooms. Therefore, 

unlike the schools, most of the thermal comforts in hospital buildings are highly related to the 

design and operation of the HVAC system. Some of the hospitals (CHSLD -A, B; CH-A, D) 

reported there is insufficient fresh air supply in the corridor. 

The selection of hospital buildings does not restrict to the building with severe overheating 

problems: CHSLD-A, B, and CH-D are selected because they have the most severe overheating 

complaints. The thermal feeling in CH-D is very different in different areas of the building, and 

the occupants in CHSLD-A are complaining it is “hot and stuffy” in both public areas and patient 

rooms. CHSLD-B has a fresh air supply only for the halls but not in the corridors. CH-C is a 

historical building with few central systems for cooling but there is surprisingly good thermal 

comfort. This might be related to its spacious corridors, efficient natural ventilation and terracotta 

claddings. It is, therefore, be selected for further study. CHSLD- C is selected as a positive case 

study because it has a well-managed air conditioning system and an ideal indoor thermal feeling. 

At last, to cover more overheating vulnerable groups of patients, CR-A is selected since it is for 

kids with mental illness. 

3.5. Building selection result 

A careful and comprehensive review of overheating problems in the selected buildings their 

distribution helps identify six schools and six hospitals for further field studies. Most of the 

selected buildings are well distributed over all the central and eastern parts of Montreal thus 
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capturing the city scale climate pattern; a few of the building locations are close to one another 

and the plan for these buildings is to share one weather station for the local weather conditions. 

 
Figure 3-14 Distribution of selected school and hospital buildings. 

3.6. Summary 

A systematic guideline for the selection of buildings to complete field monitoring of overheating 

events and interior building conditions has been postulated in this chapter. The methods in this 

guideline can be implemented for large-scale field monitoring studies with limited site options, 

and where both local weather data and indoor conditions need to be captured. The study reached 

the following major conclusions and contributions: 

• A five-step building prescreens, and selection framework has been established to help 

locate the vulnerable and typical buildings over the city scale. 
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• The building prescreen has been performed by an investigation on the heat-related death in 

the past heatwave, the urban heat island pattern of the city, and the general building outlook 

and its surrounding environment. 

• The building information survey form has been designed (Appendix A) and distributed to 

the building managers to collect the current conditions in the buildings, covering the 

general conditions of the building, the indoor thermal performance during the past summers, 

occupant activities in the building, building envelope information and the building 

drawings.  

• Site visits have been organized for 16 school buildings, 12 hospitals buildings over 

Montreal. The checklist and list of actions of the site visits can be found in Appendix B. 

The residential buildings have been selected by the social housing office based on the 

selection criteria listed in Appendix C. After the site visit, 6 hospital buildings and 5 school 

buildings are selected for field monitoring. 

• For the school buildings, it was found that most of the buildings from the school board SB1 

and SB2 have large window-wall ratios, and are without mechanical ventilation systems 

and cooling for the classrooms built before the 1990s. Classrooms on the top floors, facing 

the south, east, and west, and without any external shading from the adjacent trees tend to 

be more vulnerable to overheating because of the great portion of the heat gain from the 

solar radiation. The selected school from SB3 have small windows in the classrooms and 

they also have the mechanical ventilation operated for night ventilation, which significantly 

reduced their risk of overheating compared to the other two school boards. 

• For the hospital buildings, the situation would be quite different in the different hospitals 

and the situation is more complicated than in the schools since the functions of the rooms 

are more diverse. The buildings with overheating complaints normally have few accesses 

to air conditioners in each room, and only rely on the ventilation and cooling in the 

corridors or halls, while the cool air or fresh air supply may not be sufficient to cool down 

and ventilate the rooms. 

After the buildings are selected as described in this chapter, the temperature and humidity (and 

CO2) sensors are installed on-site, and the data can be collected for quantitative analysis of the 

overheating conditions in these buildings.   
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Chapter 4 Field Monitoring – Data Analysis for Overheating 

Assessment 

In this chapter, the instruments used for the measurement of the building's local weather and indoor 

thermal conditions are first presented in section 4.1. The characteristics of the monitored rooms 

and the available data are summarized in section 4.2 to provide an overview of the scope for 

analysis. Multiple overheating assessment metrics and the thermal indices are elaborated in section 

4.3, and the method for comparison between them is in section 4.4. Section 4.5 provided case 

studies on a school building and hospital building, and the overheating in all selected rooms is 

compared in section 4.6. Finally, the different assessment metrics are compared through a 

correlation study and clustering analysis in section 4.7. 

4.1. Field monitoring instruments 

4.1.1 Weather stations 

The weather stations use the RX3004 logger from HOBO Onset, with LCD and GSM/HSPA 

cellular communications. The selected weather station (Figure 4-1) is composed of temperature & 

humidity sensor (S-THB-M002), pyrometer (S-LIB-M003), wind speed (RM Young Wind 

Monitor Sensor) and direction (RM Young Wind Monitor Sensor) sensors, rainfall sensor (S-RGB-

M002). The specification of the sensors is listed in Table 4-1.  

Before the installation of the weather stations, a site visit to the rooftop of the building is performed 

with the building manager to confirm the weather station installation location and grounding point. 

The installation location should be an open area away from obstructions, HVAC equipment and 

exhaust fans to avoid their impact on the sensors. For the safety of the installation, the tripod should 

be away from the edge of the building. This also helps to reduce the impact of the turbulence 

bubble from the edge of the roof on the wind speed and wind direction sensors. The feet of the 

weather station tripod are attached to 12kg concrete blocks with concrete anchor bolts, and the 

legs of the tripods should spread as wide as possible while keeping the feet and blocks level with 

the roof. Three guy wires of 4 m length are used to fasten the tripods with connection to 20 kg 

concrete blocks and 30 kg weatherproof sandbags. All the concrete blocks are placed on rubber 

mats to protect the roofing. The mast of the tripod is levelled vertically with bidirectional post 

level and the wind monitor on the mast is 3 m high above the roof.  
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Figure 4-1 Schematic sketch of the weather station. 

Table 4-1 Sensor specification of the rooftop weather station 

Type 
Temperature 

sensor 
RH sensor Pyrometer 

Wind speed 

sensor 

Wind 

direction 

sensor 

Rainfall 

sensor 

Model 
S-THB-

M002 

S-THB-

M002 

S-LIB-

M003 

RM Young 

Wind 

Monitor 

Sensor 

RM Young 

Wind 

Monitor 

Sensor 

S-RGB-

M002 

Range -40°C - 75°C 
0-100%  

-40°-75°C 

0-1280 

W/m2 
0-76 m/s 

0- 355°, 5° 

dead band 
0-12.7 cm 

Accuracy 
±0.21°C  

0° - 50°C 

±2.5%  

10% - 90%  

±10 W/m2 

or ±5% 

±1.1 m/sec 

or ±4%  
±5 ° ±1.0% 

Resolution 
0.02°C at 

25°C 
0.1%  1.25 W/m2 0.2 m/s 1.4 ° ±0.2 mm 

Operation 

Condition 
-40°C-75°C -40°C-75°C -40°-75°C -40°-75°C -40°C-70°C 0° - 50°C 

Response 

Time 
5 min 5 min N/a N/a N/a N/a 



41 

The wind monitor has been aligned to the true south and fastened on the mast to have accurate 

wind direction. The weather station is powered the solar energy, so the solar panel should be 

aligned facing the south and tilted to around 70 degrees to prevent snow accumulation during the 

winter months. The RH/T sensors are placed in the solar radiation shield to avoid the effect of 

direct solar irradiation on the sensor. The pyrometer is levelled horizontally to capture the global 

horizontal irradiation intensity and on the south side of the tripod to avoid the shading from the 

mast or the wind monitor. Later the measured global horizontal irradiation can be split into the 

direct horizontal irradiance, direct normal irradiance, and diffused horizontal irradiance. The rain 

gauge is attached to a 12 kg concrete block on a rubber mat around a 4 m distance from the mast 

to avoid rain shielding from the weather station. The data logger is placed in a tight weatherproof 

box, and it can transfer the data from all sensors to a cloud platform through 4G internet. Finally, 

the weather stations are grounded with a ground cable attached to the mast of the weather station 

by professional electricians. An example of the installed weather stations can be found in Figure 

4-2. 

 

Figure 4-2 Photo of one of the installed weather stations. 
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4.1.2 Indoor sensors 

There are two models of the indoor sensors in use for this study: MX1101 (RH-T sensor) and 

MX1102 (RH-T-CO2 sensor), made by Onset (Figure 4-3). These loggers are small-powered, self-

contained sensors with LCD screens and onboard memory. They use Bluetooth to modify settings 

and download data, and the communication range is within 100 m. The specification of the indoor 

sensors is listed in Table 4-2. 

 

Figure 4-3 Schematic sketch of the indoor sensors. 

Table 4-2 Sensor specification of the indoor sensors 

Model 
MX1101 

(RH-T sensor) 

MX1102 

(RH-T-CO2 sensor) 

Model 
Temperature 

sensor 
RH sensor 

Temperature 

sensor 
RH sensor CO2 sensor 

Range -20°- 70°C 1% - 90% 0° - 50°C 1%-70% 0 - 5,000 ppm 

Accuracy 
±0.21°C 

0° - 50°C 

±2.0% 

20% - 80% 

±0.21°C 

0° - 50°C 

±2% 

20% - 80% 

±50 ppm ±5% 

of reading at 

25°C 

Resolution 
0.024°C at 

25°C 
0.01% RH 

0.024°C at 

25°C 
0.01% 1.4 °C 

Operation 

Condition 
-20° to 70°C -20° to 70°C 

0° - 50°C 

0 - 95% 

0° - 50°C 

0 - 95% 

0° - 50°C 

0- 95% 

Response 

Time 

7:30 minutes in 

air moving 1 

m/s 

20 seconds to 

90% in airflow 

of 1 m/s 

12 minutes to 

90% in 

airflow of 1 

m/s 

1 minute to 

90% in 

airflow of 1 

m/s 

1 minute to 90% 

in airflow of 1 

m/s 
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Figure 4-4 Photo of the installed indoor sensors. 

The indoor sensors are installed 1.7 m above the floor which is considered as the height of an adult. 

The sensors are attached to the internal walls on the corridor side of the room to avoid direct solar 

irradiation on the sensors. The sensor should be away from the electrical utilities, e.g., televisions, 

refrigerators, to avoid the thermal interaction with the heat from this equipment. The sensors with 

CO2 (MX1102) are installed in some large rooms with unpredictable occupation schedules in the 

selected buildings, e.g., activity room or dining rooms of long-term care buildings, the waiting 

room of the hospitals, and the gyms of the schools, to help keep track of the occupation in these 

spaces. Examples of the installed sensors are shown in Figure 4-4. The data logger of the sensor 

has been configured with an interval of 10 min for the data collection, and the data have been 

averaged for each hour to conduct the hourly analysis. 

4.2. Monitored rooms and data 

Due to the COVID pandemic in 2020, the installation of the field monitoring devices could not be 

completed as expected, and by the end of the summer in 2020, we gained the access to six school 

buildings and three hospital buildings. In at least two typical rooms of each building temperature 

and humidity sensors were installed, the selected rooms are facing different orientations and 
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located on different floors. Since some of the rooms in these buildings are renovating, the sensors 

in some of the rooms did not capture the regular thermal condition as normal days and some of the 

sensors were damaged. After an analysis of the cleaned dataset, the available data logged in these 

9 buildings are summarized in Table 4-3. It was found the data in 33 rooms of 8 buildings have 

covered the same timeframe from 2020-07-18 00:00:00 to 2020-08-07 00:00:00 (TF-5, 20 days in 

total). Therefore, in this study, only these 20 days’ data are analyzed for the comparison of 

overheating in different buildings and rooms. 

Table 4-3 Monitored timeframes for each building in 2020. 

The outlook of the selected buildings and rooms and their surrounding environment obtained from 

the site visits and the google street view are shown in Appendix E. The characteristics of the 

monitored rooms are shown in Figure 4-5. Among the evaluated 33 rooms, 39 % of the rooms 

come from the hospital buildings and the rest are from the schools. From the on-site visit to these 

buildings, most of the overheated rooms were found on the top floor of the buildings, receiving 

more heat gain through the roof, we, therefore, selected more rooms (79%) from the top floor than 

those on the lower floors (21%). The orientation of the rooms is calculated by the direction of the 

vector normal to their exterior walls, and if the room has more than one exterior wall facing 

different orientations, the orientation of the room is calculated by the weighted sum of the vectors 

using the wall areas. Most of the selected rooms are facing southeast (SE) and southwest (SW), 

which are expected to be more vulnerable to overheating as well as the rooms facing the south (S), 

whereas the rooms facing the other direction are also covered in this study. From the field survey 

of the studies buildings, we also found that there was little cooling in the school buildings, though 

Time 

frame 

index 

Monitored Time Frames 
Duration 

(Days) 

Duration 

(Hours) 
Case studies 

Comparison 

analysis Start End 

TF-1 2020-05-23 

00:00:00 

2020-10-01 

00:00:00 
131 3144 SB1-A, SB1-D  

TF-2 2020-06-24 

00:00:00 

2020-10-01 

00:00:00 
99 2376 

SB2-A, SB2-

D, SB2-E 
 

TF-3 2020-07-10 

00:00:00 

2020-10-01 

00:00:00 
83 1992 SB3-A  

TF-4 2020-07-15 

00:00:00 

2020-08-13 

00:00:00 
29 696 CH-B  

TF-5 2020-07-18 

00:00:00 

2020-08-07 

00:00:00 
20 480 CR-A  

All schools and  

CR-A, CH-B 

TF-6 2020-05-01 

00:00:00 

2020-07-16 

00:00:00 
76 1824 CH-D  
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some of the building managers told us they may use portable air conditioners when it is necessary. 

Since it was hard to keep track of the usage of air conditioning, we only roughly summarized the 

rooms with a window air conditioner installed and those rooms that may have a portable air 

conditioner, but still, 76% of the rooms have no access to air conditioning. For the mechanical 

ventilation, the third school board (SB3) is having night cooling in the building and some of the 

hospital buildings only have mechanical ventilation to the activity room or waiting rooms. 

 

Figure 4-5 Summary of the characteristics of the investigated rooms in the field monitoring. 

The dimensions of these rooms are measured during the several site visits, the room areas, window 

area and the operable window area of the 33 rooms are summarized in descending order in Figure 

4-6. The office and patient rooms in the hospital buildings are normally smaller than 25 m2, and 

the activity rooms are much larger than the regular rooms in the hospital. Most of the windows in 

the hospitals are having a smaller size than those in the schools, this might be because the 

classrooms may need more glazing on the wall for the natural lighting. And since the classrooms 

in the school buildings have more windows than the rooms in hospital buildings, the operable 

window area in most of the classrooms is also larger than the rooms in hospitals. Among all the 
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field monitored rooms, the school building SB3-A has exceptional smaller windows than the 

schools from other school boards (SB1 and SB2). 

 

Figure 4-6 The room area, window area and operable window area of the field monitored rooms 

4.3. Overheating assessment criteria and thermal indices 

There exist many approaches for the evaluation of overheating in buildings, in which different 

threshold values are provided, beyond which overheating is thereafter considered. These threshold 

values have been based on static or adaptive thermal comfort, heat stress level, or heat-related 

health outcomes of the building occupants. One common approach to assessing overheating is 

using the number of hours above the chosen threshold value over an entire summer period. This 

threshold can be a fixed value or a function of different variables of the external environment. 

Most of the current criteria are using air temperature as the only indicator of the building’s indoor 

thermal or overheating condition, while studies show that the thermal sensation of the occupants 

might also be affected by other environmental variables, for example, the humidity, wind speed 

and solar radiation. Many studies have summarized the most used thermal metrics (Holmes et al., 

2016). However, it is still unclear how results from the different thermal metrics and overheating 

assessment methods may change when using different approaches.  

In this study, a comparison is made of overheating in multiple field-monitored buildings using 

several different overheating indices, including dry-bulb temperature, the heat index (HI), humidex 
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(H), standard effective temperature (SET), wet-bulb globe temperature (WBGT), summer simmer 

index (SSI), and discomfort index (DI).  

4.3.1 Fixed temperature criteria 

For the fixed temperature criteria used in this study, three (3) temperatures thresholds were 

considered based on different existing overheating assessment criteria: 25 °C, 28 °C, and 32 °C. 

The temperature threshold of 25 °C is obtained from the Passive House Institute (PHI) (PHI, 2016). 

The fixed operative temperatures of 28 °C were also widely used for defining multiple overheating 

criteria. In CIBSE Guide A (CIBSE, 2011), CIBSE TM52 and TM59 (CIBSE, 2017, 2013), the 

indoor temperature should not exceed 26 °C and 28 °C for 1% of the annual occupied hours for 

bedrooms and living rooms in residential buildings. And this fixed temperature of 28 °C is also 

used for school and office buildings (CIBSE, 2011; Zero Carbon Hub, 2015b). Building Bulletin 

101 (Department for Education Schools and Families (DfES), 2006) indicated that the temperature 

in the classrooms above 28 °C should not exceed 120 hours and the air temperature in classrooms 

during occupied hours should not exceed 32°C. The Healthcare Technical Memorandum HTM03 

(Department of Health, 2007a) suggested that indoor dry-bulb temperatures should not exceed 

28°C for more than 50 hours a year.  

4.3.2 Adaptive temperature criteria  

For adaptive comfort criteria, the temperature limit is usually a function of the outdoor running 

mean temperature. The CIBSE (CIBSE, 2013) employed the adaptive thermal comfort levels 

defined by the European Standard EN 16798-2019 (BS EN 16798, 2019), in which three (3) 

categories of comfort level are identified based on the predicted comfort temperature: 

𝑇𝑐𝑜𝑚𝑓 = 0.33𝑇𝑟𝑚 + 18.8 (4 − 1) 

where, Trm, is the running mean daily average temperature, estimated by: 

𝑇𝑟𝑚 =
𝑇𝑒𝑑−1 + 0.8𝑇𝑒𝑑−2 + 0.6𝑇𝑒𝑑−3 + 0.5𝑇𝑒𝑑−4 + 0.4𝑇𝑒𝑑−5 + 0.3𝑇𝑒𝑑−6 + 0.2𝑇𝑒𝑑−7

3.8
(4 − 2) 

and where Ted-1 is the daily mean external temperature for the previous day, Ted-2 is the daily mean 

external temperature for the day before, and so on. 

The upper limits of the three (3) categories of thermal comfort (Eqs. (4-3)~(4-5)) are used for the 

evaluation of overheating in this study: 

Cat 1: 𝑇𝑐𝑎𝑡1𝑢𝑝𝑝𝑒𝑟
= 0.33𝑇𝑟𝑚 + 18.8 + 2 (4 − 3) 
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Cat 2: 𝑇𝑐𝑎𝑡2𝑢𝑝𝑝𝑒𝑟
= 0.33𝑇𝑟𝑚 + 18.8 + 3 (4 − 4) 

Cat 3: 𝑇𝑐𝑎𝑡3𝑢𝑝𝑝𝑒𝑟
= 0.33𝑇𝑟𝑚 + 18.8 + 4 (4 − 5) 

The ASHRAE standard 55 (ASHRAE-55, 2017) has also similarly defined an adaptive thermal 

comfort, with the upper operative temperature limit defined as 

𝑇𝐴𝑆𝐻𝐴𝑅𝐸𝑢𝑝𝑝𝑒𝑟
= 0.31𝑇𝑟𝑚 + 21.3 (4 − 6) 

It can be noted that the ASHRAE thermal comfort upper limit is very close to the upper limit 

definition for Category 1 thermal comfort given in BS EN 16798, so in this study, only the upper 

limit of the three categories of thermal comfort defined in BS EN 16798 is evaluated. 

4.3.3 Humidex 

The Humidex (humidity index, H) (Environment and Climate Change Canada, 2021) is an index 

developed by the Canadian meteorologists Masterson and Richardson (Masterton and Richardson, 

1979) to describe how the climate feels to the average person considering the effect of both 

temperature and humidity and it has been widely used by the Canadian weather forecast services 

for the heat alert system. The Humidex (H) is a dimensionless quantity while it is normally 

interpreted equivalent to degree Celsius. It can be calculated by 

𝐻 = 𝑇𝑎𝑖𝑟 +
5

9
[6.11 × 𝑒

5417.7530(
1

273.16
−

1
273.15+𝑇𝑑𝑒𝑤

)
− 10] (4 − 7) 

The Environment Canada has adopted the scales for the Humidex (H) with four levels: from 20 -

29 as comfortable, 30-39 as some discomfort, 40-45 as great discomfort and dangerous when it is 

above 45. In this study, we use an extended version of the Humidex scale in Table 4-4 to have a 

more detailed description of indoor overheating.  

Table 4-4 Assessment scale of Humidex H (Havenith and Fiala, 2016)  

Humidex Scale of comfort 

20-29 Little to no discomfort 

30-35 Slight discomfort sensation 

35-40 Strong discomfort. Caution: limit the heaviest physical activities. 

40-45 Strong indisposition sensation. Danger: avoid efforts. 

45-54 Danger: stop all physical activities. 

> 54 Death danger: imminent heat stroke. 
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4.3.4 Heat Index 

The heat index is an index to describe the heat perception derived by multiple regression analysis 

with the combined consideration of the air temperature 𝑇𝑎𝑖𝑟 and relative humidity RH (Rothfusz 

and Headquarters, 1990). It is widely used in the United States and other counties (Flores-Larsen 

and Filippín, 2021; Sun et al., 2020) and it has been adopted by the Occupational Safety and Health 

Administration (OSHA) to assess heat stress (Administration, 2014). 

𝐻𝐼 =  −8.78469475556 + 1.61139411𝑇𝑎𝑖𝑟 + 2.338549𝑅𝐻 − 0.14611605𝑇𝑎𝑖𝑟𝑅𝐻

− 0.012308094𝑇𝑎𝑖𝑟
2 − 0.0164248277778𝑅𝐻2 + 0.002211732𝑇𝑎𝑖𝑟

2 𝑅𝐻 

+0.00072546𝑇𝑎𝑖𝑟𝑅𝐻2 − 0.000003582𝑇𝑎𝑖𝑟
2 𝑅𝐻2 (4 − 8) 

Note that, the Rothfusz regression is conducted under a condition when the temperature and 

humidity can ensure a HI value higher than 26.7°C. If the above calculated HI is smaller than 

26.7°C, another simpler regression formula should be used which is  

𝐻𝐼 = 1.1𝑇𝑎𝑖𝑟 + 0.0261𝑅𝐻 − 3.94 (4 − 9) 

In addition, to better evaluate the heat stress under extreme dry or humid conditions, two 

adjustments should be added to the HI calculation for correction.  

𝐴𝐽𝑑𝑟𝑦 =  − (
13 − 𝑅𝐻

7.2
) √1 −

|5 9⁄ 𝑇𝑎𝑖𝑟 − 63|

17
  𝑖𝑓 𝑅𝐻 < 13% 𝑎𝑛𝑑 26.7 < 𝑇𝑎𝑖𝑟 < 44.4℃(4 − 10) 

𝐴𝐽ℎ𝑢𝑚𝑖𝑑 =  (
𝑅𝐻 − 85

10
) (

30.56 − 𝑇𝑎𝑖𝑟

5
) − 17.8   𝑖𝑓 𝑅𝐻 > 85% 𝑎𝑛𝑑 26.7 < 𝑇𝑎𝑖𝑟 < 30.6℃(4 − 11) 

The scale of HI used in this study is the version from NOAA (Table 4-5). 

Table 4-5 Assessment scale of Heat Index HI (National Weather Service, 2021) 

Heat Index °C Category Effect on the body 

26.7-32.2 Caution 
Fatigue is possible with prolonged exposure and activity. 

Continuing activity could result in heat cramps. 

32.2-41.6 Extreme Caution 
Heat Cramps and heat exhaustion are possible. Continuing activity 

could result in heatstroke. 

41.6-54.4 Danger 
Heat cramps and heat exhaustion are likely; Heatstroke probable 

with continued activity. 

>54.4 Extreme Danger Heatstroke is imminent. 
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4.3.5 Wet-Bulb Globe Temperature 

The wet-bulb globe temperature (WBGT) is a type of apparent temperature to estimate the effect 

of the external environment, including temperature, humidity, wind, and radiation, on humans. It 

is normally measured with a device with three different types of thermometers, the dry bulb 

temperature 𝑇𝑑, the wet-bulb temperature 𝑇𝑤 and the globe temperature 𝑇𝑔, which is sensitive to 

the radiant heat and WBGT is calculated by a weighted sum of these three components Eq. (4-12). 

For the indoor application of WBGT, a variant of the definition is provided without dry bulb 

temperature𝑇𝑑 in Eq. (4-13) 

𝑊𝐵𝐺𝑇 = 0.7𝑇𝑤 + 0.2𝑇𝑔 + 0.1𝑇𝑑 (4 − 12) 

𝑊𝐵𝐺𝑇 = 0.7𝑇𝑤 + 0.3𝑇𝑔 (4 − 13) 

Since we have only measured the air temperature 𝑇𝑎𝑖𝑟  and relative humidity RH in the rooms, the 

WBGT is calculated through an estimating equation of air temperature 𝑇𝑎𝑖𝑟 and the water vapour 

pressure 𝑉𝑝. The water vapour pressure 𝑉𝑝 can be estimated by the air temperature and relative 

humidity (American College of Sports Medicine, 1984). This estimation method has been adopted 

by the Australian Bureau of Meteorology (Australian Bureau of Meteorology, 2021). 

𝑊𝐵𝐺𝑇 = 0.567𝑇𝑎𝑖𝑟 + 0.393𝑉𝑝 + 3.94 (4 − 14) 

𝑉𝑝 =
𝑅𝐻

100
(6.105𝑒

17.27𝑇𝑎𝑖𝑟
237.7+𝑇𝑎𝑖𝑟) (4 − 15) 

WBGT has been adopted by several different institutes for their standard and code, for example, 

the National Institute for Occupational Safety and Health (NIOSH) (Brenda Jacklitsch et al., 2016), 

the American Conference of Governmental Industrial Hygienists (ACGIH) (ACGIH, 2010), 

Occupational Safety and Health Administration (OSHA) (Occupational Safety and Health 

Administration, 2011), American Industrial Hygiene Association (AIHA) (DiNardi, 2003), 

American College of Sports and Medicine (ACSM) (Armstrong et al., 2007), the Armed Services 

(DOD, 2003) and the International Standard Organization (ISO) (ISO 7243, 2017). However, the 

assessment scales of the WBGT are quite different in these regulations, which have been reviewed 

and compared by (B. Jacklitsch et al., 2016). In this study, the WBGT reference limit values from 

ISO 7243 (ISO 7243, 2017) have been used since it is widely recognized as an international 

standard and it also covered a wider range of WBGT values from 22 to 32 °C to describe the 

different thermal condition levels. 
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Table 4-6 Assessment scale of WBGT (ISO 7243, 2017) 

Metabolic rate 

M (W/m2) 

The reference value of WBGT 

Person acclimatized to heat (°C) Person not acclimatized to heat (°C) 

Resting M<65 33 32 

65< M <130 30 29 

130< M <200 28 26 

With sensible air 

movement or not 
No Yes No Yes 

200< M <260 25 26 22 23 

M>260 23 25 18 20 

4.3.6 Summer Simmer Index 

The Summer Simmer Index (SSI) is developed by Pepi (1987) as an equivalent temperature 

quantity to relate both temperature and humidity to describe how hot it feels by a normal person 

during the summer months. It has been updated in 2000 by Pepi and Maynard (2000), and the 

calculation formula of the new Summer Simmer Index (SSI) can be derived in degree Celsius as, 

𝑆𝑆𝐼 = 1.98𝑇𝑎𝑖𝑟 − 1.1(0.55 − 0.0055𝑅𝐻)(9𝑇𝑎 5⁄ − 26) − 14.15 (4 − 16) 

The Summer Simmer Index (SSI) has been widely used in the urban climate and also indoor spaces 

for the evaluation of heat stress during the summer months (Cannistraro et al., 2014; Lazurca et 

al., 2016; Patania et al., 2015). The assessment of the SSI in different comfort scales can be found 

in Table 4-7. 

Table 4-7 Assessment scale of SSI (Patania et al., 2015) 

SSI °C Scale of comfort 

28.3-32.8 Moderately warm 

32.8-37.8 Warm 

37.8-44.4 Very warm 

44.4-51.7 Extremely warm 

51.7-65.6 Dangerously warm 

>65.6 Life-threatening 

4.3.7 Discomfort index 

The original discomfort index is developed by Thom (Thom, 1959) in 1959 to approach the 

effective temperature by simple linear adjustment applied to the dry-bulb 𝑇𝑑   and web-bulb 

temperature 𝑇𝑤 in °F. 

𝐷𝐼 =  0.4(𝑇𝑑 + 𝑇𝑤) + 15 (4 − 17) 
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An alternative version of the discomfort index is proposed by (Giles et al., 1990) so that it can be 

calculated directly by the dry-bulb air temperature and the relative humidity. 

𝐷𝐼 =  𝑇𝑑 − 0.55(1 − 0.11𝑅𝐻)(𝑇𝑑 − 14.5) (4 − 18) 

Here the 𝑇𝑑 is in °C and RH is the relative humidity in %. It has been widely used for the urban 

heat risk alert system and the assessment of indoor hot and humid environments (Giles et al., 1990; 

Matzarakis and Mayer, 1991; Musco et al., 2016; Poupkou et al., 2011; Siami and Ramadhani, 

2019) and the assessment scales of DI can be found in Table 4-8. 

Table 4-8 Assessment scale of DI (Giles et al., 1990; Matzarakis and Mayer, 1991; Musco et al., 

2016; Poupkou et al., 2011; Siami and Ramadhani, 2019) 

DI °C Discomfort conditions 

<21 No discomfort 

21-27 Less than 50% of people feel discomfort 

24-27 More than 50% of people feel discomfort. 

27-29 Most of the population feels discomfort. 

29-32 Everyone feels severe stress 

>32 Medical emergency. 

4.3.8 Standard Effective Temperature 

The Standard Effective Temperature (SET) is developed based on the two-node bioheat model 

(Gagge et al., 1986) and has been adopted by the ASHRAE 55(ASHRAE-55, 2017; Doherty and 

Arens, 1988). Compared to the other thermal index used in this study, SET is a more advanced 

rational thermal comfort model. It can be applied to dynamic conditions and it can provide the 

thermal quantities of the human body, for example, the skin temperature and wittedness (Zhang 

and Lin, 2020). SET has been widely used for the evaluation of thermal comfort of indoor space 

and development based on the two-node model of SET has been performed to extend its usage 

under more scenarios (Ji et al., 2021; Nazarian et al., 2017; Zhang and Lin, 2020). Some recent 

studies have adopted SET for the assessment of building overheating (Ji et al., 2021; Laouadi et 

al., 2020b) to provide a more detailed description of the status of the human body under hot or 

warm conditions.  

The concept of SET is defined as the air temperature of a standard environment with the relative 

humidity of 50%, air velocity of 0.1m/s and radiant temperature identical to the air temperature, 

and in this standard environment, the heat loss from the skin of a typical adult occupant at the 

activity level of 1.0 met and clothing level of 0.6 clo should be kept equivalent to the actual 
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environment (ASHRAE-55, 2017). The heat balance of the human body is solved by dividing the 

body into the core node and skin node. Therefore, SET cannot be calculated by a simple equation, 

but an iterative procedure is needed. Although there are already new studies proposing new 

versions of the SET (Ji et al., 2021), the original SET calculation program described in ASHRAE 

55(ASHRAE-55, 2017) has been used in this study. SET considered not only the environmental 

parameters, including the air temperature, relative humidity, airflow velocity, radiant temperature, 

but also the characteristics of the individual occupants, which includes the metabolic rate and 

clothing insulation. Since only the air temperature and relative humidity can be obtained from the 

field study, the other parameters are estimated by reasonable assumptions. The airflow velocity is 

assumed to be 0.1 m/s which is regarded as non-sensible air movement in most of the studies and 

the suggestions in ASHRAE 55. The radiant temperature is assumed to be the same as the dry-

bulb air temperature, which is also suggested for the indoor environment (Laouadi et al., 2020b). 

The metabolic rate and clothing insulation are assumed to be a standard scenario in summer of 

which are 1.0 met and 0.6 clo. Note that these assumed values are also consistent with the 

assumptions for the assessment using WBGT in ISO 7243 (ISO 7243, 2017). 

Table 4-9 Assessment scale of Standard Effective Temperature SET (Parsons, 2007) 

SET °C Thermal sensation Physiological state 

>37.5 Very hot, very uncomfortable Failure of thermoregulation 

34.5-37.5 Hot, very unacceptable Profuse sweating 

30.0-34.5 Warm, uncomfortable, unacceptable Sweating 

25.6-30.0 Slightly warm, slightly unacceptable Slight sweating, vasodilation 

22.2-25.6 Comfortable and acceptable Neutrality 

17.5-22.2 Slightly cool, slightly unacceptable Vasoconstriction 

14.5-17.5 Cool and unacceptable Slow body cooling 

10.0-14.5 Cold, very unacceptable Shivering 

4.4. Method for assessment metrics and criteria comparison 

The definitions of the thermal index are very different, and the assessment scales using these 

thermal indices can be different, and even the descriptions of the different levels of thermal index 

assessment scales are also quite different. It would be a problem of how to compare them. In this 

study, a correlation analysis is proposed to help cluster the different thermal indices and the 



54 

overheating criteria and then conduct a rank correlation (Kendall, 1948; Kruskal, 1958) to evaluate 

the degree of concordance between the thermal index and criteria. The purpose of the analysis is 

to evaluate how the rankings of the overheating in different buildings and rooms may vary when 

using the different thermal index and overheating criteria. After the different thermal indices are 

calculated using the measured air temperature and humidity, the mean value of these quantities is 

first calculated for the different rooms to indicate the general thermal condition when evaluated 

using this specific thermal index. Then the percentage of overheating hours is calculated by 

evaluating the number of hours above the given threshold values in the assessment tables listed in 

Section 4.3. The Pearson correlation analysis can be first conducted among these mean values of 

the thermal index and the percentage of overheating hours using the different criteria to show their 

potential linear dependencies and help to cluster the different criteria into groups for detailed 

comparison. Then Kendall’s correlation analysis among the percentage of overheating hours using 

different thermal indices can help identify how the different criteria agree with each other. The 

Pearson correlation coefficient is defined as, 

𝜌𝑋,𝑌 =
𝐶𝑜𝑣(𝑋, 𝑌)

𝜎𝑋𝜎𝑌

(4 − 19) 

where 𝐶𝑜𝑣(𝑋, 𝑌)  is the covariance of the two rank variables, and 𝜎𝑋  and 𝜎𝑌  are the standard 

deviations of the rank variables. 

The rank correlation of Spearman’s correlation and Kendall’s correlation is therefore considered 

and explained in the following discussion. Spearman’s rho 𝑟𝑠 correlation coefficient (Spearman, 

1904) is defined as the Pearson correlation coefficient (Bravais, 1844) between the rank values of 

the two variables, which therefore evaluates the linear correlation of the rank value between the 

two sets of data. It can be calculated by simply covert the original data X and Y into rank values 

𝑅𝑋 and 𝑅𝑌 and then calculate their Pearson correlation coefficient. 

𝑟𝑠 = 𝜌𝑅𝑋,𝑅𝑌
=

𝐶𝑜𝑣(𝑅𝑋 , 𝑅𝑌)

𝜎𝑅𝑋
𝜎𝑅𝑌

(4 − 20) 

Where 𝜌 denotes the Pearson correlation coefficient which should be applied to the two rank 

variables 𝑅𝑋 and 𝑅𝑌, 𝐶𝑜𝑣(𝑅𝑋 , 𝑅𝑌) is the covariance of the two rank variables, and 𝜎𝑅𝑋
 and 𝜎𝑅𝑌

 

are the standard deviations of the rank variables. When there are no ties in the two sets of data, the 

above equation can be derived into a simple equation, 
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𝑟𝑠 = 1 −
6 ∑ 𝑑𝑖

2

𝑛(𝑛2 − 1)
(4 − 21) 

where 𝑑𝑖 = 𝑅(𝑋𝑖) − 𝑅(𝑌𝑖) is the difference between the ranks of the ith sample. Compared to 

Pearson’s correlation, Spearman’s correlation is non-parametric, so no assumption of the normal 

distribution is required (Friedman, 1937). The Spearman’s rho evaluates if one variable can be 

described by another variable through a monotonic function, and when the Spearman is +1 or -1, 

each of the variables is changing monotonically with the other. 

The Kendall’ tau correlation coefficient (Abdi, 2008; Kendall, 1938) is defined as the portion of 

the total number of concordant pairs minus the total number of discordant pairs in the total number 

of pair combinations in the observation. 

𝜏𝑎 =
𝐶 − 𝐷

𝑁
(4 − 22) 

Where N=C+D, and it can be estimated by a total number of pair combinations in the n 

observations. 

𝑁 =
𝑛(𝑛 − 1)

2
(4 − 23) 

To account for the ties in the data, Kendall’s tau-a should be adjusted to Kendall’s tau-b, which is 

defined as 

𝜏𝑏 =
𝐶 − 𝐷

√(𝑁 − 𝑇1)(𝑁 − 𝑇2)
(4 − 24) 

𝑇1 = ∑
𝑢𝑖(𝑢𝑖 − 1)

2
𝑖

(4 − 25) 

𝑇2 = ∑
𝑣𝑗(𝑣𝑗 − 1)

2
𝑗

(4 − 26) 

Where 𝑢𝑖 is the number of tied values in the i-th group of ties for the first variable, and 𝑣𝑗  is the 

number of tied values in the jth group of ties for the second variable. This would be essential for 

calculating Kendall’s correlation between the percentage of overheating hours using different 

metrics because there would exist ties between the evaluation of different rooms. In this study, 

Kendall’s tau-a and Kendall’s tau-b are both expressed as Kendall’s tau by default. Compared to 

Spearman’s test, Kendall’s tau is more complicated for calculation, while it is more intuitive to 

evaluate the degree of concordance. On the other hand, Spearman’s rho can detect extreme rank 

deviations between the two variables. In addition, Kendall’s tau can achieve a significant level 
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with a smaller sample size because its p-value follows the z-statistics, while Spearman’s rho 

follows the t-statistics. This property in Kendall’s tau is important since a sample size of 33 rooms 

is used in this study. In the following discussions, the comparison of the different thermal indices 

and overheating criteria is evaluated by Kendall’s tau. Kendall’s tau correlation has also been used 

in the previous studies on building overheating. Mavrogianni et al., (Mavrogianni et al., 2014) 

calculated Kendall’s tau between the overheating in buildings of different occupancy and 

behaviour scenarios through a large scale of building simulations to evaluate the impact of the 

occupancy pattern on overheating. Similarly, Taylor et al., (Taylor et al., 2014) also used Kendall’s 

correlation analysis to investigate the concordance of the overheating assessment when using the 

different weather files for the simulation of a large number of different building configurations.  

4.5. Case studies 

The case studies in this section elaborate on the overheating evaluation using temperature-based 

fixed criteria and adaptive criteria. The weather condition monitored at the building SB2-D can be 

found in Appendix F. This study assumes that the weather condition in the whole city follows a 

similar trend as that measured at one of the buildings, and it can be noticed that during the 20 days 

of TF-5, the outdoor air temperature decreased during July 20-23 due to the reduction of solar 

radiation, and at the end of this period (August 2-5), the temperature is also at a lower level which 

can also be related to the reduced solar radiation and the associated rainy days. The evaluation 

using the other thermal index is evaluated in a similar way to the fixed temperature criteria and the 

results are collected in Appendix H. 

4.5.1 Field monitoring of a school building  

The building SB1-D is a two-storey school built in 1954 and a new part built-in 2019 is next to the 

building. The outlook of the building and its surroundings are shown in Figure 4-7. The longer 

side of the building is along the street in the NW-SE direction. On the north side of the building 

are sparse trees between the building and the street, while on the other side the building on the 

south is a playground with impervious ground cover.  

The four selected rooms are on the top floor of the building, two of them facing the street on the 

north and the other two facing the playground on the south (Figure 4-7). The four rooms are having 

a similar layout of the room size, window size and operable window size in general. The RM3-

CLS has a slightly smaller room area and window size compared to the other three rooms. 
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Figure 4-7 The surroundings and outlook of the building SB1-D and the monitored rooms  

The hourly temperature of the room during TF-5 can be found in Figure 4-8, and the whole 

available data including the hourly temperature and indoor relative humidity for this building 

during TF-1 can be found in Appendix G. It is obvious that the indoor temperature of these 

monitored rooms has lower temperatures during TF-5 than that around the middle of July and 

August, but it still maintained a relatively high temperature of around 31 °C. Compared to the 

outdoor environment, the variation of the indoor temperature and humidity are much smaller. The 

relative humidity of the four rooms is only fluctuating between 45 to 50 %. In Figure 4-8, the fixed 

temperature thresholds (25°C, 28°C and 32 °C) are shown with horizontal lines and the adaptive 

temperature threshold of the BS EN criteria are also shown with step curves. The large portion of 

window area of these rooms (window-wall-ratio: 40-50%) made the solar gain from the windows 

a major contributor to the overheating of the indoor space. The indoor temperature of these rooms 

is therefore quite sensitive to their orientations: RM1 and RM2 facing the north side have a much 

higher temperature than RM3 and RM4 facing the south, and the trees on the RM1 and RM2 side 

help to alleviate the heat gain of these two rooms, while the large area of the impervious 

playground outside of RM3 and RM4 somehow enhanced the reflection of solar irradiation and 

increased the surrounding air temperature of RM3 and RM4 because of the increase of the thermal 

capacity of the ground.  

N

SB1-D (1954)
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In general, the building SB1-D is subject to the severe overheating problem: all the 4 measured 

rooms have indoor temperature always above 28 °C which does not achieve the requirement in 

Building Bulletin 101 (Department for Education Schools and Families (DfES), 2006) that only 

120 hours is allowed to be higher than 28 °C for classrooms. Furthermore, the temperature in the 

room RM1 and RM2 have even exceeded 32 °C which is the upper limit of the temperature in 

Building Bulletin 101 (Department for Education Schools and Families (DfES), 2006). Compared 

to the adaptive temperature thresholds in EN 16798-2019 (BS EN 16798, 2019), the indoor 

temperature of RM3 and RM4 is fluctuating around the Cat III threshold, and RM1 and RM2 are 

having their lowest temperature of most of the days falling close to the Cat III threshold. There 

were only 3 days the indoor air temperature of RM3 and RM4 fell below the Cat II threshold during 

TF-5, while for only 2 days the indoor temperature of RM1 and RM2 got lower than the Cat II 

threshold. These observations conclude that this building SB1-D cannot achieve the temperature-

based criteria outlined in the existing standards/code. 

 

Figure 4-8 Hourly indoor and outdoor temperature monitored at building SB1-D 

4.5.2 Field monitoring of a hospital building 

The building CH-B is an L-shaped five-storey hospital building built in 1959, and there is another 

building of a similar height lay on the Southeast of it. Tall and dense trees can be found along the 

Northwest side of the building and sparse trees can be found along the Northeast side of the 

building. A major street is on the southwest side of the building and no trees are standing between 

the building and the street. 
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Figure 4-9 The surroundings and outlook of the building CH-B and the monitored rooms  

Eight rooms in this building have been selected for the field monitoring study which is marked in 

Figure 4-9. Six of the rooms (RM3-8) are on the top floor of the building and two of them (RM1-

2) are on the second floor. Five of the rooms (RM2-3, RM5, RM7-8) are facing the south side (SE 

or SW) of the building, and there are few shades from the external objects on this side of the 

building. While the other three of them (RM 1, RM4 and RM6) are facing the northwest of the 

building where the tall trees on this side may block some of the external sunlight for the room on 

the second floor. Among the 8 buildings in CH-B, 4 of them have access to cooling: RM5 and 

RM8 have a window AC unit installed, and RM1 and RM3 may have a chance to use a portable 

AC unit to cool down the space. Seven of the selected rooms are small patient rooms (around 20-

25 m2) with only one patient in the room and these rooms have small windows of around 2 m2 for 

each of them. The window wall ratio (WWR) of RM1, RM4-6 is around 14% and only 6 for RM2, 

and RM7-8. And only the activity room RM3 has a very large area of 140 m2 with a very 

unpredictable occupancy pattern in the space. 
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Figure 4-10 Hourly indoor and outdoor temperature monitored at building CH-B 

The hourly temperature of the room during TF-5 can be found in Figure 4-10, and the whole 

available data including the hourly temperature and indoor relative humidity for this building 

during TF-4 can be found in Appendix G. The orientation of the room may still affect the indoor 

air temperature using the heat transfer through the external wall of the building, for example, RM6 

and RM7 are both on the top floor without air conditioning in the room, while the temperature in 

RM7 seems to always have a higher temperature than RM6, and for most of the time during TF4, 

the temperature difference can be around 1-2 °C between these two rooms. The rooms on the top 

floor of the building may still have a higher chance to get overheated, for example, the temperature 

in RM2 on a lower floor, is lower than that of the room RM7, which has the same orientation but 

on the top floor. Meanwhile, unlike the situation in the school building SB1-D, building CH-B has 

small windows and the exposure of the room to solar radiation would not be the only dominant 

factor to the indoor overheating. For example, the rooms RM4 and RM6 have the same orientation, 

both without access to cooling, and very similar layout of the room, while the temperature in the 

RM4 has a higher temperature than RM6 in most of the days during TF-5. This might be affected 

by the behaviour patterns of the occupants in the room, for example, the usage of electric utilities, 

natural ventilation by open windows, and the operation of the shading curtains. Another interesting 

observation of RM4 is that its indoor air temperature may drop around midday when the outdoor 

condition normally reaches the highest temperature in the day. This might be because the occupant 

in RM4 may move to the dining region in RM3 to have lunch and part of the utilities in this room 
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will be turned off, and another reason might be the cooling in its adjacent rooms during the hottest 

hours may help cool down RM4. 

The air conditioners in the building can effectively mitigate the overheating in the room, but the 

situation may vary significantly if the operation of the AC units is different. The four rooms (RM1, 

RM3, RM5, and RM8) with air conditioners installed have significantly different patterns. The 

room RM8 has a very stable air temperature at around 25 °C during the evaluated 20 days (TF-5), 

which indicates that the air conditioner in this room is always open and the setpoint has been 

configured to be a constant value of around 25 °C. The situation in RM1 is quite different from 

RM8, which has maintained an indoor air temperature at a low level (<28 °C) and the diurnal 

variation of the air temperature in these rooms is also smaller than the other rooms without air 

conditioners, but its variation still follows the trend of the outdoor air temperature. This indicates 

that the cooling air supply in this room is not sufficient to fully resist the outdoor environment, but 

it is good enough to avoid the extremely high temperature in the room. An interesting situation 

can be found in RM5, which seems to have the largest diurnal variation in the air temperature and 

the monitored air temperature in the room varies from 20 °C to 28 °C during the 20 days 

observations. And unlike the other rooms to have a daytime temperature higher than the nighttime 

temperature, RM5 is having most of the nighttime temperature much higher than that during the 

daytime (Figure 4-11). From the hourly temperature variation (Figure 4-10), it can be noticed that 

the temperature in RM5 normally reaches the peak value during the morning around the sunrise 

hours, then there may have a significant drop to a temperature level below 22 °C during the daytime 

and rebound very soon in the late afternoon around the sunset hours. The daily peak temperature 

in RM5 is at a similar level to the daily lowest temperature in RM2 and RM3. This indicates that 

the air conditioner is turned off in this room during the night time, and the setpoint of the air 

conditioner has been set to a very low value during the daytime for most of the days in the 

monitored period. Another interesting observation can be found in the activity and dining room 

RM3, which may have an even higher temperature than that in a room without the air conditioner, 

for example, RM2, and the highest temperature in this room normally happen during noon. This 

might be because room RM3 has a very high occupant volume during lunchtime, and it is a large 

open space connected to the corridor, so the only portable air conditioner in this room is not enough 

to fully control the indoor temperature in this room. 
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Figure 4-11 Scatter of indoor air temperature with the running mean temperature 

In general, the situation in the hospital building can be more complicated than that in a school 

building, and the multiple factors may tangle together to formulate the current overheating status 

in the hospital. For the 4 rooms with AC installed, RM1, RM5 and RM8 have most of the time 

with the air temperature below 28 °C and below the threshold of the BS EN Cat I and they would 

be very promising to achieve the requirement in EN 16798-2019 (BS EN 16798, 2019) and 

HTM03 (Department of Health, 2007a). While the cooling in room RM3 is not sufficient to serve 

for the occupants during lunchtime, and it may have a higher chance to have a temperature higher 

than 28 °C and the BS EN Cat II. The temperature in the three rooms RM4, RM6 and RM7 on the 
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top floor but without air conditioner have most of the observed times higher than 28 °C, and they 

are reluctant to achieve the requirements in EN 16798-2019 (BS EN 16798, 2019) and HTM03 

(Department of Health, 2007a). 

4.6. Compare the overheating of different rooms 

The two case studies in Section 4.5 provided a basic understanding of how the measured data 

relates to the characteristics of the building and the room, the surrounding environment, and the 

occupant pattern. An overall comparison of measured data and the overheating condition in the 

eight-building can help understand the problems in common and the difference between the rooms. 

The measured indoor air temperature and relative humidity have been shown in Figure 4-12, and 

the evaluated percentage of overheating hours are in Figure 4-13. The boxplot of the air 

temperature and relative humidity exhibited the general value ranges of these two environmental 

variables in the rooms. It can be found that most of the rooms with higher air temperature may 

have lower relative humidity in these observed results.  

 

Figure 4-12 Boxplot of the monitored indoor air temperature and relative humidity for the eight 

buildings during TF-5  

For the school buildings, the overheating conditions of the schools from the three different school 

boards (SB1, SB2 and SB3) are quite different. All the rooms at the two schools SB1-A and SB1-

D from the first school board SB1 have almost 100% of the hours with a temperature higher than 

28 °C, and some of the rooms even have a temperature higher than 32 °C (SB1-A [RM3-CLS], 
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SB1-D [RM1-CLS, RM2-CLS]) (Figure 4-13). Since all the field monitored rooms are on the top 

floor of the buildings, the temperature ranges in these rooms are similar which also show an overall 

very severe overheating in the two buildings.  

Because of the large-scale renovations in the school board SB2 during the summer of 2020, some 

of the selected rooms could not be accessed for the field monitoring study, and some of the installed 

sensors were damaged due to the renovation activity in the building. Most of the rooms have a 

large window-wall ratio of over 30%, therefore the orientation and floor of the room (on the top 

floor or lower floor) come to be a significant factor affecting the indoor condition as discussed for 

SB1-D. The available data collected from these three buildings exhibited quite different 

overheating conditions in the different rooms. The room RM3 of SB2-D is facing a large 

impervious playground on its east side and it has a large window-wall ratio of over 40%, which 

leads to overheating with around 60% of hours above 28 °C and over 25% of hours above the Cat. 

I threshold of BS EN criteria. In comparison, room RM1 has a much smaller window-wall ratio of 

20% and its orientation is facing the north, which leads to lower exposure to overheating. For the 

building SB2-D, the two rooms RM2 and RM3 on the top floor have more than 80% of hours 

above 28 °C, while the room RM1 on the first floor with trees outside its window has few chances 

to exceed the 28 °C and BS EN adaptive thresholds. For building SB2-E, the two rooms RM1 and 

RM2 have a similar layout, while the measured data exhibited that RM1 has a higher mean 

temperature and more overheating hours than RM2 which is different from the site visiting in 2019 

that RM1 has a lower temperature than RM2. This might be because the two rooms were sharing 

one portable air conditioner, which was used in RM1 during the site visit in 2019, while in the 

summer of 2020 the portable air conditioner might be turned off or even moved to RM2. 

SB3-A is the only school selected from the school board SB3 for this field study because it was 

acknowledged during the survey and site visiting stage that this school board has few overheating 

problems, and most of the buildings in this school board have mechanical ventilation systems 

operated for a night cooling. SB3-A has been selected as a typical building from SB3 to show how 

does the ventilation system in the school building help to alleviate the overheating problem. It can 

be noticed that the temperature in the rooms RM1, RM2 and RM3 of this building kept at a low 

level all the time, with 0% of hours to exceed the 28 °C and BS EN adaptive thresholds. While the 

room RM4 still has a very severe overheating, with more than 95% of hours above 28 °C and more 

than 60% of hours above the Cat II threshold of the BS EN criteria. By comparing the layout of 
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the room RM4 with the other 3 rooms in Appendix E, it can be noticed that the room RM4 is a 

much larger classroom than the other 3 rooms, and it has a large window-wall ratio of around 30% 

while the other rooms only have a small window with window wall ratio of no more than 5%. And 

it has both big windows facing the south and west with a large impervious parking area at its 

outside. Furthermore, due to the larger area of the room, the ventilation rate for this room might 

not be sufficient to purge the heat accumulated during the daytime. 

 

Figure 4-13 Percentage of overheating hours in different buildings and rooms evaluated by a) the 

fixed temperature criteria and b) the adaptive temperature criteria during TF-5  

For the hospital building CH-B, rooms RM4, RM6 and RM7 are the most overheated ones with 

80% of hours above 28°C, and the other rooms RM1, RM3, RM 5 and RM8 with air conditioner 

and RM2 on the second floor of the building have no more than 20% of hours above 28°C and no 

more than 10 % of hours above the adaptive temperature threshold of BS EN. Another hospital 

building CR-A has generally well condition and few overheating complaints during the survey and 

site-visiting, because they have fresh air and cooling supply to the hall and corridor area, and most 

of the rooms have a window AC installed. In this study, three of the rooms RM1, RM4, and RM5 
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without AC installed have been selected for the monitoring to compare with the other typical rooms 

with a window AC in the room, e.g., RM2 and RM3. It was found the patient room RM5 has the 

most severe overheating problem with more than 35% of hours above 28°C, while it has only no 

more than 10 % of an hour above the Cat I threshold of BS EN. 

4.7. Compare the overheating metrics 

The above analysis and the calculated overheating hours using the fixed temperature threshold and 

the adaptive temperature threshold shows that the overheating evaluation using the different 

criteria might have a significant discrepancy in between. Some recent studies also propose to use 

other thermal comfort indices for overheating evaluation (Laouadi et al., 2020a), which also might 

be quite different from the existing temperature-based overheating criteria. Therefore, a 

comparison of the different thermal indices and criteria should be conducted to clarify their 

difference. 

4.7.1 Correlation analysis of the mean and maximum values of thermal indices 

The thermal index of each room has been calculated using the equations given in Section 4.3. To 

examine the linear dependencies of the evaluated mean and maximum values between the different 

thermal indices, the Pearson’s r correlation coefficient has been calculated and shown in Figure 

4-14, being arranged into three categorical groups, one group for the mean and maximum relative 

humidity (C-RH), the other two groups for the mean and maximum values of the different thermal 

indices (C-Mean, C-Max). In general, the mean values of the different thermal indices are highly 

positively correlated to each other with a correlation coefficient of more than 0.95 between each 

of the variables, which shows that the average level of the indoor thermal condition evaluated by 

different thermal indices can agree well with each other with a linear model.  

For the maximum values of the thermal indices, the correlation is not as strong as those between 

the mean values, while still, most of them have achieved a correlation coefficient higher than 0.90. 

Lower correlation coefficients in this group can be found between Tmax and SSImax, or DImax, and 

that between Tmax and Hmax, or WBGTmax is even lower to below 0.8. This suggests that, unlike the 

mean values, the extreme values evaluated by the different thermal indices can be less linearly 

dependent on each other. Checking the correlation coefficient between the thermal indices and the 

relative humidity, both C-Mean and C-Max can be divided into two subgroups, one is the variables 

T, SET and HI, which have a strong negative correlation with the mean and maximum values of 
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the relative humidity, and the other sub-group should be the four variables that are more affected 

by the relative humidity, SSI, DI, H and WBGT, which still have the negative correlation with the 

relative humidity values but gets weaker comparing the variables in the first sub-group. Among 

the second subgroups of the thermal indices, the negative linear dependency of H and WBGT can 

be very small, and the p-value of the correlation coefficient cannot achieve an ideal significant 

level, which indicates that these two thermal indices tend to be more independent from the relative 

humidity in the room. The strongest negative correlation can be found between T and RH, which 

means that for those rooms with higher indoor temperature T they may have lower RH. While for 

the other six variables, SET, HI, SSI, DI, H and WBGT, that are intrinsically affected by the 

relative humidity, these negative correlations have been alleviated. This can be explained by the 

range of the relative humidity in the studies rooms, that most of them have an indoor humidity to 

be between 30% and 70% which does not achieve a humidity level (e.g., > 80%) to affect their 

thermal stress. 

The relative humidity and the mean and maximum values of the different thermal indices are 

shown in Figure 4-15, with the room names aligned in ascending order of their mean air 

temperatures. The temperature ranges of the different thermal indices are quite different from each 

other, which brought about the original difficulty to compare their difference in overheating 

assessment, for example, the SSI and H tend to occupy the higher value range in the scale of the 

air temperature, while the DI tend to be much lower than that, and the other three thermal index, 

HI, SET and WBGT air having values close to the air temperature. The RH of the rooms shows a 

descending trend in general, which explained the negative correlation coefficient between RH and 

T. Only three out of the 33 rooms have the mean RH close to or higher than 60% and 12 of them 

have their maximum RH higher than 70%. The mean values of the thermal index tend to grow 

monotonically along with the increasing mean air temperature, and the rooms with lower mean air 

temperatures may have their thermal index values more affected by the RH. The maximum thermal 

index values are less concordant to the mean values, but also follow the trend of the maximum air 

temperature.  
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Figure 4-14 Pearson’s r correlation coefficient between the mean value of different variables, the 

* signs indicate the significant levels: ***-p-value < 0.001, **-p-value < 0.01, * p-value < 0.5. 

To quantitatively evaluate the concordance between the different thermal indices, Kendall’s tau 

has been calculated and shown in Figure 4-16. The mean values of the thermal indices still 

achieved a high degree of concordance, while less concordance for the maximum values and 

Kendall’s tau between the C-Mean and C-Max is even lower. This indicates that the evaluation of 

the extremes can be quite different from the means.  

 

C-RH C-Mean C-Max
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Figure 4-15 Mean and maximum values of the thermal stress metrics in the monitored rooms 

ordered by the rank of their mean temperature 
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Figure 4-16 Kendall's tau correlation coefficient between the mean value of different variables, 

the * signs indicate the significant levels: ***-p-value < 0.001, **-p-value < 0.01, * p-value < 

0.5. 

4.7.2 Correlation analysis of the overheating hours identified by different criteria 

To further explore the concordance of the different thermal indices using their thermal limit 

thresholds or the assessment scales described in Section 4.3, the percentage of overheating hours 

in the evaluated 33 rooms is calculated using the different thermal stress thresholds. Figure 4-17 

shows the distribution of the percentage of overheating hours evaluated by the different thresholds 

C-RH C-Mean C-Max
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of the thermal indices. A significant difference can be noticed when the thresholds of the thermal 

indices are not too high. If the thresholds are selected to out of the range, the percentage of 

overheating hours would be all 0 for the 33 rooms, for example, 40.6 °C or above for HI, 45°C or 

above for H, 44.4°C or above for SSI, 29°C or above for DI, and 34.5°C or above for SET. These 

thresholds are therefore excluded from the discussion in the following study. 

 

Figure 4-17 Comparison of the overall ranges of the overheating evaluated by different 

assessment methods, jitter points show the value for each room. 

To explore the potential connections between the thresholds of the different thermal indices, a 

hierarchical clustering analysis has been conducted by taking the Pearson’s correlation coefficients 

as the Euclidean coordinates, and it successfully clustered the similar criteria of different thermal 

index threshold values into 6 groups with different levels of the overheating. The calculated 

Pearson’s r correlation coefficient is plotted in Figure 4-18, and the correlation between the 

different criteria and the mean air temperature is also provided in the first column as a reference 

to help understand the relationship of the different clusters with the mean air temperature. The 

correlation coefficients inside of each of the clusters are positively strong, while the coefficients 

between the groups would be relatively weak.  
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Figure 4-18 Pearson’s r correlation coefficient of the evaluated overheating percentages between 

different criteria, the * signs indicate the significant levels: ***-p-value < 0.001, **-p-value < 

0.01, * p-value < 0.5. 

The first cluster is the criteria with extra-low-level thresholds (C-XL), which includes the DI 21 

°C and WBGT 22°C and their correlation with mean air temperature is also not that strong, 

showing that these criteria can hardly represent the thermal conditions in the measured rooms.  

The second cluster is the criteria with the low-level threshold (C-L), including the fixed 

temperature threshold of 25 °C, H 30, HI 26.7°C, WBGT 26°C, SET 25.6 °C. In this cluster of 

C-XL C-L C-M C-H C-XH
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criteria, the fixed temperature threshold of 25°C and H 30 still have a lower correlation to the mean 

temperature levels of the measured rooms than the other indices in the group.  

The third cluster is the criteria with the medium level thresholds (C-M), including the fixed air 

temperature threshold of 28 °C, adaptive temperature threshold of BS EN Cat I, SSI 32.8 °C, and 

DI 24°C. This cluster of criteria has the highest correlation with the mean air temperature, which 

indicates they can properly reflect the contrast of the general indoor thermal condition in the 

different rooms.  

 

Figure 4-19 The percentage of overheating hours evaluated by the different clusters of criteria. 



74 

The fourth cluster is the criteria with the high-level thresholds (C-H) which is the greatest number 

of criteria in comparison to the other clusters, which includes the adaptive temperature threshold 

of BS EN Cat. II and Cat. III, SSI 37.8 °C, H 35, HI 32.2 °C, WBGT 29 °C, SET 30.0°C. The 

correlation of this group of criteria with the mean air temperature is smaller than that for the C-M, 

showing the difference between the evaluations of overheating can be different from the evaluation 

of the mean conditions. The Cat. II and Cat. III is in this same cluster, showing that both the 

adaptive thresholds follow well with the daily variation of the indoor air temperature.  

The fifth cluster and the sixth cluster are combined to be the cluster of criteria with extra-high-

level thresholds (C-XH), including the fixed air temperature threshold of 32 °C, H 40, DI 27 °C 

and WBGT 32 °C. The criteria of WBGT 32 °C is already exceeded the WBGT range of almost 

all the rooms in this study, therefor with only one room has the percentage of overheating hours 

above 0. That is why it has been a singular group in the hierarchical clustering process. The other 

criteria in this cluster also have over 80% of the rooms been evaluated to be with 0 percentage of 

hours above the thresholds, which is inconsistent with the information collected from the building 

survey and site visiting. 

In Figure 4-19, the evaluated percentage of overheating hours have been shown for the clusters of 

different threshold levels, the C-XL and C-XH are combined as C-X because these criteria 

evaluated almost all the rooms with either 0% or 100% of hours above the thresholds. The criteria 

in C-L also shows 50 % of the rooms exceeding the thresholds, while it also misinterpreted some 

of the non-overheating rooms to have more than 50% of hours being overheating., for example, 

CH-B[RM8-PAT], SB3-A[RM2-CLS], and the rooms in CR-A. Comparing the C-X and C-L, the 

two clusters C-H and C-M seem to be able to capture proper overheating for both the rooms with 

and without the overheating complaints gathered from the survey and site-visiting studies, while 

there still exists a non-neglectable difference between the different criteria. For example, the 

adaptive temperature threshold of BS EN Cat I in cluster C-M provides a lower percentage of 

overheating than the fixed temperature threshold of 28 °C because the threshold also grows when 

the outdoor temperatures increase, while SSI 32.8 °C and DI 24 °C provided a higher percentage 

of overheating than the fixed temperature threshold 28 °C for those rooms with a mean indoor 

relative humidity of around 60% or maximum RH of 70% or above. This reflected the effect of 

the humidity in changing the overheating assessment results.  
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Figure 4-20 Kendall's tau correlation coefficient of the evaluated overheating percentages 

between different criteria, the * signs indicate the significant levels: ***-p-value < 0.001, **-p-

value < 0.01, * p-value < 0.5. 

For the results in the cluster of C-H, the curves of BS EN Cat II and Cat III sandwiches most of 

the other criteria in the cluster. While the criteria of H 35 and WBGT 29 °C exhibits to be higher 

than the Cat II for the rooms with lower mean air temperature and higher RH, this is can be 

explained by the weaker negative correlation between H, WBGT and RH – they are more affected 

by the RH. The results of criteria SSI 37.8 °C and HI 32.2 °C are both very close to that of Cat III, 

C-XL C-L C-M C-H C-XH
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and the criteria of SET 30.0 °C have evaluated a percentage of overheating in between Cat II and 

Cat III but closer to Cat II for most of the rooms. Therefore, the C-H can be further divided into 

two sub-clusters (C-H1, and C-H2) to be consistent with the two different levels of overheating 

evaluated by Cat II and Cat III. 

The degree of concordance between the different criteria is also evaluated quantitatively using 

Kendall’s tau correlation coefficient, as shown in Figure 4-20. Stronger concordance can be found 

in clusters C-L and C-M, while lower in cluster C-H. This shows that the diversity in overheating 

assessment using the higher thresholds of the different thermal indices. Note that, the two criteria, 

SSI 32.8 °C and DI 24 °C in C-M also have a high Kendall’s correlation with the criteria in the 

cluster of C-L, this observation is also consistent with Figure 4-19 that for the rooms with medium 

mean temperature but high RH, the percentage of overheating evaluated by these two criteria will 

be close to the results in C-L. C-M is therefore further divided into two subclusters (C-M1 and C-

M2). Similarly, in cluster C-L, the fixed temperature threshold of 25°C also has a lower correlation 

coefficient with the other criteria in the cluster, and the overheating hours evaluated by the 

temperature threshold of 25°C are also at a higher level in comparison to the other criteria in this 

cluster. C-L is therefore further divided into two subclusters (C-L1 and C-L2). A general 

equivalency between the different criteria can be summarized in Figure 4-21. 

 

Figure 4-21 Map of the equivalency between the different criteria. 

Group
Fixed

°C 
Adaptive
Category

HI
°C 

H
(°C )

SSI
°C 

DI
°C 

WBGT
°C 

SET
°C 

C-XL 21 22

C-L1 25

C-L2 26.7 30 26 25.6

C-M1 32.8 24

C-M2 28 Cat I

C-H1 Cat II 35 29 30.0

C-H2 Cat III 32.2 37.8

C-XH 32 40 27 32

Excluded
Thresholds

44.4

40.6 45 51.7 29 34.5

54.4 54 65.6 32 37.5
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4.8. Summary 

In this chapter, the instruments and their installation methods in the field monitoring have been 

elaborated which can be a guideline for future works. The considerations for the room selection 

and the currently available data adopted in this study are also explained. Two case studies, one for 

a school building and one for a hospital building, are provided by using the well-established 

temperature-based overheating criteria to help identify the general overheating conditions in these 

buildings. The findings from these two cases studies are generalized to the others by comparing 

the degree of overheating in the different buildings and rooms. The collected data have been 

analyzed through the different overheating assessment methods of various thermal indices for the 

comparison between the different assessment criteria. Major findings and conclusions can be 

summarized as follows: 

• The measured data from the eight buildings confirmed some findings from the site visiting 

as discussed in Chapter 3. The school buildings from the two school boards SB1 and SB2 

have a severe overheating problem and they cannot achieve the overheating criteria in 

Building Bulletin 101 and European Standard EN 16798-2019. The school building SB3-

A has much better condition than the building from the other two school boards because of 

the application of mechanical ventilation in the classrooms, while there is still one 

classroom with large windows facing the west and south have the risk of overheating. 

• For hospital buildings, the difference of the overheating between the different rooms of the 

same building can be even greater than that between the different buildings. Three rooms 

in CH-B on the top floor without air conditioning are found to have the severe overheating 

problem that can hardly achieve the criteria in HTM03, and the indoor temperature may 

exceed the Cat II or even Cat III temperature threshold in EN 16798-2019, while there are 

also three rooms in CH-B with few overheating problems because the air conditioners in 

the room can maintain the indoor temperature at a low level. CR-A has a generally well 

condition which is consistent with the findings during the survey and site-visiting because 

they have fresh air and cooling supply to the hall and corridor area, and most of the rooms 

have a window AC installed. 

• The measured data exhibited strong evidence of overheating in existing building stocks in 

Montreal, showing the necessity for further investigation to mitigate the overheating. 
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• The mean and maximum values of the calculated thermal indices in the 33 monitored 

rooms are compared through a correlation analysis. It was found that all the evaluated 

thermal indices have a negative correlation with relative humidity, which indicates that for 

rooms with high thermal index levels, the relative humidity in the room would be at a lower 

level. This suggests that, for these observed 20 days periods, the conditions of the humidity 

in the rooms would not affect the thermal comfort significantly for the rooms with 

extremely hot conditions. 

• The general overheating evaluated through the different types of the thermal index are 

compared and clustered with the criteria at a similar level through a correlation clustering 

process. Even though the scales of the different thermal indices are quite different, the 

different thermal index thresholds of the similar levels can still achieve strong concordance 

in evaluation for the different rooms. Furthermore, The measured data exhibited strong 

evidence of overheating in existing building stocks in Montreal, showing the necessity for 

further investigation to mitigate the overheating. 
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Chapter 5 Overheating Assessment by Climate Modelling - Weather 

Research and Forecast (WRF) Validation 

The objective of this chapter is to evaluate the performance of the WRF model over the Ottawa 

metropolitan area, Canada, and investigate the sensitivity of the model towards the use of different 

urban land use-land cover datasets and urban parametrization schemes. The outline of this chapter 

is as follows: data for WRF model evaluation and numerical experiments are described in section 

5.1. The discussion of the results is presented in section 5.2, and finally, the conclusions of this 

chapter are summarized in section 5.3. 

5.1. Methodology 

The nonhydrostatic (V4.0) version of the WRF model coupled to the Noah land surface model 

(LSM; Chen and Dudhia 2001a, b; Ek et al. 2003) is used to model urban meteorology surrounding 

the Ottawa city from June 01 to August 31, 2018. These three months were selected because the 

city, its surrounding areas, and Canada, in general, experienced unusually high temperatures 

during the summer of 2018. This period also included an extreme heat spell event between 30 

June-6 July that contributed to about 100 deaths in the region (ECCC, 2019).  

5.1.1 WRF experiments 

Three high spatial resolution WRF model experiments were conducted, each one covering the 

same three-month summertime period from 01 June to 31 August 2018, to evaluate the WRF 

model’s ability to reproduce the diurnal cycle of near-surface meteorology and accumulated 

precipitation under present-day weather conditions. All WRF-experiments share the same 

numerical domain that is composed of three two-way nested domains with 276 × 296, 250 × 283, 

and 391 × 364 grid points, distanced 9, 3, and 1 km, respectively. The innermost domain includes 

the metropolitan areas of Ottawa and Montreal (see Figure 5-1 for more details). The vertical 

dimension is split into 40 eta levels, with 14 within the lowest 1.5 km to better characterize 

planetary boundary layer processes. National Centers for Environmental Prediction (NCEP) North 

American Regional Reanalysis products (number ds608.0), which are available every 3 h with a 

spatial resolution of 32 km, are used to provide the initial and boundary conditions needed to 

conduct the WRF model experiments.  
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Figure 5-1 The innermost domain, the layout of land use and land cover, and the weather stations 

The planetary boundary layer is parameterized with the two-order closure Mellor-Yamada-Janjic 

(Janjić, 1994) turbulent parameterization. Radiative processes are parameterized with the (Dudhia, 

1989) scheme for the shortwave radiation and with the Rapid Radiative Transfer Model (Mlawer 

et al., 1997) for the longwave radiation. The bulk urban parameterization (Liu et al., 2006) included 

in the Noah LSM is used with the first WRF-experiment (hereafter denoted as Noah-bulk WRF-

experiment) to represent zero-order effects of urban surfaces. This urban physics option assumes 

common values for the entire urban domain and presupposes an urban fraction of one in each urban 

grid cell. Despite its simplicity, the bulk urban parameterization has been successfully employed 

in real-time weather forecasts (e.g., Liu et al., 2006). The second WRF-experiment is performed 

with the multilayer UCM building effect parameterization (BEP; developed by Martilli et al. 

(2002) that is coupled to the Noah LSM to characterize the impacts of urban surfaces (henceforth 

denoted as Noah-BEP WRF-experiment). Unlike the bulk urban parameterization, the multilayer 

UCM BEP represents the urban geometry using infinitely long street canyons and recognizes three 

different urban surfaces in the urban canopy layer, namely, roofs, roads, and vertical walls. Urban 

surfaces interact directly with WRF through the whole urban canopy layer and buildings (vertically 

distributed) are considered sources and sinks of heat and momentum from the ground surface up 
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to the highest building present in the urban domain. Finally, the third WRF-simulation (henceforth 

denoted as Noah-BEP-MOD WRF-experiment) is also performed with the multilayer UCM BEP 

but this time the urban domain for Ottawa metropolitan area is obtained from the 2010 Land Cover 

of Canada Data Set (https://open.canada.ca/data/en/dataset/c688b87f-e85f-4842-b0e1-

a8f79ebf1133), which is available at a spatial resolution of 30 m but considering just one urban 

class.  

Urban fraction and building parameters needed with the multilayer UCM BEP are detailed in Table 

5-1. Thermal properties for roofs, roads, and vertical walls are extracted from (Clarke et al. 1991) 

and correspond to standard building materials. These thermal properties are also described in Table 

5-1. Moderate Resolution Imaging Spectroradiometer (MODIS) land cover classification is used 

to characterize the nonurban land use categories in all WRF-experiments and the urban domain for 

Noah-BULK and Noah-BEP WRF-experiments.  

Table 5-1 Urban parameters and thermal properties used within the Noah-BEP and Noah-BEP-

MOD WRF-experiments. 

Urban fraction 0.70 

Building plan area fraction 0.333 

Percent of buildings 5 m high 15 

Percent of buildings 10 m high 70 

Percent of buildings 15 m high 15 

Thermal properties of building materials Roof Wall  Road 

Thermal conductivity (W m-1 K-1) 0.67 0.67 0.74 

Specific heat (× 106 J m-3 K-1) 1.32 1.32 1.40 

Surface’s emissivity 0.90 0.90 0.95 

Surface’s albedo 0.20 0.20 0.125 

Urban vegetation Croplands 

5.1.2 Update urban land cover 

The default land cover dataset in WRF used in this study is the Moderate Resolution Imaging 

Spectroradiometer (MODIS) land cover classification. To update the land cover, a binary file for 

the land cover information should be extracted from the 2010 Land Cover of Canada Data, and a 

corresponding index file need to be prepared for the geogrid.exe program. A comparison of the 
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land cover used in WRF has been plotted in Figure 5-2, the area of the urban pixels in red color 

has an obvious increase which indicates the expansion of the urban area. Note that in this chapter, 

only the urban land cover of the Ottawa city at the center area of the computational domain is 

updated for demonstration, and the urban land cover of Montreal is the same with default, so as to 

highlight the difference in the improvement of the results affected by the updates of the urban land 

cover. 

 

Figure 5-2 The land cover types distributions in the third domain before and after the urban land 

cover modification. 

5.1.3 Validation setup 

The 1 km resolution simulation results are validated with the time series observed data from the 

weather stations in the domain, which covers the area of both Ottawa and Montreal. The weather 
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data from two weather stations in Ottawa, one in the urban area and the other in the airport, and 

five weather stations in Montreal, distributed at Mc-Tavish, International Airport, Pierre Elliott 

Trudeau Airport, St-Hubert, and Ste-anne-de-bellevue, are used for the validation of the WRF 

results (Figure 5-1). As the weather stations at the International Airport and the Pierre Elliott 

Trudeau Airport are close to each other, the weather stations are plotted in a zoomed view in Figure 

5-3. The observations of near-surface air temperature, wind speed, relative humidity, and 

precipitation recorded at this climate gauging station are collected from Environment and Climate 

Change Canada (ECCC) and used for assessing the performance of the WRF model experiments 

around both cities. 

The performance of the WRF simulation compared to the observation data is evaluated by the two 

metrics, root-mean-square error (RMSE) and mean absolute error (MAE). Smaller values of these 

two metrics indicate a better model performance in reproducing the weather variable. Four weather 

variables, air temperature, relative humidity, wind speed and wind direction, accumulated 

precipitation, are extracted and compared with the historical data from the weather stations. 

The procedures to do the validation are in three steps: i) identify the grid cell index close to the 

weather stations. ii) extract the variables from these grid cells and align the data in a time series, 

note that a five-hour time difference should be considered because the simulation in WRF is in 

UTC and the observed data is in the local EST time zone. iii) plot the time series data simulated 

by different models together with the observed data and calculate the RMSE and MAE values for 

the quantitative comparison of the models. 

The results of the validation are discussed in Section 5.2 with the data from the Ottawa-Urban 

weather station as an example. 
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Figure 5-3 The weather stations in Ottawa and Montreal.  
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5.2. Validation results 

5.2.1 Air temperature 

 

Figure 5-4 Time series of observed (black) and WRF modeled 2-m air temperature at the 

Ottawa-Urban weather station in A) June, B) July, and C) August 

A) June

B) July

C) August
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In Figure 5-4, the simulation results of the 3 WRF models, the default land cover with the BULK 

urban model (DEF-BULK), the default land cover with the BEP urban model (DEF-BEP), and the 

modified land cover with the BEP urban model (MOD-BEP), at the Ottawa-Urban weather station 

are plotted together with the historical observed data. The three models can well capture the diurnal 

variation of the air temperature in the three months. The RMSE and MAE of the models compared 

to the data from 7 weather stations are within 3 °C as summarized in Table 5-2 and in general, the 

MOD-BEP performs the best among the 3. 

Table 5-2 RMSE and MAE of the 3 months 2-m air temperature results at 7 weather stations in 

Montreal and Ottawa 

Months June July August 

Models 
DEF-

BULK 

DEF-

BEP 

MOD-

BEP 

DEF-

BULK 

DEF-

BEP 

MOD-

BEP 

DEF-

BULK 

DEF-

BEP 

MOD-

BEP 

RMSE 

°C 

Mc-Tavish 2.1 2.2 2.1 1.8 2.3 2.3 1.9 2.2 2.2 

International 

Airport 
2.5 2.5 2.4 2.5 2.6 2.6 2.2 2.5 2.5 

Pierre 

Elliott 

Trudeau 

2.6 2.7 2.6 2.6 2.7 2.7 2.3 2.7 2.7 

St-Hubert 2.2 2.2 2.1 1.7 2.1 2.0 1.9 2.1 2.1 

Ste-anne-de-

bellevue 
2.5 2.5 2.5 2.6 2.5 2.5 2.3 2.4 2.3 

Ottawa-

Urban 
2.1 1.9 1.8 1.9 2.0 1.9 2.0 1.9 1.9 

Ottawa-

Airport 
2.7 2.6 2.0 2.5 2.4 2.0 2.3 2.4 1.9 

MAE 

°C 

Mc-Tavish 1.6 1.7 1.7 1.5 1.9 1.9 1.4 1.8 1.8 

International 

Airport 
2.0 2.0 2.0 2.1 2.2 2.2 1.7 2.1 2.1 

Pierre 

Elliott 

Trudeau 

2.1 2.2 2.1 2.2 2.3 2.3 1.8 2.2 2.2 

St-Hubert 1.7 1.7 1.6 1.4 1.7 1.6 1.5 1.7 1.7 

Ste-anne-de-

bellevue 
2.1 2.1 2.0 2.1 2.0 2.0 1.8 1.9 1.9 

Ottawa-

Urban 
1.6 1.5 1.4 1.5 1.5 1.5 1.6 1.5 1.5 

Ottawa-

Airport 
2.1 2.1 1.5 2.0 1.9 1.6 1.9 1.9 1.5 
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5.2.2 Relative humidity 

 

Figure 5-5 Time series of observed (black) and WRF modeled at the Ottawa-Urban weather 

station in A) June, B) July, and C) August 

 

A) June

B) July

C) August
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The simulation of relative humidity from the three models can also capture the time series pattern 

observed by the weather station as plotted in Figure 5-5. However, a relatively larger deviation 

between the simulation and the measured data can be observed. In Table 5-3, the RMSE and MAE 

are summarized. It can be noticed that the MOD-BEP does not always perform the best in 

comparison to the other two models for the Montreal weather stations, while it performs much 

better for those in Ottawa. That might be because the urban pixels are only modified for the Ottawa 

city but not for Montreal. 

Table 5-3 RMSE and MAE of the 3 months relative humidity at 7 weather stations in Montreal 

and Ottawa 

Months June July August 

Models 
DEF-

BULK 

DEF-

BEP 

MOD-

BEP 

DEF-

BULK 

DEF-

BEP 

MOD-

BEP 

DEF-

BULK 

DEF-

BEP 

MOD-

BEP 

RMSE 

% 

Mc-Tavish 14.8 15.5 15.1 12.5 14.9 15.0 11.5 13.0 12.2 

International 

Airport 
16.1 17.1 16.5 16.0 17.0 16.9 12.6 13.6 13.2 

Pierre 

Elliott 

Trudeau 

17.4 18.4 17.9 17.5 18.5 18.3 13.0 14.2 13.8 

St-Hubert 13.6 13.4 13.2 10.7 11.8 11.9 12.2 11.9 11.2 

Ste-anne-de-

bellevue 
17.0 17.3 17.0 16.5 16.2 16.5 13.5 13.5 12.8 

Ottawa-

Urban 
13.9 13.5 12.3 11.9 12.7 12.2 11.9 10.8 11.1 

Ottawa-

Airport 
15.6 16.1 12.4 15.6 14.7 12.6 11.6 12.1 11.6 

MAE 

% 

Mc-Tavish 11.5 12.3 12.0 9.8 11.8 11.9 8.9 10.1 9.6 

International 

Airport 
12.9 13.8 13.2 13.3 14.1 13.9 9.9 10.9 10.6 

Pierre 

Elliott 

Trudeau 

14.2 15.1 14.5 14.8 15.7 15.5 10.2 11.3 11.1 

St-Hubert 10.7 10.2 10.0 8.3 9.4 9.4 9.3 9.1 8.7 

Ste-anne-de-

bellevue 
13.7 13.8 13.6 13.3 12.9 13.2 10.4 10.4 9.9 

Ottawa-

Urban 
10.8 10.5 9.6 9.2 9.8 9.4 9.6 8.5 8.8 

Ottawa-

Airport 
12.8 13.1 9.7 12.2 11.5 9.7 9.2 9.5 9.0 
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5.2.3 Wind speed and wind direction 

 

Figure 5-6 Time series of observed (black) and WRF modeled 10-m wind speed at the Ottawa-

Urban weather station in A) June, B) July, and C) August 

 

A) June

B) July

C) August



90 

The simulated wind speed time series curves are still close to the observations at the Ottawa-Urban 

weather station as in Figure 5-6. However, as the figures in Appendix K, we can see an obvious 

deviation exists between the result of the DEF-BULK model and the other curves at the St-Hubert 

and Mc-Tavish weather stations. There might be two reasons: i) there are great land cover changes 

at those two locations while it is not considered in this test, and ii) the BULK model is not able to 

capture the wind speed characters at those two locations. The RMSE and MAE are summarized in 

Table 5-4, and the MOD-BEP, in general, performs better than the others. 

Table 5-4 RMSE and MAE of the 3 months wind speed at 7 weather stations in Montreal and 

Ottawa 

Months June July August 

Models 
DEF-

BULK 

DEF-

BEP 

MOD-

BEP 

DEF-

BULK 

DEF-

BEP 

MOD-

BEP 

DEF-

BULK 

DEF-

BEP 

MOD-

BEP 

RMSE 

m/s 

Mc-Tavish 3.7 1.7 1.7 3.8 1.8 1.7 3.6 1.7 1.6 

International 

Airport 
1.9 1.9 2.0 1.9 1.8 1.8 2.0 2.0 2.0 

Pierre 

Elliott 

Trudeau 

1.8 1.8 1.8 1.8 1.7 1.7 2.0 2.0 1.9 

St-Hubert 2.0 2.1 2.1 2.0 2.0 2.0 2.1 1.9 1.9 

Ste-anne-de-

bellevue 
2.2 2.0 2.1 2.2 2.0 2.0 2.2 2.1 2.0 

Ottawa-

Urban 
2.0 1.4 1.4 2.2 1.3 1.4 2.2 1.3 1.2 

Ottawa-

Airport 
1.8 1.9 1.9 2.2 2.1 1.8 2.0 1.9 1.5 

MAE 

m/s 

Mc-Tavish 3.2 1.4 1.4 3.3 1.4 1.4 3.0 1.3 1.2 

International 

Airport 
1.5 1.5 1.5 1.4 1.4 1.4 1.5 1.5 1.4 

Pierre 

Elliott 

Trudeau 

1.4 1.4 1.4 1.4 1.3 1.3 1.5 1.5 1.4 

St-Hubert 1.5 1.7 1.6 1.5 1.6 1.6 1.6 1.5 1.5 

Ste-anne-de-

bellevue 
1.7 1.6 1.6 1.7 1.6 1.6 1.6 1.6 1.5 

Ottawa-

Urban 
1.6 1.1 1.1 1.8 1.0 1.1 1.7 1.0 1.0 

Ottawa-

Airport 
1.4 1.4 1.5 1.7 1.6 1.3 1.4 1.4 1.2 
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Figure 5-7 Time series of observed (black) and WRF modeled 10-m wind direction at the 

Ottawa-Urban weather station in A) June, B) July, and C) August 

 

A) June

B) July

C) August
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The wind direction is always fluctuating with time, which is not easy to capture even in the 

measurements. In Figure 5-7, the wind direction results are plotted with the historical observations, 

and some large deviations can be observed between the simulation and the measurements. 

However, the simulation, in general, follows the variation in the observation. From the values of 

RMSE and MAE in Table 5-5, the MOD-BEP model still exhibits an obvious advantage in 

reproducing the wind-related variables. 

Table 5-5 RMSE and MAE of the 3 months wind direction at 7 weather stations in Montreal and 

Ottawa 

Months June July August 

Models 
DEF-

BULK 

DEF-

BEP 

MOD-

BEP 

DEF-

BULK 

DEF-

BEP 

MOD-

BEP 

DEF-

BULK 

DEF-

BEP 

MOD-

BEP 

RMSE 

° 

Mc-Tavish 11.2 10.8 10.6 8.5 8.5 8.7 11.5 11.0 11.2 

International 

Airport 
10.9 10.3 10.6 7.4 7.7 7.6 10.1 10.0 9.8 

Pierre 

Elliott 

Trudeau 

9.7 9.8 9.9 6.7 6.3 6.5 8.5 8.8 9.2 

St-Hubert 10.1 10.2 9.6 6.3 6.8 6.8 9.9 9.2 9.5 

Ste-anne-de-

bellevue 
10.4 10.2 10.0 7.3 7.6 7.5 11.3 11.1 11.2 

Ottawa-

Urban 
13.9 12.8 13.3 8.1 8.2 8.8 11.8 11.6 11.6 

Ottawa-

Airport 
12.8 12.2 12.2 8.1 7.7 8.3 9.6 9.4 9.9 

MAE 

° 

Mc-Tavish 6.9 6.7 6.4 5.3 5.3 5.3 7.5 7.1 7.3 

International 

Airport 
6.6 6.2 6.4 4.2 4.4 4.3 6.2 6.1 6.0 

Pierre 

Elliott 

Trudeau 

5.8 5.8 5.8 3.8 3.8 3.8 5.3 5.4 5.6 

St-Hubert 5.8 5.8 5.4 3.6 3.9 3.8 5.8 5.4 5.7 

Ste-anne-de-

bellevue 
6.3 6.2 6.1 4.3 4.4 4.3 7.2 6.9 6.9 

Ottawa-

Urban 
8.8 8.0 8.1 5.1 5.1 5.3 7.5 7.2 7.3 

Ottawa-

Airport 
7.8 7.4 7.1 4.8 4.5 4.9 5.7 5.5 5.8 
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5.2.4 Accumulated precipitation 

The precipitation data obtained from the weather stations in Montreal are daily data, while the data 

from the Ottawa weather stations are hourly data. The number of missing data in the historical 

weather data files is summarized in Table 5-6. For the weather stations in Montreal, there at least 

one day’s missing data, and those missing data were filled with 0 mm precipitation by assuming 

no rain on those days.  

Table 5-6 Number of missing data found in the weather station data files 

Location Time interval June July August 

Mc-Tavish 1 day 0 3 0 

International Airport 1 day 0 1 0 

Pierre Elliott Trudeau 1 day 1 0 1 

St-Hubert 1 day 6 4 4 

Ste-anne-de-bellevue 1 day 1 1 4 

Ottawa-Urban 1 hour 1 0 0 

Ottawa-Airport 1 hour 0 0 0 

The accumulated precipitation is plotted in Figure 5-8, and through the time series curves in the 

plot, it is hard to figure out which model performs the best, because the models are performing 

quite differently at different times. For example, in June, the DEF-BULK curve is much closer to 

the observation curve than the other two models, while in July, the DEF-BEP and MOD-BEP 

models are much better than DEF-BULK. So, it seems the precipitation variable is quite sensitive 

to the models and the times to compare. 

In Table 5-7, the total rain depths of different models at different weather stations are summarized. 

It can be noticed that sometimes the DEF-BULK and DEF-BEP model can be even better than the 

MOD-BEP model. But for the two weather stations in Ottawa, the MOD-BEP model performs the 

best in comparison to the other two models. That might be because only the land use land cover 

inputs around the Ottawa city are updated with the 2010 Canada land cover database. This also 

proves the importance to use the new land cover information to improve accuracy. 
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Figure 5-8 Time series of observed (black) and WRF modeled accumulated precipitation at the 

Ottawa-Urban weather station in A) June, B) July, and C) August 

 

  

A) June

B) July

C) August
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Table 5-7 Monthly accumulated precipitation at the 7-weather station in Montreal and Ottawa 

Location Data source 
Accumulated precipitation mm 

June July August 

Mc-Tavish 

Observation 86 80 54 

DEF-BULK 148 170 93 

DEF-BEP 124 110 92 

MOD-BEP 193 110 127 

International 

Airport 

Observation 82 98 66 

DEF-BULK 127 142 78 

DEF-BEP 159 116 87 

MOD-BEP 150 85 87 

Pierre Elliott 

Trudeau 

Observation 75 93 59 

DEF-BULK 126 135 80 

DEF-BEP 161 109 90 

MOD-BEP 143 89 91 

St-Hubert 

Observation 80 37 40 

DEF-BULK 148 144 87 

DEF-BEP 118 122 89 

MOD-BEP 161 106 82 

Ste-anne-de-

bellevue 

Observation 71 60 53 

DEF-BULK 125 166 86 

DEF-BEP 141 65 106 

MOD-BEP 167 77 112 

Ottawa-Urban 

Observation 76 153 69 

DEF-BULK 191 121 103 

DEF-BEP 180 134 89 

MOD-BEP 124 111 69 

Ottawa-Airport 

Observation 70 171 98 

DEF-BULK 192 160 102 

DEF-BEP 175 112 91 

MOD-BEP 154 117 89 

5.3. Summary 

The WRF model (coupled to the Noah LSM) has been evaluated by performing three high spatial 

resolution numerical experiments (i.e., at 1 km horizontal grid spacing) during a three-month 

summertime period in 2018 over the city of Ottawa and surrounding rural areas. Results 

demonstrate that WRF can realistically reproduce the daily evolution of near-surface air 

temperature, wind speed, and relative humidity, but it was not able to reproduce properly the 

accumulated precipitation during June (i.e., it was considerably overestimated). The smallest 
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WRF-modeled mean absolute errors (MAEs) for 2-m air temperature were 1.4 ℃, 1.5 ℃, and 1.5 

℃ during June, July, and August, respectively (see Table 5-2 for more details). Concerning near-

surface wind speed, the smallest WRF-modeled MAE was 1.1 m/s during both June and July, and 

1 m/s during August, respectively (see Table 5-4 for more details). Regarding near-surface relative 

humidity, the smallest WRF-modeled MAEs were 9.6 %, 9.4 %, and 8.7 % during June, July, and 

August, respectively (see Table 5-3 for more details).  

Some of the novel aspects of this study are as follows: 

• WRF model is evaluated over a longer timeframe (June-August 2018) than the previous 

studies where the model is evaluated over one or two weeks. The evaluation period also 

covers the duration of an extreme heat spell event lasting June 30 - July 6, 2018, because 

of which over 100 people died in this region. The evaluation is also more rigorously 

performed by comparing the weather observations at multiple locations (7 in total) and by 

considering climate parameters such as precipitation, relative humidity and wind speed that 

have not been commonly included in previous WRF model validation studies. 

• The use of two different urban parameterization schemes on WRF model accuracy in 

modelling urban climate in this region has been evaluated and it is found that the use of an 

advanced urban parameterization scheme i.e., multilayer UCM in the WRF model results 

in a more accurate description of near-surface wind speed, precipitation, and relative 

humidity. 

• The impact of the use of a more accurate description of urban land cover in the WRF model 

on its accuracy has been evaluated and found that it results in more accurate modelling of 

near-surface temperature, wind speed, precipitation, and relative humidity in the region. 

• One of the important findings of this study is that precipitation is found to be very sensitive 

to the use of advanced urban parameterization schemes, and more accurate depiction of 

urban areas in the model, which is also an important finding for more accurate modelling 

of precipitation and its extremes in this region. 

  



97 

Chapter 6 Overheating Assessment by Climate Modelling - Added 

Value of High-resolution Climate Models 

Previous studies have used high-resolution climate datasets for building simulations, while they 

only focused on studying the building’s impact on the outdoor environment and/or evaluating the 

building energy consumptions. This study proposes to use the high-resolution climate simulation 

completed with a convection permitting model (CPM) for building overheating studies. The major 

difference between the CPMs and traditional coarse-resolution regional climate models (RCMs) 

have been elaborated in section 2.3.3, while the added value of CPMs over RCMs has not yet been 

quantified in a building overheating context. The study in this chapter fills this research gap by 

comparing two sets of simulations of an extreme summer season recorded in the Ottawa and 

Montreal region of Canada. The first set of simulations is conducted at a typical RCM spatial scale 

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

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

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

study area, data, and methods are provided in section 6.1, followed by results and discussion in 

section 6.2, and conclusions in section 6.3. 

6.1. Methodology 

6.1.1 Study area and evaluation period 

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

in the province of Quebec (Figure 6-1). The region encompassing these cities experienced an 

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

deaths in both provinces (ECCC, 2019). During this EHE, parts of Ottawa reached an all-time 

highest humidex (Environment and Climate Change Canada, 2021) value of 47, and the city of 

Montreal's public health office recorded 66 heat-related deaths in the city (Lamothe et al., 2019). 

The city-scale overheating of the two cities is evaluated over the five months of Summer 2018 

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

The layout of the two cities used in the WRF simulations can be seen from Figure 6-2, which 

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

2015 North American Land Change Monitoring System (NALCMS) dataset (“North American 
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Land Change Monitoring System (NALCMS) dataset, 2015,” 2015). The urban areas are 

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

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

the WRF model in terms of its accuracy in modelling urban climate parameters in these cities. The 

Ottawa River passes through the north of the city. On the other hand, the layout of the urban area 

in Montreal is quite different. The center of the city is located on Montreal Island, which is 

surrounded by rivers. There are also several small agglomerations of urban areas outside the island. 

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

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

 
Figure 6-1 The numerical domain in WRF simulation surrounding the geographical location of 

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



99 

 

Figure 6-2 Land use and land cover (LULC) around a) Ottawa and b) Montreal cities and the 

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

6.1.2 Weather Research and Forecasting (WRF) configurations 

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

model (Skamarock et al., 2019). The National Centers for Environmental Prediction (NCEP) North 

American Regional Reanalysis (NARR) product # ds608.0 (National Centers for Environmental 

Prediction, National Weather Service, NOAA, U.S. Department of Commerce, 2005) are used as 

the initial and boundary conditions for the WRF simulations. The setup of the simulations 

completed at a 1 km-resolution consists of three two-way nested domains with 276 × 296, 250 × 

283, and 391 × 364 grid points at a grid distance of 9, 3, and 1 km, respectively. For simulations 

completed at the 25 km-resolution, only one non-nested domain is used with 100 × 100 grid points, 

covering a similar area (shown as the dotted blue line in Figure 6-1) as the first parent domain in 

the simulation completed at a 1 km-resolution (shown as the solid black line in Figure 6-1). The 

two-way nested simulation can exchange the simulation results between the parent domains and 

subdomains, so there exists great difference in the time costs between the simulations of the two 

different resolutions: the 1 km resolution simulation can take around 50 times of the computer time 

for the 25 km resolution simulation. The domains for both set of simulations are centered in the 

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

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

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

modelling of urban climate in the two cities (Gaur et al., 2021). The model configuration listed in 

Table 6-1 simulated urban climate in the cities with the best accuracy is therefore adopted in this 
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study as well. Note that the cumulus parameterization is only activated for simulations completed 

at the 25 km resolution and the first domain with a grid spacing of 9 km in the simulation completed 

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

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

Table 6-1 Physical parameterization schemes in WRF simulations. 

Category Physical parameterization scheme 

Microphysics WRF Single-Moment 3-class scheme (WSM3) (Hong et al., 2004) 

Land Surface model NOAH (Chen and Dudhia, 2001a) 

Planetary boundary layer Two-order closure Mellor-Yamada-Janjic (Janjić, 1994) 

Shortwave radiation Dudhia scheme (Dudhia, 1989) 

Longwave radiation Rapid Radiative Transfer Model (RRTM) (Mlawer et al., 1997) 

Cumulus parameterization Kain-Fritsch scheme (Kain, 2004) 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) (Martilli et al., 2002) 

6.1.3 Climate observations 

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

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 

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

its performance in simulating observed values of climate variables: air temperature, and wind 

speed, as recorded at Environment and Climate Change Canada (ECCC) operated climate gauging 

stations surrounding the cities of Ottawa and Montreal. The observations of hourly climate are 

collected from ECCC historical climate database (ECCC, 2021). Nine climate gauging stations are 
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located around the two cities and contain the hourly observations of the variables that are used for 

analysis. These ECCC stations and their local LULC types are listed in Table 6-2. 

6.1.4 Building simulation model 

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

residential buildings (Lamothe et al., 2019). In this study, a typical residential building type: a 

single-detached home, was selected for the assessment. A building model of the archetype single-

detached home (Parekh, 2012), shown in Figure 6-3, was prepared in EnergyPlus (U.S. 

Department of Energy’s and Building Technologies Office, 2020). The building model has 

comprised of four thermal zones: the underground basement, living room on the first floor, 

bedroom on the second floor, and an attic on the top of the building. The total footprint area of the 

building was 80.20 m2. In Table 6-3, the building envelope configurations are listed, following 

the current construction practice (National Research Council of Canada, 2015) for homes. The 

internal heat gains and schedules also follow recommendations taken from the National Building 

Code of Canada (National Research Council of Canada, 2015), with 5 𝑊/𝑚2  for lighting, 

5 𝑊/𝑚2 for equipment, and 500 𝑊/𝑝𝑒𝑟𝑠𝑜𝑛 for the servicing of hot water. The occupancy of the 

building was considered for a typical family of three people. The building model was naturally 

ventilated for the evaluation of the potential overheating under a free-running condition following 

the requirements of the overheating guidelines (CIBSE, 2011). Natural ventilation (open window) 

was available when the outdoor air temperature was lower than the indoor air temperature, and the 

indoor air temperature was higher than 26°C (National Research Council of Canada, 2015). The 

natural ventilation of the building is simulated using the Airflow Network model, and the 

infiltration of the building envelop is also estimated by the same model with the crack air flow 

equation. The occupant schedules for the living room were defined as 7:00 to 21:00 hours and 

22:00 to 6:00 hours for the bedroom according to the most recent version of the National Energy 

Code of Canada for Buildings (NECB) (National Research Council of Canada, 2017). 

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

resolution) grids closest to the locations of interest. The climate variables considered from WRF 

simulations are dry-bulb air temperature, dew point temperature, relative humidity, atmospheric 

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

and snow depth. In addition, the global horizontal radiation is used to estimate direct horizontal 
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irradiance, direct normal irradiance, and diffused horizontal irradiance using widely used methods 

(Gaur et al., 2019). 

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

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 

 

 

Figure 6-3 Archetype single-detached home building model used for indoor overheating analysis 

using EnergyPlus. 

6.1.5 Overheating assessment 

There is no universal definition and criteria for defining EHE for overheating assessments 

(Laouadi et al., 2020a). A literature review of previous studies has shown that a fixed or adaptive 

temperature threshold value can be chosen to identify overheating events (Laouadi et al., 2020a; 

Lomas and Giridharan, 2012; Lomas and Porritt, 2017). In this study, a fixed temperature threshold 

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

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

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

(CIBSE, 2014) and indoor overheating evaluation (CIBSE, 2011), the threshold value for outdoor 
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overheating was chosen as 28°C, and for indoor overheating, the used temperature thresholds were 

28°C for the living room, and 26°C for the bedroom. Furthermore, operative temperature (𝑇𝑜𝑝𝑡), 

which better reflects the thermal sensation of occupants, was used for indoor overheating 

evaluation. These values  have also been adopted by other standards, codes and guidelines 

(Department of Health, 2007b; Zero Carbon Hub, 2015c, 2015b).  

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

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

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

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

percentage of overheating hours was calculated for the daytime and nighttime, assuming 

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

PM to 6 AM). The mean air/operative temperature and maximum air/operative temperature were 

also calculated to quantify overheating. 

6.2. Results and discussions 

6.2.1 Accuracy of simulations completed at 25 and 1 km grid resolution  

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

1 km resolution was quantified by comparing the simulated data with the hourly measurements 

from nine weather stations surrounding the Ottawa and Montreal cities. The root means square 

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

simulation results were calculated using Eqs. (6-1) ~ (6-3).  

𝑅𝑀𝑆𝐸 = √
∑ (𝑥𝑚,𝑖 − 𝑥𝑜,𝑖)2𝑁

𝑖=1

𝑁
(6 − 1) 

𝑀𝐴𝐸 =
∑ |𝑥𝑚,𝑖 − 𝑥𝑜,𝑖|

𝑁
𝑖=1

𝑁
(6 − 2) 

𝑀𝐵𝐸 =
∑ (𝑥𝑚,𝑖−𝑥𝑜,𝑖)𝑁

𝑖=1

𝑁
(6 − 3)  

where 𝑖 corresponds to each time step in the evaluation, N is the total number of hours, and 𝑥𝑚,𝑖 

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

From the results summarized in Table 6-4, RMSE and MAE associated with simulations 

completed at a 1 km resolution are lower than those at a 25 km resolution for both air temperature 
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and wind speed. The MBE of air temperature from simulations completed at a 1 km and 25 km 

resolution are negative, indicating that air temperatures are underestimated for both simulations. 

The MBE ranged from -0.4 ºC to -2.0 ºC for temperatures derived from simulations of 1 km 

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

underestimation is lower for simulations completed in at the 1 km resolution than those at the 25 

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

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

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

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

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

Table 6-4 Root Mean Square Error (RMSE), Mean Absolute Error (MAE), and Mean Bias Error 

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

Criteri

a 
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 

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 were also compared with simulation results completed at 1 and 

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

nine climate gauging stations in Table 6-2. The simulation results for the 1 km resolution and trend 

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

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

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

from simulations completed at a 25 km resolution are lower than those from 1 km resolution, 
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especially at higher temperatures. This can be seen from a comparison of the linear regression lines 

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

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

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

utility for overheating assessments.  

The regression coefficients of both sets of simulations are summarized in Table 6-5. The 

simulations completed at 1 km have a higher coefficient of determination (R2) on average of 0.78 

then the 25 km resolution with R2 of 0.73, showing the 1 km resolution model has a stronger 

capability for simulating the variance in air temperature. The simulations completed at a 1 km 

resolution show a stronger positive correlation with the observations (0.97), which is significantly 

better than those at a 25 km resolution (0.93). Also, the simulations completed at 1 km resolution 

exhibit a lower level of underestimation in air temperature with the averaged intercept of -0.5 

compared to the value of -0.64 from the simulations completed at 25 km resolution. 

 

Table 6-5 Linear regression coefficients between observations and simulations at nine climate 

gauging stations. 

Linea

r 

regres

sion 

coeffic

ients 

Station GATI OTUB OTAP MIRA SHUB MCTA PETR INTL ANNE 
Averag

e 

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 

Interce

pt 

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-

square

d 

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 
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Figure 6-4 Comparison of the simulated and measured air temperatures from the nine weather 

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

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

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

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

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

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

than those at 25 km resolution. This is clear from Table 6-5, which shows the distribution of mean 

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

resolution. The spatial variation of temperature is better represented in the simulations completed 

at 1 km resolution, whereas the urban extents of the Ottawa (Montreal) city are encompassed by 

one (two) simulation completed at 25 km resolution grids. Therefore, urban temperatures, and 

resulting overheating, are not properly captured by the simulations completed at 25 km resolution. 

Moreover, the urban-rural differences in climate are not well captured. For example, the lower 

temperatures over water bodies are not well captured in simulations completed at 25 km resolution, 

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

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

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

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

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

25 km resolution are shown in Figure 6-6. For the 𝑇𝑎𝑖𝑟,𝑚𝑒𝑎𝑛 (Figure 6-6 a, d) over May-September 

2018, the magnitude of underprediction can be up to 2°C. The underprediction in the case of 

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

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

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

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

in extreme temperatures and the associated overheating conditions than those at 25 km resolution. 
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Figure 6-5 Modelled air temperature distribution averaged over the five months (May - 

September 2018) around the two cities: Ottawa (a,b) and Montreal (c,d) from simulations 

completed at 1 km resolution (a,c), and 25 km resolution (b,d). 

To further investigate the differences in simulated overheating over urban areas from the two 

simulation groups, five grids from simulations completed at a 1 km resolution were selected in 

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

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

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

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

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

the 25 km grid associated with these 1 km grids is referred to the city names (Ottawa or Montreal) 
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and data source (fine or coarse resolution results). For example, 𝑂𝐶 refers to the Ottawa Coarse 

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

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

representative grids are shown in Figure 6-5 (1 km simulation grids) and Figure 6-2 (25 km 

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

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

 

Figure 6-6 The difference in simulation results completed at 1 km and 25 km grid resolutions 

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

temperature (b, e) and the number of overheating hours (c, f). 

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

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

summarized in Figure 6-6. The results show that the mean and extremes of temperature and 

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

The number of the overheating hours at the 50th percentile 1 km simulation grid is almost twice 
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the value of that at the 25 km simulation grid. In fact, for both cities, the mean and extremes 

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

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

only 5% of 1 km simulation grids have lower mean and extremes temperatures, and overheating 

hours than the 25 km simulation grids. This is also true for the wind speeds where none of the 1 

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

wind speeds than simulations completed at a 25 km resolution.  

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

simulations completed at 1 km and 25 km grid resolution. 

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 

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

Figure 6-7 and Figure 6-8, respectively, for the 50th percentile location. Figure 6-7 illustrates that 

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

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

months.  
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Figure 6-7 The hourly distribution of the outdoor air temperature of simulations completed at 1 

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

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

and August shown with vertical dashed lines) 

However, Figure 6-8 makes it clear that the intensity of the extreme event is underestimated in the 

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

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

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

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

can be as high as 10ºC in some cases, is more prevalent in the daytime than the nighttime. A high 

overestimation of temperatures of up to 6 ºC is obtained in the simulations completed at a 25 km 

resolution during the nighttime.  
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Figure 6-8 The hourly difference in outdoor air temperature from simulations completed at 1 and 

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

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

shown with vertical dashed lines) 

6.2.3 Indoor overheating from simulations completed at 1 and 25 km grid resolution  

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

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

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

overheating was calculated using operative temperatures instead of air temperatures for the 

outdoor overheating assessment. The results are shown in Table 6-7, Table 6-8 and Figure 6-9, 

Figure 6-10. The indoor operative temperatures were found to be higher than the outdoor air 

temperatures by about 8-10 ºC, and the percentage of overheating hours ( 𝑃𝑂𝐻28°𝐶 ) with 

temperatures more than 28ºC were found to be 2-3 times greater than those from the outdoor 

overheating analysis, so the building undergoes a much longer overheating period than that evident 

for the outdoors. 

Between the different sections of the single-detached home, higher temperatures and overheating 

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

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

warmer air circulates and moves from the lower to upper spaces. The comparison of Table 6-7 and 

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

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

more overheating hours than in the living room. Since occupants often spend more time in the 
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bedroom than the living room, this potentially creates high overheating risks. In addition, the 

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

Table 6-7 Summary of thermal conditions in the living room of the archetype single-detached 

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

resolution 

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 6-8 Summary of thermal conditions in the bedroom of the archetype single-detached house 

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

resolution. 

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 

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 
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Figure 6-9 The hourly distribution of the indoor operative temperature in the living room from 

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

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

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

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

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

is well captured in the indoor temperatures from both simulations completed at 1 and 25 km 

resolution, as shown by Figure 6-9. It shows the indoor operative temperatures in the living room 

for the 50th percentile urban location however, its magnitude was underestimated in the results of 

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

outdoor overheating assessment, the operative temperatures and percentage of overheating hours 

from the simulations completed at 25 km resolution fall between the 0th and 5th quantile urban 

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

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

is also reflected from the difference in the number of overheating hours obtained at, for example, 
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the 50th percentile grid (Figure 6-10). Our results indicate that about 80% of hours in Ottawa and 

73% of hours in Montreal over the time of analysis are simulated with higher temperatures from 

simulations completed at 1 km than the 25 km resolution. The difference in mean operative 

temperature between simulations completed at 1 and 25 km resolution is slightly lower than the 

difference obtained in terms of outdoor air temperatures; however, the percentage of overheating 

hours is comparable.  

 

Figure 6-10 The hourly difference in indoor operative temperature in the living room from 

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

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

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

6.3. Summary 

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

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

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

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

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

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

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

completed at either grid resolution. The conclusions of this chapter are as follows: 

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

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

is underestimated in simulations for both 1 and 25 km resolution, whereas simulations 

completed at a 1 km resolution have smaller bias, mean absolute error, and root means 

squared error than those done at 25 km. The added accuracy of 1 km simulations in 

modelling extreme high temperatures is especially evident from the validation results.  

• The temporal variation in air temperatures over the period of the analysis (i.e., June 30 – 

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

resolution. However, the simulations done at a 25 km resolution are found to underpredict 

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

temperatures are underpredicted by up to 3 ºC, and the number of overheating hours could 

be underpredicted by up to 200 hours, which is half the number of overheating hours 

predicted from the simulation completed at a 1 km resolution.  

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

by about 8-10 ºC, and the number of overheating hours with temperatures more than 28ºC 

is found to be 2-3 times greater than that obtained from the outdoor overheating analysis. 

The indoor overheating is also underestimated using the 25 km resolution climate data, at 

least 70% of hours over the time of analysis are predicted with lower temperatures from 

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

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

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

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

the number of overheating hours can be underpredicted in about 95% of the urban area 

grids of both cities. These results highlight the importance of completing urban climate 

simulations using convection-permitting climate data as compared to regional climate 

models for outdoor and indoor overheating analysis in cities. 

In the face of rapid urbanization and climate change, future projected overheating effects must 

be quantified in the urban centers of cities for different urban growth and climate change 

scenarios by conducting convection-permitting climate simulations from which heat-stress 

mitigation strategies can be developed in the future.   
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Chapter 7 Overheating Assessment by Climate Modelling – Spatial 

Impacts of Climate on Buildings 

In this study, the spatial variation of the overheating conditions in a city is evaluated using the 

climate data generated at 1 km resolution by the Weather Research and Forecast (WRF) model 

(Skamarock et al., 2019). And the impact of climate distribution is evaluated by using the climate 

data for building simulation in EnergyPlus (U.S. Department of Energy’s and Building 

Technologies Office, 2020). The details of both the climate model and the building model are 

described in section 6.1 from the previous chapter. In section 7.1, the proposed procedure of 

selecting climate representative locations from the spatial mapping of the city is elaborated. 

Thereafter, the results including the comparison of different climate data and a comparison of the 

indoor overheating conditions using the climate data from different locations in the city are 

discussed in section 7.2. Finally, this chapter is summarized in section 7.3. 

7.1. Select representative locations for building simulation 

7.1.1 Urban and rural areas for urban heat island calculation 

Through systematic literature research of the existing studies, five commonly used methods of 

urban heat island calculation can be identified: 

a. Comparing the climate data from where the existing weather stations are located inside and 

outside the city area (Bhati and Mohan, 2016; Chen et al., 2016; Miao et al., 2009; Morini 

et al., 2016; Zhang et al., 2011). 

b. Selecting a square region from the urban center and picking another one (Cui and De Foy, 

2012; Palou and Mahalov, 2019) or multiple (Han et al., 2020; Li et al., 2019) square 

regions with a specified distance to the boundary of the city to be the rural region. 

c. Manually replace all the built-up urban land covers in the computational domain with 

natural land cover types for a reference case simulation, then compare the simulation 

results with and without these urban land covers (Bohnenstengel et al., 2011; Chen et al., 

2014; Chew et al., 2021; Imran et al., 2018; Kang et al., 2014; Li and Norford, 2016; Vogel 

and Afshari, 2020). 

d. Select a rectangular (Li et al., 2014; Li and Bou-Zeid, 2013; Sharma et al., 2016; Touchaei 

and Wang, 2015; Wang et al., 2016) or ellipse (Zhou et al., 2017) shaped area covering the 
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whole city and the surrounding rural area, then compare the climate data from the urban 

grids or the official administrative region of the city (Göndöcs et al., 2017) with that from 

the rural grids inside the domain area. 

e. identify the polygon shape of the urban region based on the urban land cover (Li et al., 

2019; Zhou et al., 2014) or the official administrative border of the city (Vogel and Afshari, 

2020), then consider the rural area to be the area within a specified buffer distance from 

the edge of the polygon (Li et al., 2019; Zhou et al., 2014) or a ring area (Vogel and Afshari, 

2020)  surrounding the polygon urban area. 

The first method is the most used approach for the calculation of urban heat island intensity, it is 

convenient to compare the simulated urban heat island with the observations from the weather 

stations (Oke, 1981). While the calculated urban heat island intensity can be very sensitive to the 

selection of the weather station locations (Li et al., 2018; Oke, 2006). Using high-resolution 

climate simulation data enables a more advanced approach to evaluating the urban heat island 

around the cities. The second method considers an average of the inside of the selected squared 

region from the urban and rural area, and the selected squared regions can be in different directions 

of the city to consider their relative locations to the city (Han et al., 2020; Li et al., 2019), this may 

somehow reduce the uncertainty of than only selecting a location at the weather station, but it is 

still hard to justify the representativeness of the selected area. The third method created a virtual 

rural reference case by replacing the urban area with other natural land cover types, for example, 

cropland, forest. etc., which do not need to select different locations for comparison. The main 

purpose of these studies is to discuss how the urban built-up region and anthropogenic behaviors 

may change the local climate on a physical basis, which is not consistent with the current study of 

evaluating the local climate effect on buildings overheating. The fourth and the fifth method 

considers the overall climate distribution across the city, and the urban and rural areas are identified 

by the practical areas of the cities. The urban heat island is calculated by an average of the values 

from all the urban grids and all the rural grids with different natural land cover types. The only 

difference between both methods is that the fourth method considers only a regular shaped area 

that reduced the repetitiveness for the selection of rural areas for different cities with various spatial 

shapes 

In this study, the fifth method is identified for this study which outlines the polygon shape of the 

urban region based on the urban land cover (Giscience et al., 2021; Li et al., 2019; Moffett et al., 
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2019; Rasul et al., 2016; Zhou et al., 2014) and then considers the rural area to be the area within 

a specified buffer distance from the edge of the polygon (Li et al., 2019; Zhou et al., 2014) 

surrounding the polygon urban area. To identify the rural area, Yao et al. (Yao et al., 2019) 

suggested keeping 10km to 30km distance between the rural boundaries and the urban boundaries 

to avoid introducing other uncertainties caused by different climate conditions of father geospatial 

regions. Through a series of sensitivity studies by increasing this distance from 10km to 30km, it 

was found the calculated urban heat island intensity does not change much with the increase of the 

distance for both cities in the study, so the buffer distance of 10km from the urban boundary is 

considered to be the rural area, which is also consistent with the implementation in the two papers 

(Moffett et al., 2019; Rasul et al., 2016). The regions within 3km distance to the urban boundary 

are excluded because they might still be highly affected by the urban region (Li et al., 2019; Yao 

et al., 2019; Zhou et al., 2014). We also excluded the water bodies and the terrains with 50m higher 

than the highest elevation of the urban area, which might have a significant impact on the local 

temperature for the urban heat island intensity calculation (Göndöcs et al., 2017; Li et al., 2019; 

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

 

Figure 7-1 Land use and land cover with the outlines of urban and rural areas of a) Ottawa and b) 

Montreal cities 

The distribution of the land cover types and the shapes of the urban boundary, rural boundary and 

the excluded buffer region in between is specified in Figure 7-1. The urban area of Montreal city 

is covered by 1184 1km grids which is double times the urban areas of Ottawa that are covered by 

501 grids. The number of grids for the rural area of Montreal and Ottawa is 1316 and 1112. The 

main city area is on Montreal Island that is surrounded by rivers, and in its surrounding, there are 
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also several smaller suburban cities and a large area of cropland. While for Ottawa, although there 

is one river passing through the city center, the distribution of urban region tends to be clustered 

to the only single center of the city, and in its surrounding, there are cropland and more forest 

regions. To the north of the city area, there are mountains with elevated terrains stretched close to 

the edge of the urban region. 

7.1.2 Select representative locations from urban and rural areas. 

To specify the weather data to be used for the overheating assessment, multiple studies have been 

focused on developing a procedure of creating representative climate datasets from long-term 

climate datasets (Berardi and Jafarpur, 2020; Herrera et al., 2017; Laouadi et al., 2020b; Nik, 

2016). CIBSE (2014) has developed a systematic approach to select the design summer year (DSY) 

by evaluations of several overheating metrics for the climate data from different years. A similar 

concept is adopted here in this study. Instead of selecting the climate data from multiple years, the 

evaluation of the climate data has been conducted over the different grids across the whole city to 

find the locations exposed to different levels of heat conditions.  

For this study, the selection of the representative locations in the urban and rural areas adopted the 

temperature-based overheating assessment methods, which is the most straightforward for the 

comparisons of the indoor overheating conditions from different locations in the same city. The 

locations are selected by the evaluation of three different aspects, including a) the time-averaged 

air temperature over the evaluated five months, b) the overheating hours above the fixed 

temperature threshold, c) and the cooling degree hours (CDH) with the base temperature of the 

fixed temperature threshold. The fixed temperature threshold in this study is 28°C for both the 

outdoor and the indoor conditions since it is the most used value in the literature and standards for 

overheating assessment in residential buildings (CIBSE, 2011; Department of Health, 2007b; Zero 

Carbon Hub, 2015c, 2015b) and also the selection of extreme weather files (CIBSE, 2014). It is 

defined to be an extremely hot condition when the temperature is higher than 28°C, so the number 

of hours above 28°C reflects the occurrence of overheating within the evaluated period. The 

cooling degree hour is defined as the cumulative number of overheating hours weighted by the 

magnitude of exceedance above the threshold temperature values, which evaluates both the 

temperature levels and the occurrence of overheating, the equation to calculate it is: 
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𝐶𝐷𝐻 = ∑ (𝑇𝑎𝑖𝑟 − 28)

𝑇𝑎𝑖𝑟>28

(7 − 1) 

After the three metrics are calculated, the locations with the five (5) different quantiles, 0%, 5%, 

50%, 95%, and 100%, of the three evaluated metrics are considered to represent the general 

conditions in the city. The quantiles of 0% and 100% are selected for the locations of the extreme 

cases with the maximum and minimum potential of overheating in the city, and the quantiles of 

5%, 50% and 95% help to conclude the most possible range of the overheating conditions in the 

city. The selection of the five locations using each of the metrics is conducted separately for the 

urban and rural regions to show the general difference in the climate conditions between the urban 

and rural areas. Therefore, 10 locations would be selected using each of the metrics for each city, 

and it is expected to have 30 locations selected in total for each city with the 3 metrics considered. 

In Figure 7-2, the selected locations are summarized with the distribution of the three metrics. The 

selected locations are indexed by the metrics for the selection (T for mean temperature, H for 

overheating hours, C for cooling degree hours) followed by its level of percentile of the evaluated 

metric hereafter. For example, T100 indicates the location with the maximum value in the 

urban/rural area in the city, H00 for the location with the minimum overheating hours in the 

urban/rural area in the city, and C50 means the cooling degree hour of the location is the median 

value of the whole urban/rural area of the city. The distribution of the selected locations for Ottawa 

shows that the metrics with higher values are more clustered in the city center, while for Montreal 

the locations with higher values may not always be in the center of the city, for example, the C100 

is even not on the Montreal Island but located at the east of the city, and C95 is at the south-east 

corner of the city. This exhibits the impact of the water area surrounding the center of the city. 

And it shows there might be not only one hottest center in the urban area, and it is critical to 

consider the spatial distribution of these thermal metrics over the city for the selection of 

representative locations for further studies. 

Some existing studies (Taylor et al., 2014) have found the outdoor air temperature has the highest 

correlation to indoor temperature, other climate variables, e.g. wind speed, solar radiation, relative 

humidity .etc. may still not be neglected for building-related studies, that is why we only use the 

three selected temperature-based metrics for the overheating analysis. But it is worth mentioning 

that the proposed method of selecting representative locations in a city can also be implemented 
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for other variables to obtain some representative locations for consideration of the various climate 

conditions in the city for different purposes of studies. 

 

Figure 7-2 Site selection based on the three criteria of a, d) mean outdoor air temperature over 

the 5 months; b, e) the overheating hours above 28°C; and c, f) Cooling degree hours (CDH) 

with a base temperature of 28°C. 

7.2. Building simulation results 

The spatial distribution of climate data may help distinguish the difference of the building thermal 

evaluation at different locations over the city, while the difference between different locations and 

which one can better represent the general overheating condition in the city is still unclear. In this 

section, the indoor overheating assessment of the single building model using the climate data at 

the selected locations specified in Section 7.1 for the urban and rural areas is compared to help 

unveil the doubts. 
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7.2.1 Comparison of the indoor overheating at selected locations 

The indoor overheating conditions of the bedrooms in the single house buildings at different 

locations in the WRF model are summarized in Figure 7-3 and Figure 7-4. The buildings in rural 

areas may have lower values in the overheating metrics than the urban area in general, this might 

be due to the cooler outdoor air temperature and higher wind speed in the rural area. For the 

locations with the 50 quantiles in Montreal, the mean temperature of those three buildings in the 

urban area is 0.26°C higher than that of those three in a rural area on average, and the overheating 

hours at the three locations in the urban area have an average of 104 hours higher than that of the 

three locations in a rural area. For Ottawa, this means the temperature difference and overheating 

hour difference between urban and rural are even larger, which is calculated to be 0.38°C and 123 

hours. 

 

Figure 7-3 Comparison of the mean indoor operative temperature during the 5 months in summer 

(MJJAS) in the bedroom of single house buildings using the climate data from different selected 

locations in a) Montreal and b) Ottawa. 
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Figure 7-4 Comparison of the overheating hours above 28°C during the 5 months in summer 

(MJJAS) in the bedroom of single house buildings using the climate data from different selected 

locations in a) Montreal and b) Ottawa. 

In Figure 7-3, a significant difference between locations of the intra-urban (and intra-rural) area 

can be observed. For the urban area of Montreal, the location T100 has the maximum mean indoor 

operative temperature of 27.0°C, and T00 has the minimum of 25.2°C, which identified a possible 

mean indoor operative temperature difference of 1.8°C. For the urban area of Ottawa, the 

maximum mean indoor operative temperature difference between the selected locations is (T100-

T00) 1.6°C. A distance difference can also be found in Figure 7-4 for the comparison of 

overheating hours between locations. For the urban area of Montreal, location H100 has the 

maximum overheating hour of 862 hours, and T00 has the minimum of 33 hours, which identified 

a possible overheating hour difference of 829. For the urban area of Ottawa, the maximum 

evaluated overheating hour difference is also 829 hours which is observed between T100 and T00. 

However, there exists a significant difference between locations with 00 quantiles and 05 quantiles, 
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while the difference between locations with quantile 05 and quantile 100 is much smaller than that. 

This reminds us that only a small portion of the locations (grids) may fall into the evaluated range 

between locations with 00 quantiles and 05 quantiles, while most of the locations (grids) should 

be in the range of that between locations with quantile 05 and quantile 100. Therefore, when 

conducting the overheating analysis of the buildings in the city, people should avoid selecting these 

cool locations which cannot represent the overall overheating conditions in the city. 

 

Figure 7-5 Comparison of the mean air change rate during the 5 months in summer (MJJAS) in 

the bedroom of single house buildings using the climate data from different selected locations in 

a) Montreal and b) Ottawa. 

Figure 7-3 and Figure 7-4 also exhibited the trend that, no matter for urban or rural areas, locations 

selected with the higher quantile of the overheating metrics for outdoor climate may have 

correspondingly more severe overheating conditions indoors, while exceptions can still be found 

that locations with higher quantiles may have lower mean operative temperature or overheating 

hours. For example, in Montreal, the urban C100 has lower mean operative temperature and 
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overheating hours than those from T, H, C95, T50 still has higher overheating hours than the three 

locations with 05 quantiles, but it has a lower mean operative temperature than that at T05. A 

similar outcome also happens in the urban area of Ottawa, the location H, C100 has both the mean 

operative temperature and overheating hours even lower than the buildings at T, H, C50 and H05, 

and location H05 may have a higher mean operative temperature than H, C50 though its 

overheating hour is still smaller than H, C50. This can be explained by the difference in the local 

wind speed which may lead to the different natural ventilation conditions of the building. The 

average air change rate of the rooms over the 5 months is therefore provided in Figure 7-5. It can 

be found that, for the locations in Montreal urban area, C100 and T50 have much higher air change 

rates than the other sites, which indicates the natural ventilation at these two locations helped with 

the indoor temperature control. Among the locations in Ottawa, the air change rate in the buildings 

at H, C100 is much higher than the other sites, this significantly reduced the overheating in the 

buildings, while for H05, the air change rate is much lower than other sites apart from climate T, 

H, C00, which explains, why it may have comparable or even more severe overheating than 

locations with quantile 50. This suggests the importance to include the local wind condition for 

the whole building thermal simulation. 

7.2.2 Comparison between H95 and H05 in Montreal urban area 

The longer overheating exposure time can also impose a great threat to the health and safety of the 

occupants due to the cumulative water loss and the increased core temperature of the human body 

(International Standard Organization, 2004; Laouadi et al., 2020a; Ooka et al., 2010). This requires 

a better estimate of the duration of the overheating, while the summarized overheating metrics, 

mean operative temperature and overheating hours, cannot reflect the detailed overheating 

information in the time series. The H95 and H05 locations in the urban area of Montreal are 

selected for the comparison of the whole time series between different locations. The hourly data 

of outdoor air temperature and the indoor operative temperature have been shown in the heatmap 

plot in Figure 7-6. It clearly shows that the indoor operative temperature is higher than the outdoor 

air temperature in general, the temperatures indoors are elevated compared to that of the outdoors 

due to the indoor heat gain by the building utilities. For both the indoor and outdoor conditions, 

the simulation captured the higher temperature during the daytime than the night-time, and the 

significantly higher temperature during the heatwave period than the rest of the days in the 
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summer. The maximum indoor operative temperature at H95 during the heatwave can be 38.5°C, 

and 37.8°C at H05. 

 

Figure 7-6 Time series heatmap of the a,b) outdoor air temperature, c,d) bedroom operative 

temperature at a,c,e) H05, and b,d,f) H95 locations in Montreal. 

To better compare the difference in time series between the locations, the heatmap of the hourly 

temperature of H95 subtracted by that of H05 is plotted in Figure 7-7. A greater temperature 

difference between the sites happens in the outdoors than indoors between locations, while there 

still exists a great temperature difference for indoors. The indoor operative temperature at H95 is 

higher than that at H05 for 75% of the hours during the five months, and the difference can be 

even higher in the hot hours during the heatwave period, which can be as great as 5.8°C. The 

indoor condition at both locations exhibits a longer time to be higher than 28°C compared to the 

outdoors, and the overheating conditions at H95 may normally have one or two hours longer on 

each of the days than that at H05, no matter for indoors or outdoors. In general, the increased 

overheating hours at a hotter location are normally distributed next to the existing overheating 

hours that can be found from a cooler location in the same city, this helps to better quantify the 
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increased mortality risk at a location compared to another one in the city. And there are also exist 

several days that may have several hours of overheating above 28°C found in the building at H95, 

while none of such overheating can be observed in the building at H05. For example, there are 9 

overheating hours at H95 on August 7, while no overheating hour is outlined at H05. A higher 

possibility is also observed for the building at H95 to have the condition of temperature above 

28°C extends after 23:00, while for location H05, this overheating condition normally ends before 

23:00. This means using the climate data at a cool location in the city, e.g., H05 may significantly 

underestimate the overheating during the night. 

 

Figure 7-7  Comparison of the a) outdoor air temperature and b) operative temperature in 

bedroom at locations H95 and H05 in the urban area of Montreal. 

7.2.3 Comparison between H50 and H05 in Ottawa urban area 

As discussed in Section 7.2.1, the mean indoor operative temperature, and overheating hours in 

the building at H100 of the Ottawa urban area is much lower than expected, and it has an equivalent 

value with that at H05, so it is an ideal case to compare the overheating condition between different 

locations with similar overheating conditions (Figure 7-8). It is found that they may still have 

obvious differences along with the time series, 71% of the hours over the five months have the 

absolute temperature difference higher than 0.5°C (<-0.5°C, or >0.5°C), and 46% of the hours over 

the five months have the absolute temperature difference higher than 1°C. The difference of the 

outdoor air temperature between locations varies between -4.4°C to 8.1°C, and that of the indoor 

operative temperature varies between -4.4°C to 3.4°C. 
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Figure 7-8 Comparison of the a) outdoor air temperature and b) operative temperature in 

bedroom at locations H50 and H05 in the urban area of Ottawa. 

7.2.4 Comparison between urban and rural locations  

The overall difference in overheating conditions between urban and rural areas has been shown in 

Figure 7-3 and Figure 7-4. To better show the difference between locations from the urban and 

rural areas along with the time series, the locations with 50 percentiles (median) of the overheating 

metric are compared between urban and rural areas. For example, the urban T50 of Ottawa and 

rural T50 of Ottawa has been compared and their difference has been plotted in Figure 7-9. 

Although the location from the urban area has a higher mean temperature than the rural location 

as observed, a distinct lower temperature can still be observed in the morning than the location 

from the rural area for the outdoor condition. It can be identified as the urban cool island, which 

is consistent with existing findings (Duan et al., 2019; Theeuwes et al., 2015; Yang et al., 2017). 

While for the comparison of the indoor operative temperature, the building at urban area does not 

show that many hours lower than the temperature in the building at rural area, and the hours with 

the lower indoor operative temperature at urban area occur slightly later than the cool hours in the 

outdoor. The absolute value of the temperature difference is also much smaller than that for the 

outdoor condition comparisons. For the example in Figure 7-9, the building at the urban area has 

been exposed to the outdoor temperature with 40% of the hours lower than that in the rural area, 

and the greatest difference can be -7.2°C found during the heatwave, while for the indoor 

condition, the building in the urban area has 22% of the hours lower than that in the rural area, and 

the greatest difference can be -4.5°C. This exhibits that urban cool island in the buildings is 
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normally postponed for each of the days and with attenuated intensity due to the higher thermal 

capacity and the internal heat gain in the building enclosures, and the indoor overheating in an 

urban area is more severe than that in a rural area.  

 

Figure 7-9 Comparison of the a) outdoor air temperature and b) operative temperature in 

bedroom at location T50 in the urban and rural areas of Ottawa. 

7.3. Summary 

This study has been devoted to quantifying the effect of the spatial distribution of climate data at 

different locations for the building thermal analysis. A complete procedure of evaluating the 

overheating conditions of different locations in the city from the high-resolution climate data has 

been demonstrated by evaluating the distribution of the overheating metrics across the whole city 

followed by selecting the locations with different quantiles of the overheating metrics. The indoor 

simulation results of using the different climate data from different locations in the high-resolution 

are compared together with their local outdoor climate conditions to show the importance of using 

the climate data at a proper location even for the same city. Conclusions can be summarized in the 

following points: 

• Great intra-urban overheating condition difference has been detected through a comparison 

of the locations with overheating metrics of the quantile of 00 and 100. The difference in 

the mean indoor operative temperature over the five months between the locations can be 

1.8°C in Montreal and 1.6°C in Ottawa, and the difference in the overheating hours 

between the locations can be 829 hours in both cities. 
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• The duration of the overheating may normally have 2 hours’ difference between locations 

with overheating metrics of 95 and 05 quantiles. And even for different locations with 

similar mean indoor operative temperature and overheating hour values, the period of 

overheating occurrence can be quite different. 

• Locations with higher temperature-based overheating metrics may have a more severe 

overheating condition in the buildings in general, while other climate variables may also 

affect indoor overheating conditions. In this study, it is found that the local wind speed is 

very important for the overheating evaluation of the buildings with operable windows for 

natural ventilation in which the wind speed can markedly change the indoor overheating 

condition by variating the overall air change rate of the building. 
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Chapter 8 Conclusions and Future Works 

8.1. Summary and conclusions 

The research in this thesis has been dedicated to enabling the field monitoring of the building 

overheating at a city scale for the assessment of the current buildings and to developing a regional 

climate model that can generate the weather data for urban scale building overheating studies. 

During the building selection process, a building prescreening, building information survey and 

on-site visits to the building candidates are conducted. With the building information collected 

with these steps, 6 school buildings and 5 hospital buildings are finally selected from the building 

database of 200 hospitals and 396 schools for the field monitoring. The weather stations are 

installed on the roof of these buildings and indoor temperature and humidity sensors are installed 

in selected rooms at different floors and different orientations of the buildings. The field 

monitoring data are collected for the year 2020. The data have been used for quantitative analysis 

and comparison of the real overheating conditions between these buildings and rooms. Multiple 

overheating criteria based on the thermal indices of air temperature (T), Humidex (H), Heat Index 

(HI), Wet-Bulb Globe Temperature (WBGT), Summer Simmer Index (SSI), Discomfort Index 

(DI), and Standard Effective Temperature (SET), are calculated and compared to identify their 

potential connections and discrepancies in between. Major findings and contributions can be 

summarized as follows: 

• The school buildings from the two school boards in Montreal, SB1 and SB2, have a severe 

overheating problem and they cannot achieve the requirements from Building Bulletin 101 

and European Standard EN 16798-2019. The school building from SB3 has much better 

condition than the buildings from the other two school boards due to the night purge 

through the mechanical system in the classrooms. In general, those school buildings with 

overheating problems may have limited ventilation, an orientation with longer exposure to 

the solar radiation and larger area of roofs, windows, and external walls with few external 

shadings from the trees and other tall buildings adjacent to the building. 

• For hospital buildings, the thermal conditions in the different rooms can be more varied 

than in school buildings due to the diverse room functions. Through the analysis of the 

measured data, three rooms in CH-B are found to have a severe overheating problem, while 

three other rooms few overheating problems. The room with air conditioners may have 
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significantly different diurnal patterns on the indoor thermal dynamics, which is highly 

affected by the operation of the air conditioners. In general, those rooms with overheating 

problems in the hospital buildings may have limited access to the air conditioner and 

mechanical ventilation, and they do not have sufficient fresh air or cooling air supply to 

the corridor and hall regions of the building. 

• Through a correlation analysis of the mean and maximum values of the different thermal 

indices together with the relative humidity, it is found that the thermal indices have a 

negative correlation to relative humidity. The mean values of the thermal indices still 

achieved a high degree of concordance, while less concordance can be found between the 

maximum values.  

• The overheating hours calculated by the assessment thresholds of the different thermal 

indices are found quite different from each other, while the criteria with similar simulation 

results can be clustered together through a correlation analysis. The overheating evaluated 

by a threshold of a high level has lower concordance than a low or medium level threshold.  

To develop the high-resolution regional climate model, the urban canopy models to reproduce the 

urban effect in climate and the importance of the land cover are first compared and validated with 

the multiple weather gauges in the study area. Then simulations using the confirmed models are 

completed at two different spatial resolutions, 1 km and 25 km, for the representative of the 

convection effect, resolved regional climate model (convection-permitting model, CPM) and the 

traditional coarse resolution regional climate models (RCMs), respectively. The added benefits of 

the CPM in city-scale overheating assessment have been compared with the RCM using the 

evaluation of their accuracy in the reproduction of the near-surface climate variables, the 

difference of the simulated weather distribution over the city, and the changes in the indoor 

overheating condition simulated at the representative grids of the different resolution results. To 

further justify the necessity to preserve the urban effects in the climate dataset, the urban heat 

island effect in the evaluated two cities, the effect of the spatial variation of climate conditions on 

the building simulation are evaluated by building simulations at more selected representative 

locations. Major findings and contributions can be summarized as follows: 

• It was found that compared to the simple BULK model and the outdated WRF default land 

cover data, the more advanced multilayer UCM in the WRF model, and the use of a more 

accurate description of urban land cover results in a more accurate description of near-
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surface wind speed, precipitation, and relative humidity, while the precipitation is found to 

be very sensitive to the use of advanced urban parameterization scheme, and the more 

accurate depiction of urban areas in the model.  

• Through the comparison between the CPM and RCM, it can be found that using the coarse 

resolution RCM underpredicts urban external mean air temperatures by up to 2 ºC in the 

cities and the maximum air temperatures are underpredicted by up to 3 ºC. The number of 

overheating hours could be underpredicted by up to 200 hours, which is half the number 

of overheating hours predicted from the high-resolution CPM. The indoor overheating is 

also underestimated using the coarse resolution RCM data, at least 70% of hours over the 

time of analysis are predicted with lower temperatures from simulations.  

• The effect of the spatial distribution of the urban climate on building overheating is also 

justified. The mean indoor operative temperature difference can achieve 1.8°C in Montreal 

and 1.6°C in Ottawa over the five months between the locations in the city, and the 

difference of the overheating hours can be 829 hours in both cities. This also leads to the 

difference in the occurrence and duration of the overheating. 

• The high-resolution climate dataset can also preserve the spatial variation of not only air 

temperature but also other climate variables, e.g., wind speed and wind direction, that may 

also affect the results in building simulation greatly. 

8.2. Limitations and future works 

Since the two major tasks covered in this study, the field monitoring, and the regional climate 

modelling, are both extremely time-consuming with the given resources, the data been used in this 

thesis is very limited. The limitations of the current works and some potential future works to be 

extended are summarized in the following: 

• The field monitoring dataset collected in 2020 is very limited. It is worthwhile to carry out 

a complete overheating assessment and the comparison of the thermal criteria by using the 

field monitoring dataset for the whole summer. 

• In addition to the field monitoring data, I have also collected the building drawings from 

the building managers of the selected buildings. The real building models can therefore be 

created with these resources. The overheating in these buildings under future climate 
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scenarios and the possible mitigation strategies can be evaluated through the building 

simulation of these building models. 

• Although some equivalencies can be found between the different thresholds of the 

different thermal indices, the discrepancy between the thermal indices also suggests a 

more in-depth study is needed to evaluate the actual risk through the human body response 

(e.g., loss of water and human body core temperature variation) to the thermal environment. 

Therefore, a bio-heat model is needed to evaluate these variables quantitatively as a 

potential future work. 

• The high-resolution WRF simulated climate data generated for the year 2018 can be used 

for a long-term urban climate analysis since the previous studies where the model is 

evaluated over one or two weeks. The synergistic interactions of the urban heat island 

effect and the occurrence of heatwaves should be explored by discussed through a 

comparison between days with and without a heatwave event. 

• Downscaling the GCM datasets to a much finer resolution and preserving the location-

specific climate details for an urban city would be critical elements for generating building 

simulation weather files. In the next study, a SYnthesized Representative Urban-effect 

Preserved (SYRUP) dataset is proposed for evaluating building energy performance, 

which can highly reduce the number of simulation cases for building energy modelling. 

• The impact of using the high-resolution urban effect preserved climate data on building 

overheating mentioned in this study should be extended to other aspects of building-related 

studies, e.g. hygrothermal performance of building envelope, building energy 

performance. The urban climate pattern and its impacts on buildings should be also 

investigated by extending the current model for future scenarios.   
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Appendix B Building site-visit procedure and checklist 
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Appendix C Building selection request form for residential buildings 

 



166 

Appendix D Summary of the site visited buildings 

Table D-1 Summary of school building information survey 

School Const. Year 
Flo

. 

Surrounding environment Envelope 

Open Area 
Par

k 
Plants1 

Window 
Bldg. 

Str. 
Cladding 

Roof 

Colo

r 

Façade 

Color WWR Type 

SB1-A 1930 3 SE-I No 
S, W-2, 

N-3 

40%-

50% 
SGDW-HS Con. 

Bri.v, 

S.bri. 

Whit

e 

Red-

brown 

SB1-B 1955 2 N, S-I No W-1 >50% SGDW-HS Terr. Bri.v Grey Brown 

SB1-C 1970s, 2017 2 S-I W W, E-2 
10%-

20% 
DGSW-DA Con. Bri.v 

Whit

e 

Red-

brown 

SB1-D 1954 2 SW, E, S -I N No 
40%-

50% 
SGDW-HS Con. Bri.v Grey  

Red-

brown 

SB1-E 1920 4 W, E-I No N-3 
40%-

50% 
DGSW-DA Con. Bri.v Grey  

Red-

brown 

SB1-F 1930 3 W, E, S-I No N-2 
20%-

30% 

DGSW-DA 

SGDW-HS 
Con. Bri.v Grey  

Red-

brown 

SB1-G 1927, 2018 3 N-I No S-1 
40%-

50% 
DGSW-HS Con. 

Bri.v, 

S.bri. 
Grey  

Light 

brown 

SB1-H 1966 2 
N, S, E-I, 

E-G 
W W-2 

30%-

40% 
DGSW-DA Con. 

Acrylic, 

Stone 
Grey  White 

SB2-A 
1951, 1990s, 

2014 
2 E-I No No 

40%-

50% 
DGSW-HS 

W, 

Con. 
S.bri. Grey 

Red-

brown 

SB2-B 1916, 1950s 4 S-I No No 
20%-

30% 
DGSW-HS 

W, 

Con. 
S.bri. Grey 

Red-

brown 

SB2-C 1930, 1992 4 S-I No W-2 
20%-

30% 
DGSW-HS 

W, 

Con. 
S.bri. 

Whit

e 

Brown 

Red-

brown 

SB2-E 1953, 1990s 2 N, S-I No W-2 
40%-

50% 
SGDW-HS 

W, 

Con. 
S.bri. Grey 

Light 

brown 
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SB2-D 1958, 1990s 2 E-I No W, S- 2 
40%-

50% 
DGSW-HS 

W, 

Con. 
S.bri. Grey 

Light 

brown 

SB2-F 1957 2 SE - I, G No N-2 
40%-

50% 
DGSW-HS 

W, 

Con. 
S.bri. Grey 

Red-

brown 

SB3-A 1966 1 

S, E, N, W-

G 

S, E-I 

No No 
10%-

20% 
SGDW-HS N/A Bri.v Grey  

White 

Red-

brown 

N= north; S= south; E= east; W= west; NE= northeast; NW=norhtwest; SE=southeast; SW=southwest; I=impervious; G=green; 

SGDW=single glazing double window; DGSW=double glazing single window; HS=horizontal slider;VS=vertical slider; DA=dual 

action; W=wood; Con.=Concrete; Bri.v=brick veneer; S.bri.=solid brick. 

1. The orientation and height of plants, e.g. N-3 denotes that there are plants on the north side of the building with a height equivalent 

to 5 floors 
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Table D-2 Summary of hospital building information survey 

Hospital 
Const

. Year 
Flo. 

Surrounding environment Envelope 

Open 

Area 
Park 

Plants
1 

High 

Bldg. 

Window Bldg. 

Str. 
Cladding 

Roof 

Color 
Façade Color 

WWR Type 

CHSLD-

A 
1984 6 No No No No 

30%-

40% 
DGSW-C 

Concret

e 

Solid 

brick 
White Red-brown 

CHSLD-

B 
1980 6 SE-I No 

NW-

5, NE-

3 

NW 
10%-

20% 

DGSW-

HS 

Concret

e 

Solid 

brick 
White Red-brown 

CHSLD-

C 
1959 3 NW-I No N-3 No 

30%-

40% 

DGSW-

DA 
N/A 

Brick 

veneer 
Grey Brown 

CHSLD-

D 
1992 4 NE-G No 

NW, 

SE-4 
No 

30%-

40% 

SGDW-

HS 
Steel 

Brick 

veneer 
White Red-brown 

CHSLD-

E 
1960 3 No No 

SW, 

NE-3 

NW 

SE 

30%-

40% 
DGSW-C 

Concret

e 

Solid 

brick 
White Red brown 

CH-A 1939 10 No No 
NE-2 

SW-3 
No 

40%-

50% 

DGSW-

DA 
N/A 

Metal, 

Vinyl 
White 

White  

Light brown 

CH-B 1959 8 NW-I SW No No 
30%-

40% 

DGSW-

DA 
N/A 

Brick 

veneer 
White Red-brown 

CH-C 1906 7 
SW-I 

SE-I 

SW 

SE 
S-3 No 

20%-

30% 

DGSW-

DA 
N/A 

Terracotta 

Brick 

veneer 

White 

Green 
Red-brown 

CH-D 1957 7 
NW-I 

SE-G 
No No No 

40%-

50% 

SGDW-

VS 

Concret

e 

Solid 

brick 

Brow

n 
Tan 

CH-E 1954 19 NE-I W S-5 No 
40%-

50% 

DGSW-

DA 

Concret

e 

Solid 

brick 
Grey Red-brown 

CH-F 1980 4 NE-I NW SW-4 No 
30%-

40% 

DGSW-

DA 

Concret

e 

Solid 

brick 
Grey Light brown 

CR-A 

1950s 

1960s 

2018 

3 SE-I No NW-4 No 
20%-

30% 

SGDW-

VS 
N/A 

Brick 

veneer 
Grey 

White 

Light green 
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N= north; S= south; E= east; W= west; NE= northeast; NW= norhtwest; SE=southeast; SW= southwest; I= impervious; G=green; 

SGDW=single glazing double window; DGSW= double glazing single window; HS=horizontal slider;VS= vertical slider; DA= dual 

action; C= casement. 

1. The orientation and height of plants, e.g. N-3 denotes that there are plants on the north side of the building with a height equivalent 

to 5 floors 
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Appendix E The monitored buildings and selected rooms 

 

Figure E-1 The surroundings and outlook of the building SB1-A and the monitored rooms  

 

Figure E-2 The surroundings and outlook of the building SB2-A and the monitored rooms  
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Figure E-3 The surroundings and outlook of the building SB2-D and the monitored rooms  

 

Figure E-4 The surroundings and outlook of the building SB3-A and the monitored rooms  
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Figure E-5 The surroundings and outlook of the building SB3-A and the monitored rooms  

 

Figure E-6 The surroundings and outlook of the building CR-A and  the monitored rooms   
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Appendix F The weather conditions of 2020 summer  

 

Figure F-1 Weather condition monitored at the building SB2-D from May 01, 2020, to 

September 30, 2020. The timeframe shaded in green is evaluated in this study. 
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Figure F-2 Weather condition monitored at the building SB2-D from July 18, 2020 to August 07, 

2020. 
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Appendix G Measured indoor temperature and relative humidity  

 

 

 

Figure G-1 Hourly indoor and outdoor temperature and relative humidity monitored at building 

SB1-A 
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Figure G-2 Hourly indoor and outdoor temperature and relative humidity monitored at building 

SB1-D 
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Figure G-3 Hourly indoor and outdoor temperature and relative humidity monitored at building 

SB2-A 
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Figure G-4 Hourly indoor and outdoor temperature and relative humidity monitored at building 

SB2-D 
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Figure G-5 Hourly indoor and outdoor temperature and relative humidity monitored at building 

SB2-E 
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Figure G-6 Hourly indoor and outdoor temperature and relative humidity monitored at building 

SB3-A 
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Figure G-7 Hourly indoor and outdoor temperature and relative humidity monitored at building 

CH-B 
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Figure G-8 Hourly indoor and outdoor temperature and relative humidity monitored at building 

CR-A 
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Appendix H Overheating hours calculated by thermal indices 

 

Figure H-1 Percentage of overheating hours in different buildings and rooms evaluated by 

Discomfort Index (DI) criteria during TF-5 

 

Figure H-2 Percentage of overheating hours in different buildings and rooms evaluated by Heat 

Index (HI) criteria during TF-5 

 

Figure H-3 Percentage of overheating hours in different buildings and rooms evaluated by 

Humidex (H) criteria during TF-5 
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Figure H-4 Percentage of overheating hours in different buildings and rooms evaluated by 

Standard Effective Temperature (SET) criteria during TF-5 

 

Figure H-5 Percentage of overheating hours in different buildings and rooms evaluated by 

Summer Simmer Index (SSI) criteria during TF-5 

 

Figure H-6 Percentage of overheating hours in different buildings and rooms evaluated by Wet-

Bulb Globe Temperature (WBGT) criteria during TF-5  
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Appendix I Boxplot of the thermal indices 

 

Figure I-1 Boxplot of the thermal indices in the monitored rooms 
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Appendix J Steps to run WRF model on clusters 

The simulation in this study needs to use 5 programs in WRF Preprocessing System (WPS) and 

weather research and forecast (WRF) packages, namely, geogrid.exe, ungird.exe, metgrid.exe, 

real.exe and wrf.exe. The WPS package contains the geogrid.exe, ungird.exe, metgrid.exe. The 

role of these 3 programs is, 

1) The geogrid.exe ingests the external static geographical data to generate the domain files 

for the simulation. 

2) The ungrib.exe ingests the external gridded meteorological data to generate intermediate 

format files. 

3) The metgrid.exe uses the intermediate format files generated by ungrib.exe as inputs to 

horizontally interpolate the meteorological data in the domain defined by the domain files 

generated by geogrid.exe and generate the preprocessing output files. 

The WRF package contains the other two programs, real.exe, and wrf.exe: 

1) The real.exe uses the output files from WPS to do the vertical interpolation for the 

domains as initialization and generate the WRF simulation input files. 

2) The wrf.exe uses the output of real.exe and the WPS to do the calculation with the 

multiple physical models and creates the outputs for the simulation results. 

Each program may need the output of the prior one as the input, therefore, to complete a simulation, 

these 5 programs need to be run one by one. Apart from the necessary input and outputs files to 

run the simulations, some parameters in the configuration files need to be adjusted for each 

simulation to well define the problem. Two of the most important configuration files are the 

namelist.wps file for the 3 programs in WPS, and namelist.input file for the programs in WRF.  

 

Table J-1 Files to run the programs in WPS and WRF 

Programs Input file 
Configuration 

file 
Output file 

geogrid.exe 
External downloaded 

static geographical data 

namelist.wps 

GEOGRID.TBL 

domain files 

geo_em.d0N.nc 

ungird.exe External downloaded 
namelist.wps 

Vtable 
intermediate format files 
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gridded meteorological 

data 

(e.g. FILE:YY-MM-

DD_HH) 

metgrid.exe 
geo_em.d0N.nc 

FILE:YY-MM-DD_HH 
namelist.wps 

WPS output files 

met_em.d0N.YYYY-MM-

DD_HH:mm:ss.nc 

real.exe 
met_em.d0N.YYYY-MM-

DD_HH:mm:ss.nc 
namelist.input 

Input files: 

wrfinput_d0N 

wrfbdy_d01 

wrf.exe 

wrfinput_d0N 

wrfbdy_d01 

met_em.d0N.YYYY-MM-

DD_HH:mm:ss.nc 

namelist.input 

URBPARA.TBL 

Simulation results: 

wrfout_d0N_YYYY-MM-

DD_HH:mm:ss 

And restart files: 

wrfrst_d0N_YYYY-MM-

DD_HH:mm:ss 

 

To assist a fast hand on the simulation of WRF, the procedure to run the programs is listed in the 

following tables. As is mentioned, the programs in the WPS should be run before those in the WRF 

to get the input files for real.exe and wrf.exe. Take the simulation with the NCEP North American 

Regional Reanalysis (NARR) data as an example, the simulation procedure is detailed as below. 

 

Table J-2 Procedure of preprocessing with WPS 

Step 1 
Download the static geographical datasets to a directory on the clusters: 

“/home/<USER>/work/wrf/WPS_GEOG/geog” 

Step 2 
Download the meteorological data in GRIB format to a directory on the clusters: 

“/home/<USER>/work/wrf/AWIP/Files/” 

Step 3 cd ~work/wrf/WPS 

Step 4 

Edit the namelist.wps file for different simulation times, simulation resolutions, 

locations, and domain sizes: 

vi namelist.wps 

define the path to the static geographical files under the &geogrid panel: 
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geog_data_path = '/home/<USER>/work/wrf/WPS_GEOG/geog', 

define the ungrib.exe output file prefix under the &ungrid panel: 

prefix = 'FILE', 

define the metgrid.exe input file prefix under the &metgrid panel: 

fg_name = 'FILE' 

Step 5 
Link a proper GEOGRID.TBL file for the geogrid.exe file 

ln -s geogrid/GEOGRID.TBL.ARW geogrid/GEOGRID.TBL 

Step 6 

run geogrid.exe under WPS directory with the command: 

./geogrid.exe &> geogrid.log 

Then the domain files geo_em.d0N.nc for each nesting level N can be obtained. 

Step 7 

Link the downloaded GRIB files to the current directory using the shell script 

link_grib.csh. 

./link_grib.csh ../AWIP/Files/merged_AWIP32* 

Step 8 
Link a proper Vtable file for the ungrid.exe file 

ln -s ungrib/Variable_Tables/Vtable.AWIP Vtable 

Step 9 

run ungrib.exe under WPS directory with the command: 

./ungrib.exe &> ungrib.log 

Then the intermediate format files (e.g. FILE:YY-MM-DD_HH) files can be 

obtained. 

Step 10 

run metgrid.exe under WPS directory with the command: 

./metgrid.exe &> metgrid.log 

Then the WPS output files met_em.d0N.YYYY-MM-DD_HH:mm:ss.nc can be 

generated 

 

After the preprocessing process, the meteorological files (met_em*.nc) can be obtained, then we 

can proceed with the WRF steps in Table J-3, and find the results of the simulation in the WRF 

output files wrfout_d0N_YYYY-MM-DD_HH:mm:ss. 
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Table J-3 Procedure for WRF simulation 

Step 1 cd ~work/wrf/wrf-3.9.1.1_centos7/run/ 

Step 2 

Link the meteorological files generated by the metgrid.exe to the current 

directory: 

ln -s ../../WPS_new/met_em* . 

Step 3 

Edit the namelist.input file with proper configurations. 

Some parameters like the resolution, simulation time, location information 

should be identical with those in the namelist.wps setup. 

The parameter “num_metgrid_levels” should be consistent with the number in 

the met_em* files: 

30 for NARR, and 27 for GCM. 

Make sure the item, 

“input_from_file                     = .true.,. true.,. true.,”. 

Step 4 
Configure the URBPARAM.TBL file with the proper parameters in the run 

directory. 

Step 5 

Run the real.exe and wrf.exe together by submitting a job file: 

cd .. 

jobsub wrf_smdmpar.job 

The wrf input files wrfinput_d0N, and wrfbdy_d01 will be generated by 

real.exe. 

And the wrf output files wrfout_d0N_YYYY-MM-DD_HH:mm:ss 

 and restart files wrfrst_d0N_YYYY-MM-DD_HH:mm:ss will be generated by 

wrf.exe 

Step 6 
Then check the job status by: 

jobst -u <USER> 
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Appendix K Validation results at different weather stations 

 

Figure K-1 Time series of observed (black) and WRF modelled 2-m air temperature at the Pierre 

Elliott Trudeau weather station in A) June, B) July, and C) August 

  

A) June

B) July

C) August
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Figure K-2 Time series of observed (black) and WRF modelled 2-m air temperature at the Ste-

anne-de-bellevue weather station in A) June, B) July, and C) August 

  

A) June

B) July

C) August
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Figure K-3 Time series of observed (black) and WRF modeled 2-m air temperature at the 

International Airport weather station in A) June, B) July, and C) August 

  

A) June

B) July

C) August
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Figure K-4 Time series of observed (black) and WRF modeled 2-m air temperature at the Mc-

Tavish weather station in A) June, B) July, and C) August 

  

A) June

B) July

C) August
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Figure K-5 Time series of observed (black) and WRF modeled 2-m air temperature at the St-

Hubert weather station in A) June, B) July, and C) August  

A) June

B) July

C) August
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Figure K-6 Time series of observed (black) and WRF modeled 2-m air temperature at the 

Ottawa-Airport weather station in A) June, B) July, and C) August  

A) June

B) July

C) August
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Figure K-7 Time series of observed (black) and WRF modelled near field relative humidity at 

the Pierre Elliott Trudeau weather station in A) June, B) July, and C) August 

  

A) June

B) July

C) August
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Figure K-8 Time series of observed (black) and WRF modeled near field relative humidity at the 

Ste-anne-de-bellevue weather station in A) June, B) July, and C) August  

A) June

B) July

C) August
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Figure K-9 Time series of observed (black) and WRF modeled near field relative humidity at the 

International Airport weather station in A) June, B) July, and C) August 

  

A) June

B) July

C) August
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Figure K-10 Time series of observed (black) and WRF modeled near field relative humidity at 

the Mc-Tavish weather station in A) June, B) July, and C) August  

A) June

B) July

C) August
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Figure K-11 Time series of observed (black) and WRF modeled near field relative humidity at 

the St-Hubert weather station in A) June, B) July, and C) August  

A) June

B) July

C) August
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Figure K-12 Time series of observed (black) and WRF modeled near field relative humidity at 

the Ottawa-Airport weather station in A) June, B) July, and C) August 

  

A) June

B) July

C) August
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Figure K-13 Time series of observed (black) and WRF modelled 10-m wind speed at the Pierre 

Elliott Trudeau weather station in A) June, B) July, and C) August 

  

A) June

B) July

C) August



203 

 

 

Figure K-14 Time series of observed (black) and WRF modeled 10-m wind speed at the Ste-

anne-de-bellevue weather station in A) June, B) July, and C) August  

A) June

B) July

C) August
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Figure K-15 Time series of observed (black) and WRF modeled 10-m wind speed at the 

International Airport weather station in A) June, B) July, and C) August 

  

A) June

B) July

C) August
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Figure K-16 Time series of observed (black) and WRF modeled 10-m wind speed at the Mc-

Tavish weather station in A) June, B) July, and C) August 

  

A) June

B) July

C) August



206 

 

 

Figure K-17 Time series of observed (black) and WRF modeled 10-m wind speed at the St-

Hubert weather station in A) June, B) July, and C) August 

  

A) June

B) July

C) August
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Figure K-18 Time series of observed (black) and WRF modeled 10-m wind speed at the Ottawa-

Airport weather station in A) June, B) July, and C) August 

  

A) June

B) July

C) August
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Figure K-19 Time series of observed (black) and WRF modelled 10-m wind direction at the 

Pierre Elliott Trudeau weather station in A) June, B) July, and C) August 

  

A) June

B) July

C) August
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Figure K-20 Time series of observed (black) and WRF modeled 10-m wind direction at the Ste-

anne-de-bellevue weather station in A) June, B) July, and C) August 

  

A) June

B) July

C) August
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Figure K-21 Time series of observed (black) and WRF modeled 10-m wind direction at the 

International Airport weather station in A) June, B) July, and C) August  

A) June

B) July

C) August
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Figure K-22 Time series of observed (black) and WRF modeled 10-m wind direction at the Mc-

Tavish weather station in A) June, B) July, and C) August  

A) June

B) July

C) August
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Figure K-23 Time series of observed (black) and WRF modeled 10-m wind direction at the St-

Hubert weather station in A) June, B) July, and C) August 

  

A) June

B) July

C) August
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Figure K-24 Time series of observed (black) and WRF modeled 10-m wind direction at the 

Ottawa-Airport weather station in A) June, B) July, and C) August 

  

A) June

B) July

C) August
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Figure K-25 Time series of observed (black) and WRF modelled accumulated precipitation at the 

Pierre Elliott Trudeau weather station in A) June, B) July, and C) August 

  

A) June

B) July

C) August
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Figure K-26 Time series of observed (black) and WRF modeled accumulated precipitation at the 

Ste-anne-de-bellevue weather station in A) June, B) July, and C) August 

  

A) June

B) July

C) August
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Figure K-27 Time series of observed (black) and WRF modeled accumulated precipitation at the 

International Airport weather station in A) June, B) July, and C) August  

A) June

B) July

C) August
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Figure K-28 Time series of observed (black) and WRF modeled accumulated precipitation at the 

Mc-Tavish weather station in A) June, B) July, and C) August  

A) June

B) July

C) August
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Figure K-29 Time series of observed (black) and WRF modeled accumulated precipitation at the 

St-Hubert weather station in A) June, B) July, and C) August  

A) June

B) July

C) August
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Figure K-30 Time series of observed (black) and WRF modeled accumulated precipitation at the 

Ottawa-Airport weather station in A) June, B) July, and C) August 

 

A) June

B) July

C) August
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