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Abstract 

Extensive impervious surface cover, anthropogenic heat, building structure and lack of 

vegetation contribute to the formation of distinct urban microclimates where higher air and 

surface temperature as well as lack of shade intensify outdoor heat exposure and thermal 

discomfort for humans. The objectives of this thesis are to explore the determinants of heat 

vulnerability across Vancouver’s neighborhoods and assess the impact of increasing street tree 

cover on extreme radiant heat exposure in different neighborhoods classified into local climate 

zones (LCZs) under present and future climate. To achieve these goals, first, the determinants of 

heat vulnerability in Vancouver’s neighborhoods were identified and population groups most 

vulnerable to extreme heat exposure were mapped by spatially superimposing multiple layers of 

socio-economic, environmental, and infrastructural data. Secondly, the influence of added 

street trees on radiant heat exposure across six different LCZs was investigated under present 

climate. This was done by employing the SOlar and LongWave Environmental Irradiance 

Geometry (SOLWEIG) model. The radiant cooling effect of increased street tree cover during the 

hottest day on record for Vancouver (July 29, 2009) was modeled by quantifying the 

spatiotemporal changes to mean radiant temperature (Tmrt). Results indicated a 2.1–4.2 °C 

reduction in spatially-averaged Tmrt during the hottest period of day. Lastly, this thesis sought to 

explore how changes in temperature and solar radiation under future climate projections would 

change Tmrt in Vancouver over the 2070-2100 period and the extent to which these changes 

could be mitigated by increased street tree cover. To this scope SOLWEIG was driven with 

downscaled climate projections using Representative Concentration Pathways (RCP) 4.5 and 8.5. 

Results showed that days with extreme radiant heat exposure were predicted to increase three- 

to five-fold under RCP 4.5 and 8.5, respectively. The addition of street trees can mitigate the 

increase in Tmrt under RCP 4.5 but is not sufficient to compensate for the Tmrt increase under RCP 

8.5.  

The results of this thesis provide valuable insights to city decision-makers and urban 

planners regarding effective heat mitigation and adaptation interventions and guide future 

research seeking to simulate the effect of heat mitigation measures under current and future 

climates.  
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Chapter 1. Introduction 

1.1. Background 

Urban areas create distinct environments that are different from their rural 

surroundings in terms of impervious surface and vegetation cover, building and street geometry, 

wind exposure, as well as anthropogenic heat generation. Impervious surfaces such as asphalt 

and concrete absorb and release large amounts of heat, and due to their impermeability to 

water they significantly reduce the potential for evaporative cooling. These urban characteristics 

alter micrometeorological conditions in the urban canopy layer (ground to roof level) such that 

cities are relatively warmer than their immediate rural surroundings, a phenomenon also known 

as the urban heat island (UHI) effect (Arnfield, 2003; Oke, 1982). The UHI intensity varies 

diurnally and seasonally (Doick et al. 2014). In most midlatitude temperate climate cities, 

nocturnal UHI effect is greater than daytime UHI effect (Oke 1981). In Vancouver for example, a 

nocturnal UHI (i.e. difference in near-surface air temperature between urban and rural areas) as 

high as 9°C was observed by Runnalls and Oke (2000). The UHI effect is significant because with 

more intense, frequent and long-lasting heatwaves expected to occur under global warming 

(IPCC 2014), the excess warmth in cities is projected to have significant impact on heat 

vulnerability, heat exposure, human health  (Argüeso et al., 2015; Kenny et al., 2010; Perkins et 

al. 2012; Stewart and Oke, 2012; Taleghani et al., 2016). 

Extreme heat conditions are linked to increased mortality from heat stroke, heat 

exhaustion, cardiovascular and respiratory diseases (Luber and McGeehin 2008; Petkova et al. 

2014). The 2003 lethal heatwave in France and the 1995 heatwave in Chicago, USA resulted in 

15,000 and 700 excess deaths, respectively. Extreme heat conditions are not only associated 

with excess mortality, but also heat-related morbidity. In the literature, heat-related morbidity 

has been assessed using various indicators, including for example excess number of hospital 

admissions and heat-related medical dispatches during extreme heat events. (Fouillet et al. 

2006; Semenza et al. 1996). Compared to suburban and rural residents, the health condition of 

urban dwellers is thought to be more affected by extreme heat, since they live in settings where 

air and surface temperatures are often higher than their suburban and rural surroundings. 
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These urban settings exacerbate the risk of heat-related mortality and morbidity particularly 

among elderly residents, infants, ethnic minorities, and those with low socioeconomic status 

(Kovats and Hajat 2008). Studies of heat vulnerability and extreme radiant heat exposure have 

attracted considerable attention worldwide, with most research evaluating the effect of 

present-day climate over large regions (Inostroza et al., 2016; Wolf et al., 2014). The extent to 

which projected changes in climate will affect radiant heat exposure across single urban 

neighborhoods has never been assessed for Vancouver. While vulnerability to heat and extreme 

radiant heat exposure is less severe in mid- and high-latitude cities, such as Vancouver, than in 

low-latitudes (Thorsson et al., 2017), it can lead to severe heat stress due to poor 

acclimatization of northern, and especially coastal populations to extreme heat (Rocklöv and 

Forsberg, 2008; Watkins et al., 2007). However, not all neighborhoods and populations are 

impacted equally. The health effects of extreme heat events and vulnerability to heat depend on 

risk perceptions among different vulnerable populations (Howe et al. 2019), population 

characteristics (e.g. socioeconomic status, age, unemployment rate, etc.) and the built and 

natural environments (Vescovi et al. 2005; Rinner et al. 2010). Regarding the built and natural 

environment, elements linked to e.g. building structure, and vegetation cover influence heat 

variability and exposure across different neighborhoods (Rasanen et al. 2019). Understanding 

the spatial overlap of these built and natural environment elements with population 

characteristics of heat vulnerability is of great importance to policymakers and health 

professionals (He et al. 2019; Spangler et al. 2019). It is therefore crucial to explore how heat 

exposure and vulnerability differ among different neighborhoods under current and future 

climate. This examination of heat vulnerability and exposure offers the potential to properly 

plan heat mitigation interventions. 

For the purpose of this thesis, heat vulnerability is defined as a function of three 

interactive components: exposure (e.g. extreme heat), sensitivity (e.g. population 

characteristics) and coping capacity (e.g. access to cooling and health infrastructure) (Wilhelmi 

and Hayden 2010).    

Hence, the goal of this thesis is to explore the determinants of heat vulnerability and 

assess the impact of one particular heat mitigation measure (i.e. increasing street tree cover) on 

extreme radiant heat and outdoor thermal exposure in the coastal mid-latitude city of 

Vancouver.           
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1.2. Objectives, Study Area, and Thesis Structure 

1.2.1. Objectives 

The overall aim of this thesis is twofold:  

a) To identify determinants of heat vulnerability and to increase understanding of how 

vulnerability to heat varies across Vancouver’s neighborhoods. The goal here is to 

provide an initial assessment of heat-vulnerable neighborhoods in Vancouver. Heat 

mitigation measures can be further investigated in those vulnerable neighborhoods 

using the local climate zones (LCZs) approach proposed in the next objective.  

b) To investigate how the addition of urban street trees influences radiant heat 

exposure across Vancouver’s LCZs, under present and future climates.  

Specific objectives are to: 

• Integrate multiple disparate data to spatially visualize co-occurrence of heat 

exposure, heat sensitivity and lack of heat coping resources to assess 

vulnerability in Vancouver’s neighborhoods (Chapter 2).  

• Assess the spatiotemporal variation of Tmrt and its daytime reductions resulting 

from increased street tree cover within street sections of representative LCZs 

in Vancouver (Chapter 3) 

• Investigate the radiant cooling potential of increased street tree cover under 

two projected climate scenarios for selected LCZs in Vancouver (Chapter 4). 

1.2.2. Study area 

The field measurements and the simulations in this thesis were conducted in Vancouver, 

British Columbia, Canada (Figure 4.1). Vancouver lies on a peninsula  in the southwestern corner 

of the province of British Columbia (49.2°N, 123.1°W), has a western maritime climate  with 

annual mean air temperature of 14°C, mild winters and semi-dry summer months. The city is 

located on the British Columbia’s west coast  and lies between Burrard Inlet to the north and 
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Fraser River valley and its floodplains to the south. Combined with the range of urban densities 

found in the area, this environmental context produces substantial differences in thermal 

environment between different parts of the city (Ho et al., 2016). Living in a mild oceanic 

climate, Vancouverites are generally less adapted to probable future heat waves which makes 

this city a suitable case for assessing the differential influence of extreme radiant temperature 

and heat events across neighbourhoods.   

1.2.3. Thesis structure 

The rest of this thesis consists of three peer-reviewed publications in the form of stand-

alone chapters (Chapter 2, 3 and 4) that each address one of the specific objectives outlined 

earlier, as well as a concluding chapter (Chapter 5). The first paper (Chapter 2), which was 

published in the Canadian Geographer, reviews determinants of heat vulnerability from around 

the world and investigates the relevance of those determinants to Vancouver. This paper serves 

as a baseline for characterizing heat vulnerability across Vancouver’s neighborhoods. While 

heat-vulnerable neighborhoods are identified in this paper, further investigation on how radiant 

heat exposure can be reduced in those neighborhoods was necessary. Thus, in the second paper 

(Chapter 3), which was published in Urban Forestry and Urban Greening, the effect of increased 

street tree cover on mean radiant temperature across different neighborhoods classified into 

LCZs was simulated using the SOlar and LongWave Environmental Irradiance Geometry 

(SOLWEIG) model. However, with climate change, requirements for heat mitigation strategies at   

street-level to moderate pedestrian thermal exposure are changing. Therefore, in the third 

paper (Chapter 4), in review at Building and Environment in February 2019, the influence of 

adding the maximum feasible number of street trees on radiant heat exposure was modelled for 

current climate and projected changes under two downscaled climate scenarios. Chapter 5 

concludes the thesis by highlighting the contribution of each paper and outlining the limitations 

of this work.               
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Chapter 2. Using multiple disparate data sources to map 

heat vulnerability: Vancouver case study 

This chapter has been published in the Canadian Geographer journal. 

Citation details: Aminipouri, M., Knudby, A., and Ho, H.C., 2016. “Using multiple disparate data 

sources to map heat vulnerability: Vancouver case study.” Canadian Geographer 60, 356-368. 

Contribution statement: First author designed the research, performed the analysis and wrote 

the manuscript. Co-authors assisted in framing the research idea, provided feedback on the 

interpretation of results and edited the manuscript.  

2.1. Abstract 

Extreme heat events have caused excess mortality in Canadian cities. In order to map 

the population groups most vulnerable to extreme heat in Vancouver, we overlaid multiple 

layers of socio-economic, environmental, and infrastructural data. By superimposing multiple 

disparate data layers, we were able to detect and visualize socio-economically deprived 

dissemination areas with high vulnerability to extreme heat events. The three dissemination 

areas found to be most vulnerable to heat varied from the rest of the sample in terms of 

environmental and infrastructural variables. These three vulnerable dissemination areas also 

have relatively low vegetation cover as well as relatively hot surface temperatures. As such, they 

are socioeconomically vulnerable, far from cooling and health infrastructure, and have an 

environment that elevates heat exposure. Our results are a preliminary step toward the 

development of tools that can help health authorities, city officials, and policymakers better 

understand who is at risk during extreme heat events, where they reside, what factors drive the 

risk, and ultimately what can be done to mitigate it. 

Keywords: heat vulnerability, extreme heat events, Vancouver 
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2.2. Introduction 

Extreme heat is a significant public health concern. The 2003 extreme heat event in 

Europe that resulted in 70,000 deaths and the 2010 heatwave in Russia that caused an 

estimated 55,000 deaths (Grize et al. 2005; Canouï‐Poitrine et al. 2006; Fouillet et al. 2006; 

Barriopedro et al. 2011; Keller 2013) demonstrate the severe health impacts that such events 

can produce. With a changing climate, the frequency, duration, and intensity of extreme 

heatwaves are predicted to increase (IPCC 2014), leading to the intensification of health risks 

worldwide, including in Canada. To date, six extreme heat events have been reported in Canada 

over the period 1900–2009, resulting in just over 1,300 deaths (Public Safety Canada 2013; 

Health Canada 2011a). In Vancouver alone, an excess mortality of 122 people has been 

estimated for the event that occurred in the summer of 2009 (City of Vancouver 2012; Kosatsky 

et al. 2012). 

The scientific literature exploring personal and social characteristics that increase or 

decrease heat vulnerability is extensive. While results vary between locations and events, typical 

high‐risk groups include seniors, young children, people with chronic illnesses, and socially 

disadvantaged individuals (Health Canada 2011a, 2011b; Depietri et al. 2013; Harlan et al. 2013; 

Loughnan et al. 2013; Rinner et al. 2013; Loughnan et al. 2014; Rosenthal et al. 2014; Saha et al. 

2014; Schuster et al. 2014). Compound effects may exist among populations  who fall into 

multiple vulnerable categories (e.g. a low income senior), especially where such populations  

also suffer from environmental conditions (e.g. low vegetation cover) that increase heat 

exposure and/or infrastructure‐related risk factors, such as poor access to cool shelters, water 

fountains, and health care (Buscail et al. 2012; Dugord et al. 2014). Thus, depending on the 

socioeconomic status and the built and natural environment characteristics, vulnerability to 

heat varies among different populations and spatially across neighborhoods. 

Assessing and mapping such multi‐faceted heat vulnerability requires the full 

involvement of organizations that have an existing infrastructure for generating and sharing the 

relevant data, which can then be integrated in a geographic information system (GIS) (IOM 

2009; Citro et al. 2009). Such data have included race and ethnicity and socio‐economic 

indicators such as median income, unemployment rate, and proportion of the population with 

limited official language proficiency. However, an integrated index of heat vulnerability 
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combining several environmental, infrastructural, and socio‐economic measures has yet to be 

created. Spatially overlaying these disparate data can help in the location and examination of 

the population groups most vulnerable to heat (Reid et al. 2009; Buscail et al. 2012). For 

example, mapping low‐income seniors who live alone in neighbourhoods with little vegetation 

cover and poor access to cool shelters could reveal spatial hotspots of heat vulnerability that 

could subsequently be addressed through public health intervention and heat mitigation 

measures (e.g., green roofs, reflective roofs, humidification, and increased vegetation cover) 

(Rizwan et al. 2008; Harlan et al. 2013). 

The main goal of this work is to integrate multiple disparate data sources to spatially 

visualize co-occurrence of heat exposure, heat sensitivity and lack of heat coping resources in 

Vancouver’s neighborhoods. To achieve this, indicators expected to influence heat vulnerability 

in Vancouver were identified; data sources that describe their spatial distribution throughout 

the city were explored and compiled; and a spatial overlay analysis was used to visualize areas 

within the city that contain multiple risk factors for heat. 

2.2.1. Background 

The scientific literature exploring physical and social factors related to heat vulnerability 

is extensive, but most studies have focused on the extreme heat event in Europe in 2003 or 

previous events in the United States (US). Results vary substantially by region, likely as a result 

of climatic, infrastructural, and societal differences, so vulnerability factors found to be 

important elsewhere may not be applicable to Vancouver or other urban areas in Canada. 

Examples of European and US studies include those by Chestnut et al. (1998), Naughton et al. 

(2002), Robine et al. (2008), Anderson and Bell (2009), García‐Herrera et al. (2010), and 

Alcoforado et al. (2015), and vulnerability indicators for the Canadian context have been 

summarized by Kosatsky et al. (2005), Pengelly et al. (2007), Rinner et al. (2013), and Belanger et 

al. (2015). The literature review presented in the next two sections focuses on heat vulnerability 

indicators from cities with a climate similar to Vancouver's (i.e., within the Pacific Northwest 

(PNW), including Vancouver, Seattle, Portland, and San Francisco), with lesser consideration of 

evidence from other climates. The following sub‐sections provide an overview of the 
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relationship between extreme heat and human health, and past extreme heat events in the 

PNW region. 

2.2.1.1. Extreme heat and human health 

The relationships between extreme heat, health risks, mortality, and morbidity have 

been studied extensively (Chestnut et al. 1998; Braga et al. 2001; Curriero et al. 2002; 

Medina‐Ramón et al. 2006; Mastrangelo et al. 2007). Long exposure to extreme heat can 

severely affect a person's physiological comfort, resulting in heat stress and, in extreme cases, 

death (Luber et al. 2006; Reid et al. 2009). Not all populations are equally vulnerable to the risks 

associated with extreme heat. Variations in the distributions of neighbourhoods’ 

socio‐economic status, environmental exposures, and infrastructural factors affect heat 

vulnerability. Several studies have listed a range of factors that influence vulnerability to 

extreme heat events on an individual and neighbourhood scale, including but not limited to: 

local climate, age, income, housing, health status, access to cool places, and a social network 

(Harlan et al. 2013; Coates et al. 2014; Gronlund et al. 2014; Belanger et al. 2015; Hondula et al. 

2015; Onozuka and Hagihara 2015). However, studies of health impacts of extreme heat events 

should consider not only who is vulnerable to heat, but also where the vulnerable populations 

reside (Smoyer 1998). Vulnerability variables at these levels include environmental exposure 

factors (e.g., temperature, air quality, tree density, proximity to parks/green space, living on top 

floor), and infrastructure conditions (e.g., building age, mobility/access to transportation, air 

conditioning). 

2.2.1.2. Extreme heat in the PNW region 

The PNW, which includes southwestern British Columbia (BC) and the western reaches 

of Washington and Oregon in the US, typically experiences a mild summer climate with few 

instances of extreme heat events. The 2009 event set all‐time high temperature records 

throughout western Washington and southern BC (Bumbaco et al. 2013). This specific event had 

significant health impacts because the PNW region is not historically prone to extreme heat, and 

residents are likely to experience greater negative impacts and increased mortality due to the 

relative rarity of occurrence (Meehl and Tebaldi 2004).  
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The extreme heat event in summer 2009 in Vancouver alone caused an estimated 122 

excess deaths and many emergency room visits (City of Vancouver 2012; Kosatsky et al. 2012). 

During the end of July and beginning of August 2009, the maximum and minimum temperatures 

at Vancouver International Airport were 30.9°C (19.6°C) on July 28, 34.0°C (20.2°C) on July 29, 

and 34.4°C (22.4°C) on July 30, all under clear skies with an average relative humidity of 57%. 

Within days of the onset of the hot weather event, BC's rapid mortality surveillance system 

indicated that deaths among residents of greater Vancouver had increased by around 40% for 

the period through August 2 (Kosatsky et al. 2012). Residents of Vancouver are generally not 

acclimatized to extreme heat events during the summer months, and as a result have a 

relatively low threshold and quickly suffer heat‐related consequences (Henderson et al. 2013). 

Vulnerable segments of the population, including seniors, infants, persons with chronic illness, 

and socio‐economically disadvantaged individuals, are at relatively higher risk (City of Vancouver 

2012; Kosatsky et al. 2012).  

From 1980 to 2010, mortality rates associated with extreme heat in King County, 

Washington were quantified in a study conducted by Isaksen (2014). The results demonstrate 

that heat, expressed as a humidex (Basu 2009; Zhang et al. 2014), is associated with increased 

non‐trauma mortality and hospital admissions on extreme hot days, and that risk increases with 

heat intensity, especially among older individuals. Isaksen (2014) found that on hot days—those 

above the 99th percentile—the all‐ages relative risk for mortality was roughly 10% higher when 

compared to that on a “non‐hot” day. This risk was found to increase 2.12% for every degree 

increase in the humidex above 36.0°C. Similarly, the all‐ages relative risk of hospitalization on a 

hot day was found to be 2% greater when compared to that on a non‐hot day—reflecting an 

increase of 1.59% for each degree increase in the humidex above 37.4°C (Isaksen 2014). While 

those in the 65+ age group were found to be at greater risk of poor health outcomes on an 

extreme hot day, younger age groups were also found to be at risk for specific causes of death 

and hospitalization (Isaksen 2014). 

Given that direct quantitative assessment of vulnerability is often difficult (Cutter et al. 

2010), a comparative approach to assessment can be employed by considering variables and 

indicators that act as proxies for vulnerability to heat. This indicator approach to vulnerability 

measurement, however, has been criticized for its subjectivity with regard to both the selection 

and weighting of variables, its dependence on data availability, and its issues with spatial scales 
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and validation of the results (Luers et al. 2003; Malone and Brenkert 2008). Nonetheless, these 

indicators are valuable for planners and decision makers as they provide accessible metrics for 

vulnerability that support priority setting, mapping, and progress measurement for public health 

interventions (Cutter et al. 2008). 

Depending on the area of interest and availability of data, a variety of health conditions 

such as diabetes and respiratory illnesses among residents have also been considered as 

indicators for heat vulnerability (Reid et al. 2009; Kosatsky et al. 2012). However, a consistently 

measured local dataset that contains locational data (i.e., geographical coordinates) does not 

currently exist for the majority of these pre‐existing individual health factors, thus making it 

impossible to identify and map the vulnerable population in this sense. The only heat‐mortality 

relationship study from Vancouver, conducted by Kosatsky et al. (2012), examined patterns of 

mortality during the extreme heat event in summer 2009, considering age, sex, location of death 

(home vs. other), population density, elderly people living alone, and poverty as vulnerability 

factors. Kosatsky et al. (2012) found that the 65–74 years age group was at significantly higher 

risk than the reference group (≥85 years old), while those under age 65 and those aged 75–84 

years were not at significantly higher risk. This study also found that men were at marginally 

higher risk than women, and people in hospitals and care residences were at significantly lower 

risk than people living at home. People living in areas with high population density, areas where 

more than 40% of people aged 65 years and older lived alone, and areas where more than 20% 

of people lived in poverty, were also at higher risk (Kosatsky et al. 2012). Although not all these 

findings were statistically significant, parallel findings in several studies from Europe and the US 

support their validity. Analyses of extreme heat events in Canada, the US, and Europe reveal 

indicators that modify the relationship between heat, morbidity, and mortality. Table 2.1 

outlines many of the variables that impact heat vulnerability, including socio‐economic status, 

environmental exposure, and infrastructural factors, and briefly describes their effects on health 

during an extreme heat event.Data and methodology 

2.2.2. Compilation of heat vulnerability indicators 

In compiling heat vulnerability indicators relevant to the PNW region, evidence from 

Vancouver (Kosatsky et al. 2012), other Canadian cities (Pengelly et al. 2007; Health Canada 
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2011a, 2011b; Price et al. 2013; Rinner et al. 2013), San Francisco (SFDPH 2013), and 

Washington state (Jackson et al. 2010; Bumbaco et al. 2013; Isaksen 2014) have been taken into 

consideration (see Table 2.2). The highest‐resolution, smallest‐area data available in Vancouver 

were at the level of the Census Dissemination Area (DA), a small area composed of one or more 

neighbouring dissemination blocks, with a population of 400 to 700 persons (Statistics Canada 

2015). 

Table 2-1: Heat vulnerability indicators. From San Francisco Department of Public Health 
(SFDPH 2013). 

Factors 
Heat vulnerability 

indicator 
Data 

Effects of indicator on human health during 

extreme heat events 
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Age: infants and 

children 

Proportion of population 

aged 0-4 

This particular population group is more vulnerable 

to heat for the following reasons: reduced ability to 

thermo-regulate, increased risk for dehydration, 

and reduced ability to communicate discomfort to 

caregivers (Luber et al. 2006). 

Age: elderly 
Proportion of population 

aged ≥65 

Higher mortality risk for populations above the age 

of 65 (Knowlton et al. 2009; Kosatsky et al. 2012), as 

well as higher hospital admission rate for 

respiratory and other heat-related diseases 

(Kilbourne et al. 1982). 

Race/Ethnicity 
Proportion of non-white 

population 

Data has shown that race/ethnicity is a common 

heat vulnerability factor (Klinenberg 1999; O’Neill et 

al. 2003; Medina-Ramon et al. 2006). 

Level of Education 

Proportion of population 

25+ without a high school 

degree 

Socio-economic status—including percentage of 

persons without a high school education, low 

median household incomes, and percentage of 

those living in poverty—have been shown to be 

highly associated with increased heat stress (Harlan 

et al. 2006), mortality (Curriero et al. 2002), and 

increased risk of heat-related morbidity (Jones et al. 

1982). 

Income Average household income 

Poverty 
Proportion of population 

below poverty line 

Language Barrier 

Proportion of population 

defined as linguistically 

isolated 

Vulnerability may increase in the absence of 

linguistically suitable heat-warning systems and the 

inability for health care providers to communicate 

with non-English speakers (Sheridan 2007). 

Nursing Home 
Proportion of population 

living in a nursing home 

Elderly living in senior care facilities have been 

found to be at increased risk for mortality 

(Klinenberg 1999; Fouillet et al. 2006). 

Social Isolation 
Proportion of population 

living alone 

Persons living alone, especially those above the age 

of 65, are more vulnerable to heat (Klinenberg 

1999; Harlan et al. 2006). 
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Factors 
Heat vulnerability 

indicator 
Data 

Effects of indicator on human health during 

extreme heat events 

Population Density 
Population density 

(persons/square mile) 

Densely populated areas have been associated with 

higher heat stress levels (Harlan et al. 2006). 

En
vi

ro
n

m
e

n
ta

l E
xp

o
su

re
 F
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to

rs
 

Surface/air 

temperature & 

Humidex 

Mean/minimum/maximum 

daily temperature 

Remote sensing techniques have been used 

frequently to study urban microclimates and predict 

surface and air temperatures as well as humidex (Ho 

et al. 2014). 

Air Quality 
Maximum PM2.5 

concentration (μg/m3) 

The concentration of air pollutants may change due 

to weather patterns at different spatial scales. The 

concentration of air pollutants such as ozone, 

particulates, and nitrogen dioxide increase during 

extreme heat events and can ultimately exacerbate 

air pollution-related mortality (Knowlton et al. 2004; 

Papanastasiou et al. 2015). 

Park accessibility 

Proportion of population 

with limited park 

accessibility (more than 200 

meters of a park) 

Air temperature is reduced around 1.8°F for every 

100 m2 of vegetation added to a park (Dimoudi and 

Nikolopoulou 2003). 

Tree Density 
Number of trees per square 

mile 

The presence of greenery in an urban neighborhood 

will help mitigate the adverse health effects of 

extreme heat events, leading to decreases in air 

temperature (Dimoudi and Nikolopoulou 2003; 

Vandentorren et al. 2006). 

Proximity to water 

bodies and drinkable 

water fountains 

Distance to major water 

bodies and also relative 

extent of the water bodies 

Irrigated land and water bodies can cool 

surroundings due to increased evaporation and thus 

alleviate human discomfort during heat events 

(Buscail et al. 2012; Dugord et al. 2014). Drinking 

fountains may provide a point of rehydration 

outside the home. 

In
fr
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tr

u
ct

u
re

 C
o

n
d

it
io

n
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Building Age Average age of building 

Lack of thermal insulation in old buildings has been 

recognized as a main risk factor during past extreme 

heat events (Vandentorren et al. 2006). 

Air Condition 

Prevalence 

Proportion of population 

without central air 

conditioning 

Access to air conditioning has been documented 

frequently as a factor determining heat-related 

morbidity and mortality (Semenza et al. 1996; 

Curriero et al. 2002; Bouchama et al. 2007; Reid et 

al. 2009). 

Transportation 

accessibility 

Proportion of population 

that doesn’t live within 0.5 

miles of a transit station 

Access to transportation (either car, bus, or train) 

can reduce the risk of heat-related mortality 

(Semenza et al. 1996). 

Housing Conditions: 

living on the top floor 

Proportion of population 

living in the building’s top 

floor 

Living on the top floor in a multi-story building has 

been found to increase the risk of heatstroke and 

mortality during extreme heat events (Kilbourne et 

al. 1982; Vandentorren et al. 2006). 
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2.2.3. Environmental and infrastructural data 

Geospatial data describing the spatial distribution of all the infrastructural and some of 

the environmental vulnerability indicators from Table 2.2 were downloaded from the City of 

Vancouver's Open Data Catalogue (City of Vancouver 2015). These include the locations of 

parks, water bodies, cool shelters (including community centres, homeless shelters, and 

libraries), public transportation routes and stations, hospitals, and drinking fountains. 

Maximum air temperature, land surface temperature, and humidex for typical hot 

summer days, quantified relative to Vancouver International Airport, were obtained from Ho et 

al. (2014). All temperature maps have been derived as a 4‐day average (13 August 2002; 17 July 

2004; 23 July 2006; 12 July 2008) using cloud‐free Landsat TM/ETM+ satellite images taken 

during hot summer days (maximum air temperature higher than 25°C at YVR International 

Airport). These temperature map products are all in raster format with 60‐metre spatial 

resolution. Little variation existed between the three different temperature maps, and only the 

land surface temperature map was used for visualization purposes. 

The land surface temperature data were resampled to the DAs to align with the 

socio‐economic data. While a higher spatial resolution could have been obtained by resampling 

the census data to the 60‐metre resolution of the temperature data layers (Ho et al. 2015), use 

of the resulting intra‐DA temperature variability in combination with the census data would 

implicitly assume that the census data of a DA are equally valid for all raster cells in that DA. This 

assumption leads to the ecological fallacy; for example, in a DA with a vulnerable population, a 

hot parking lot would be identified as having an elevated heat risk, despite nobody residing in 

that precise location. We therefore chose to retain the DAs as the spatial unit of analysis. 

Vegetation cover was quantified from the Landsat TM/ETM+ data using the Normalized 

Difference Vegetation Index (NDVI), which quantifies the amount and health of vegetation 

(Imhoff et al. 2010; Anniballe et al. 2014). NDVI values range from −1.0 (deep water with no 

vegetation) to 1.0 (healthy vegetation). The vegetation cover map was similarly resampled to 

the DAs to match the spatial scale of the socio‐economic data. 
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2.2.4. Scoio-economic data 

The socio‐economic data were obtained from the 2006 Canadian Census (Statistics 

Canada 2006). The data are freely available in tabular format and are spatially aggregated by DA. 

The following data were obtained: persons aged 65 years and over living alone; low‐income 

persons 15 years and older (i.e., less than $30,487 after‐tax); total population speaking a 

non‐official Canadian language; unemployment rate; infants aged 0–4 years; and persons aged 

65–74 years. 

Table 2-2: Proposed categories of heat vulnerability indicators for which geospatial data 
are available for Vancouver. 

2.2.5. Spatial overlay and visual analysis 

The DAs in Vancouver were ranked according to each of the six socioeconomic 

vulnerability indicators, and for each indicator the top 25% most vulnerable areas were 

identified. We then examined the presence of different vulnerability factors in each DA. DAs 

were categorized according to the prevalence of their vulnerability factors, namely DAs in the 

top 25% for: (1) at least 5 out of 6 indicators; (2) 4 out of 6 indicators; (3) 3 out of 6 indicators; 

and (4) 2 out of 6 indicators. The 25% threshold was chosen subjectively in an exploratory 

fashion to arrive at an easily interpretable number for designating high vulnerability areas. The 

25% cut‐off is easy for city officials to replicate without using complex statistical procedures and 

Socio-economic Environmental Infrastructural 

•  Age 

•  Unemployment rate 

•  Social isolation (elderly living 

alone) 

•  Population density 

•  % of population speaking a 

non-official Canadian language 

•  Income 

• Land surface temperature 

• Air temperature 

• Humidex 

• Vegetation cover 

• Proximity to parks 

• Proximity to water bodies  

• Proximity to cool shelters 

(community centres, homeless 

shelters, libraries) 

• Proximity to public 

transportation 

• Proximity to hospitals 

• Proximity to drinking fountains 
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thus it facilitates decision making and directing efforts toward areas most in need of heat 

mitigation plans. 

Infrastructural factors such as proximity to cool shelters (i.e., libraries, community 

centres, and homeless shelters), drinking fountains, rapid transit, and hospitals, as well as the 

land surface temperature, were then spatially overlaid to produce maps that combine 

information on heat exposure, heat vulnerability, and related infrastructure. The presence of 

socially disadvantaged groups, such as elderly living alone or low‐income families with infants, 

may spatially coincide with very hot neighbourhoods leading to a higher heat‐related health risk. 

Where high vulnerability areas are also hot and/or not in close proximity to cool shelters, 

drinking fountains, rapid transit network, and hospitals, the combination of high vulnerability, 

exposure, and lack of cooling/health infrastructure makes such areas of particular interest for 

potential public health intervention or heat mitigation measures. For the purposes of this study, 

poor accessibility to city amenities that are useful in the presence of extreme heat events, 

including cool shelters, drinking fountains, rapid transit network, and hospitals, has been 

defined as follows: being one kilometre away from cool shelters, hospitals, and rapid transit 

network and being 500 metres from drinking fountains. We delineated the areas of influence 

around the cooling/health infrastructure using the Euclidean Buffer tool in ArcGIS. 

2.3. Results 

By superimposing multiple disparate data layers, we were able to detect and visualize 

socio‐economically deprived DAs with high vulnerability to extreme heat events. Four DAs are in 

the top 25% of at least 5 out of the 6 vulnerability factors (Figure 2.1a), a number that increases 

to 10 DAs for the 4‐out‐of‐6 indicators category (Figure 2.1b); 29 DAs for the 3‐out‐of‐6 category 

(Figure 2.1c); and 62 DAs for the 2‐out‐of‐6 category (Figure 2.1d). No DA was in the top 25% of 

all six vulnerability factors. 

Almost all detected DAs are located within relatively hot areas of the city, indicating a 

low density of green space and high percentage of impervious surfaces, a combination 

considered to be an immediate heat‐related health risk factor (Gronlund et al. 2014). In terms of 

accessibility to health and cooling infrastructure, in the ≥ 5‐out‐of‐6 and 4‐out‐of‐6 categories 
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(Figure 2.1a and 2.1b) all DAs were within the distance thresholds for all infrastructural 

variables. 

When the 3‐out‐of‐6 category is examined, one DA falls outside the distance thresholds 

for cool shelters and the rapid transit network (Figure 2.2a). This DA is 2700 metres from the 

closest rapid transit station, and 1475 and 1100 metres from the closest community centre and 

library, respectively. With 8% of the population aged 65–74 years, 5% aged 0–4 years, and a 

median annual after‐tax income for persons 15 years and older of $22,800, this DA is in the top 

25% vulnerability groups for elderly, infants, and income. The average values for Vancouver are 

6% for elderly, 4% for infants, and a median annual after‐tax income for persons 15 years and 

older of $24,100. 

When the 2‐out‐of‐6 category is examined, two additional DAs fall outside the distance 

threshold for cool shelters, the rapid transit network, and also for drinking fountains (Figure 

2.2b). For polygons 2 and 3 in Figure 2.2b, the distances from the closest cooling infrastructures 

are as follows: 1050 and 1020 metres from a community centre, 600 and 560 metres from a 

drinking fountain, 1020 and 1300 metres from a library, and 2285 and 1860 metres from a rapid 

transit station. These two DAs are in the top 25% groups for elderly (7% of the population) and 

infants (5% of the population). 
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Figure 2-1: Polygons represent DAs in the top 25% most vulnerable areas for one or more 
indicators. Each map highlights DAs based on the number of co-existing vulnerability 
indicators—those in the top 25% for: (a) at least 5 out 6 indicators; (b) 4 out of 6 indicators; (c) 3 
out of 6 indicators; and (d) 2 out of 6 indicators. Map background shows spatial variations in 
land surface temperature. 

 

The three vulnerable DAs highlighted here also have relatively low vegetation cover 

(NDVI average of three DAs: 0.08, Vancouver average: 0.15). They also have relatively hot 

surface temperatures (average of three DAs: 41 °C, Vancouver average: 38 °C). As such, they are 

socio‐economically vulnerable, far from cooling and health infrastructure, and have an 

environment that elevates heat exposure. They are all located in the Sunset neighbourhood of 

southeast Vancouver, one of the most ethnically diverse, working class–dominated areas in the 

city (City of Vancouver 2016). 
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2.4. Discussion 

Although these maps enable easy visual interpretation and a clear illustration of the 

distributions of a variety of heat vulnerability factors, the analyses are best viewed as 

preliminary, pointing to areas where more in‐depth investigation is warranted, and where 

implementation of heat mitigation measures for vulnerable groups should be prioritized. The 

data should thus be used in conjunction with contextual knowledge of the area, other datasets 

that are either not publicly accessible or cannot be easily mapped, and wider discussions with 

relevant decision makers (Arup 2014). For example, homelessness in Vancouver has increased 

nearly three‐fold in the last 10 years, from 628 individuals in 2002 to 2223 in 2019 (City of 

Vancouver 2019), but due to a lack of sufficient spatial data on this homelessness, information 

on this vulnerable population is excluded from this study. The inclusion of such information, as 

well as data on other highly vulnerable groups (e.g., those with alcohol or drug addictions as 

well as the mentally or physically disabled) would greatly assist in detection of vulnerable areas 

that may have been missed in the above analysis.  

With regard to the issue of accessibility to cool shelters, drinking fountains, hospitals, 

and the rapid transit network, the hard thresholds (i.e., buffer distances) that were chosen 

provide some information but likely do not optimally describe the accessibility to city amenities. 

An alternative would have been to use network distance, but the best definition of the network 

is not clear in our case. Road networks are often used for this purpose, but people in high 

vulnerability groups seeking cooling on a hot summer day do not necessarily drive a car and may 

use alternatives to the road network for their travel, which complicates the calculation of 

realistic network distances. For exploratory purposes, we therefore chose the simpler and more 

easily interpretable buffer distance. Generally, the accessibility of a point or piece of land is a 

relative quality whose value is assigned based on the relationship of the point or piece of land 

with “the system of opportunities” (Fuglsang et al. 2011, 208), particularly those to be found in 

urban centres. This approach allows all locations to have a degree of relative accessibility 

(Ingram 1971). Accessibility varies as a function of distance to the destination: locations that are 

farthest from the destination have the lowest relative accessibility. Representing relative 

accessibility by the distance to city amenities is a subjective measurement yet is the simplest 

indicator of accessibility one can employ (Comber et al. 2008). 
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Figure 2-2: Polygons 1, 2, and 3 indicate vulnerable DAs far from health/cooling infrastructure. 
(a) This map represents the 3-out-of-6 category. Polygon 1 falls outside the distance thresholds 
for cool shelters and the rapid transit network. (b) This map represents the 2-out-of-6 category. 
Polygons 2 and 3 fall outside the distance thresholds for cool shelters, drinking fountains, and 
the rapid transit network. 

 

Where data are available, mapping neighbourhood‐level heat vulnerability can assist 

cities in targeting their resources effectively both immediately during heat emergencies and in 

the longer term through the incorporation of targeted heat mitigation measures in urban 

planning. The expectation that extreme heat events will increase in frequency and severity in 

the future means that heat should remain a prominent issue in local mitigation planning, 

including at the urban level (Bumbaco et al. 2013). 

Our approach is largely qualitative and exploratory, visualizing overlays of multiple 

disparate socio‐economic, environmental, and infrastructural datasets (Table 2.2) rather than 

attempting a quantitative integration for which sufficient calibration data and methodology do 

not exist. While the risk of living in a particularly vulnerable DA thus cannot be assessed, it is 
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clear that the combination of multiple socio‐economic, environmental, and infrastructural 

vulnerability factors in some DAs constitutes a real concentration of risk. While only Vancouver 

neighbourhoods were investigated here, the methodology is easily transferable to other cities in 

Canada. 

2.5. Conclusion 

Extreme heat events can occur in any Canadian city, and with climate change, these 

events are forecasted to increase in frequency, length, and magnitude (Health Canada 2011a, 

2011b). The overlay of multiple disparate spatial and population demographic data—

socio‐economic, environmental, and infrastructural—has facilitated the mapping of populations 

vulnerable to extreme heat in Vancouver. Using this spatial overlay analysis, dissemination areas 

that are particularly vulnerable have been identified within the city. 

One of the strengths of this work is the ability to produce readily available information 

about heat vulnerability status. The approach taken in this study can be considered a first step 

toward the development of tools that can help health authorities, city officials, and 

policymakers better understand who is at risk during extreme heat events, where these people 

reside, and what factors drive their local risk. By understanding this multi‐faceted context, both 

short‐term emergency management efforts and longer‐term urban planning interventions to 

reduce health effects of extreme heat events can be implemented with greater effectiveness. 
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3.1. Abstract 

Extensive impervious surface cover, anthropogenic heat emissions, and lack of 

vegetation contribute to the formation of distinct urban microclimates where higher air and 

surface temperature as well as lack of shade intensify outdoor heat exposure and thermal 

discomfort for humans. Modifications to the thermal environment via urban design can be used 

to mitigate this effect. In this study, the potential for increased street tree coverage to reduce 

mean radiant temperature (Tmrt) across six different local climate zones (LCZs) in Vancouver, 

Canada, was examined using the SOlar and LongWave Environmental Irradiance Geometry 

(SOLWEIG) model. The radiant cooling effect of increased street tree coverage during the 

hottest day on record for Vancouver (July 29, 2009) was quantified by spatiotemporal changes 

to Tmrt. SOLWEIG was evaluated successfully prior to implementation of a street tree cover 

increase equivalent to 1% of plan area in each of six Vancouver LCZs investigated. Results 

indicate 3.2–6.3 °C reduction in spatially-averaged daytime (9:00 – 18:00) Tmrt and 3.3–7.1 °C 

reduction during the hottest period of day, 11:00-17:00. During the hottest period of day, the 
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largest spatially-averaged Tmrt reduction (7.1 °C) was modelled in a low-rise residential area. 

Modelling suggested that a pedestrian standing directly under a tree canopy would experience 

Tmrt reductions of 15.5–17.3 °C in all LCZs. Also, under current conditions with no increase in tree 

cover, the compact high-rise and the large low-rise areas are shown to be the most and least 

comfortable environments regarding human thermal exposure with spatially-averaged Tmrt of 

41.9 °C and 47.9 °C, respectively. We conclude that increases to Vancouver’s street tree cover by 

1% of plan area can substantially reduce Tmrt during extreme hot weather. The results of this 

study show that the cooling potential of added street trees is greater in lower density residential 

neighborhoods with 1–2 storey buildings compared to higher density neighborhoods occupied 

by high-rise or mid-rise buildings. 

Keywords: Mean radiant temperature, Micrometeorological modelling, SOLWEIG, 

Urban greening 

3.2. Introduction 

The world has seen an ever-increasing trend in the population of urban dwellers. Urban 

centers are becoming the dominant setting for world’s population. By 2030, more than 60% of 

the world population is predicted to reside in urban centers (World Cities Report, United 

Nations, 2016). Extensive increase in impervious surfaces, large amounts of heat emissions, and 

lack of urban greenery causes excessive heat storage, reduction in substrate moisture content, 

and consequently reduction of latent heat fluxes from evaporation and transpiration processes 

(Asaeda et al., 1996; Salata et al., 2015). Local wind is another factor affected by the complexity 

of urban environments. Urban canyons with less exposure to wind can experience reduced 

convective heat loss (Erell et al., 2011). These ultimately contribute to the formation of distinct 

urban microclimates where higher air and surface temperature can intensify outdoor heat 

exposure and thermal discomfort for pedestrians (Thom et al., 2016). Extensive exposure to 

extreme heat has also shown to negatively affect human’s physiological comfort, leading to 

severe heat vulnerability, stress and heat-related mortality and morbidity (Aminipouri et al., 

2016; Luber et al., 2006; Reid et al., 2009). As an example, the July 2009 heatwave in Vancouver 

and exposure to high air temperature of 34°C for a week, caused an estimated 122 excess 

deaths (Kosatsky et al., 2012). 
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Human thermal exposure is affected directly by the radiative heat exchange between 

the human body and its surroundings. In this regard, both environmental and personal factors 

play critical roles. Factors such as air temperature, relative humidity and wind speed, direct and 

diffuse shortwave and longwave radiant fluxes as well as clothing insulation and metabolic rate 

need to be considered for assessing heat exposure and thermal comfort (Mayer 1993). Human 

thermal exposure is particularly variable in cities (Hondula et al. 2017), where shade and surface 

temperature can vary substantially over very short distances. Identifying key factors that affect 

Tmrt directs the attention of research to possible heat mitigation measures, including but not 

limited to, urban morphology alteration, surface and building materials modifications, building 

insulation and urban greenery inclusion (Akbari et al., 2001; Akbari and Konopacki, 2005; Middel 

et al., 2014; Middel et al., 2015; Morakinyo and Lam, 2016; Santamouris, 2014; Zölch et al., 

2016). 

A synthetic human-biometeorological quantity that has been found to be a major driver 

of thermal exposure is the mean radiant temperature Tmrt (Chen et al., 2016; Jänicke et al., 2016; 

Lau et al., 2016). Tmrt is defined as the sum of all shortwave and longwave radiation fluxes from 

six directions (four cardinal, one from below and one from above) applied to a reference 

pedestrian (Höppe, 1992). Of particular interest to thermal exposure studies is the effect of 

street trees on reducing Tmrt through the provision of shade (Holst and Mayer 2011; Lee et al., 

2016; Lee, Holst, and Mayer 2013; Lee and Mayer 2018; Lee, Mayer, and Schindler 2014; 

Lobaccaro and Acero, 2015; Mayer et al. 2008; Middel et al., 2016). 

The mitigating effect of street trees on diurnal mean Tmrt has been widely investigated. 

Tmrt reductions ranged from 7°C in a residential district in Freiburg, Germany (Lee et al., 2016) to 

10°C in a compact low-rise neighborhood in Bilbao, Spain (Lobaccaro and Acero, 2015). All 

measurements were conducted for 24 hours period under calm suuny days in summer. Another 

study in Berlin, Germany, evaluated the effect of façade greening on Tmrt (Jänicke et al., 2015). 

The study examined the reduction of Tmrt in front of a green façade in a hot day in July 2013, 

using three different models: SOLWEIG (V 2013a), ENVI-met (V 3.1 Beta 5) and RayMan (V 1.2). 

Comparing modelled vs observed Tmrt, SOLWEIG showed the highest agreement (R2=0.96) and 

lowest root mean square deviation (RMSD=4.63 °C). 
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SOLWEIG has been validated and shown to accurately predict Tmrt across cities with 

various climates such as Gothenburg, Sweden (Thorsson et al., 2011), London, England (Lindberg 

and Grimmond, 2011a), Freiburg, Germany (Chen et al., 2014), Adelaide, Australia (Thom et al., 

2016), Shanghai, China (Chen et al., 2016) and Hong Kong (Lau et al., 2016). 

To date, most of the thermal exposure studies have focused on heat mitigation 

strategies to reduce Tmrt over single point locations (Martins et al., 2016; Taleghani et al., 2014). 

However, there has been little research into how the local environment influences the 

effectiveness of such heat mitigation strategies, and thus how their effectiveness differs 

between LCZs within a city. Environmental factors that influence such effectiveness include 

those that impact local energy fluxes, such as surface albedo, building height, density and 

materials, vegetation cover and its spatial arrangement, and anthropogenic heat sources. 

The LCZ approach introduced by Stewart and Oke (2012) categorizes landscapes into ten 

urban classes, seven non-urban classes, and a range of mixed classes based on their impact on 

the screen-level air temperature. LCZs are defined by their surface properties (e.g. albedo, 

height-to-width ratio, sky view factor, tree and building height), which are measurable and 

independent of time or space (Stewart and Oke, 2012). Such class definition makes the LCZ 

approach a useful classification system for studying how the effectiveness of different heat 

mitigation strategies depends on the local environment, and ultimately facilitates knowledge 

transfer between urban climatologists, planners and practitioners (Alexander et al., 2016). 

The main research questions here are twofold: (a) Under current conditions, which LCZ 

provides the most and which one provides the least comfortable thermal environment for 

humans in terms of Tmrt variations? and (b) How much will the spatial average Tmrt change if tree 

cover is increased by 1% of the total plan area for different LCZs? 

This study seeks to assess the current spatiotemporal variation of Tmrt and its daytime 

reductions resulting from increased tree cover within street sections of representative LCZs in 

Vancouver, Canada. Vancouver’s urban forestry strategy (Urban Forestry Strategy, City of 

Vancouver, 2014) aims to grow its aerial urban canopy cover by 1% by the year 2020. The effect 

of a 1% increase in plan area tree coverage on Tmrt is therefore modeled using SOLWEIG 

(Lindberg and Grimmond, 2011b), for a scenario informed by the hottest day on record for 

Vancouver - July 29, 2009. 
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3.3. Materials and methods 

3.3.1. Study area 

Vancouver, Canada, located in the southwestern corner of the province of British 

Columbia (49.2°N, 123.1°W), has a moderate oceanic climate with annual mean air temperature 

of 14°C, mild winters and semi-dry summer months. The city is located on the coast of the 

Pacific Ocean, and includes areas ranging from the foothills of the North Shore Mountains to the 

Fraser River Valley and its floodplains in the south. Combined with the range of urban densities 

found in the area, this environmental context produces substantial differences in thermal 

environment between different parts of the city (Ho et al., 2016). 

We selected a range of LCZs that were considered typical for Vancouver and for which 

data are available (current as of February 2013) to generate a building digital surface model 

(BDSM) and a tree digital surface model (TDSM) both of which are essential inputs in SOLWEIG. 

In total six LCZs were selected: compact high-rise (LCZ 1), open high-rise (LCZ 4), open mid-rise 

(LCZ 5), open low-rise (LCZ 6), open low-rise with dense trees (LCZ 6A), and large low-rise (LCZ 

8). The sites were each approximately 300x300 m, with streets oriented east-west and north-

south, or at approximately 45° to the cardinal directions (see Figure 3.1). 

3.3.2. SOLWEIG 

SOLWEIG is a 3D solar radiation modelling tool designed to estimate the variations of 

shortwave and longwave radiation fluxes, Tmrt, and shadow patterns (Lindberg and Grimmond, 

2011b). SOLWEIG is computationally fast (e.g. 12 hours of computational time for a 350*350 m2 

complex urban area accompanied by 20 years of hourly weather data) (Thorsson et al., 2011), 

user-friendly and requires a limited number of inputs: BDSM, TDSM, and meteorological data 

such as air temperature (Ta), relative humidity (RH). 
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Figure 3-1: Aerial view and sky view of 6 LCZs in Vancouver. The study areas are: (a) LCZ 1 
compact high-rise; (b) LCZ 4 open high-rise; (c) LCZ 5 open-mid-rise; (d) LCZ 6 open low-rise; (e) 
LCZ 6A open low-rise with dense trees; and (f) LCZ 8 large low-rise. 

1 Sky View Factor (SVF); % built-up= the sum of ground-level impervious and building surfaces fractions; 
ZH=geometric average of building or plant-canopy heights (m). 2 LCZ schematics are adopted from Stewart 
and Oke (2012). 
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To calculate Tmrt for a standing person at a height of 1.1 m exposed to the sun, the mean 

radiant flux (R) is calculated first Mean radiant flux (R) is defined as the sum of all long (Li) and 

shortwave (Ki) radiation from six directions: four cardinals (north, south, east and west) and 

upward and downward directions. Moreover, the angular factor (F), absorption coefficient (1-α) 

and emissivity of the human body (ɛp) of an individual are considered: 

 

(Eq. 1) 

- Fi=0.22 for radiation fluxes from the four cardinal directions and 0.06 for upward and downward radiation 

fluxes. 

- 1-α =0.7 and ɛp=0.97 (VDI 1994).  

 

Then Tmrt in degree Celsius is calculated from R using the Stefan Boltzmann’s law: 

 

(Eq. 2) 

- σ is the Stefan Boltzmann constant (5.67 * 10-8 Wm-2K-4) 

A detailed description of the SOLWEIG model can be found in (Lindberg et al., 2008). 

3.3.3. SOLWEIG evaluation 

We evaluated the SOLWEIG model for each of the six sites by comparing measured Tmrt 

for multiple locations at each site to their SOLWEIG-modeled equivalents. 

Tmrt was measured for one clear-sky day at each site by collecting surface air 

temperature (Ta), wind speed (v), RH and black globe temperature (Tg), from 9:00 to 18:00, using 

a Kestrel 4600 portable heat stress meter (Figure 3.2). Measurements were taken every 10 
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minutes, at different locations spanning each site, such as over grass, over asphalt or under a 

tree. The 10-minute interval allows the device to adapt itself to the new location every time it is 

moved. For all measurements, the Kestrel meter was mounted on a tripod at the height of 1.1 

m, equivalent to the center of gravity for an average standing human.  

 

Figure 3-2: Portable heat stress meter (Kestrel 4600) mounted at 1.1 m on a tripod used for the 
evaluation of simulated Tmrt values. 

 

We then calculated observed Tmrt according to the equation below (Thorsson et al., 2007). 

 

(Eq. 3) 
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- Tg: globe temperature (°C); Va: air velocity (ms-1); Ta: air temperature (°C); D: globe diameter (2.54 cm); Ɛ: 

globe emissivity (0.95) 

 

The empirical derived factor 1.1 × 108 and the wind exponent (Va0.6) together compute 

the globe’s mean convection coefficient (1.1 × 108Va0.6). It is assumed that the calculation of Tmrt 

under Equation 3 is valid in conditions with wind speed ranging between 0.1 and 4.0 ms−1 and 

incoming short-wave radiation ranging between 100 and 850 Wm−2 and optimized for simple 

small-size portable globe thermometers such as the one used in this study (Thorsson et al., 

2007).  

We created high quality BDSMs and TDSMs with resolution of 0.3m from 0.3m-

resolution light detection and ranging (LiDAR) data obtained from City of Vancouver’s open data 

catalogue (“Open Data Catalogue, City of Vancouver,” 2018). Based on field observations, we 

selected deciduous trees as an input for TDSMs. Tree height and location were derived from the 

LiDAR data, while trunk height and tree crown diameter were measured in the field. 

The sub-hourly meteorological data required to run SOLWEIG, including  air 

temperature (°C), relative humidity (%), and global incoming, direct and diffuse shortwave 

radiation (W m-2), were obtained from Environment Canada’s weather station at Vancouver 

International Airport for the exact days when fieldwork was conducted. Default values for 

environmental parameters such as transmissivity of light through vegetation (3%) (Konarska et 

al., 2014), emissivity and albedo of wall (0.9, 0.2) and ground (0.95, 0.15) surfaces (Oke, 1988) 

were used in the model. Tmrt was then simulated every 10 minutes from 9:00-18:00 for each LCZ. 

We then examined the accuracy of SOLWEIG model using three different measures of model 

performance: the coefficient of determination (R2), the mean absolute error (MAE) and the root 

mean square error (RMSE) (see Table 3.1). 
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Table 3-1: The correlation between measured and modelled Tmrt (℃) is shown for two time 
periods: all day (9:00-18:00) and hottest period of day (11:00-17:00). For each 
LCZ, R2, mean absolute error (MAE, ℃) and root mean square error (RMSE, ℃) 
are stated. 

Location All day (9:00 – 18:00) Hottest Period of Day (11:00 – 17:00) 

 Measured Modelled Measured Modelled 

 Tmrt Tmrt R2 MAE RMSE Tmrt Tmrt R2 MAE RMSE 

LCZ 1 34.1 37.1 0.91 3.96 5.36 34.6 37.7 0.88 3.10 4.44 

LCZ 4 31.2 34.5 0.85 5.52 6.51 36.2 38.5 0.84 5.41 5.38 

LCZ 5 34.2 36.5 0.92 3.10 4.71 38.6 41.4 0.82 2.81 3.73 

LCZ 6 42.1 44.5 0.90 4.46 3.92 43.7 47.6 0.87 3.90 3.57 

LCZ 6A 35.1 37.8 0.94 4.71 4.01 43.3 47.1 0.82 3.87 3.74 

LCZ 8 38.5 41.9 0.89 3.44 6.87 40.2 43.4 0.78 3.24 6.08 

 

3.3.4. Increased street tree scenario 

Subsequently, the spatial distribution of Tmrt was modeled in SOLWEIG for each of the 

six study sites, based on meteorological data from July 29, 2009. The influence of the 1% plan 

area increase in street tree cover proposed in Vancouver’s Urban Forestry Strategy was then 

assessed by adding street trees to the input data for each site and re-running the model. Trees 

were added using the following considerations: 

• The total tree canopy cover (i.e. number of tree pixels per surface cover) was calculated 

in percent for each LCZ. Then, the number of pixels required for 1% increase in tree 

canopy were computed.   

• Due to very limited space on the sidewalks of each site, new trees were added adjacent 

to existing trees.  

• Based on field observations and street tree data from Vancouver’s open data catalogue, 

deciduous trees with 4m crown diameter, 2.6m trunk height and 7m tree height, 

representing typical street trees in the city, were added.  
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• Since the spatial variations of Tmrt are assessed for each site, trees were added to all 

publicly accessible sidewalks regardless of street orientation. 

The existing and added street trees for each LCZ are illustrated in Figure 3-3. 

3.4. Results and discussion 

3.4.1. Evaluation of SOLWEIG with field measurements 

The correlation between measured and modelled Tmrt shows the performance of the 

SOLWEIG model is very good across all six LCZs, with R2 values ranging from 0.85 to 0.94. The 

MAE values obtained during validation (3.10-5.52°C) are comparable to those from previous 

SOLWEIG studies, including a case study in Adelaide, Australia (Thom et al., 2016) where MAE 

ranges between 3.11-5.63°C across 5 different land covers; MAE of 3.48°C for modelling a single 

green wall in Germany (Jänicke et al., 2015); and MAE of 2.74°C for observations in Sweden and 

Germany (Lindberg and Grimmond, 2011b). 

The evaluation results indicate that SOLWEIG-based Tmrt estimates are higher than the 

corresponding observations by approximately 2-3°C across all LCZs. Exposure of the black globe 

thermometer to wind and inconsistent shadow patterns are likely causes of the lower observed 

Tmrt values. MAE is decreased when only the hottest part of the day (11:00 - 17:00) is considered, 

compared to the full day (9:00 – 18:00). This could be because the zenith angle is smaller during 

the hottest part of the day, and therefore the measurement of Tg, and consequently the 

estimated Tmrt, is less affected by factors such as shadow patterns (Lindberg and Grimmond, 

2011b). Based on the model evaluation results, it is concluded that SOLWEIG performs well and 

can accurately model local spatial variations of Tmrt for all six LCZs in Vancouver. It is worthwhile 

mentioning that the evaluation of SOLWEIG relates to the model’s performance for average 

conditions in each LCZ, but not for specific surface types or local environmental contexts. 
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Figure 3-3: Existing and added street trees for the 1% increase in street tree cover scenarios, 
overlaid on the BDSMs at each LCZ. 

  

3.4.2. Spatial patterns of Tmrt 

Spatial variations of Tmrt across all six LCZs were mapped for July 29, 2009, the hottest 

day on record for Vancouver (Figure 3-4). The range for Tmrt is 35.0-54.4°C across all six LCZs. 

Under current land use and land cover configurations, LCZ 8 is the least comfortable LCZ with an 

average Tmrt of 47.9°C. This is caused primarily by lack of shading in the large low-rise LCZs, 

typical of suburban commercial areas where land is mostly covered by impervious surfaces such 

as huge parking lots. On the other hand, LCZ 1, with an average Tmrt of 41.9°C, is the most 

thermally comfortable environment for humans. This is primarily due to the extensive shadows 

cast by high-rise buildings in this environment, typical of downtown Vancouver. LCZ 4 comes 

with daily average Tmrt of 43.5°C, LCZ 5 with 45.1°C, LCZ 6 with 47.5°C and LCZ 6A with 47.2°C. 
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The intra-LCZ variability of Tmrt is approximately 10°C, which is reasonable considering the 

structural and environmental complexity of each LCZ with different sky view factors, geometries 

of buildings, tree shapes and sizes and street orientation, with various shadow patterns 

(Shashua-Bar et al., 2011; Srivanit and Hokao, 2013). 

Within LCZs, the daytime average Tmrt varies slightly between different street 

orientations. For LCZ 8 for example, daily average Tmrt of 48.7°C was modelled for E-W sidewalks 

compared to that of 47.5°C for N-S sidewalks. In LCZ 1, these were reduced to 41.7°C and 40.2°C 

for NW-SE, SW-NE oriented sidewalks, respectively. 

Tmrt variations were also examined temporally for all LCZs. It was found that for all LCZs 

Tmrt peaked at solar noon time, 12:00 pm, when the sun was at its maximum elevation. Slightly 

greater peak Tmrt values were observed in mixed-residential neighborhoods of LCZ 4 and LCZ 5 

(60.4°C and 59.6°C), residential LCZ 6 (59.5°C) and 6A (58.5°C), and commercial LCZ 1 (58.5°C) 

than that of LCZ8. The large low-rise neighborhood of LCZ 8 experienced slightly lesser Tmrt of 

57.7°C. The latter is likely due to considerable extent of open spaces in LCZ 8, which in turn 

reflects less incoming shortwave solar radiation at noon time. However, during afternoon as the 

solar elevation angle decreases, more shade is provided by high-rise and mid-rise buildings in 

LCZ 1, 4, 5 and consequently exposure to high Tmrt is reduced. 
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Figure 3-4: Variation of Tmrt values for six LCZs in Vancouver. The Tmrt values are averaged over 
the period from 9:00 – 18:00 for July 29, 2009. 

3.4.3. Effects of increased street tree cover 

All modeled Tmrt values were reduced after the addition of street trees representing a 

1% increase of total plan area, for all LCZs (Table 3-2). The largest average Tmrt reduction was 

seen in the low-rise residential areas (LCZ 6 and 6A), where average Tmrt was reduced by 7.1°C 

for LCZ 6A and 6°C for LCZ 6, during the hottest part of the day. LCZs 1, 4 and 5 with relatively 

taller buildings and narrower streets are already well-shaded most of the day, so increasing 

street tree cover is less effective. It can be seen from the results that Tmrt is highly sensitive to 

street canopy change in LCZ 6 and 6A.  

Figure 3-5 shows the spatial variability of Tmrt when 1% street tree cover is added to the 

simulations, and Figure 3-6 shows the change (Δ) in Tmrt after street tree addition relative to the 

case without added trees. The results show that the cooling effect of added street trees ranges 
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from 6-17°C in different LCZs, with the high end of that range being for a person standing right 

under a tree's canopy. The cooling potential of additional street trees varies among LCZs. For 

example, the effect of 1% increase of total plan area of tree cover is relatively greater in large 

low-rise areas (LCZ 8) compared to LCZ 1, 4 and 5 where shade is already casted by existing taller 

buildings. 

Table 3-2: Spatial average of Tmrt before and after adding street trees. The data is shown for 
two time periods: all day from 9:00 – 18:00 and the hottest period of day from 
11:00 – 17:00. ΔTmrt measures the reduction in Tmrt due to 1% increase in street 
tree coverage. 

Location All day (9:00 – 18:00) Hottest Period of Day (11:00 – 17:00) 

 Tmrt 
Added Trees 

 Tmrt 
ΔTmrt Tmrt 

Added Trees 

 Tmrt 
ΔTmrt 

LCZ 1 41.9 38.5 -3.4 43.6 40.3 -3.3 

LCZ 4 43.5 39.9 -3.6 45.8 42.1 -3.7 

LCZ 5 45.1 41.1 -4 46.7 43.1 -3.6 

LCZ 6 47.5 41.7 -5.8 48.1 42.1 -6 

LCZ 6A 47.2 40.9 -6.3 48.7 41.6 -7.1 

LCZ 8 47.9 44.7 -3.2 49.7 45.1 -4.6 

       

Several studies have investigated the effect of increased vegetation cover and green 

façades on summertime variation of Tmrt, albeit the focus of these studies was mainly on Tmrt for 

a single spot (Jänicke et al., 2015; Perini and Magliocco, 2014; Shashua-Bar et al., 2011; 

Taleghani et al., 2015). This study, however, expands the existing knowledge of the potential 

cooling of Tmrt due to urban greening by conducting Tmrt spatial analysis over six different LCZs, 

which represent typical urban environments in Vancouver, and in many cities across the world. 

In addition, this study simulated the spatial variation of Tmrt for an extreme hot weather day 

from 9:00 – 18:00 compared to that of a 1-hour temporal period in the previous studies. 

Although with different magnitude, reduction in Tmrt was modelled in all LCZs. This proves the 

potential cooling effect of urban greening through provision of shade, which will result in 

improved diurnal thermal exposure. 
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Figure 3-5: Variation of Tmrt values for 1% increase in street tree coverage in six LCZs in 
Vancouver. The Tmrt values are averaged over the period from 9:00 – 18:00 for July 29, 2009. 

  

Although beyond the scope of this study, different driving factors of thermal exposure 

such as trees with matured crowns, tree clustering, reflective ground and wall surfaces should 

be taken into consideration if a comprehensive analysis is to be conducted in SOLWEIG. 

Currently, SOLWEIG has two known limitations: incapability of conducting nocturnal Tmrt analysis 

due to the structure of the model which relies on incoming solar radiation, and the exclusion of 

air flow and clothing insulation in Tmrt calculations. Yet, SOLWEIG has proven to perform well 

and successfully simulated the spatial variation of Tmrt in different urban settings with different 

climates (Chen et al., 2014; Jänicke et al., 2016, 2015, Lau et al., 2016, 2014; Lindberg et al., 

2016; Thom et al., 2016; Thorsson et al., 2007). Models that more fully represent effects of 

urban trees on outdoor heat exposure are in development (Park et al. 2018). 
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Figure 3-6: Change (Δ Tmrt) in the spatial distribution of Tmrt values before and after street tree 
inclusion scenarios in the simulation domain. The Tmrt values are averaged over the period from 
9:00 – 18:00 for July 29, 2009 in six LCZs in Vancouver. 

 

The novelty of this research lies in its unique approach to quantify Tmrt in mid-latitude 

neighborhoods categorized into LCZs in the coastal city of Vancouver. The LCZs approach also 

allows for a simpler comparison with similar neighborhoods in other mid-latitude coastal cities. 

Furthermore, the characterization of baseline Tmrt for common Vancouver LCZs during extreme 

hot summer days, prior to heat mitigation implementation or climate change, is unique to this 

study. The solution-oriented approach proposed here will provide tools and means to facilitate 

the integration of microscale climate knowledge into transferable urban design and planning 

practices for Vancouver. 
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3.5. Conclusion 

This study investigated the spatial variability of Tmrt over six different LCZs in the large 

mid-latitude coastal city of Vancouver, Canada. The spatiotemporal changes in Tmrt were 

evaluated for the current land cover configurations, as well as for a simulated increase in street 

tree cover representing 1% of neighborhood area. 

After successful evaluation of the SOLWEIG model against field observations, the results 

of this study identified LCZs in Vancouver where people outdoors are least or most exposed to 

heat. The compact high-rise neighborhood in downtown Vancouver (LCZ1) and large low-rise 

district (LCZ8) were the most and least thermally comfortable zones, respectively. Increasing 

street tree cover by 1% of plan area, as proposed in Vancouver’s Urban Forestry Strategy, 

reduced neighborhood-average Tmrt and associated thermal exposure across all LCZs, with the 

greatest effect modeled to occur in low-rise residential areas (LCZ6 and 6A) where the additional 

trees provide shade that is otherwise relatively sparse. 

While increasing the cover of trees on private lands will further reduce Tmrt, the addition 

of street trees to public sidewalks across the range of Vancouver’s neighborhoods has direct 

cooling effects for pedestrians and will improve thermal exposure on hot summer days, 

including during periods of extreme hot weather. 

The results of this study can inform city planners and decision makers on the specific 

spatiotemporal cooling effects expected from the addition of street trees, as a function of LCZ, 

and may help optimize such measures for creating a greener, cooler and healthier city. Also, it 

may potentially guide the city to prioritize the implementation of Vancouver’s urban forestry 

strategy (Urban Forestry Strategy, City of Vancouver, 2014) into LCZs where higher Tmrt is 

observed currently and projected for future hot summer days. 
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4.1. Abstract 

Spatiotemporal variation of mean radiant temperature (Tmrt), a major driver of outdoor 

human thermal comfort, is affected by local microclimate conditions, including exposure to solar 

and longwave radiation, shading, wind and air temperature. In this study, the SOlar and 

LongWave Environmental Irradiance Geometry (SOLWEIG) model was used to simulate how 

changes in minimum and maximum air temperature and solar radiation under Representative 

Concentration Pathways (RCP) 4.5 and 8.5 climate projections would change Tmrt in Vancouver 

over the 2070-2100 period. With micrometeorological variables representing a changed climate, 

days with extreme radiant heat load were predicted to increase three- to five-fold under RCP 4.5 

and 8.5, respectively. SOLWEIG was also used to quantify the potential of maximum feasible 

street tree cover to reduce Tmrt for the hottest day on record for Vancouver (July 29, 2009), and 

an end-of-century hot day under the two future climate scenarios. SOLWEIG simulations with 

maximum feasible street tree cover under RCP 4.5 demonstrated an average reduction of 1.3°C 
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in Tmrt, compared to the contemporary observation day with current street trees. However, 

averaged Tmrt increased by 1.9°C under the RCP 8.5 scenario even with maximum feasible street 

tree cover. We conclude that adding street trees has the potential to reduce Tmrt under the RCP 

4.5 scenario, however the measure is insufficient to decrease or maintain Tmrt under the RCP 8.5 

scenario. From an urban planning perspective, complimentary heat mitigation measures may be 

required if outdoor thermal comfort is to be maintained in Vancouver during the century. 

Keywords: Mean radiant temperature, SOLWEIG, Local climate zones, Extreme radiant 

thermal exposure, Heat mitigation, Street trees. 

4.2. Introduction 

Rapid urbanization is often associated with extensive land cover changes, increased air 

pollution, anthropogenic heating, and reduced evaporation from limited urban greenery 

(Oliveira et al. 2011). These can alter surface and air temperature, shading, near-surface 

humidity, wind patterns and ultimately human thermal comfort (Argüeso et al. 2015; Shashua-

Bar et al. 2011). Various thermal comfort indices have been used by researchers to evaluate 

heat vulnerability and thermal exposure. Heat vulnerability is often assessed by predictors such 

as land surface temperature (Ts), air temperature (Ta) and humidex (Aminipouri et al. 2016; Ho 

et al. 2015), while thermal comfort is mainly evaluated by physiologically equivalent 

temperature (PET) (Yang and Lin 2016; Ali-Toudert and Mayer 2007; Lee et al. 2016; Höppe 

1999), universal thermal climate index (UTCI) (Jendritzky et al. 2012; Park et al. 2014) and mean 

radiant temperature (Tmrt) (Yang and Lin 2016; Lau et al. 2014; Chen et al. 2016; Thorsson et al. 

2014, 2017; Middel et al. 2016). The latter, Tmrt, is a synthetic biometeorological driver of human 

thermal comfort and is defined as the surface temperature of a reference human in radiative 

equilibrium with their environment (Thorsson et al. 2007). Tmrt has been recently used for 

thermal exposure studies (Yang and Lin 2016; Lindberg and Grimmond 2011a; Park et al. 2016) 

and its magnitude and spatial distribution is found to be influenced by the location and spatial 

pattern of trees (Thom et al. 2016; Kong et al. 2017; Ng et al. 2015).    

The presence of urban greenery and street trees in urban areas has been shown to 

moderate radiant heat load and thermal discomfort by lowering Tmrt (Kong et al. 2017; Thom et 

al. 2016). For example, in the vicinity of green walls, Tmrt was reduced by 2°C in a study 
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conducted in Berlin, Germany (Jänicke et al. 2015). Also, in close proximity to street trees, Tmrt 

decreased by 7°C in a case study in Freiburg, Germany (Lee et al. 2016) and 10°C in a research 

case in Bilbao, Spain (Lobaccaro and Acero 2015). In recent years, considerable attention has 

been given to heat mitigation measures and their impacts on urban microclimate under the 

current climate (Kong et al. 2017; Chen et al. 2014; Lau et al. 2016; Thom et al. 2016; Zölch et al. 

2016). The influence of projected future warming on human thermal comfort and its 

contribution to Tmrt variations across different neighborhoods classified into local climate zones 

(LCZs) (Stewart and Oke 2012) has yet to be examined. 

The LCZ approach introduced by Stewart (2011) classifies landscape types into ten urban 

classes, seven non-urban classes, and a range of mixed classes, based on their impact on the 

surface air temperature. LCZs are classified based on their surface properties (i.e. albedo, 

height-to-width ratio, sky view factor, tree and building height), which are measurable and 

independent of time or space. Such class definition makes the LCZ methodology a universally 

comparable approach for urban microclimatology studies, and facilitates knowledge transfer 

between urban climatologists, planners and practitioners (Alexander et al. 2016). 

Studies focused on Tmrt in a projected future climate for different LCZs are hence 

valuable. To mitigate negative effects of extreme radiant thermal exposure induced by 

projected climate, it is crucial to identify and predict micrometeorological conditions which 

generate heat vulnerability and extreme heat stress. Projected intense heat waves, 

characterized by high Ta, exposure to solar and longwave radiation, and low wind speed, will 

build undesirable heat load on humans (Mayer et al. 2008; Thorsson et al. 2017). Heat 

mitigation actions also require high accuracy detection of spaces prone to heat within different 

LCZs.  

Global or regional climate models provide tools to evaluate climate change impacts on 

Tmrt. However, the limited spatial resolution of global climate models (GCMs) (150-300 km) and 

regional climate models (RCMs) (25-50 km) (Lau et al. 2014) makes it very difficult to estimate 

the effects of climate change on cities at the neighborhood scale. To overcome this limitation, 

several numerical and statistical downscaling techniques have been developed to generate 

multi-variable time-series climate data at finer spatial resolution on daily or monthly time scales 

(Benestad 2011). Although applying these types of downscaling techniques will reduce bias in 
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the simulated data, these data are still not adequately close to observed data (Lindberg et al. 

2016) and therefore cannot be used as an input for further climate impact modeling. Thus, the 

simulated data, even from RCMs, must be rescaled to accurately estimate the effect of 

projected changes to micrometeorological variables on changes in the heat comfort indices. For 

example, Koffi and Koffi (2008) rescaled outputs from a European RCM from observation-based 

to percentile-based threshold values. Rivington et al. (2008) used a downscaling method to 

recalibrate RCM estimates of precipitation, daily maximum and minimum air temperature, and 

solar radiation to improve the match between simulated and observed climate data. Studying 

urban microclimates in a climate change perspective requires future projections at a finer 

spatiotemporal resolution. In this regard, Rayner et al. (2015) developed a statistical 

downscaling method that combines hourly observations of meteorological parameters with 

change factors from daily climate model outputs to ultimately generate hourly climate scenario 

time series.    

More intense, frequent, and long-lasting heatwaves are anticipated under climate 

change scenarios. This increase will have adverse effects on human thermal exposure. 

Therefore, the overall objective of this research is to quantify the ability of a proposed heat 

mitigation strategy (increased street tree cover to maximum feasible number) to reduce or 

maintain current Tmrt under projected climate scenarios for selected LCZs in Vancouver. The 

specific research questions under investigation are as follows: 

• Compared to the present day, which changes in the spatiotemporal distribution of Tmrt 

would occur in selected LCZs under future climate scenarios, given no change in street 

tree cover? 

• Under future climate scenarios, what changes in spatiotemporal variations of Tmrt are 

projected if the maximum feasible number of trees are planted in selected LCZs in 

Vancouver? 

Using the solar and longwave environmental irradiance geometry (SOLWEIG) model 

(Lindberg et al. 2008), the Tmrt experienced along a representative pedestrian route was 

simulated for selected LCZs for July 29, 2009, the hottest day ever recorded in Vancouver, as 

well as for an end-of-century hot day. Simulations were performed with both present-day 

vegetation and a maximum-feasible-trees scenario. To simulate conditions for an end-of-century 

hot day, the input meteorological data was modified using the method of Rayner et al. (2015) 
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based on outputs from the Canadian Earth System Model (CanESM2) model downscaled with 

the Canadian Regional Climate Model (CanRCM4) (Scinocca et al. 2016), under Representative 

Concentration Pathways (RCP) 4.5 and 8.5. 

This study provides new knowledge to city planners and decision makers for supporting 

their efforts in urban development programs at the neighborhood and street scales to minimize 

radiant heat load and improve outdoor thermal comfort. 

4.3. Materials and methods 

4.3.1. Study area 

The city of Vancouver is located at 49.2°N latitude in the southwestern corner of the 

province of British Columbia, Canada. Vancouver is surrounded by mountains to the north, by 

the Pacific Ocean to the west, and a relatively flat interior to the east, a topographically complex 

urban form that generates diverse microclimates (Runnalls and Oke 2000; Voogt and Oke 1997). 

Selected LCZs that represent typical Vancouver neighborhoods and for which digital 

surface models of buildings and trees as well as micrometeorological data were available, 

include: compact high-rise (LCZ 1), open high-rise (LCZ 4), open mid-rise (LCZ 5), open low-rise 

(LCZ 6), open low-rise with dense-trees (LCZ 6A), and large low-rise (LCZ 8). The studied area of 

each LCZ covers approximately 300*300 m, laid out on east-west, north-south or at 

approximately 45° to the cardinal directions of street networks (Figure 4-1). The aerial view and 

sky view photographs of selected LCZs and their physical properties are shown in Figure 4-2. 

4.3.2. Meteorological data 

Sub-hourly (i.e. 30-minute temporal resolution) meteorological data, including air 

temperature (Ta, °C), relative humidity (RH, %) and global solar radiation (Wm-2), were obtained 

from an urban climate tower station operated by the University of British Columbia (UBC) in the 

Sunset residential neighborhood (Figure 4-1). Diffuse and direct radiation were estimated from 

the measured global radiation component, for both observed and future climate scenarios, 

using the method of Reindl et al. (1990). The dataset covers 10 years of measurements from 
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2008-2017 for which Ta and RH were measured at 1.2 m height and global solar radiation was 

measured at 26 m height. 

 

 

Figure 4-1: The location of selected LCZs and climate tower station in Vancouver, British 
Columbia, Canada. 

4.3.3. Climate change scenarios 

Spatiotemporal variations of Tmrt for future years (2070-2100) were simulated by using a 

change-factor algorithm to modify the observed meteorological data (2008-2017) to reflect 

climate changes simulated by an Earth System Model/Regional Climate Model under RCP 4.5 

and 8.5 climate scenarios. The RCP 4.5 scenario considers the total radiative forcing to be 

stabilized at 4.5 Wm-2 by 2100 (Moss et al. 2010), while the RCP 8.5 scenario represents an 
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intensive fossil-fuel use scenario resulting in comparatively high radiative forcing by 2100 (8.5 

Wm-2) (Riahi et al. 2008).   

Changes in daily climate between the period 1998-2027 (i.e. observations +/- 10 years) 

and 2070-2100 were calculated based on the outputs from the Canadian Regional Climate 

Model 4th generation (CanRCM4) (Scinocca et al. 2016) for which the parent model was the 

second-generation Canadian Earth System Model (CanESM2). CanESM2 is an Earth System 

Model (ESM) developed by the Canadian Centre for Climate Modelling and Analysis of 

Environment and Climate Change Canada as their contribution to the Intergovernmental Panel 

on Climate Change (IPCC) fifth assessment report (AR5) (Arora et al. 2011). Outputs from RCMs 

are preferred for urban planning purposes as they simulate climate change patterns at a finer 

scale than global models (Thorsson et al. 2017).    

The differences in daily climate between 1998-2027 and 2070-2100 were used to 

calculate sub-daily change factors using an algorithm based on Rayner et al. (2015), and these 

differences were then applied to the observed meteorological data (2008-2017) to generate 

sub-hourly future micrometeorological scenarios. To create sub-hourly Ta scenarios, change 

factors for daily minimum and maximum Ta were calculated from the ranked changes in the 

CanRCM4 minimum and maximum Ta outputs for both RCP 4.5 and 8.5 scenarios. Then, using 

linear interpolation, change factors for every sub-hourly Ta value for each day in the observation 

period were determined. That is, the change in temperature between the hottest day in the 

modelled period 1998-2027 and the hottest day in the 2070-2100 period was the change factor 

applied to the hottest day in the historical record, and likewise for all other days based on their 

percentile ranking. 

Change factors for sub-hourly global radiation for each day in the observation period 

were calculated based on the differences in the ranked daily global radiation in the CanRCM4 

outputs. The fractional change in daily global radiation for each day was applied to all sub-hourly 

global radiation values for the day. Sub-hourly diffuse and direct solar radiation values were 

estimated from the global radiation component, both for the observations and all climate 

scenarios using a method by Reindl et al. (1990). 

Unchanged observed sub-hourly RH values were used in the future climate simulations. 

It has been shown in earlier studies that estimation of Tmrt in SOLWEIG is not influenced by the 
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changes in RH whereas it is most sensitive to shortwave solar radiation and Ta (Onomura et al. 

2015; Lindberg et al. 2016; Zölch et al. 2016). 

 

Figure 4-2: Aerial view and sky view of selected LCZs in Vancouver. The study areas are: LCZ 1 
compact high-rise; LCZ 4 open high-rise; LCZ 5 open-mid-rise; LCZ 6 open low-rise; LCZ 6A open 
low-rise with dense trees; and LCZ 8 large low-rise.  

1 Sky View Factor (SVF); % built-up= the sum of ground-level impervious and building surfaces fractions; 
ZH=geometric average of building or plant-canopy heights (m). 2 LCZ schematics are adopted from Stewart 
(2011). 
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4.3.4. Projected changes in meteorological variables and assessment of 

extreme radiant thermal exposure 

SOLWEIG 1D (Lindberg et al. 2014) was used to analyze the temporal development of Ta, 

global radiation and Tmrt for the observation period and future RCP 4.5 and 8.5 scenarios. 

SOLWEIG 1D calculates the variations of Ta, global radiation and Tmrt for a generic location 

assumed to be sunlit during the day with a fixed SVF value of 0.6. Other meteorological, 

environmental, and human exposure parameters similar to the ones used in the full version of 

SOLWEIG were applied here. To significantly reduce computational time, SOLWEIG 1D is used 

for the temporal assessment of micrometeorological variables over present- and future-day 

scenarios.      

Here, Tmrt≥65°C is used to represent extreme radiant thermal exposure (i.e. extreme 

heat stress) (Holst and Mayer 2010; Lee et al. 2013; Pantavou et al. 2018; Park et al. 2014; 

Thorsson et al. 2017). It should be noted that the definition of extreme radiant heat exposure 

and how thermal conditions are perceived might differ in different cities due to their local 

adaptation and acclimatization to extreme heat (Baccini et al. 2008). Nevertheless, a baseline 

threshold values of Tmrt is needed to be able to make comparison across cities or LCZs.     

The average number of days per year, average number of consecutive days per year 

(two or more days), average number of weeks (seven consecutive days) per year, and average 

number of consecutive hours per year for which Tmrt≥65°C were calculated for the observation 

period as well as for both RCP 4.5 and 8.5 scenarios. 

4.3.5. Simulations of Tmrt in SOLWEIG 

Spatiotemporal variations of Tmrt for a single extreme hot summer day for the 

observation period and RCP 4.5 and 8.5 scenarios across all LCZ case studies were simulated 

using the SOLWEIG model (Lindberg et al. 2008; Lindberg and Grimmond 2011b). SOLWEIG 

requires few meteorological variables (i.e. Ta, RH, global, diffuse and direct solar radiation), 

geographical location of the study sites as well as digital surface models of buildings and trees, a 

digital elevation model (DEM) and sky view factor (SVF). For each LCZ, digital surface models of 

buildings and trees, DEM, and SVF were created using the publicly available 0.3 m-resolution 
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light detection and ranging (LiDAR) data obtained from City of Vancouver’s open data catalogue 

("Open Data Catalogue, City of Vancouver,” 2019). SOLWEIG also needs environmental and 

human exposure setup configurations. The default environmental parameters were used: 

albedo of walls (0.2), albedo of ground surfaces (0.15), emissivity of walls (0.9) and emissivity of 

ground surfaces (0.95), according to Steyn and Oke (1980) and Oke and Cleugh (1987). Tmrt is 

then calculated for a standing person with standard values of absorption coefficient of 0.7 and 

0.95 for shortwave and longwave radiations, respectively.  

The SOLWEIG model was evaluated for Vancouver LCZs in a prior study (Aminipouri et 

al. 2019). Good agreement was shown between measured and modelled Tmrt across all six LCZs. 

The model explains 85% to 94% of Tmrt variations for different LCZs with an overall mean 

absolute error (MAE) of 3.7°C and root mean square error (RMSE) of 4.4°C. For a detailed 

description of the SOLWEIG validation process across all six LCZs in Vancouver, please refer to 

Aminipouri et al. (2019).  

The simulations were conducted under two different street tree cover settings: a) current 

street tree cover and b) maximum feasible number of street trees. The maximum feasible 

number of street trees was achieved by following the street tree planting standards used by the 

City of Vancouver (City of Vancouver 2011). The standard states that new medium size trees 

need to be planted at least 6 meters apart. The influence of the maximum feasible number of 

street trees on variations of Tmrt was then evaluated by adding street trees to the plan area of 

each site and re-running the model. Trees were added considering the following criteria: 

• Since the space between street trees is already very limited in Vancouver, a careful 

planting strategy was followed to make sure new trees are planted 6 meters away from 

existing trees.  

• Only deciduous trees typical of Vancouver’s existing street trees were added, with 4m 

crown diameter, 2.6m trunk height and 7m tree height.  

• Regardless of street orientation, trees were added to all publicly accessible sidewalks 

and lawns adjacent to sidewalks to ensure spatial variations of Tmrt are captured 

thoroughly.  
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• Due to limited available data, minimum distances trees should be planted from street 

infrastructure (e.g. traffic signs and utility lines, fire hydrants, benches, etc.) were not 

considered in simulations. 

Adding the maximum feasible number of street trees resulted in the additions of 155 

trees in LCZ 1, 110 trees in LCZ 4, 50 trees in LCZ 5, 55 trees in LCZ 6, 55 trees in LCZ 6A and 120 

trees in LCZ 8. These additions translate into approximately a 1.2% plan area increase in street 

tree cover in the six LCZs. The number of added street trees differs primarily because the 

current tree density varies among LCZs. 

Tmrt values were then obtained using a point traverse extraction method. In this method 

a hypothetical pedestrian completed a closed traverse (i.e. originating from a point and 

returning to the same point) around each LCZ, and Tmrt values were extracted for random 

positions along the traverse. Using this approach, approximately 200-300 randomly distributed 

points were obtained for each LCZ, which captured a comprehensive pedestrian-based 

representation of Tmrt variations. 

4.4. Results and discussion 

4.4.1. Projected changes in micrometeorological variables 

The observed micrometeorological variables (Ta, global radiation and Tmrt) were 

compared to future climate scenarios across the annual cycle and are presented in the following 

sections. However, summer months are the focus of the discussion (i.e. June, July and August) 

when extreme heat events are common. 

4.4.1.1. Air temperature 

The observed monthly-averaged daily maximum and minimum Ta and the difference 

between observed and future RCP 4.5 and 8.5 scenarios are presented in Figure 4-3. 

The downscaled projections show an increase in maximum and minimum Ta values for 

both RCP scenarios in Vancouver, as has also been shown for other Canadian cities (Benmarhnia 

et al. 2014; Wang et al. 2015) and previously for the Vancouver area (Metro Vancouver 2016). 
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However, the magnitude of the maximum and minimum Ta change differed within RCP 

scenarios and across seasons. For example, the monthly-average maximum and minimum Ta, for 

summer season, changed by the same amount of 2.2°C in RCP 4.5 scenario, whereas in the fall 

season, the monthly-average minimum Ta (i.e. late night-early morning) increased 1.1°C more 

than monthly-average maximum Ta (i.e. hottest period of day). During extreme heat events, 

increase in minimum air temperature (i.e. nighttime temperature) increases the prevalence of 

elevations in body core temperature and consequently heat stress symptoms over a prolonged 

period and can cause various degrees of thermoregulatory failure and hence exacerbates heat-

health mortality especially for the elderly population (Benmarhnia et al. 2014; Besancenot 2002; 

Goodman 2004; Laaidi et al. 2012). 
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Figure 4-3: (a) Observed monthly-averaged daily maximum and minimum Ta across the annual 
cycle; (b) difference between observed and future RCP 4.5 and 8.5 scenarios in monthly-
averaged daily maximum Ta across the annual cycle; (c) difference between observed and future 
RCP 4.5 and 8.5 scenarios in monthly-averaged daily minimum Ta across the annual cycle. 
Observation record is from 2008-2017 and climate scenarios are from 2070-2100. 

 

(a) 
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Note that in RCP 8.5, compared to observation period, the biggest changes in monthly-

average maximum (+5.6°C) and minimum (+4.4°C) Ta occur from the middle of the summer to 

the early fall, which is already the hottest part of the year. 

4.4.1.2. Global shortwave radiation 

Figure 4-4 illustrates the monthly-averaged daily global shortwave radiation for the 

observation period as well as for the future climate scenarios, RCP 4.5 and 8.5, relative to the 

observation period. As expected, global shortwave radiation peak around the summer season. 

Under the RCP 4.5 scenario and among summer months, the only decrease in global shortwave 

radiation occurs in June (-2 Wm-2), whereas under RCP 8.5 both June and July experienced 

reduction in global shortwave radiation (-1.5 - -2 Wm-2). The relatively small reductions in global 

shortwave radiation in the summer months in these cases can be attributed to a projected 

increase in cloudiness in the Vancouver area. A similar behaviour of monthly-averaged daily 

global radiation changes over future periods was observed in Frankfurt (50°N), Germany, in a 

study conducted by (Thorsson et al. 2017) in which a -3 Wm-2 reduction in summer-monthly-

averaged global shortwave radiation was indicated. 

4.4.1.3. Mean radiant temperature and extreme radiant thermal exposure 

Figure 4-5 shows the monthly-averaged daily maximum and minimum Tmrt and the 

projected changes in future climate scenarios. As can be seen from Figure 4-5(a), the monthly-

averaged daily maximum Tmrt is consistently around 66°C across the summer months. The 

projected future changes of maximum and minimum Tmrt (Figure 4-5(b) and 4-5(c)) followed a 

similar pattern to maximum and minimum Ta, with a steady increase in Tmrt in both RCP 4.5 and 

8.5 scenarios during the summer. Tmrt also increased in winter months under both RCP 

scenarios, as a result of increases in Ta. 

Extreme radiant thermal exposure is assessed for the observation period and both 

climate scenarios (Table 4-1). The average number of days per year with Tmrt≥65°C quintupled 

from 8 days in the observation period to 40 days in RCP 8.5 scenario. The average number of 

consecutive days per year (two or more days) with Tmrt≥65°C also grew fivefold from 6 days in 

the observation period to 33 days in RCP 8.5 scenario. The average number of weeks (seven 
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consecutive days) per year with Tmrt≥65°C increased from 0.1 week in the observation period 

(i.e. once every 10 years) to 2.1 weeks per year in RCP 8.5 (Table 4-1). 

 

 

Figure 4-4: (a) observed monthly-averaged daily global shortwave radiation; (b) difference 
between RCP 4.5 and 8.5 scenarios and observation period in monthly-averaged daily global 
shortwave radiation. Observation record is from 2008-2017 and climate scenarios are from 
2070-2100.     

 

The large differences in the average number of extreme hot days (i.e. Tmrt≥65°C) 

between the observation period and RCP 4.5 and 8.5 can be explained by two factors. Firstly, 

spatiotemporal variations of Tmrt can be very large even with a small change in Ta and global 

radiation (Mayer et al. 2008; Lau et al. 2014). According to Figure 4-4-b, unlike the June of RCP 

4.5 and 8.5 and the July of RCP 8.5 where negative changes in global shortwave radiation were 

shown, other summer months were projected to experience greater global radiation than that 

(a) 

(b) 
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of the observation period. On the other hand, summer-averaged daily maximum Ta increased by 

2.3°C and 5.5°C for RCP 4.5 and 8.5 respectively. An overall increase in Ta combined with the 

effects of global shortwave radiation triggered an increase in Tmrt. Secondly, there were many 

consecutive days and hours close to the Tmrt≥65°C threshold in the observation period. 

Therefore, a small increase in Tmrt led to a comparatively large increase in the number of days 

with Tmrt≥65°C in the future, an effect that was also noticed by (Thorsson et al. 2017) in 

Frankfurt, Germany, which is located at a similar latitude to Vancouver. The increasing number 

of consecutive hours, days, and weeks when Tmrt≥65°C suggests that extreme radiant thermal 

exposure will worsen under both RCP 4.5 and 8.5 climate scenarios. This will exacerbate heat-

health vulnerability especially in Vancouver’s neighborhoods where at the same time 

vulnerability to heat is increasing (Aminipouri et al. 2016; Ho et al. 2018). 

4.4.2. Spatial variations of Tmrt under RCP 4.5 and 8.5 

An ensemble of 36 simulations was run in SOLWEIG, consisting of all combinations of 

three different climate scenarios (observation, RCP 4.5 and 8.5) and two street tree planting 

options (existing tree coverage, and maximum feasible number of street trees) for all six LCZs. 

For each of the 36 simulations, spatially averaged Tmrt values were extracted for publicly 

accessible sidewalks over the hottest period of the day, 11:00-17:00 (Table 4-2). 

Variations in Tmrt across all six LCZs were modelled for 11:00-17:00, July 29, 2009 and 

compared to the same time of day for the hottest day in the 2070-2100 period, under both RCP 

4.5 and 8.5 climate scenarios. On the observation day, average Tmrt ranged between 51.1°C and 

61.1°C, making LCZ 1 (compact high-rise) the most and LCZ 8 (large low-rise) the least thermally 

comfortable LCZs in Vancouver. Under the RCP 4.5 and 8.5 scenarios, Tmrt increased on average 

by 1.75°C and 4.8°C respectively across LCZs.  
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Figure 4-5: (a) Observed monthly-averaged daily maximum and minimum Tmrt across the annual 
cycle; (b) difference between observed and future RCP 4.5 and 8.5 scenarios in monthly-
averaged daily maximum Tmrt across the annual cycle; (c) difference between observed and 
future RCP 4.5 and 8.5 scenarios in monthly-averaged daily minimum Tmrt across the annual 
cycle. Observation record is from 2008-2017 and climate scenarios are from 2070-2100.     

 

(a) 

(b) 

(c) 
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These results are consistent with simulated future climate studies in cities with 

comparable climates to Vancouver. In a study conducted by Thorsson et al. (2017) that 

evaluated the effect of future climate on Tmrt, it was found that average summer daily minimum 

Tmrt over two time periods (2040-2069 and 2070-2098) increased, although with different 

magnitude, for all three European cities under investigation: Gothenburg (Sweden), Frankfurt 

(Germany) and Porto (Portugal). In a similar type of study, Zölch et al. (2016) found a 1°C 

increase in Tmrt in a high-density residential area of Munich, Germany under a downscaled future 

climate scenario of RCP 4.5 for the 2030-2060 time period. 

The increased Tmrt result from projected climate scenarios, in our study, provides 

evidence that heat mitigation measures are needed to create thermally comfortable 

environments in Vancouver. In fact, the projected future changes in micrometeorological 

variables and the assessment of extreme radiant thermal exposure indicate that high Tmrt values 

and subsequent thermal exposure will further increase under RCP 4.5 and 8.5 scenarios over the 

2070-2100 period. 

Table 4-1: Average number of days per year, average number of consecutive days (two or 
more days) per year and average number of weeks (seven consecutive days) 
per year with Tmrt≥65°C for observation period, RCP 4.5 and 8.5 scenarios. 

 
Observation RCP 4.5  RCP 8.5 

Average number of days per year 8 23 40 

Average number of consecutive days (two or more days) per 

year 
6 19 33 

Average number of weeks (seven consecutive days) per year 0.1 0.6 2.1 

Average number of consecutive hours per year 16 48 94 

 

4.4.3. The effect of street trees on Tmrt 

Additional street trees were added to the simulations as a potential heat mitigation 

measure. The cooling effect of increasing the number of street trees up to their maximum 

feasible number was modelled and mapped (Figure 4-6). For the observation day (i.e. July 29, 
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2009), the results indicated reductions in Tmrt for all six LCZs, ranging from a 2.1°C decrease in 

LCZ 5 to a 4.2°C decrease in LCZ 8. This shows that trees in large low-rise open areas (i.e. LCZ 8) 

which are not already well-shaded by buildings or existing trees, reduce Tmrt more than they do 

for other LCZs in Vancouver. Under the maximum feasible street tree cover scenario, for RCP 

4.5, Tmrt decreased by 1.3°C on average compared to the observation day with current street 

trees. However, an increase in Tmrt was evident for the RCP 8.5 scenario despite the added street 

tree cover. In fact, Tmrt increased in all LCZs under the RCP 8.5 climate scenario even with the 

applied heat mitigation measure (i.e. maximum feasible number of street trees). This is because 

the potential for increasing street tree cover relative to current status is very small in 

Vancouver’s LCZs (i.e. the maximum feasible number of street tress resulted in only 1.2% plan 

area increase in street tree cover). This has also been found in a study conducted in Manchester, 

UK, where increasing street tree cover to a maximum level (5% under current planting 

regulations for Manchester) was not sufficient to keep the temperatures at or below current 

levels under three climate scenarios (Hall et al. 2012). 

Table 4-2: Spatial average of Tmrt values before and after adding maximum feasible street 
trees. Results are for the hottest period of day from 11:00 – 17:00 for the 
hottest day in the observation period, RCP 4.5 and 8.5. Δ indicates the 
difference in Tmrt relative to the observation day under current tree cover. 

Location Current status Maximum feasible number of street trees 

 
Observation 

day 
Δ RCP 4.5 Δ RCP 8.5 

Δ Observation 

day 
Δ RCP 4.5 Δ RCP 8.5 

LCZ 1 51.1 +2 +5.1 -3.3 -0.7 +2.6 

LCZ 4 53.9 +1.7 +4.8 -3.5 -1.8 +1.4 

LCZ 5 54.7 +1.7 +4.8 -2.1 -0.4 +2.8 

LCZ 6 58.6 +1.7 +4.7 -4.1 -2.4 +0.8 

LCZ 6A 59.6 +1.7 +4.7 -3.4 0 +3.1 

LCZ 8 61.1 +1.7 +4.7 -4.2 -2.5 +0.7 

 

In light of recent works suggesting that end-of-century urban air temperatures under 

the RCP 8.5 scenario cannot be offset by large street tree increases in combination with other 

heat mitigation measures at both neighborhood and regional scales (Krayenhoff et al. 2018; 
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Middel et al. 2015), a corresponding investigation of the potential for Tmrt reduction is of 

particular relevance. Thus, reducing Tmrt will have to be achieved through complementary heat 

mitigation measures, for instance through greening building facades (Jänicke et al. 2015), 

converting selected streets in high-Tmrt LCZs into greenways (Gill et al. 2007), and artificial solar 

shielding (Watkins et al. 2007). 

 

Figure 4-6: The spatial variation of Tmrt in present climate (left column) and the combined effect 
of climate change and increased street tree cover for RCP 4.5 and 8.5 scenarios (middle and 
right column). Δ RCP 4.5 and Δ RCP 8.5 present change in Tmrt values relative to the observation 
day after the inclusion of maximum feasible street tree in the simulation domain. The Tmrt values 
are averaged over the period from 11:00 – 17:00. For illustration purposes, the comparison is 
only shown for LCZ 4 and 5. 

  

Aside from the benefit of street trees in reducing radiant heat load, adding excessive 

amounts of street trees may also have negative and unwanted effects. Due to the hampering 

effect of street trees on air ventilation at the microscale, roadside trees do not necessarily 
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reduce pollutant concentrations and can therefore worsen air quality in the immediate vicinity 

of streets (Vos et al. 2013). Trees also reduce radiative heat loss at night and slightly increase 

temperatures after sunset (Golden et al. 2007). Lastly, during the fall and winter season when 

unobstructed sunshine is desirable in mid-latitude cities such as Vancouver, excessive shade can 

be unwanted. In this respect, deciduous trees are preferred over evergreen trees as the former 

species allow 40 to 80% penetration of solar radiation in fall and winter (Heisler 1986; Konarska 

et al. 2014). 

4.5. Conclusion 

Present and future changes in micrometeorological variables (Ta, global radiation and 

Tmrt) were compared across the annual cycle, with major focus on the hottest time of day for the 

observation period and for an end-of-century hot day, for six different LCZs in Vancouver. In 

addition, the effect of increasing street tree cover on the spatial variation of Tmrt under two 

future climate scenarios, RCP 4.5 and 8.5, was modelled and mapped. Model simulations were 

conducted for two urban greening scenarios: a) the current street tree cover, and b) a simulated 

increase of street trees to the maximum feasible number in each LCZ. 

In Vancouver, downscaled projections of RCP 4.5 and 8.5 scenarios showed an increased 

maximum and minimum Ta. Global radiation remains largely unchanged under the RCP 4.5 

scenario, while it decreases slightly across the annual cycle under the RCP 8.5 scenario. The 

number of days with very high Tmrt, i.e. days with extreme radiant thermal exposure, is projected 

to increase three- and five-fold under RCP 4.5 and 8.5 respectively. 

The cooling potential achieved by adding the maximum feasible number of street trees 

is effective in the reduction or maintenance of the current Tmrt under the RCP 4.5 scenario for all 

LCZs in Vancouver, however it is insufficient to decrease or maintain Tmrt under the RCP 8.5 

scenario. Under the RCP 8.5 scenario, complimentary heat mitigation measures may be 

therefore required if summer outdoor thermal comfort is to be maintained or improved in 

Vancouver through the end of the century.  

From an urban planning point of view, informed by the results of our analysis, this study 

recommends that an effective heat mitigation strategy: (a) prioritizes plans for LCZs in which 

extreme levels of Tmrt exist under present and future climates and in areas frequented by 



74 

pedestrians; (b) complements the mitigation effects of street trees by adding green walls and 

installing artificial solar shielding, especially in areas where extra tree planting is not practical 

due to limited planting space or high building density; and (c) considers tree placement with the 

goal of maximizing tree shade while limiting associated reductions to ventilation. 
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Chapter 5. Conclusions 

In the following sections, the overall contributions of this thesis and a summary and 

discussion of the key contributions of each paper is presented. General conclusions of this work 

are also outlined. 

5.1. Overall contributions 

This thesis implements geographic qualitative, quantitative and modelling techniques 

to: a) explore how heat vulnerability varies among different neighborhoods in Vancouver; and b) 

investigate heat mitigation through urban tree planting across Vancouver’s local climate zones 

(LCZs), focusing on the impact of added street trees on human thermal exposure under current 

and projected future climates.  

This thesis is unique in its approach toward quantifying and mapping human thermal 

exposure in different neighbourhoods, categorized into LCZs. This is done for the first time in a 

mid-latitude coastal city. Furthermore, the characterization of baseline radiant heat exposure 

across Vancouver’s LCZs during summertime extreme heat days, prior to and after heat 

mitigation implementations under current and future climates, is unique to this study. The 

results from this thesis can inform decision-makers and provide tools to facilitate the integration 

of microclimate knowledge into urban design and planning practices for Vancouver. 

The following are the main contributions drawn from each chapter: 

• Chapter 2: considering existing socio-economic, environmental and infrastructural data, 

populations vulnerable to extreme heat were mapped at dissemination area scale in 

Vancouver. Using a spatial overlay analysis, neighborhoods that are particularly 

vulnerable to heat in terms of the compound effect of low socioeconomic status, high 

heat exposure and poor accessibility to cooling and health infrastructures were 

identified. The top three vulnerable neighborhoods, located in the Sunset 

neighbourhood of southeast Vancouver, were characterized by low vegetation cover, 

relatively hot surface and near-surface air temperatures, low socioeconomic status, far 
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from cooling and health infrastructure, and have an environment that elevates heat 

exposure. Some of these heat-vulnerable neighborhoods which are classified as LCZ 6 

were used as case studies in which the impact of heat mitigation measures on heat 

exposure is further examined in Chapter 3 and 4. The applied methodology in this 

chapter was largely qualitative and exploratory, coupled with spatial overlay mapping 

techniques. One of the strengths of this work is the ability to produce readily available 

information about heat vulnerability status. The approach taken in this chapter can be 

considered a first step toward the development of tools that can help health authorities, 

city officials, and policymakers better understand who is at risk during extreme heat 

events, where these people reside, and what factors drive their local risk. Appreciation 

of this multi-faceted context can facilitate both short-term emergency management 

efforts and longer-term urban planning interventions to reduce health effects of 

extreme heat events with greater effectiveness. While only Vancouver neighborhoods 

were investigated in this chapter, the proposed methodology is easily transferable to 

other cities in Canada and worldwide. 

• Chapter 3: this chapter contributes to better understanding about how the built 

environment influences the effectiveness of heat mitigation measures across 

Vancouver’s LCZs. Specifically, this chapter contributes to quantifying the impact of 

added street trees on radiant heat exposure. This was achieved by evaluating the 

spatiotemporal variation of radiant heat exposure, and its daytime reductions resulting 

from increased street tree cover within street sections of representative LCZs in 

Vancouver. LCZ 1 (compact high-rise) and LCZ 8 (large low-rise) were identified as the 

most and least thermally comfortable LCZs in Vancouver, respectively. Increasing street 

tree cover showed significant impact on reducing heat exposure by lowering Tmrt by 

minimum 3.3°C in LCZ 1 (compact high-rise) to maximum 7.1°C in LCZ 6 (open low-rise). 

The urban tree-planting scenario applied in this chapter (i.e. 1% increase in aerial street 

tree coverage) was adopted from Vancouver’s urban forestry strategy that aims to grow 

its aerial urban canopy cover by 1% by the year 2020. 

• Chapter 4: this chapter expands on the findings from Chapter 3 and provides a 

methodology that quantifies how radiant heat exposure may be affected under future 

climate change projections. This chapter also illustrates how days with extreme radiant 
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heat exposure will become more frequent under future climate scenarios (RCP 4.5 and 

8.5). The results show that the net effect of urban tree planting on reducing radiant heat 

exposure varies between RCP 4.5 and 8.5 scenarios. Under the maximum feasible street 

tree cover scenario, spatial average net change of Tmrt is a 1.3°C reduction under RCP 4.5 

compared to the same time of day for the hottest day in the contemporary period, 

whereas spatial average net change of Tmrt was a 1.9°C increase under RCP 8.5. This 

chapter concludes by presenting a set of complementary heat mitigation guidelines 

applicable to urban planning. 

5.2. Discussion 

The qualitative data collection approach and spatial overlay analysis presented in 

Chapter 2 were useful in identifying and mapping heat-vulnerable neighbourhoods. However, 

the main limitation of this methodology is that the presented results were not validated against 

individual-level socio-economic data, nor against data on health or other impacts of recent 

extreme heat events. In this case, validation was beyond reach as it was very difficult to obtain 

comprehensive social survey data across Vancouver at neighborhood scales.  Nonetheless, 

evaluating the results against individual-level socio-economic and health data would have 

enhanced the results of this study as it could exhibit that in reality the vulnerability 

characteristics exist in identified neighborhood.  

Similar to any modelling study, the simulation results in Chapter 3 and 4 were 

dependent on the accuracy of the inputs, namely, digital surface model of buildings and trees, 

sky view factor, and forcing micrometeorological variables. Based on the model evaluation 

results presented in Chapter 3, it was concluded that the input data were of high quality. 

Regarding the spatial variability of Tmrt, this thesis showed that the addition of street trees and 

the shadow they provide is a very effective measure for reducing daytime Tmrt in urban 

neighborhoods during hot summer days. Although the reduction of Tmrt is dependent on the size 

and shape of individual trees, the placement (e.g. closer to sun-exposed walls), clustering and 

different tree species affect Tmrt reductions (Konarska et al. 2014; Lindberg et al. 2016). 

However, the effect of different tree species, tree sizes and tree clustering were not explored in 

this thesis. 
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Due to the structure of the SOLWEIG model, which relies on incoming solar radiation, 

this thesis only focused on daytime variations of Tmrt. In other words, SOLWEIG is unable to 

assess the effect of added street trees on nocturnal radiant heat exposure. Nighttime heat 

exposure (i.e. Tmrt) is of great importance, since it is attributed to extreme heat stress and heat-

related mortality (Thorsson et al. 2014). Raised nighttime minimum mean radiant temperature, 

which in part results from the reduced escape of longwave radiation blocked under tree canopy, 

can further increase heat stress and potentially lead to heat-related mortality (Lindberg et al. 

2016; Thorsson et al. 2014). It has been found that heat-related mortality is strongly associated 

with exposure to a high nighttime temperature over several days, especially among elderly 

individuals (Luber and McGeehin 2008; Laaidi et al. 2012). For example, an estimated 0.8% 

increase in heat-related deaths was found to be correlated with 1°C increase in nighttime air 

temperature in Dublin, Ireland (Goodman et al. 2004). In a case study in Stockholm (1990-2002), 

Thorsson et al. (2014) found that for ages 45-79 heat related mortality is more attributed to 

nighttime rather than daytime heat stress resulted from increased radiant heat exposure.   

This thesis focused on only one heat exposure metric, Tmrt, and hence is an 

incomprehensive representation of thermal comfort (Lindberg et al. 2016). Two other important 

factors for radiant heat exposure and outdoor thermal comfort that are not considered by Tmrt, , 

are air flow and clothing insulation. Air flow affects thermal comfort by contributing to 

convective cooling of the human body and reducing heat stress (Saneinejad et al. 2014; Toparlar 

et al. 2015). Clothing insolation affects thermal comfort through heat transfer and evaporation 

of moisture from the skin (Jendritzky et al. 2012). Efforts are being made to include pedestrian 

wind field and clothing insulation in the future versions of SOLWEIG (Linberg et al. 2016).  

In Chapter 4, only one regional climate model (CanRCM4) were incorporated in the 

simulations. Generally, the performance (i.e. analysis of errors and biases) of CanRCM4 in 

reproducing the spatial pattern, annual cycle and distribution of extreme temperatures falls 

within the range of other North American RCMs (Scinocca et al. 2015). However, when 

compared to the fifth-generation Canadian regional climate model (CRCM5) for example, 

CanRCm4 shows larger discrepancy (i.e. regional root mean square error) in the simulation of 

the hottest day (+0.8°C) and the coolest night (+2.7°C) over the period 1989–2009 (Whan and 

Zwiers 2015). Therefore, it would be beneficial if outputs from a greater range of RCMs are 

investigated to identify biases in temperature extremes.   
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5.3. General conclusion and future outlook 

In the context of both global warming and rapidly growing urbanization worldwide, 

urban dwellers are likely to become more exposed to extreme radiant heat. 

This thesis assessed the variability of heat vulnerability and radiant heat exposure across 

neighborhoods in Vancouver. Specifically, the determinants of heat vulnerability in Vancouver 

were explored (Chapter 2), and increased street tree cover was tested as a heat mitigation 

strategy to lower radiant heat exposure in different neighborhoods under current and future 

climates (Chapter 3 and 4). This thesis has evaluated the effectiveness of urban tree planting in 

reducing radiant heat exposure. For example, added street trees can largely mitigate the 

increased radiant heat exposure expected by 2070-2100 under RCP 4.5. However, the mitigating 

effect of added street trees on radiant heat exposure is not sufficient to similarly compensate 

for the impacts of global warming under the RCP 8.5 scenario. This type of information can 

inform city decision-makers and urban planners on ways to prioritize heat mitigation and 

adaptation interventions. 

The insights and limitations of this thesis provide a potential pathway for future 

research. Simulation of radiant heat exposure with different tree clustering scenarios, combined 

with other heat mitigation and emission reduction measures, and under downscaled projections 

from various RCMs would increase our understanding of the relative effectiveness of urban tree 

planting practices on intra-urban radiant heat exposure variations and its dependence on local 

micrometeorological conditions. Considering the implications of urban tree planting on thermal 

exposure, it would be of further research interest to compare the findings of this thesis with 

people’s perception of the effect of urban street tree planting on neighborhood microclimate as 

well as human thermal comfort. 

5.4. References 

Goodman, P. G., Dockery, D. W., and Clancy, L., 2004. “Cause- specific mortality and the 

extended effects of particulate pollution and temperature exposure.” Environmental 

Health Perspectives 112 (2): 179-185. 



85 

Jendritzky, G., de Gear, R., Havenith, G., 2012. “UTCI – Why another thermal index?” 

International Journal of Biometeorology. 56 (3): 421-428.  

Konarska, J., Lindberg, F., Larsson, A., Thorsson, S., Holmer, B., 2014. “Transmissivity of solar 

radiation through crowns of single urban trees: application for outdoor thermal comfort 

modelling.” Theoretical and Applied Climatology 117: 363-376.  

Laaidi, K., Zeghnoun, A., Dousset, B., Bretin, P., Vandentorren, S., Giraudet, E., and Beaudeau, P., 

2012. “The impact of heat islands on mortality in Paris during the August 2003 heat 

wave.” Environmental Health Perspectives 120 (2): 254-259. 

Lindberg, F., Thorsson, S., Rayner, D., Lau, K., 2016. “The impact of urban planning strategies on 

heat stress in a climate-change perspective.” Sustainable Cities and Society 25: 1-12.  

Luber, G., McGeehin, M., 2008. “Climate change and extreme heat events.” American Journal of 

Preventive Medicine 35 (5): 429-435. 

Saneinejad, S., Moonen, P., Carmeliet, J., 2014. “Coupled CFD, radiation and porous media 

model for evaluating the micro-climate in an urban environemt.” Journal of Wind 

Engineering and Industrial Aerodynamics. 128: 1-11. 

Scinocca, J.F., Kharin, V.V., Jiao, Y., Qian, M.W., Lazare ,M., Solheim, L., Flato, G.M., 2015. 

“Coordinated global and regional climate modeling.” Journal of Climate. 29, 17-35. 

Thorsson, S., Rocklov, J., Konarska, J., Lindberg, F., Holmer, B., Dousset, B., Rayner, D., 2014. 

“Mean radiant temperature – a predictor of heat related mortality.” Urban Climate. 10 

(2): 332-345. 

Toparlar, Y., Blocken, B., Vos, P., van Heijst, G.J.F., Janssen, W.D., van Hooff, T., 2015. “CFD 

simulation and validation of urban microclimate: a case study for Bergpolder Zuid, 

Rotterdam.” Building and Environment. 83: 79-90. 

Whan, K., Zwiers, F., 2015. “Evaluation of extreme rainfall and temperature over North America 

in CanRCM4 and CRCM5.” Climate Dynamics. 46 (11-12): 3821-3843.   

 


