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Abstract

This systematic literature review aimed to investigate the relationship between heatwaves
and air quality. The review focused on studies that analyzed air quality during heatwaves and
the differences in effects between urban and rural areas. The review's findings showed that
heatwaves lead to increased air pollutant concentrations, including particulate matter and
ozone, with different outcomes depending on the location and degree of urbanization.
However, some studies reported no impact of high-temperature conditions on pollutant
levels, inconsistent with earlier findings. Study limitations, such as the limited
generalizability of the findings to other regions, may account for this inconsistency.

The literature review also found limited data on the impact of heatwave-induced air quality
on human health. Only one study reported potential increases in chronic obstructive
pulmonary disease deaths and respiratory diseases. The review also examined the effects of
the 2021 Vancouver heatwave on air quality with the definition of heatwave as at least three
consecutive days with a temperature of at least 32.22°C. The review revealed that the
degree of urbanization did not affect air pollutant levels in Vancouver. However, all selected
stations showed an increased trend in ozone pollution after the defined 2021 Vancouver
heatwave period, with the Pitt Meadows station severely exceeding CAAQS for ozone
pollution.

The review identified some limitations, including insufficient data validation with primary
data, lack of relevant data on the interaction between high temperature and ozone pollution,
and limited generalizability to other regions with different environmental conditions and
pollutant sources.

The study's findings highlight the need for further research to develop effective strategies to
mitigate climate change and improve air quality. Policymakers, researchers, and
practitioners can use these findings to develop evidence-based interventions to address the
impact of heatwaves on air quality.
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Chapter 1: Introduction

The Province of British Columbia experienced extreme heatwaves in 2021 and 2022 that
reached peak temperatures of 49 °C, which significantly impacted human health and the
environment. During a heatwave in 2021, over 600 deaths were reported, with 93% of those
occurring from June 25 to July 1, 2021 (The Canadian Press, 2022). Additionally, the high
temperatures during this period led to widespread wildfires, one of which destroyed 90% of
the town of Lytton and resulted in the loss of hundreds of homes (Vjosa, 2021). These events
worsened air quality in Lytton and the City of Vancouver, which experienced the worst air

quality of any major city in the world shortly after the wildfire (Steacy, 2021).

Compared to historical summer conditions in British Columbia, the recent increase in
heatwaves is a new and concerning trend. It raises questions about the long-term impacts of
these events on air quality and the potential causes for their increased frequency. Further
research is necessary to fully understand the effects of heatwaves on air quality and to
develop strategies to mitigate the consequences of these events. This paper aims to provide
a better understanding of the relationship between heatwaves and air pollution by

performing a systematic review and an analysis of the 2021 Vancouver heatwave.

1.1 Increasing Trend of Extreme Weather and Climate Events

According to the Intergovernmental Panel on Climate Change (IPCC), extreme weather and
climate events have increased since 1950 (IPCC, 2014). The IPCC's 5th Assessment Report
(AR5) stated that the increase in the frequency of heatwaves since the mid-20th century is
very likely due to human influence (IPCC, 2014). The AR5 also projects that with continued
warming, heatwaves will become more frequent and intense (IPCC, 2014). This trend of
“more frequent and intense extreme climate events” is supported again in the AR6’s Working
Group Il report (IPCC, 2022).

National Oceanic and Atmospheric Administration (NOAA) also reported that the ten
warmest years on record occurred since 2010. In fact, 2022 ranked the sixth-warmest year
based on NOAA’s temperature data (NOAA, 2023). Moreover, the increasing trend of the
NOAA can support the trend of increased extreme climate events. For example, the data
gathered by NOAA’s Merged Land Ocean Global Surface Temperature Analysis shows the
increased global temperature trend over the years in Figure 1 (NOAA, 2022). This figure

measures global and hemispheric anomalies against the 1901-2000 average, while



coordinate anomalies are measured against the 1991-2020 average. Regional anomalies are
measured against the 1910-2000 average. The annual global temperature graph trend
indicates more significant temperature increases in recent years.
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Figure 1. Annual Global Temperature (Land Only): 1880 to 2022 (Reproduced from NOAA, 2022)

1.2 Relationship between Global Warming and Heatwaves

Since the 1970s, the annual global temperature has been increasing. It is defined as global
warming when increases continue for over 30 years (IPCC, 2014). Although global warming is
not the same as heatwaves, they are related. Studies show that 1.5 °C global warming can
significantly increase the magnitude and frequency of heatwaves (Dosio et al., 2018; Guo et
al., 2018; Yang et al., 2020). Furthermore, Dosio et al. (2018) conducted additional research
for 2.0 °C with the same conditions as 1.5 °C and reported that 2.0 °C global warming would

double the frequency of extreme heatwaves worldwide.

Nevertheless, projected data for the average annual number of high-temperature days by
the Climate Atlas of Canada, established by the Prairie Climate Centre (PCC), shows an
increasing trend compared to historical data regardless of annual global temperature (PCC,
2019). It is important to acknowledge that while the projected data is included as a potential
climate scenario worldwide, including the BC region, it does not serve as evidence for the
current frequency of heatwaves. This is because no published peer-reviewed paper was

available on recent heatwave frequency in the region at the time of this research. The
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climate projection data is based on 24 statistically downscaled global climate models, which

the Climate Atlas of Canada programmed.
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Map Data: Ensemble of 24 CMIP5 models (BCCAQv2 Statistically Downscaled
Climate Scenarios) provided by the Pacific Climate Impacts Consortium,
University of Victoria (pacificclimate.org).

Figure 2. Average Annual Number of + 30°C days in Canada: (a) 1976 - 2005, (b) 2021-2050, (c) 2051-2080. (a) present
historical data from 1976 to 2005. Projections (b) and (c) were made under the low-carbon scenario. (Redrawn from PCC,
2019).

Despite the low carbon scenario that assumes greenhouse gas emissions will not increase
over time to minimize other impacts on climate warming, projected high-temperature days
are as high as 50 days or more in the future (Figure 2). The data indicates a significant
increase since most high-temperature days from 1976 to 2005 were less than 30 days yearly.
However, more steps are required to consider the high-temperature days as the heatwave

has various characteristics, which will be described below.

1.3 Heatwave Definition and Criteria

Defining a heatwave can be difficult as several components determine such conditions
(Smoyer-tomic, 2003). Definitions of what constitutes a heatwave differ depending on the
different characteristics of an event (e.g., frequency and duration) and the type of
measurement (absolute or relative). Therefore, setting a heatwave definition for this
research before the analysis was a critical step. One of many ways to define a heatwave is
the set criteria for heat warnings by the government. For example, Environment and Climate
Change Canada (ECCC) sets its heat warning criteria per province and territory, and set
criteria for the Southwest part of BC, including the City of Vancouver and Richmond, are set

for when two or more consecutive days of maximum temperature in the daytime is expected



to reach 29 °C or higher and minimum temperature during nighttime is likely to fall to 16 °C
or higher (ECCC, 2017). On the other hand, the World Meteorological Organization (WMO)
defines a heatwave as “a period that the daily maximum temperature for at least five

consecutive days exceeds the average maximum temperature by 5 °C” (WMO, 2022).

During this research, three articles were found to provide a definition of a heatwave directly,
and its characteristics (Di Napoli et al., 2019; Gonzalez et al., 2019; Van Oldenborgh et al.,
2022), and seven articles were indirectly describing a heatwave (i.e., containing a deeper
explanation of a heatwave in the introduction). In this research, the definition of a heatwave
was set with the same definition from Gonzalez et al. (2019), which is “an interval of least
three consecutive days with a temperature of at least 32.22 °C” according to the National
Weather Service (NWS). However, it is worth noting that other definitions of heatwaves from
Di Napoli et al. (2019), such as the Universal Thermal Climate Index (UTCI) 95t percentiles
(15° + 2°C and 34.5° + 1.5°C, respectively), which take into account factors such as humidity
and wind speed in addition to temperature. Therefore, the definition of a heatwave from
Gonzalez et al. (2019) was chosen as it seems to fit the best to the purpose of the analysis,
finding a potential relationship between Vancouver 2021 heatwave and air quality while

simplifying other factors like humidity and wind speed.



1.4 Effects of Heatwaves on Human Health and Economic

Centers for Disease Control and Prevention (CDC) considers heatwaves as the most fatal of
all-natural disasters because the leading cause of weather-related deaths in the US was
extreme heat from 2000 to 2009 (Figure 3) (CDC, n.d).

Winter Storm

Cold

HEAT
Lightning

Wind

Tornado _
Hurricane

Flood

Figure 3. Deaths in the United States attributed to weather conditions, 2000-2009. (Reproduced from CDC, n.d)

Besides deaths, extreme heat can affect human health in various ways, such as heat
exhaustion, heat stroke, kidney failure, and worsening conditions like heart disease
(Seltenrich, 2015). Extreme heat can also change human’s physiological response to high
temperatures (Khosla, 2021). Under extreme heat conditions, symptoms like increased
sweating, redistributed blood flow to the skin, increased oxygen demand, and adjusted
circulation maintain body temperature at its optimal state. In addition, humidity amplifies
the symptoms and extreme heat (Seltenrich, 2015). However, NOAA states that heatwaves
can occur with or without high humidity (NOAA, 2021).

In addition to excess mortality and health issues, extreme heat can cause economic loss. A
case study in China reported that extreme heat caused a loss of productivity in self-paced
indoor workers and a loss of capacity in outdoor workers due to occupational safety
requirements (Xia et al., 2018). In the study, Xia et al. reported that 3.43 % of Ninjing’s gross
value of production in 2013 was reduced due to the heatwave. However, the report holds

limitations to the data realities as extreme heat only occurs in a particular space for a short
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period, forcing research to focus on small regions. Callahan and Mankin (2022) attempted to
qguantify the effect of extreme heat on global economic growth by using data from a
worldwide sample of subnational regions. As a result, empirical estimation was made for
cumulative losses from extreme anthropogenic heat during 1992 — 2013, which ranged from
S5 trillion to $29.3 trillion US dollars (Callahan & Mankin, 2022).

1.5 Heatwaves and Air Quality

Heatwaves can also affect air quality. Poor air quality is usually a result of air pollution. The
World Health Organization (WHO) defines air pollution as “the contamination of the
environment by chemical, physical, or biological substances that modifies the natural
characteristics of the atmosphere” (WHO, 2019). Poor air quality can cause health problems
like asthma, cardiovascular diseases, stroke, and lung cancer (Transport & Environment,
2019). Air pollution is caused by the presence of air pollutants, which are classified as
suspended particulate matter (PM) and gasses and vapours (Vallero, 2008). When a
contaminant's concentration in the air is abnormally high (i.e., higher than the concentration
in normal ambient air) and has net detrimental effects, the contaminant is defined as an air
pollutant. Air pollutants can be categorized into two parts: primary and secondary pollutants.
Primary pollutants (e.g., carbon monoxide, sulphur oxides, volatile organic compounds) are
the ones that are directly emitted into the atmosphere from a source, and secondary
pollutants (e.g., sulfuric acid, nitrogen dioxide, ozone) are the ones that are formed by

reactions of primary pollutants (Vallero, 2008).

When hot weather continues, primary pollutants tend to increase. For example, one of the
primary pollutants, NOx, can undergo a chemical reaction with volatile organic compounds
(VOCs) in the presence of sunlight and produce ozone that is toxic at ground level (Vallero,
2008). In addition, extreme heat provides more extensive sunlight than usual, which can
create a higher level of ground-level ozone. Furthermore, heatwaves often accompany high
atmospheric pressure with stagnant air above ground level. The layer of stagnant air is
critical for ambient air quality as it prevents the distribution of air pollutants, increasing the
concentration of contaminants in the air, hence the more substantial air pollution (Vallero,
2008). Some researchers reported findings on the indirect relationship between the high
temperature of the environment to the frequent occurrence of ozone pollution (Pyrgou et al.,
2018; Westervelt et al., 2019).



Air pollution is a significant risk factor for respiratory diseases, and exposure to high levels of
pollutants can lead to exacerbation of air quality-related illnesses such as chronic obstructive
pulmonary disease (COPD) (Fu et al., 2022). For example, Lin et al. (2009) reported that for
each 1 °Cincrease in temperature above the baseline, the hospitalization rate for COPD
increased by 7.6 %. Moreover, the indirect relationship between the frequent occurrence of
ozone pollution and the high temperature can further exacerbate the respiratory problems
of people with vulnerable conditions (Lin et al., 2009; Pyrgou et al., 2018; Westervelt et al.,
2019).

1.6 Air Quality Standards

The increasing public awareness and demand for better environmental quality have resulted
in the establishment of more laws, rules, and policies to address air pollution (Vallero, 2008).
Different countries and regions have set up air quality targets such as National Ambient Air
Quality Objectives (NAAQO), Canadian Ambient Air Quality Standards (CAAQS), and
Provincial Air Quality Objectives in BC (Province of BC, 2021). In the United States, six
common air contaminants (CAC) were established by the US Environmental Protection
Agency (EPA), including PM, ozone (03), carbon monoxide (CO), sulphur dioxide (SO2),
nitrogen dioxide (NOz), and lead (Pb). These standards and CAC serve as reference points for

air quality analysis (EPA, 2014).

In British Columbia, the government has established non-legally binding air quality objectives
to manage and regulate the province's air quality. These objectives measure current and
historical air quality, guide environmental impact assessments, inform regulatory
development, and develop strategies to manage air quality during episodes such as air
quality advisories. The Minister of Environment, authorized under the British Columbia
Environmental Management Act, developed these objectives. In addition, the province uses
a suite of ambient air quality criteria at the provincial and national levels, including AQOs,
NAAQOs, and CAAQS, to inform decisions on managing air contaminants. Metro Vancouver

has also established its air quality objectives within its region (Province of BC, 2021).

To simplify the existing framework of air quality criteria and reflect current practices, Table 1
identifies only the most stringent criteria for each averaging period and management level,
along with the current CAAQS in effect. This table is meant to be updated when new

objectives are adopted, or clarifications are made.



Table 1. Summary of BC ambient air quality objectives. (Reproduced from Province of BC, 2021).

Air Quality Objective Date
Contaminant Avg. Period Source Adopted
3
pe/m ppb by Source
Formaldehyde (HCHO) 1 hour (1 50 Provincial AQD 1995
113 B07 Provincial AQ0 2021
1-hour
113 607 2020 CAAQS 2017
Nitrogen Dioxide (NO)
3z 17 Provincial AQ0 2021
Annual
32 17 2020 CAAQS 2017
1-hour 160 82 MaAQO? 15989
Ozone (04)
B-hour 123 B2 2020 CAAQS 2013
2541 - Provincial AQ0D 2009
24-hour
Particulate Matter <2.5 27 - 2020 CAA 2013
microns (PM,5) 8 - Provincial AQO 2009
Annual
B.B" - 2020 CAAQS 2013
. P :
Particulate Matier <10 24-hour 50 Provincial AQO 1995
microns (PMug)
Sulphur Dioxide (SO,) 1-hour 196 755 Interim Provincial AQO 2016
1-hour 183 70 2020 CAAQS 2017
Annual 13 57 2020 CAAQS 2017
Total Suspended 24-hour 120 - MAAQO 1974
Particulate (TSP) Annual 60% - NAAQO 1974

1.7 Research Problem Statement

The research problem addressed in this systematic literature review is examining the effects
of heatwaves on air quality. The study aims to synthesize existing literature on the topic and
analyze historical air quality data from the City of Vancouver during the 2021 heatwave to
better understand the relationship between heatwaves and air pollution. The findings of this
review will provide important insights to researchers and the general public into the impact
of heatwaves on air quality and the potential health and environmental risks associated with

elevated levels of air pollutants during these events.



1.8 Project Objectives

This systematic literature review aims to understand the effect of heatwaves on air quality

with five main objectives:

e The first objective is to comprehensively review the existing literature on the impact
of heatwaves on air quality. This will include a comprehensive search of relevant
sources and a thorough evaluation of the quality and validity of the selected studies.

e The second objective is to analyze historical air quality data from the City of
Vancouver during the 2021 heatwave. The data will be analyzed to observe the
relationship between heatwaves and air pollution and identify emerging patterns or
trends.

e The third objective is to identify gaps in the current knowledge of the effects of
heatwaves on air quality. This will help guide future research efforts and ensure
critical areas are noticed.

e The fourth objective is to synthesize the findings of the literature review and data
analysis to gain a comprehensive understanding of the impact of heatwaves on air
guality. The synthesis will include a discussion of the strengths and weaknesses of the
existing evidence and a consideration of the implications of the findings.

e The final objective is to provide recommendations for future research to further
advance our knowledge of the effects of heatwaves on air quality. This will include
suggestions for future studies to fill any knowledge gaps identified during the review

and suggestions for improving the quality of prospective studies.

1.9 Project Scope

The systematic literature review focused on investigating heatwaves' impact on air quality.
The review’s scope included examining the relationship between heatwaves and air
pollutants and the resulting detrimental effects on human health and the environment. The
study was limited to a specific group of air pollutants and their relationship with heatwaves.
The air quality assessment was restricted to ambient air, excluding indoor air quality. The
research utilized online data sources that were accessible and deemed appropriate for the
study's objectives. The findings of this review will contribute to a better understanding of the
impact of heatwaves on air quality and its effects, considering the limitation of only using

online data sources.



Chapter 2: Methods
2.1 Systematic Literature Review Guideline

The literature on the impact of heatwaves on air quality is abundant, but the methods used
to study it vary greatly. A systematic literature review was chosen for this project’s research
method to get the most out of available and relevant studies. This method provides a
systematic and standardized approach to searching and identifying studies. The Reporting
Standards Systematic Evidence Syntheses (ROSES) tool was utilized in the development of
the search, screen, review, and writing strategies for the project (Haddaway et al., 2018).
While adopting the ROSES forms and flow diagrams for Systematic Review, several
modifications were made to fit the project’s specific needs (Haddaway et al., 2017). Removal
of the following sections from the ROSES was done as part of modifications: stakeholder
engagement, methods protocol, assessment of the risk of publication, and demonstrating

procedural. Also, the search strategy regarding languages was simplified to English only.

2.2 Systematic Literature Search Strategy

This systematic literature review targeted published resources and grey literature from Jan
2018 to Dec 2022. For effective data screening, a list of keywords and their combinations

was tested on the BCIT Library database for validity.

e Heatwaves e Air pollutant
e High temperature e Global warming
e Air quality e Climate crisis

From the test, it was noticed that data results from several keywords show high irrelevancy
if the keyword is used alone. Therefore, the keywords were categorized into heatwaves and
high temperature in one group and the rest in the other. The first set of search sequences
was made so that one keyword from each group was selected, resulting in eight different
sequences. After assessing search results from each sequence, it was determined that having
high temperature as a primary keyword resulted in irrelevant sources. Therefore, the final
sequence for the data collection was selected as a combination of three keywords:
"Heatwaves" AND "Air" AND "Pollution"”. After preliminary search screening, it was noticed
that lots of literature are related to energy, which does not align with this review. Therefore,
to finer narrowing down to relevant literature, an additional keyword was added to the final
sequence: "Heatwaves" AND "Air" AND "Pollution”. AND NOT “Energy”. With this additional

10



keyword, the total number of initial literature (i.e., search results without identifying and

eliminating duplicates) was shrunk from 557 to 200.

Four search engines were used for data collection with the final sequence: BCIT Library,
Science Direct, Google Scholar, and Journal Storage (JSTOR). Initial search data from each

database and its filters are summarized in Table 2.

Table 2. Databases and Search Results with Search Sequence of "Heatwaves" AND "Air" AND "Pollution.” AND NOT “Energy”

Database Numbers of Additional Filters
Results
BCIT 44 Discipline (Environmental Science, Public Health, General Science)
Library Excluded Subject Terms (Life Science & Biomedicine, Geoscience,
Multidisciplinary, Earth Science, Precipitation)
Excluded Content Type (Newsletter)
Science 105 Article Type (Review articles, Research articles)
Direct Publication Title (Environmental Research, Atmospheric Environment,
Environmental Pollution, Atmospheric Research, Global Environmental
Change, Atmospheric Pollution Research)
Subject Areas (Environmental Science, Earth and Planetary Sciences)
Google 4 Include patents and citation
Scholar*
JSTOR 47 Subject (Environmental Science, Environmental Studies)

*Due to a lack of a search filter, different search sequence is used for the search: air quality OR global

warming OR climate crisis OR air pollutant OR high temperature "Heatwaves"

2.3 Study Selection

According to the ROSES flow diagram, a few strategies were used to screen the large
guantity of literature from the initial search: elimination of duplicates, exclusion from title
and abstracts screening, and exclusion after the full-text screening (Haddaway et al., 2017).
Out of 200 works, one duplicate was identified, and a new quantity of total literature data
was created, 199. Through titles and abstract screening, 110 pieces of literature were
excluded. The exclusion standard was that literature handles completely unrelated topics
than this review, such as COVID-19 or marine environment research. During the same

screening, three different labels were assigned to articles, as described in Table 3.
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Table 3. Labelling Criteria during Title and Abstract Screening

Label Description
1t Contents of the literature are directly related to the topic
2nd Contents of the literature are somewhat related to the topic
3rd Contents of the literature are maybe related to the topic

As a result, 37 directly related literature, 21 somewhat related, and 31 maybe related
literature were identified. Out of 89 records, one resource could not get full access as it was
part of the conference presentation. With the remaining 88 records, a full-text screening was
conducted in order of the labels in Table 3. From that, additional 46 pieces of literature were
excluded due to lack of relevance (33 pieces) and incompleteness of3 pieces), leaving 42
pieces of literature for this research. Including two pre-screened articles from sources other
than the listed sources in Table 2, 7 articles and 37 studies were included in the review.
Upon critical appraisal of the articles, focusing on the topic’s relevance to this research’s
objectives, 15 pieces were excluded as a lack of direct relation to this research’s topic, and
14 pieces for being heavily focused on subjects that are not in line with the topic (i.e., heavy
focus on mortality due to overall climate change). Three more articles were excluded during
narrative synthesis due to insufficient connection, weak study results, and more statistical
projection research. Details of the findings from the critical appraisal of the resources, which
are discussed in this review, are listed in the literature matrix (Appendix 2). Figure 4 shows
summarized screening data for the review.

12



Records identified from bibliographic
database searches
(n = 200)

Records identified from searching other
sources
(n=0)

Y

Records after duplicates removed
(n=199)

Duplicates removed

Y

Records after title and abstract
screening
(n=89)

(n=1)

Excluded titles and abstracts

A

Articles retrieved at full text
(n=288)

(n=110)
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Not enough connection on the topic (n = 1)
Weak study result (n = 1)
More of statistical projection research (n = 1)

Figure 4. Systematic Literature Search and Review Flow Diagram (Adapted from Haddaway et al., 2017)
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2.4 Data Collection for 2021 Vancouver Heatwave Analysis

Besides the listed online database, government databases were used to gather historical
temperature and air quality data for the 2021 Vancouver Heatwave analysis. The necessity of
this analysis was identified during preliminary research of this project’s original intention,
identifying any potential effects of a heatwave on air quality in BC, Canada. The initial
investigation showed a lack of available literature for a specific location, so the project’s
scope was extended beyond the BC region. However, reviewing initially selected resources

led to the possibility of addressing the 2021 Vancouver heatwave effect on air quality.

The government database used for historical temperature data is the ECCC climate data
website (ECCC, 2021). The historical temperature data station used to gather temperature
data from June 2021 to September 2022 to analyze the 2021 Vancouver heatwave is the
Vancouver Harbour station. This station is currently operated by NAV Canada and is located
at a latitude of 49°17'43.270" N and a longitude of 123°07'18.730" W, with an elevation of
2.50 m. The station has a Climate ID of 1108446 and a WMO ID of 71201.

From the ECCC database, historical data from the Vancouver Harbour station, consisting of
11 different parameters from June 2021 to September 2021, was obtained as a .csv file. Out
of 11 parameters, only three parameters were extracted for the analysis: maximum
temperature (°C), minimum temperature (°C), and mean temperature (°C). As per the
predetermined heatwave definition under section 1.3, conditional formatting was applied to
the maximum temperature column to identify any days that exceeded 32.22 °C, which

provided the start date and end date of the 2021 Vancouver heatwave.

Based on the defined period of the heatwave, the historical air quality data was obtained
from the BC Ministry of Environment’s air quality database (BC Ministry of Environment, n.d).
The search was conducted between June 1, 2021, and August 1, 2021, using the following
filters: Region - Lower Mainland, Owner - All, Type - Max, Time Base - 1 Hour. Three air
quality stations were selected for data collection to provide a better understanding of the

overall air quality (Figure 5).
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Pitt Meadows Stati§n

Vancouver Harbour Station

Figure 5. Location of the stations. The blue indicates the temperature data station, and the yellow indicates the air quality
data station.

The Vancouver downtown station was selected to be in line with the temperature data
station, and two other stations were chosen to see if there were any differences in air
quality based on the urbanization of the area. The Vancouver Clark Drive station was
selected to represent a less urbanized area than the downtown station, and the Pitt
Meadows station was selected to represent the least urbanized area. The data collected
from these stations included hourly maximum values for various air pollutants such as
carbon monoxide (CO), nitrogen dioxide (NO;), ozone (O3s), sulphur dioxide (SO3), and

particulate matter of different sizes (PM25and PM1o).

The collected data were analyzed using statistical methods, including descriptive statistics,
correlation analysis, and regression analysis, to explore the effects of the 2021 Vancouver
heatwaves on air quality. The hourly maximum values for each pollutant were averaged for

each station and compared with the BC ambient air quality objectives.
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Chapter 3: Results and Discussion

3.1 Overview of Included Studies

Overall, it is difficult to determine a clear trend among the sources regarding the effects of
heatwaves on air quality. However, the sources provide a range of findings and observations
related to the issue, such as the relationship between air temperature and ozone
concentration, the impact of heatwaves on particulate matter and other air pollutants, and

the role of various environmental factors in exacerbating air pollution during heatwaves.

However, some common themes emerge from the sources. For example, many sources note
that heatwaves can contribute to increased levels of air pollution, particularly in urban areas
with high emissions from sources such as traffic and industry. Several sources also mention
the potential health impacts of heatwave-related air pollution, including respiratory
problems and mortality from conditions such as COPD. Additionally, some sources highlight
the importance of addressing the links between heatwaves and air quality in adaptation
policies and measures to protect public health. The following sections will discuss the

noticed common themes in detail.

3.2 Summary of Findings on the Effects of Heatwaves on Air Quality

Increase in air pollutants during heatwaves

Studies from Northern Italy (Ragosta et al., 2021) and California, US (Masri et al., 2022)
suggest that heatwaves can increase PM concentrations, worsening air quality and
potentially exacerbating health effects associated with PM exposure. Masri et al. (2022)
examined daily PM data to investigate the relationship between heatwaves and air pollution.
For that, 10-minute intervals of Purple Air PM. s data were downloaded using ThingSpeak’s
API provided by the PurpleAir company, and its target was all days spanning 2018 through
2020 (PurpleAir, n.d). The meta-analysis found that monthly average PM; s concentrations

were the highest during the late summer and early fall months (Figure 6) (Masri et al., 2022).
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Figure 6. Monthly average PM, s concentrations in California, US. (Reproduced from Masri et al., 2022)

Data from 2019 and 2020 showed that the highest PM, 5 concentration level was observed
during August, September, and October, also the peak wildfire season. Specifically, the
authors reported a 6.59 pg/m?3 increase in PMa.s concentrations during heatwave days
compared to non-heatwave days. Additionally, the meta-analysis found that PM
concentrations remained elevated for several days after the heatwave had ended, indicating
that the effects of heatwaves on air quality can persist beyond the duration of the heatwave

itself (Masri et al., 2022).

Likewise, a statistical investigation conducted for the potential correlation structure of air
pollutants such as NOy, Os, PM1o, and PM; s during hot days and heatwaves from 2015 to
2017 in monitoring sites located in Northern Italy found that heatwaves can increase PM
concentrations (PM10 and PM3_5), some sampling sites reporting the concentration
percentage increase in the range of 15-31 %. The study also highlighted that the effects of
heatwaves on PM concentrations might be more pronounced in urban areas, where the
urban heat island effect can exacerbate the impacts of heatwaves on air quality (Ragosta et

al., 2021).
17



However, a study that analyzed a year-long record of meteorological data and PM3s
measurements in Tianjin, China, reported that most PM;s components had higher
concentrations in winter, except SO4?" being higher concentrations in summer, which is
inconsistent with the findings of studies in California and Northern Italy (Shao et al., 2021).
Despite the inconsistency regarding the seasonal concentration of PM; s, Shao et al. (2021)
reported that three extreme meteorological events (EUMEs), including temperature
inversion, atmospheric stagnant, and heatwave, had significant impacts on PM; s
components, with NO3™ being the most affected components by all three EUMEs (Shao et al.,
2021).

Another main finding from this review was the findings on the potential heatwaves effect on
increased ozone pollution. A study analyzed the concentrations of air pollutants trend from
June to August 2013 to 2017 in the Beijing-Tianjin-Hebei (BTH) region, China found that the
mean concentration of ozone, [03], was significantly higher during heatwave events
compared to the non-heatwave period (Wang et al., 2022). The [O3] and the maximum daily
8-h average (MDAS8) [03] were found generally increase over the five years by comparing the
data from June to August 2017 with those in 2013-2016; the study found a 25.9% increase in
MDAS8 [03] (Wang et al., 2022). Figure 7 shows the data for the duration with observed
MDAS [03] of 160 pug/m?3 or higher and the duration of heatwave events. While the
occurrences of MDAS8 [O3] exceedance in 2017 showed higher results than those in 2013-
2016, heatwave occurrences also increased. The frequency, duration, and intensity of
heatwaves in the region also increased significantly in 2017, providing favourable weather

conditions for forming and accumulating O3 (Wang et al., 2022).
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However, another analysis within the BTH region reported that although the temperature
was a critical meteorological influencing factor for [O3], meteorological influences, including
temperature, were relatively weak in summer (Chen et al., 2019). The study used ground
ozone observation data during 2006-2016 to investigate the causality influence of individual
meteorological factors on ozone concentrations in Beijing by using a convergent cross-
mapping (CCM) method. The findings showed that meteorological factors had little influence
on ozone concentrations in Beijing during the summer. The main reason for the high ozone
levels was the rapid increase in VOCs and other precursors. The increase in VOCs and NOx

biogenic emissions due to vegetation growth during the summer significantly contributed to
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the high ozone levels. The authors reported that this finding was consistent with previous
studies that indicate warming has led to an increase in biogenic emissions in Beijing, and
climate change may be a significant driver of the increasing ozone pollution episodes in
China (Chen et al., 2019). A study in New York City in 2017 reported a similar conclusion
regarding the relationship between biogenic emissions and ozone concentration. Zhao et al.
(2019) used a high-resolution model to assess the impact of biogenic emissions on elevated
surface ozone. The study identified two unique characteristics of the planetary boundary
layer and demonstrated that biogenic emissions could significantly enhance surface ozone
concentrations during heatwaves. The process analyses indicated that photochemical
reactions were the most significant positive contributor to surface ozone enhancement
(Zhao et al., 2019).

Moreover, a statistical analysis of surface ozone measurement over the United Kingdom
from 1999 to 2019 reported that suburban and urban environments showed higher increases
in ozone concentration (Finch & Palmer, 2022). The mean ozone trend across all Automatic
Urban and Rural Network (AURN) sites was 0.41 pg/m3 per year, and more significant trends
in the suburban and urban environment (0.36- 0.75 ug/m? per year) were observed
compared to rural environments (0.16 pg/m?3 per year). The authors suggested that these
trends in urban surface ozone are coincident with and likely caused by a pronounced decline
in surface concentrations of NO,, which is a proxy for NOy linked to reduced emissions from
the transport sector. The study also found an increase in the probability of high mean ozone
and a decrease in the probability of extreme (elevated) ozone events. Overall, the study
suggested that heatwaves may impact ozone concentrations, particularly in urban
environments, and that reducing NOx emissions from the transport sector can be an effective
strategy to mitigate the effects of ozone pollution (Finch & Palmer, 2022). This was
consistent with the findings of Ragosta et al. (2021), more pronounced effects of heatwaves

on PM concentrations in urban areas.

However, during the same study, Ragosta et al. (2021) found that while PM concentrations
are higher during heatwaves, NO; and O3z concentrations are not influenced by heatwaves,
which shows inconsistent conclusions for heatwaves’ effect on the level of ozone. The
inconsistency may come from various study limitations, such as how the data was obtained
(i.e., different meteorological sensors) or limited generalizability of study findings to other
regions (Chen et al., 2019; Ragosta et al., 2021; Finch & Palmer., 2022; Wang et al., 2022).
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On top of inconsistent conclusions, a systematic literature review investigating the links
between heatwaves and air pollution conducted in 2022 found that the link between
heatwaves and poor air quality has not been sufficiently acknowledged by academia, with

evident gaps in applied small states research (Moncada & Spiteri, 2022).

Impact on human health

The effects of exposure to high temperatures on human health have been widely explored.
For instance, exposure to high temperatures may increase the risk of out-of-hospital cardiac
arrest (OHCA) events, especially in specific population subgroups, such as those with pre-
existing hypertension and ischemic heart disease (Wang et al., 2018). In addition, extreme
temperatures are also known to be related to higher mortality rates in certain conditions.
For example, a study in Northwest India investigated the mortality rate during the
heatwaves period with high baseline temperatures, using a reference temperature of 30 °C
when prior studies used 15 °C or 20 °C, and found that heatwaves present risks for mortality
(Nori-Sarma et al., 2019). Moreover, an analysis by Conte Keivabu (2022) reported that the
2003 heatwave in Barcelona had impacted individuals with low socioeconomic status and

increased their vulnerability.

As this review focused on heatwaves' effects on air quality, the impact on human health had
to be related to heatwave-induced air quality. Unfortunately, although the studies reported
extreme heat weather could impact respiratory health, literature focused on both factors
was not available in the databases except for one study on chronic obstructive pulmonary
disease deaths conducted in Shanghai, China (Fu et al., 2022). Fu et al. (2022) concluded that
extremely high temperatures significantly impacted the risk of COPD deaths. The difference
between this study and others is that the authors extended their scope to identify the
ozone-temperature interaction. Fu’s literature review-based analysis suggested three
potential factors for the effects of high temperature and ozone on respiratory diseases (Fu et
al., 2022):

1. The combination of climate change and outdoor ozone pollution has been linked to
increased mortality caused by cardiovascular disease. Although limited data is
available on the biological consequences of the interaction between these two
environmental problems, one experimental study has suggested that ozone may
activate the fibrinolytic pathway at moderate temperatures but damage it at high

temperatures (Kahle et al., 2015).
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2. The body's response to environmental toxicants is regulated by its thermoregulatory
system. Exposure to hot environments may increase lung ventilation and greater
uptake of airborne pollutants.

3. High summer temperatures may increase the susceptibility of patients with pre-

existing respiratory diseases, such as COPD, to ozone pollution.

Studies have suggested lung function problems may arise due to climate change parameters,
especially in patients with pre-existing lung diseases such as asthma, COPD, and respiratory
infections (such as COVID-19). Thus, patients with severe lung diseases may be more
susceptible to the effects of both ozone and high temperatures, and ozone pollution may
exacerbate the impact of thermal effects on individuals. In addition, ozone exposure has
been linked to airway damage and inflammation, which can lead to morbidity and mortality
in adults (Fu et al., 2022).

3.3 Findings of the Effects of the Vancouver Heatwave 2021 on Air Quality

As mentioned in sections 1.3 and 2.4, to determine the 2021 Vancouver heatwave period, a
definition of a heatwave was arbitrarily set as "an interval of at least three consecutive days
with a temperature of at least 32.22 °C" (Gonzalez, 2019). Historical temperature data was
obtained from the Vancouver Harbour station records. The data was filtered on the
maximum temperature column to identify the heatwave period, and dates that exceeded
32.21 °C for at least three consecutive days were identified. After analyzing the data, only
one result emerged, indicating that the 2021 Vancouver heatwave period was from June 26,
2021, to June 28, 2021 (Appendix 1).

As the primary air quality monitoring station’s database, the Vancouver downtown station
had limited availability of the listed air pollutants, six air pollutants were selected for the
analysis: PM, NOy, NOs, NO, CO, and SO.. Figure 8 shows the summarized air quality data
from all three stations: the Vancouver downtown station (“Robson”), the Vancouver Clark
Drive station (“Clark”), and the Pitt Meadows station (“Pitt Meadows”). Each graph highlights

the previously determined 2021 Vancouver heatwave period with a red box.
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Firstly, data from three stations were compared to identify different heatwave impacts per
urbanization according to the findings from this review (Ragosta et al., 2021; Finch & Palmer,
2022). Although levels of PM data were not available, comparing the other pollutants data,
the graph does not show consistency in a severe increase in pollutants during the heatwave
period. Overall, air quality data shows that the degree of urbanization does not impact the
level of air pollutants. For instance, the O3 level showed the highest trend from the Pitt
Meadows station, representing the minor urbanized area, and the Clark station had a higher
trend of NO, NO2, and NOy than the Robson station.

Data within a range of five days of the defined heatwave period in 2021, June 26 — June 28,
were assessed to identify potential heatwave effects on air quality. Previously, findings from
this review on potential heat effects on increased ozone pollution were described (Chen et
al., 2019; Zhao et al., 2019; Ragosta et al., 2021; Finch & Palmer, 2022; Moncada & Spiteri,
2022; Wang et al., 2022). Despite the highest trend in the least urbanized station in Pitt
Meadows, all three stations showed an increased trend after the heatwave period. The
Robson station had the highest [O3] on June 29 at 63.7 ppb, 1.7 ppb higher than the CAAQS
(62 ppb for an 8hr average period). The Clark station showed generally higher [O3] from June
23 —June 28, yet the [03] did not exceed CAAQS. The Pitt Meadows station showed a
dramatically increased [O3] on June 26 (92.9 ppb) compared to June 25 (38.4 ppb). From
June 26 —June 28, [O3] data from the Pitt Meadows station showed severely exceeded

CAAQS, indicating severe ozone pollution.

3.4 Uncertainties and Limitations of the Study

The study on the effects of heatwaves on air quality identified several limitations that could
impact the accuracy and applicability of its findings. One of the limitations was the use of
low-cost sensors for PM,.s measurements, which may not provide the most precise readings
(Masri et al., 2022). Another limitation was the insufficient data and validation with primary
data, which could undermine the study's credibility (Fu et al., 2022). Additionally, there was
a lack of relevant data on the interaction between high temperature and ozone pollution,

which could affect the accuracy of the findings (Shao et al., 2021).

Moreover, the 2021 Vancouver heatwave analysis for potential heatwave effects on air
quality had limited generalizability to other regions with different environmental conditions
and pollutant sources. As a result, the study's findings may not represent other areas with

varying pollution levels or weather patterns. Furthermore, the quality and accuracy of
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historical data may be limited due to inconsistent data collection from different stations,

which could affect the reliability of the study's results.

Overall, these limitations suggest the need for further research to better understand the
effects of heatwaves on air quality and to ensure that findings apply to a broader range of
locations and populations. Additional studies using more accurate sensors and extensive

data collection methods may provide more reliable and representative findings.

Chapter 4: Conclusions and Recommendations

Recent heatwaves in BC have raised questions about their long-term impact on air quality.
This systematic literature review explores the relationship between heatwaves and air
quality by analyzing studies focusing on air quality during heatwaves and the differences in
effects between urban and rural areas. The review's key findings reveal that heatwaves
increase air pollutant concentrations, including PM and ozone concentrations, with varying
results depending on location and urbanization level. Ozone concentration increases during
and after heatwaves, with more severe effects in hotter and more urban areas. However,
some studies reported no impact of high-temperature conditions on pollutant levels,
inconsistent with earlier findings. Study limitations may account for this inconsistency, such
as the limited generalizability of study findings to other regions.

Although limited literature exists regarding the impact of heatwave-induced air quality on
human health, one study reported potential increases in COPD deaths and respiratory
diseases. This review also examined the effects of the 2021 Vancouver heatwave on air
quality, defining a heatwave as at least three consecutive days with a temperature of at least
32.22°C. The defined 2021 Vancouver heatwave period was from June 26 to 28, 2021.
Historical air quality data analysis showed that the degree of urbanization did not affect air
pollutant levels in Vancouver. All selected stations showed an increased trend in ozone
pollution after the heatwave period, with the Pitt Meadows station severely exceeding
CAAQS for ozone pollution.

The study's limitations include insufficient data and validation with primary data, a lack of
relevant data on the interaction between high temperature and ozone pollution, and limited
generalizability to other regions with different environmental conditions and pollutant
sources. In conclusion, this systematic literature review provides valuable insights into the
effects of heatwaves on air quality, highlighting the need for further research to develop
effective strategies to mitigate climate change and improve air quality. Policymakers,
researchers, and practitioners can use these findings to develop evidence-based
interventions to address the impact of heatwaves on air quality.
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Appendices

1. Historical Temperature Raw Data - Vancouver Harbour station

Year | Month | Day | Max Temp (°C) | Min Temp (°C) Mean Temp (°C)
2021 6 1 25.9 12.9 19.4
2021 6 2 28.3 14.1 21.2
2021 6 3 24.2 16 20.1
2021 6 4 18.3 12.6 15.5
2021 6 5 18.4 11.1 14.7
2021 6 6 12.2 9.5 10.8
2021 6 7 16.8 9.8 133
2021 6 8 18.7 8.1 134
2021 6 9 18.7 11 14.8
2021 6 10 17.8 10.7 14.2
2021 6 11 17.3 12 14.6
2021 6 12 21.6 12.2 16.9
2021 6 13 17.2 13.8 15.5
2021 6 14 20.1 14.2 17.1
2021 6 15 20 12.9 16.4
2021 6 16 21.2 13.4 17.3
2021 6 17 24.3 12.6 18.4
2021 6 18 21.6 12.6 17.1
2021 6 19 21.7 14.5 18.1
2021 6 20 25.2 13.7 19.5
2021 6 21 25.4 15.2 20.3
2021 6 22 25.3 15.2 20.3
2021 6 23 23.6 15.2 19.4
2021 6 24 24 15 19.5
2021 6 25 27.9 17.3 22.6
2021 6 26 33.7 17.8 25.8
2021 6 27 33.1 18.5 25.8
2021 6 28 33.8 18.3 26
2021 6 29 31.1 19.2 25.2
2021 6 30 25 18.4 21.7
2021 7 1 23.6 18.3 20.9
2021 7 2 23.9 17.2 20.5
2021 7 3 24.5 16 20.2
2021 7 4 25.4 15.8 20.6
2021 7 5 26.7 17.8 22.2
2021 7 6 26.2 17.4 21.8
2021 7 7 23.1 17.3 20.2
2021 7 8 22 16 19
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2021 7 9 26 18.2 22.1
2021 7 10 24.9 17.6 21.2
2021 7 11 24.8 15.7 20.3
2021 7 12 26.5 15.6 21

2021 7 13 26.2 15.9 21.1
2021 7 14 25.7 15.9 20.8
2021 7 15 23.1 15.1 19.1
2021 7 16 20.7 14.8 17.8
2021 7 17 24.9 16.2 20.5
2021 7 18 25.6 15.3 20.4
2021 7 19 27.6 16 21.8
2021 7 20 24.6 16.9 20.8
2021 7 21 22.7 15 18.9
2021 7 22 23.9 15.2 19.5
2021 7 23 26.6 16.6 21.6
2021 7 24 26.9 15.7 21.3
2021 7 25 27.4 16.6 22

2021 7 26 27.3 15.9 21.6
2021 7 27 26.1 16.6 21.4
2021 7 28 27.5 15 21.3
2021 7 29 28.3 15.9 22.1
2021 7 30 29.3 16.5 22.9
2021 7 31 25.9 18.5 22.2
2021 8 1 27.9 19 23.5
2021 8 2 26.8 18.8 22.8
2021 8 3 27.9 17.1 22.5
2021 8 4 28.9 16 22.4
2021 8 5 29.6 19.1 24.3
2021 8 6 23 19.1 21

2021 8 7 19.5 14.5 17

2021 8 8 22.5 15.2 18.9
2021 8 9 24 16.8 20.4
2021 8 10 25.1 16.7 20.9
2021 8 11 26.5 16.9 21.7
2021 8 12 30.9 19.2 25

2021 8 13 32.2 16.9 24.6
2021 8 14 29.6 17.3 23.4
2021 8 15 26.8 18.3 22.5
2021 8 16 20.2 16.3 18.2
2021 8 17 22.3 15 18.7
2021 8 18 22.8 14.2 18.5
2021 8 19 25.8 16.2 21
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2021 8 20 17.7 15.3 16.5
2021 8 21 20 14.9 17.5
2021 8 22 21 15.5 18.3
2021 8 23 21 13.8 17.4
2021 8 24 22.9 12.3 17.6
2021 8 25 25.2 13.4 19.3
2021 8 26 17.6 14.7 16.1
2021 8 27 21.4 14.4 17.9
2021 8 28 22.6 12.4 17.5
2021 8 29 22.9 13.1 18

2021 8 30 18.3 14.1 16.2
2021 8 31 18.1 12 15.1
2021 9 1 19.6 9.8 14.7
2021 9 2 23.1 11.3 17.2
2021 9 3 21.8 12.4 17.1
2021 9 4 17.6 13.5 15.6
2021 9 5 20.8 14.6 17.7
2021 9 6 23.4 14.9 19.1
2021 9 7 23 13.3 18.1
2021 9 8 24.8 15.6 20.2
2021 9 9 26.6 15.8 21.2
2021 9 10 22.9 16.2 19.5
2021 9 11 16.8 14.9 15.9
2021 9 12 20 14.7 17.3
2021 9 13 19.3 11.8 15.6
2021 9 14 14.5 13.3 13.9
2021 9 15 17.9 12.6 15.3
2021 9 16 17.2 8.8 13

2021 9 17 14.2 11.1 12.7
2021 9 18 18.8 12.5 15.6
2021 9 19 14.9 11.7 13.3
2021 9 20 17.4 11.5 14.4
2021 9 21 18.8 11.6 15.2
2021 9 22 18.6 12.4 15.5
2021 9 23 18.6 11.9 15.2
2021 9 24 19.7 11.2 15.4
2021 9 25 22.3 11.8 17

2021 9 26 16.8 12.5 14.6
2021 9 27 15.6 12.7 14.1
2021 9 28 17.4 11.7 14.6
2021 9 29 13.3 10.7 12

2021 9 30 15.1 12.2 13.7

34




2. Literature Matrix

34



