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Abstract  

 

This study analyzes the temporal and spatial distribution of satellite-observed NO2 and O3 

concentrations in Edmonton, Canada, from July 2018 to June 2023. It explores the relationship 

of NO2 and O3 concentrations with elevation, temperature, road density, and population density. 

Results show higher NO2 concentrations during winter and lower in fall months; however, O3 

concentrations remain relatively stable compared to NO2 during the study period. NO2 

concentrations are highest in central Edmonton and lowest in surrounding suburban regions, 

while O3 shows higher concentrations in central and western Edmonton and lower in eastern and 

southern suburban areas. Higher NO2 concentrations are found on Wednesdays and lower on 

Sundays while O3 remains consistent throughout the week. The research methodology adopted in 

this study may help the scientific community understand the complex interactions between 

anthropogenic activities and air pollution. Furthermore, the findings may help guide urban 

planners and policy makers in prioritizing air pollution control in the hotspot areas identified in 

the study.  
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Chapter 1 Introduction 

1.1 Background of the Study 

The global urban population is increasing rapidly, triggering a variety of urban problems 

including land degradation, housing affordability, and traffic congestion among many others. 

Urban air pollution is a notable issue arising from rapid development, causing 4.2 million 

premature deaths each year (World Health Organization, 2021). The Global Burden of Disease 

(GBD) project identifies air pollution as the 5th leading cause of mortality worldwide, causing  

8.7% (or 4.9 million) premature deaths in 2017 (Health Canada, 2021; IHME, 2019).  

Canada’s population is growing, which increases the demand for food, housing, 

transportation, and importantly daily necessary goods and services (Statistics Canada, 2022a). 

All are key drivers of air pollution. Air pollution has a diverse impact on Canadians, including  

17,400 premature deaths and annual healthcare costs of $146 billion in 2018 (Health Canada, 

2024a). Additionally, traffic-related air pollution in Canada contributes to 1,200 premature 

deaths and costs healthcare $9.5 billion annually (Health Canada, 2024b). Health Canada finds 

that these premature deaths and other adverse health impacts in Canada are associated with the 

increase in ambient concentrations of nitrogen dioxide (NO2), ozone (O3), and fine particulate 

matter PM2.5 (Health Canada, 2024b). These pollutants can be influenced by human activities 

such as fuel combustion and industrial processes, as well as emissions from natural events like 

wildfires.  

Considering the present need for better monitoring of air pollutants, the current research 

aims to study key air pollutants for five consecutive years starting from July 1st 2018 – June 30th 

2023 in the city of Edmonton, Canada. According to the World Health Organization (WHO), 

five major air pollutants have diverse health impacts: nitrogen oxide (NOx), sulfur oxides (SOx), 
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ozone (O3), particulate matter (PM), and carbon monoxide (CO) (World Health Organization, 

2021, 2024). Generally, air pollutants subdivide into two classes: primary air pollutants directly 

emitted from a source, (e.g. NO2, SO2); and secondary air pollutants where primary air pollutants 

react in the atmosphere, (e.g. O3, H2O2). Among them, NO2 is the most serious health concern 

(Correaa et al., 2022; Goshua et al., 2022). While short-lived, NO2 is a primary precursor of O3, 

particulate matter (PM), and the most important contributor to acid rain (Health Canada, 2021). 

At the provincial and territorial level, Alberta emits the highest NOx in 2022.  In 2022, among 

provinces and territories, Alberta accounted for 40% of the national NOx emissions, much of this 

stemming from the Oil and Gas industry (Environment and Climate Change Canada, 2024). 

Across Canada, the largest and second-largest contributors to NOx emissions are the oil and gas 

industry (increased by 29%) and the transportation (road, rail, air, and marine) sector 

(representing 28% of total national emissions) between 1990 and 2022 (Environment and 

Climate Change Canada, 2024).  

O3 accumulation is also of great concern, causing premature deaths, chronic blockages, 

asthma, and pulmonary disorders (Bălă et al., 2021; Health Canada, 2021). Apart from health 

impacts, O3 harms vegetation and ecosystems by disrupting the ability of plants to open their 

microscopic leaf pores for respiration, and higher O3 concentrations decrease agricultural crop 

and commercial forest yields (IOWA Department of Natural Resources, 2024; National Park 

Service, 2024). Importantly, most of the tropospheric level O3 occurs due to the photochemical 

reactions of NO2 (Ganzeveld et al., 2010; Valacchi et al., 2004). Therefore, both NO2 and O3 

pollutants were chosen for the present study. 

Canada has six cities with populations over one million: Toronto (ON), Montreal (QC), 

Vancouver (BC), Calgary (AB), Edmonton (AB), and Ottawa-Gatineau (ON) (Statistics Canada, 
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2022a). Among all, Edmonton and Calgary have experienced the highest and 2nd highest 

population growth by 20% and 19.2% from 2011 – 2021 respectively (Statistics Canada, 2022a). 

Compared to Calgary, Edmonton has more ground-based pollution monitoring station data 

available within the population centre boundary, and the stations are well distributed throughout 

the study area. Edmonton is the most populous northern city on the continent, having a 

population density of more than 1,800 population density per km2, and is less influenced by air 

pollution from surrounding cities (Statistics Canada, 2022a). For these reasons, Edmonton was 

chosen as a study area for the present research work.  

1.2 Research Questions  

The study explores two specific research questions, specifically:  

1. What are the spatial and temporal distribution of NO2 and O3 across Edmonton city 

from July 2018 to June 2023? 

2. How do elevation, temperature, road density, and population density correlate with 

NO2 and O3 across Edmonton City? 

Remote sensing is the primary data source for interrogating these questions. The data is 

collected through satellites and is one of the leading sources for measuring, monitoring, 

visualizing, and managing air pollutants on a global, regional, national, and neighborhood scale. 

It also provides synoptic datasets with global coverage (at different spatial resolutions) and a 

wide range of temporal datasets i.e., hourly, daily, monthly, and annual. Satellite-derived air 

pollution and climate data are generally freely available in several open-source platforms such as 

Google Earth Engine (GEE), Copernicus Open Access Hub, Giovanni of Earth Data, etc. 

(European Space Agency, 2023a; Google Earth Engine, 2024a; NASA, 2024). European Space 

Agency operated Sentinel-5 Precursor (Sentinel-5P) provides the highest resolution air pollution 
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data products and is freely available (European Space Agency, 2023b). Hence, the study utilizes 

Sentinel-5P datasets for the present research.  

Sentinel-5P passes twice a day over the Edmonton city. That means two raster images for a 

day for one pollutant (NO2/O3). So, for five consecutive years, it requires 3,650 (5 X 365 X 2) 

images to study one pollutant (NO2/O3), and to study two pollutants (NO2 and O3), requires a total 

of 7,300 (3650 X 2) images. To acquire this huge amount of satellite images and manage them in 

the desktop computing environment is challenging, so the study employs the GEE platform for its 

computation capacities on the cloud platform. GEE is an emerging web-based API platform for 

geospatial data collection, processing, analysis, visualization, and extract outputs in desired 

formats (Google Earth Engine, 2024a). The Sentinel-5P datasets are used to assess the spatial and 

temporal distribution of NO2 and O3. 

Furthermore, the study incorporates four explanatory variables to try to understand what may 

contribute to different concentrations of NO2 and O3 across the city: digital elevation model (DEM) 

(referred to as elevation), temperature (at 2m), road density, and population density to explain the 

patterns of NO2 and O3. 
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1.3 Structure of the Research 

The following thesis on “Temporal and spatial distribution of NO2 and O3 concentrations in 

Edmonton, Canada employing remote sensing data” has been carried out with six chapters. The 

structure of the research is as follows: 

Chapter 1 describes the background of the study, research questions, and the structure of 

the research. 

Chapter 2 comprises the theoretical background of research with relevant concepts, 

terminologies, tools, and techniques along with a literature review. 

Chapter 3 briefly describes the study area, lists of used data and materials, and methods 

adopted to conduct the research work.  

Chapter 4 presents the results of the study, including spatial and temporal patterns of NO2 

and O3 concentration, hotspot analysis, and relationships with explanatory variables.  

Chapter 5 briefly describes the results with associated facts referring to other published 

work and illustrates data-related issues. 

Chapter 6 describes the summary of the research and the scope of future work.  
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Chapter 2 Literature Review 

 

A thorough survey of relevant literature related to air pollution research, particularly on nitrogen 

dioxide (NO2) and ozone (O3), their impacts, and the methodology adopted by researchers, has 

been performed for the present study. The air pollution problem has been studied in different 

parts of the world from different perspectives using unique methodological frameworks. The 

studies on air pollution measuring and monitoring using satellite measurements and station 

observations have an established history, becoming more advanced and specialized. Many 

studies related to this field have been referred to here, to understand the issue and its different 

dimensions. The literature review aims to provide an overview of the current state of knowledge 

on air pollutants, their impact, and methods adopted by other researchers to analyze pollutants.  

2.1 Air Pollution 

Primarily, air pollution refers to the presence of harmful substances, such as ozone (O3), nitrogen 

dioxide (NO2), and other pollutants, in various atmospheric layers (e.g., troposphere, 

stratosphere). There are two main sources of these pollutants: (a) natural sources, such as 

wildfires or volcanic eruptions, and (b) human activities, such as transportation, industrial 

processes, energy production, and household uses (e.g., oils and natural gas to heat homes) 

(Amin et al., 2017; National Institute of Environmental Health Sciences, 2023). Many pollutants 

undergoes various chemical transformations in the atmosphere and can travel long distances, 

which has a greater impact on air quality at different scales, e.g., local, regional scale, and global 

scaless (Seinfeld & Pandis, 2016).  

Air pollutants can be categorized into two major classes: primary pollutants and secondary 

pollutants. Primary air pollutants like NO2, SO2, etc., are directly emitted from sources such as 
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vehicles and industrial infrastructure (European Space Agency, 2023b, 2024; Seinfeld & Pandis, 

2016). Secondary air pollutants like O3, form through a chemical reaction in the atmosphere by 

interacting with other primary air pollutants or with other particles and catalyzed by sunlight 

(European Space Agency, 2024; Lu, 2022; Monks et al., 2015). NO2 is one of the key air 

pollutants that are short-lived and of serious health concern, according to Correaa et al. (2022) 

and Goshua et al. (2022) (Correaa et al., 2022; Goshua et al., 2022). Moreover, NO2 is a major 

source of O3, particulate matter (PM), and primarily causes acid rain according to Health 

Canada, 2021 (Health Canada, 2021).  

2.2 Fundamentals of NO2 and O3 

Most commonly, NO2 is generated by combustion, including vehicular emissions, industrial 

processes, residential heating, and cooking. Vehicular emissions, particularly diesel engines are a 

major source of NO2 (Wallington et al., 2022). Nitrogen oxides (NOx) comprised of both NO and 

NO₂ are a by-product of burning fossil fuels in internal combustion engines, NO2 is formed by 

the reaction of NO with O2 in the atmosphere (Atkinson, 2000). Power plants, oil refineries, and 

other industrial activities that are dependent on the combustion of fossil fuels such as coal, oil, 

and gas, emits significant amounts of NOx (Leue et al., 2001). Again, burning these fuels at 

elevated temperatures produces NOx, afterwords NOx transforms into NO₂ in the atmosphere 

(Monks et al., 2015). In colder climates, such as Canada, residential heating can significantly 

raise NO₂ concentrations during the winter months (Government of Canada, 2023; Natural 

Resources Canada, 2022).  

In addition to these, lightning and soil emissions from agricultural fields may contribute 

to NO2 concentration as an important natural source (Leue et al., 2001; Schumann & Huntrieser, 

2007). Although the contribution from lightning is smaller than anthropogenic sources, it may 
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play a role at regional scale NOx concentration (Leue et al., 2001; Schumann & Huntrieser, 

2007). Moreover, microbial processes in soils, particularly in agricultural fields where fertilizer 

is used, can become a prominent source of NO2 concentration for agricultural regions (Granli & 

Bockman, 1994; Pilegaard, 2013). 

O3 does not emit directly to the atmosphere, instead, it forms through complex 

photochemical reactions with precursor pollutants, primarily NOx and volatile organic 

compounds (VOCs) (Valacchi et al., 2004). The major precursor of O3 formation is NO2 which is 

emitted mostly from vehicular exhausts and industrial activities (Atkinson, 2000; Krivoshto et 

al., 2008; Sillman, 1999). Moreover, the use of solvents and consumer products such as paints, 

cleaning chemicals, etc. releases VOCs, and by reacting with NOx and sunlight, it forms O3 

(Environmental Protection Agency, 2018). O3 can be formed using natural sources precursors as 

well with biogenic VOCs like terpenes and isoprene released by natural vegetation playing a key 

role in the creation of O3 in forested and rural areas (Guenther, 2007). Also, wildfire releases 

high amounts of NOx and VOCs into the atmosphere, which has the potential for substantial O3 

formation when combined with sunlight over the impacted areas (Jaffe & Wigder, 2012; Johnson 

et al., 2010).  

2.3 Behaviour of NO2 and O3 at the Atmosphere 

Typically, nitric oxide (NO) is emitted from combustion processes and reacts with (O₃) in the 

atmosphere and forms NO₂ (Formula 1). During the daytime, the NO2 undergoes photolysis in 

the presence of sunlight and produces NO and an oxygen atom (O) (Formula 2) (Seinfeld & 

Pandis, 2016). Subsequently, the free oxygen atom rapidly reacts with molecular oxygen (O2) 

and forms O3 (Formula 3) (Atkinson, 2000; Sillman, 1999). This confirms that O3 concentration 

can be the highest during daytime (Sillman, 1999). NO2 sometimes interacts with hydroxyl 
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radicals (OH) and forms nitric acid (HNO₃), which is known as a key element of acid rain 

(Formula 4) (Seinfeld & Pandis, 2016). This way NO2 removal happens in the atmosphere.   

𝑁𝑂 + 𝑂3 = 𝑁𝑂2 +  𝑂2 … … … … . (1) 

𝑁𝑂2 + 𝑆𝑢𝑛𝑙𝑖𝑔ℎ𝑡 =  𝑁𝑂 + 𝑂 … … … … . (2) 

𝑂 +  𝑂2 =  𝑂3 … … … … … (3) 

𝑁𝑂2 + 𝑂𝐻 =  𝐻𝑁𝑂3 … … … … … … . (4) 

Moreover, VOCs play a major role in to buildup of O3 in the atmosphere, especially in 

high-emission areas from traffic and industrial activities (Amin et al., 2017; Atkinson, 2000). 

Initially, VOCs interact with OH and form peroxy radicals (RO₂) (Atkinson, 2000). Then the 

RO₂ react with NO and produce back to NO2 without consuming O3 (Sillman, 1999). This way 

O3 increases in the atmosphere.  

𝑉𝑂𝐶𝑠 + 𝑂𝐻 =  𝑅𝑂2 ……… (5) 

𝑅𝑂2 + 𝑁𝑂 =  𝑁𝑂2 +  𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑠 ……… (6) 

As O3 is formed by interacting with NOx and VOCs in the atmosphere in the presence of 

sunlight and other components, it can also be broken down through reaction with NO and other 

atmospheric substances (Formula 7) (Seinfeld & Pandis, 2016). This is known as O3 titration 

(Seinfeld & Pandis, 2016). This process is significant near high NO emissions, for example, city 

centers, and can cause lover O3 concentration in surrounding areas (Bolaji & Huan, 2013; Monks 

et al., 2015; Seinfeld & Pandis, 2016). On the other hand, in rural areas, less NO results in less 

titration and causes higher O3 concentration. 

𝑂3 + 𝑁𝑂 =  𝑁𝑂2 +  𝑂2 … … … … . (7) 

At nighttime, the behavior of NO₂ and O₃ changes due to the absence of sunlight for 

photochemical reactions. So, NO2 tends to increase, and O3 generally decreases at night (Monks 
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et al., 2015). However, the titration process and interaction with other compounds and organic 

radicals may impact O3 concentration in the atmosphere at nighttime.  

2.4 Lifetime of NO2 and O3 at the Atmosphere 

The lifetime of NO2 and O3 varies significantly based on factors like altitude, sunlight, 

environmental and meteorological conditions. NO2 is a relatively short-lived pollutant compared 

to O3 (Monks et al., 2015; Seinfeld & Pandis, 2016). The photolysis process of NOx (Formula 2) 

notably reduces the lifetime of NO2 (Seinfeld & Pandis, 2016). Thus, during the day, NO2 may 

only last a few hours (Seinfeld & Pandis, 2016).  Moreover, the NO2 removal process (Formula 

4) can further reduce this lifetime to a few hours during the day (Monks et al., 2015). At night, 

NO2 lifetime expands to several hours to a day, as photolysis stops (Beirle et al., 2003).  

The lifetime of O3 is more complex than NO2 because O3 removal processes depend on 

altitude, environmental conditions, and meteorological conditions. Thus, O3 lifetime varies from 

a few hours to weeks. During titration (Formula 7), O3 shows a shortened lifetime of a few hours. 

However, during interaction with surfaces like vegetation, soil, and water, O3 lifetime ranges 

from hours to a few days (Monks et al., 2015). This removal process is known as dry 

decomposition of O3 and is significant in rural and forest areas. In contrast, at higher altitudes 

(stratosphere) O3 shows a much longer lifetime that varies from weeks to several months 

(Seinfeld & Pandis, 2016). Also, Stevenson et al. (2006) report O3 lifetime on a global scale is 

approximately 22 days.  

  



 

11 

 

2.5 Recent Studies 

Extensive research has been conducted globally to understand, analyze, and monitor air 

pollution. Also, the studies have covered a wide range of geographical areas, including urban, 

suburban, and rural regions, including  Canada (Adams, 2020; Doiron et al., 2020; Griffin et al., 

2020; S. R. Schneider et al., 2021), United States (Berman & Ebisu, 2020; Naeger & Murphy, 

2020; Wu et al., 2020); Brazil (Bodah et al., 2022; Debone et al., 2020); Europe (Müller et al., 

2022; P. Schneider et al., 2021); Asia (Huang & Sun, 2020; Shehzad et al., 2020); Middle East 

(Hashim et al., 2021; Shami et al., 2022); South Africa (Shikwambana et al., 2020); and 

worldwide (Bauwens et al., 2020; Cooper et al., 2022; Park et al., 2021). A few of the studies are 

detailed in table 2.1.  

The studies have utilized various methods, including satellite remote sensing, ground-

based monitoring, and modeling techniques, to analyze the distribution and patterns of air 

pollutants. For example, Griffin et al. (2020) utilized space-borne Sentinel-5P (TROPOMI) 

measured NO2 dataset and the Global Environmental Multi-scale – Modelling Air Quality and 

Chemistry (GEM-MACH) model to study NO2 emissions in Southern Ontario (Griffin et al., 

2020). They found that NO2 decreased by over 40% in Toronto and Mississauga, before and 

during the COVID-19 lockdown. They also presented their methodology for investigating other 

pollutants in different urban areas. Similarly, studies have been done by many other researchers 

around the globe, who employed a modeling approach to analyze air pollutants. For example, 

Lamsal et al. (2013) employed GEOS-Chem three-dimensional, Müller et al. (2022) utilized 

local indicator of spatial association (LISA), Shin et al. (2022) employed the Poisson regression 

model and Bayesian hierarchical model. 
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Table 2. 1.  The details of some studies on air pollution from different parts of the globe 

Authors Study Area Period Pollutants studied Data used 

Adams, 2020 Canada 2015-2020 NO2, NOX, O3, & PM2.5 
Google Community Mobility Report 

& Air quality station 

Bauwens et al., 2020 Global scale 2019-2020 NO2 
Sentinel-5P (TROPOMI) & Ozone 

Monitoring Instrument (OMI) 

Bodah et al., 2022 Brazil 2019-2020 NO2 & CO 
Sentinel-5P (TROPOMI) & 

Interview 

M. J. Cooper et al., 2022 Global scale 2019-2020 NO2 Sentinel-5P (TROPOMI) 

Griffin et al., 2020 Canada 2019-2020 NO2 Sentinel-5p (TROPOMI) 

Hashim et al., 2021 Iraq 2020 NO2, O3, PM2.5 & PM10 Sentinel-5P (TROPOMI) 

Huang & Sun, 2020 China 2005-2020 NO2 Sentinel-5P (TROPOMI) & OMI 

Lamsal et al., 2013 Global scale 2005-2007 NO2 OMI 

Müller et al., 2022 Germany 2018-2019 NO2 

Sentinel-5P (TROPOMI), Sentinel-2 

(for LULC) & GEOSTAT 2011 

V2.0.1 gridded population data 

Naeger & Murphy, 2020 USA 2019-2020 NO2 & PM2.5 

Sentinel-5P (TROPOMI), OMI, Air 

quality station,  

Vehicle-hours traveled (VHT) & 

Vehicle-miles traveled (VMT) 

Park et al., 2021 Global scale 2018-2020 NO2, CO2 & CO 
Sentinel-5P (TROPOMI) & Orbiting 

Carbon Observatory-2 (OCO-2) 

S. R. Schneider et al., 2021 Canada 2001-2019 NO2, PM2.5, O3, & CO Air quality station 

P. Schneider et al., 2021 Norway 2018-2020 NO2 
Sentinel-5P (TROPOMI) 

 

Shehzad et al., 2020 India 2020 NO2 
Sentinel-5P (TROPOMI) 

 

Shin et al., 2022 Canada 2001-2012 NO2, PM2.5 & O3 

Air quality station 

Meteorological station   

Canadian health information 
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A study by Naeger & Murphy, (2020) analyzed the impact of COVID-19 on NO2 and PM2.5 

concentrations in four California cities (i.e., Los Angeles, Bakersfield, Fresno, and San 

Francisco) through in-situ measurements and space-borne datasets. They utilized OMI and 

TROPOMI datasets, California Air Resources Board (CARB) station measurements, vehicle-

hours traveled (VHT) and vehicle-miles traveled (VMT) data. The findings indicated significant 

reductions in tropospheric NO2 by 40% in Los Angeles, 38% in Fresno, and around 20% in 

Bakersfield and San Francisco in 2020, compared to 2019. Adams, (2020) utilized Google's 

COVID-19 Community Mobility Report and in-situ measurements and analyzed air pollution in 

Ontario during the COVID-19 state of emergency. He found a clear reduction in NO2 and NOx, a 

weaker reduction in O3, and no decrease in PM2.5. He suggested exploring the lasting effects of 

these changes on the health and mobility sector. Likewise, numerous studies utilized both 

satellite remote sensing data and station measurements and found significant changes in the air 

pollutants they considered (Bodah et al., 2022).  

Interestingly, Müller et al. (2022) analyzed the spatial patterns of tropospheric NO2 over 

Germany using the Sentinel-5P level-2 NO2 dataset, Sentinel-2 LULC for 2016, and 1 km2 

gridded population data. They conducted hot and coldspot analyses and investigated the impact 

of meteorological factors on NO2, finding that NO2 hotspots were present in dense urban areas 

while coldspots were found in rural areas. Factors such as population road density, and 

impervious surface also had a strong impact on NO2 variability. The study established that the 

spatial variability of NO2 is influenced not only by local factors but also by the advection of 

surrounding geo-settings. 

A comprehensive spatiotemporal assessment of selected air pollutants has not yet been 

conducted. Many researchers recommend studying the air pollution scenario for regular 



 

14 

 

monitoring (Adams, 2020; Griffin et al., 2020). More research is required to improve our 

understanding of the spatiotemporal dynamics of these pollutants in Canadian cities, particularly 

on a daily scale. Therefore, the present study has been undertaken to assess the temporal and 

spatial distribution of NO2 and O3 across Edmonton for five consecutive years (2018-2023). 

Subsequently, the relationship of the pollutants with elevation, temperature, road density, and 

population density has been investigated in the research work.  
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Chapter 3 Methodology 

The methodology is described in four subsections. Firstly, the study area provides geographic 

and demographic details about Edmonton City. Secondly, data acquisition gives detailed 

information about the datasets used in the present study, the sources and characteristics of the 

datasets, and the data acquisition process. Also, the data collection steps using Google Earth 

Engine (GEE) are detailed in this section. Thirdly, the data processing section provides step-by-

step procedures to process NO2 and O3, temperature, elevation, road network, and station-

measured NO2 and O3 data. For example, data cleaning, outlier identification, formatting, and 

arranging datasets for analysis. Fourthly, the analysis section provides further details about the 

analysis carried out for the study and how that analysis has been performed to address the 

research questions. The analysis performed in the study are temporal and spatial analysis of 

satellite-derived NO2 and O3; and correlation assessment of explanatory variables with satellite-

derived NO2 and O3. 

3.1 Study Area 

The present study focuses on Edmonton, Alberta’s capital city between 53.5461° N and 

113.4938° W (Lee, 2020) (Figure 3.1).  The city is in the central region of the province along the 

North Saskatchewan River and is recognized as North America’s northernmost large city (City 

of Edmonton, 2016). It covers 627.20 km2 of land areas with a population of 1,151,635 and a 

population density of 1836.2 per km2 in 2021 (Statistics Canada, 2022a). It is one of the fastest-

growing cities in Canada, among the cities with over one million population with a population 

growth rate of 20% from 2011-2021 (Statistics Canada, 2022a). The city is expecting 2.2 million 

residents by 2044 (City of Edmonton, 2017). The mean elevation of the city is around 680m 
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however, it significantly varies surrounding the North Saskatchewan River valley between 600m 

to 700m (Figure 3.1) (City of Edmonton, 2023; Natural Resources Canada, 2023). The valley has 

a beautiful natural landscape with flat river terraces and steep slopes.  

 

Figure 3. 1 Geographical settings of the study area  
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Edmonton has a humid continental climate and typically experiences extreme freezing, and 

dry winters (City of Edmonton, 2016; Muller, 2012; Powell, 1978). The city enjoys an 

abundance of sunshine throughout the year. The city experiences about 325 sunny days annually, 

with nearly 120 of those occurring during the winter months (City of Edmonton, 2016). 

Edmonton's economy is diverse, with significant contributions from industries such as oil 

and gas, petrochemicals, and manufacturing (Government of Alberta, 2022a). The city hosts 

major industrial areas, particularly in the northern and southeastern parts, including the 

Edmonton Energy and Technology Park and the Nisku Industrial Park. These areas are hubs for 

heavy industries, including refineries and manufacturing plants, which contribute to the city’s 

economic growth but also pose challenges for air quality management (Government of Alberta, 

2022a). 
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3.2 Data Acquisition 

This study utilizes multi-sensor satellite remote sensing data, ground-based air pollution 

observations, high-resolution digital elevation model (HRDEM), road network, population data, 

and population center boundary to conduct the study (Table 3.1). Satellite retrieved datasets were 

collected from July 1st, 2018, to June 30th, 2023, and further organized into five consecutive 

years starting from July to next year June. Such as July 2018 to June 2019 describes the year 

2018-19, likewise years 2019-20, 2020-21, 2021-22, and 2022-23 are named. The subsequent 

sections present a general description of each dataset, followed by the methods adopted to 

answer each research question. 

Table 3. 1. Properties of datasets used in the present study 

Data/Sensor/Satellite Source Properties Resolution 

(Spatial/temporal) 

Sentinel-5P 

TROPOMI 

Google Earth Engine 

(GEE)/Copernicus Sentinel 

5P 

Level-3, NO2 and O3, 

NO2_column_number_density 

O3_column_number_density 

1113.2 m 

Twice a Day 

ERA-5 

Google Earth Engine 

(GEE)/Copernicus Climate 

Data Store 

Air temperature (at 2m) 
1113.2 m 

Daily 

HR-DEM 
Canada Open Data Portal 

(https://open.canada.ca/) 
Airborne LiDAR data 1 m 

Road network 
Statistics Canada 

https://www.statcan.gc.ca/ 
- - 

Study area boundary 
Statistics Canada 

https://www.statcan.gc.ca/ 

Population centre & census 

tract 
- 

Non-spatial data  

Census data 

2021 

CHASS 

(https://datacentre.chass.uto

ronto.ca/) 

Population density - 

  

https://open.canada.ca/
https://www.statcan.gc.ca/
https://www.statcan.gc.ca/
https://datacentre.chass.utoronto.ca/
https://datacentre.chass.utoronto.ca/
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3.2.1 Sentinel-5P 

The Sentinel 5 Precursor satellite, widely known as Sentinel-5P, is operated by the European 

Space Agency (ESA). It has on-boarded TROPOspheric Monitoring Instrument (TROPOMI) 

sensor that continuously collects data in seven spectral bandwidths, i.e., UV-1 (270-300nm), 

UV-2 (300 – 370nm), VIS (370 – 500nm), NIR-1 (685 – 710nm), NIR-2 (745 – 773nm), SWIR-

1 (1590 – 1675nm) and SWIR-3 (2305 – 2385nm) (European Space Agency, 2023b). TROPOMI 

has a spectral resolution ranging from 5 – 15km, with the capability to reach up to 50 km at 

wavelengths below 300nm (H. Eskes et al., 2019; Wieczorek, 2023).  

Sentinel-5P provides us with a wide range of air pollution data products i.e., ozone (O3), 

carbon monoxide (CO), methane (CH4), formaldehyde (HCHO), nitrogen dioxide (NO2), sulfur 

dioxide (SO2), Glyoxal (CHOCHO) and aerosol with daily global coverage (Table 3.2). Based on 

the satellite's orbital path, it collects data twice or three times daily with a spatial resolution of 

5.5km by 3.5km (Griffin et al., 2020; Siddiqui et al., 2022).   

The data products are freely available in three processing concentrations. Level-0 includes 

raw data, while Level-1 products offer geo-located top-of-atmosphere earth radiances for each 

spectral band (Morillas et al., 2024). The Differential Optical Absorption Spectroscopy (DOAS) 

algorithm generates most Level-2 products, retrieving tropospheric and stratospheric vertical 

column densities (VCDs), like other satellite missions (H. J. Eskes & Eichmann, 2018). Level 3 

products are derived from Level-2 products using the harp-converter drive tool with bin-spatial 

operation, creating a 0.01 × 0.01° resolution mosaic that forms an orthorectified raster layer 

(Google Earth Engine, 2024d; Morillas et al., 2024). Level 3 data products are filtered to remove 

pixels with quality assurance (QA) values less than 80% for AER_AI; 75% for the 
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tropospheric_NO2_column_number_density band of NO2, 50% for all other datasets except for 

O3 and SO2 (Google Earth Engine, 2024d, 2024e). Furthermore, Geffen et al., 2019 and Spurr et 

al. 2021 describe the details of the retrieval process of NO2 and O3 (Spurr et al., 2021; Van 

Geffen et al., 2019). Additionally, the Sentinel-5P documents library is a potential source for 

more details about the other products of Sentinel-5P (European Space Agency, 2024). All these 

products are available in near real-time (NRT) and offline (OFFL) formats. The NRT products 

become accessible within three hours of sensing, while OFFL products offer higher data quality 

but require longer processing times (Google Earth Engine, 2024d). Recently, these datasets have 

been made available in the Google Earth Engine (GEE) platform at reduced spatial resolution 

(1113.2 m).  

Table 3. 2. Sentinel-5P data product details (European Space Agency, 2023b). 

Sentinel-5P 

products 

Parameter(s) Primary sources 

O3 Ozone (O3) total column, tropospheric column, 

stratospheric vertical profile 
Transportation, industry, primary 

pollutants (e.g., NO2) 

NO2 Nitrogen dioxide (NO2) total column, 

tropospheric column 

Transportation, industry 

SO2 Sulfur dioxide (SO2) total column, layer height 

(TBC) 

Industry, Agriculture 

HCHO Formaldehyde (HCHO) total column Pressed-wood products, gas 

stoves, wood-burning stoves, and 

kerosene heaters 

CHOCHO Glyoxal (CHOCHO) total column Biomass combustion and biogenic 

processes 

CH4 Methane (CH4) total column Oil and gas systems, livestock 

enteric fermentation, landfills 

CO Carbon monoxide (CO) total column Transportation or machinery that 

burns fossil fuels 

Aerosol Aerosol UV absorption index, layer height, 

optical depth (TBC) 

Urban/industrial emissions 
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The present study collects NO2_column_number_density and O3_column_number_density 

data at 1113.2 m spatial resolution from the GEE platform. However, the GEE does not provide 

much information about the downsampling techniques in the data description (Google Earth 

Engine, 2024d, 2024e). The NO2_column_number_density refers to the “Total vertical column 

of NO2 (ratio of the slant column density of NO2 and the total air mass factor).”; and 

O3_column_number_density refers to “Total atmospheric column of O3 between the surface and 

the top of atmosphere” (Google Earth Engine, 2024d, 2024e). The unit of both pollutants is 

mole/m2. Importantly, Sentinel-5P collects data between 6-8 pm of Edmonton local time.  

3.2.2 ERA 5 Air Temperature 

The present study collects European Centre for Medium-Range Weather Forecasts (ECMWF) 

Reanalysis v5 (ERA-5) air temperature (at 2m) data from the GEE platform (Google Earth 

Engine, 2024c). The ECMWF is an independent intergovernmental organization supported by 35 

states (ECMWF, 2024). ERA-5 data products are freely available for the entire globe, spanning 

from 1950 to latest date (Araújo et al., 2022; Grzybowski et al., 2023; Hersbach et al., 2020). It 

offers a spatial resolution of 0.25° × 0.25° and high temporal resolution data on an hourly basis 

(Araújo et al., 2022; Google Earth Engine, 2024c). The hourly data are aggregated on a daily, 

monthly, and annual scale (Google Earth Engine, 2024c; Muñoz Sabater, 2019). ERA-5 air 

temperature has been widely utilized (Araújo et al., 2022; J. Liu et al., 2020; McNicholl et al., 

2021; Siddiqui et al., 2022).  

 Air temperature data is available at 11132m spatial resolution in GEE (Google Earth 

Engine, 2024c). Temperatures are observed at 2 meters above the surface of land, sea, or inland 

waters and calculated by interpolating between the lowest model level and the Earth's surface, 

considering the prevailing atmospheric conditions (Google Earth Engine, 2024c; Muñoz Sabater, 
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2019). Hersbach et al. (2020) and Muñoz Sabater, (2019) describe further details about the data 

retrieval process. The data is measured on the Kelvin (K) scale. 

3.2.3 High-Resolution Digital Elevation Model 

The High-Resolution Digital Elevation Model (HRDEM) product is generated from airborne 

LiDAR data (primarily in the south and study area Edmonton falls under this part) and satellite 

images (in the north) (Natural Resources Canada, 2023). This product is part of the CanElevation 

Series, which was developed to support the National Elevation Data Strategy implemented by 

NRCan. The data are available at either 1m or 2m spatial resolution. The 1m resolution datasets 

cover an area of 10km X 10km, while the 2m resolution datasets cover an area of 20km X 20km 

(Natural Resources Canada, 2023). The present study utilizes the 1m spatial resolution elevation 

Figure 3. 2 Digital Elevation Model (referred to as elevation in the text) of the study area 
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(DEM). A total of 80 tiles are downloaded and mosaiced within ArcGIS Pro 3.1.2 (Figure 3.2). 

The final elevation (DEM) consists of 31526 columns and 35067 rows.  

3.2.4 Road Network  

The 2021 Census Road Network file was accessed from the Statistics Canada web portal in 

shapefile format (Statistics Canada, 2021). The data includes a unique identifier, DGUID, name, 

and type for each side of a street arc (where applicable) for provinces and territories, and census 

subdivisions. Streets are ranked according to five concentrations of detail: 1-Trans-Canada 

Highway, 2-National Highway System (not rank 1), 3-Major Highway (not rank 1 or 2), 4-

Secondary Highway, Major Street (not rank 1, 2, or 3), and 5-All other streets.  
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3.2.5 Google Earth Engine (GEE) 

The Google Earth Engine (GEE) is a web-based computing platform to conduct geospatial 

analysis, visualization, mapping, and downloading data (Google Earth Engine, 2024a; Jewell, 

2023). It integrates a multi-petabyte collection of satellite imagery and geospatial datasets with 

planetary-scale analysis capabilities and enables Python and JavaScript in the code editor 

platform (Google Earth Engine, 2024a; Jewell, 2023; Kazemi Garajeh et al., 2023). The elements 

of the GEE environment are described in figure 3.3.  

 

Figure 3. 3. Various components of GEE(Google Earth Engine, 2024b; Naeimi, 2021).    

GEE has various kinds of object classes such as image collections, geometry, feature collection, 

reducer, etc. where, charts represent data like numbers, raster, strings, or vector (Google Earth 

Engine, 2024b; Naeimi, 2021). And each of the objects belongs to an individual class. Such as 

satellite images of different sensors are grouped together as a collection which is known as 

ImageCollection (Hossain, 2019; Naeimi, 2021). Each of the ImageCollection has a specific ID 
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and provides more details about the dataset under four tabs e.g., description, bands, image 

properties, and terms of use in the GEE data catalog (Google Earth Engine, 2024b). It is 

important to mention that the detailed function list is available under the ‘Docs’ tab in GEE 

(Figure 3.3, top left, API Documentation). Also, the ‘Assets’ tab (Figure 3.3, top left, Asset 

manager) enables to upload image (Acceptable formats are- GeoTIFF (.tif, .tiff) or TFRecord 

(.tfrecord + .json)), shape files (Acceptable formats are- .shp, .shx, .dbf, .prj, or .zip), and CSV 

files (Acceptable format .csv) (Google Earth Engine, 2024b). The present study uploads the 

study area Edmonton population center boundary (.shp) under ‘Assets’. Initially, the study 

retrieves the datasets (as mentioned in Table 3.1) from the GEE platform and analyzes it in a 

desktop environment. The data retrieval steps from GEE are described below.  

 

Steps to retrieve daily NO2 and O3 concentrations are as follows- 

Step 1: The study imports image collections "COPERNICUS/S5P/OFFL/L3_NO2", and 

"COPERNICUS/S5P/OFFL/L3_O3" separately in the GEE code editor. Also, imports the study 

area Edmonton population center boundary (.shp), which is previously uploaded and stored 

under the ‘Assets’ tab. 

Step 2: The study filters the images by applying various filtering options in GEE.  

Firstly, filters selecting specific bands (as mentioned in Table 3.1) 

'NO2_column_number_density' for NO2, and ‘O3_column_number_density’ for O3.  

Secondly, filters the images within the collection to include only those that intersect with 

the study area applying ‘filterBounds’ as a spatial filter.  
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Thirdly, filters the images within the collection to include only those that fall within the 

date range from July 1st 2018 to June 30th 2023, applying ‘.filterDate’ as a temporal filter. 

Step 3: The study defines a function to process each image in the collection and convert it 

into a feature class as a CSV file for NO2 and O3. This function calculates the mean NO2 and O3 

concentration for the image within the study area using the ‘reduceRegion’ method, which 

applies a mean reducer ‘ee.Reducer.mean()’ at a spatial resolution of 1113.2m (because the 

resolution of the selected bands is 1113.m). It also retrieves and formats the image's date. The 

mean concentrations and the formatted corresponding dates are then stored in a dictionary, which 

is set as properties of a new feature ‘ee.Feature’. The function returns this feature. Finally, the 

image collection is then mapped with the function and converts each image into a feature.  

Step 4: Finally, the resultant feature collection from step 3 is exported to Google Drive as a 

CSV file. The export parameters are a description (Assign a name of the data product, such as 

NO2/O3), the folder on Google Drive (Assign a name of the folder, such as GEE), the file format 

as 'CSV', and the properties to be included in the export as the date and mean concentration. 

Steps to retrieve annual mean NO2, O3, and temperature are as follows- 

Step 1: The study imports three (3) image collections 

"COPERNICUS/S5P/OFFL/L3_NO2", "COPERNICUS/S5P/OFFL/L3_O3" and 

"ECMWF/ERA5_LAND/DAILY_AGGR" separately and imports the study area boundary in the 

GEE code editor. 

Step 2: The study filters selecting specific bands 'NO2_column_number_density' for NO2, 

‘O3_column_number_density’ for O3, and ‘temperature_2m’ for temperature. Filters the images 
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applying spatial filter ‘filterBounds’. Also, apply the temporal filter ‘.filterDate’ for each year 

separately. Such as, the date ranges from July 1st 2018 to June 30th 2019 for the year 2018-19, 

likewise other subsequent years.  

Step 3: To obtain a single representative annual mean image for NO2, O3, and temperature 

for five (5) consecutive years 2018-19 to 2022-23, the image collection is reduced by calculating 

the annual mean concentration of each band separately (using ‘.mean()’) across all images in the 

collection. Finally, it derives the annual mean image of NO2, O3, and temperature for the years 

2018-19 to 2022-23 separately. 

Step 4: The resultant annual mean images from step 3 are exported to Google Drive as a 

GeoTIFF file. The export parameters are a description (Assign a name of the data product, such 

as annual NO2/O3/Temperature), scale (refers to spatial resolution) as 1113.2m, region as study 

area boundary, the folder on Google Drive (Assign a name of the folder, such as GEE), the file 

format as 'GeoTIFF'.  
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3.3 Data Processing 

3.3.1 Remote Sensing Data 

Initially, the daily NO2 and O3 are collected for the study period (July 1st 2018 – June 30th 2023) 

from GEE in CSV format (.csv) (Described above under section 3.2.6). The study processes the 

CSV data on a desktop computer employing MS Excel. NO2 has a total of 26,089 rows and O3 

has 24,885 rows. After removing the rows containing ‘null’ values and formatting the dates and 

values NO2 remained 2,781 rows and O3 3,074 during the study period. Therefore, the study 

calculates daily mean concentrations for NO2 and O3 during the study period.  

Subsequently, the daily mean concentrations for NO2 and O3 are organized year-wise in 

separate Excel sheets. After organizing the data year-wise for both pollutants, the histogrsam of 

each year is analyzed and found extreme values. Afterward, extreme values are identified by 

using the Inter Quartile Range (IQR) method and removing them. IQR is a widely used statistical 

technique to identify outliers in a dataset (Barbato et al., 2011; Moore et al., 2009). It is a 

measure of statistical dispersion and is calculated as the difference between the first quartile (Q1- 

lower quartile value) and the third quartile (Q3- upper quartile value), and encompasses the 

middle 50% of the data (Barbato et al., 2011; Moore et al., 2009). The Formulas used to identify 

the extreme values are as follows- 

 𝐼𝑄𝑅 = 𝑄3 − 𝑄1 (8) 

Where Q1 is the first quartile (25th percentile) and Q3 is the third quartile (75th percentile). 

 𝐿𝑜𝑤𝑒𝑟 𝐿𝑖𝑚𝑖𝑡 (𝐿𝐿) = 𝑄1 − 1.5 × 𝐼𝑄𝑅 (9) 

 𝑈𝑝𝑝𝑒𝑟 𝐿𝑖𝑚𝑖𝑡 (𝑈𝐿)  = 𝑄3 + 1.5 × 𝐼𝑄𝑅 (10) 

 𝐸𝑥𝑡𝑟𝑒𝑚𝑒 𝑉𝑎𝑙𝑢𝑒𝑠 =  𝐿𝐿 <  𝑜𝑟 > 𝑈𝐿 (11) 
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After removing the null values and outliers, overall, 90.1% of NO2 data and 99.4% of O3 

data remains (Table 3.4). Data normality is checked visually by considering histograms, annual 

mean and median values, and skewness for both NO2 and O3. 

Table 3. 3. Percentage of NO2 and O3 data used in the study 

Pollutants 
2018-19 2019-20 2020-21 2021-22 2022-23 Overall 

Percentage (%) 

NO2 96.7 89.3 86.8 87.1 90.7 90.1 

O3 97.4 99.2 99.7 99.5 99.5 99.4 

  

These datasets are used further to compute mean annual, monthly, seasonal, and weekdays 

for NO2 and O3 respectively. The four (4) seasons and months are Summer: June – August, Fall: 

September – November, Winter: December – February, and Spring: March – May. Subsequently, 

annual mean raster datasets of NO2 and O3 are imported and analyzed in ArcGIS Pro 3.1.2. The 

ERA-5 temperature data are converted into a degree Celsius (oC) scale from Kelvin (K) using the 

raster calculator (C= K-273.16) (Figure 3.4).  
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Figure 3. 4 Annual mean temperature of the study area 
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3.3.2 Road Density and Population Density 

The road density is prepared using a line density tool, which utilizes all five (5) ranked roads 

(Figure 3.5). The default parameters are also kept unchanged (e.g., output cell size: 126m, search 

radius: 1051m, units: km2). Initially, only major roads (rank 1-3 and rand 1-4) were considered to 

derive road density, however, the city's center and surrounding areas were giving very low road 

density, which seems like a wrong interpretation. Therefore, the study utilized all 5 types of 

roads.  

  

Figure 3. 5 Road density per km2 utilizing all five classes of roads 1-Trans-Canada Highway, 2-National Highway 

System (not rank 1), 3-Major Highway (not rank 1 or 2), 4-Secondary Highway, Major Street (not rank 1, 2, or 3), 

and 5-All other streets (not rank 1, 2, 3, or 4) 
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Subsequently, the population density per km2 for each of the Census Tracts is joined with census 

tract boundaries for Edmonton (Figure 3.6).  

  

Figure 3. 6 Population density per km2 of the study area shows 2021 population census data 
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3.4 Analysis 

3.4.1 Temporal and Spatial Analysis of Sentinel-5P Retrieved NO2 and O3  

The daily mean NO2 and O3 concentrations of Sentinel-5P are analyzed in four (4) temporal 

scales annual, seasonal, monthly, and weekdays during the study period (July 1st 2018 to June 

30th 2023). The study utilizes MS Excel for temporal analysis. In the first place, daily mean NO2 

is selected for 2018-19 year, and the descriptive statistics are generated derived from ‘Data 

Analysis’ tools. Likewise, for the rest of the years, descriptive statistics are generated for NO2. 

Similarly, descriptive statistics for O3 are also generated from the year 2018-19 to 2022-23. The 

daily mean NO2 and O3 concentration is further utilized and analyzed in the mean annual, 

seasonal, monthly, and weekdays fluctuations.  

The distribution of NO2 and O3 concentrations during the COVID-19 period is also 

analyzed. Community transmission of COVID-19 has been confirmed in mid-March, followed 

by a state of emergency in all of the provinces of Canada (Adams, 2020; Tian et al., 2021). The 

study analyzes the daily mean of NO2 and O3 concentration and a 7-day moving average from 

February to May 2020 to understand the scenario.  

Additionally, annual mean raster images of NO2 and O3 have been analyzed using ArcGIS 

Pro 3.1.2 to understand the spatial distribution of the pollutants in Edmonton City. The annual 

mean concentrations are classified using two different methods for better understanding the 

spatial distribution. Firstly, the annual mean NO2 concentrations are classified into eight distinct 

categories using an equal interval method manually. Similarly, annual mean O3 concentrations 

are classified into nine distinct categories. Secondly, the annual mean NO2 and O3 concentrations 

are classified into five classes using the Jenks Natural Breaks method (ESRI, 2024a). 
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Furthermore, these classes with higher value to lower value are renamed as very high, high, 

moderate, low, and very low accordingly. The study also performed hot spot analysis using the 

annual mean concentration images. To perform the hot spot analysis the study utilizes census 

tract boundaries of Edmonton City and the Optimized Hot Spot Analysis method (ESRI, 2024b). 

Therefore, thematic maps are prepared to incorporate key features (e.g., airports, highways, 

power plants, rivers, downtown) for a better understanding of the impacts of geo-settings on 

pollution scenarios. 

3.4.2 Correlation of Explanatory Variables with Sentinel-5P Acquired NO2 and O3 

The study compared the annual mean NO2 and O3 concentrations of Sentinel-5P with four 

explanatory variables elevation, annual mean temperature, road density, and population density 

of 2021. Firstly, the study converts the annual mean NO2 and O3 into point data (center point of 

the cell) for every year from 2018-19 to 2022-23. The points are used to extract annual mean 

temperatures, as the temperature data are in the same spatial resolution. Secondly, 1113m X 

1113m polygons are created using a fishnet tool within the study area boundary and extracted 

mean values of elevation and road density for each of the polygons with the help of a zonal 

statistics tool. After that, the zonal statistics values are extracted under the points generated in the 

first step. Finally, these values are represented using scatter plots and drawn linear pattern lines 

along with R-square values. Additionally, a Person correlation is also assessed for understanding 

the relationship between pollutants and explanatory variables. The statistical significance test has 

been carried out with the p-value at 0.05. The relationship has been assessed individually to 

identify the strength and nature of each explanatory variables.  
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Chapter 4 Results 

Temporal analysis was performed for annual, seasonal, monthly, and weekdays measurements of 

NO2 and O3 concentrations. The study performed hotspot analysis using satellite-derived yearly 

mean NO2 and O3 data. Furthermore, Pearson’s correlation coefficient shows the relationship of 

pollutants with explanatory variables.  Finally, the relationship between satellite-retrieved 

datasets and station-measured datasets was also assessed.  

4.1 Temporal Analysis 

Annual  

The analysis across various temporal scales reveals distinct patterns influenced by anthropogenic 

activities and meteorological conditions. The annual mean NO2 concentration shows a decrease 

in 2019-20 (94 µmol/m²) and an increase in 2022-23 (127 µmol/m²) (Table 4.1). In 2022-23, 

annual mean NO2 concentration increases by approximately 21% compared to 2018-19. The 

annual median NO2 concentration shows similar values across the study period except for a 

decrease in 2019-20 (Table 4.1). The annual mean standard deviation of NO2 concentration 

shows a similar pattern during the first four years and increased by 86.7% in 2022-23 compared 

to 2018-19 (Table 4.1). The annual mean of minimum NO2 concentration shows no pattern, 

where high and low values were observed in 2020-21 (23 µmol/m²) and 2022-23 (4 µmol/m²) 

respectively. Subsequently, the annual mean of maximum NO2 concentration almost doubled in 

the year 2022-2023 (401 µmol/m²) compared to the year 2018-19 (211 µmol/m²). The annual 

mean of the 95th percentile demonstrates similar values in the first four years and increased by 

more than 65% in 2022-23 (290 µmol/m²), compared to 2018-19 (175 µmol/m²). In all statistics, 
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2019-20 shows lower values, likely due to the restricted anthropogenic activities during the 

COVID-19 global pandemic. 

 

Table 4. 1 Descriptive statistics of satellite-retrieved data for annual NO2 and O3, derived from daily mean data. 

Statistics 
NO2 (µmol/m2)  

2018-19 2019-20 2020-21 2021-22 2022-23 2018-2023 

Mean 104 94 105 107 127 107 

Median 99 87 99 100 107 98 

Standard Deviation (StD) 36 32 38 39 67 42 

Minimum 16 17 23 14 4 15 

Maximum 211 203 227 235 401 255 

95th Percentile  175 160 183 189 290 199 

 O3 (mol/m2)  

Mean 0.157 0.155 0.150 0.156 0.152 0.154 

Median 0.157 0.153 0.149 0.155 0.150 0.153 

Standard Deviation (StD) 0.019 0.020 0.021 0.019 0.022 0.020 

Minimum 0.111 0.109 0.105 0.117 0.112 0.111 

Maximum 0.206 0.201 0.205 0.216 0.209 0.207 

95th Percentile  0.192 0.190 0.188 0.189 0.195 0.191 

The annual mean O3 concentration is relatively consistent, varying from 0.150 mol/m² in 

2020-21 to 0.157 mol/m² in 2018-19 (Table 4.1). Median values are close to the mean, indicating 

a symmetric distribution of O3 concentrations. The low fluctuation of standard deviation and 95th 

percentile reveals that O3 concentrations are more consistent compared to NO2 (Table 4.1). 

Lastly, the descriptive statistics highlight the divergent behaviours of NO2 and O3 pollutants, 

where NO2 displays more dynamic changes likely influenced by human activities and 

environmental regulations, on the other hand, O3 remains more consistent, possibly due to its 

formation and removal processes being more balanced.  

The annual mean NO2 shows a distinct increasing pattern, and O3 does not show any 

pattern over the study period (Figure 3.1). Annual mean NO2 decreases in 2019-20 and afterward 

increases over the period. However, the annual mean O3 shows a decrease-increase-decrease 

pattern (Figure 4.1).  
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Figure 4. 1 Annual mean NO2 and O3 concentration 

Seasonal  

The seasonal mean NO2 and O3 concentration provides more insight into the patterns over the 

study period. During the summer seasonal mean NO2 shows a relatively consistent pattern, with 

values ranging from 94 µmol/m² in 2019-20 to 107 µmol/m² in 2021-22 (Table 4.2). In fall, 

concentrations are consistently lower than in summer, and in spring vary widely, with a low of 

88 µmol/m² in 2019-20 and a high of 140 µmol/m² in 2022-23 (Table 4.2). Seasonal mean NO2 

concentration peaks in the winter season, reaching its highest at 186 µmol/m² in 2022-23 (Table 

4.2). 

Overall, seasonal mean O3 demonstrates a uniform pattern over the study period. 

Summer and fall mean O3 concentrations are fairly consistent, varying from 0.141 mol/m² (2020-

21) to 0.146 mol/m² (2021-22) and 0.132 mol/m² (2020-21) to 0.140 mol/m² (2021-22) 

respectively (Table 4.2). Winter and spring seasons show relatively higher concentrations over 

the study period compared to the other two seasons. The highest mean O3 concentrations for the 

winter and spring seasons are 0.173 mol/m² (2019-20) and 0.177 mol/m² (2021-22) which are 

4.2% and 5.1% higher than the overall seasonal mean of 2018-23 respectively.  
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In general, NO2 shows the highest concentrations during winter, while O3 peaks in 

winter and spring. The lowest NO2 concentrations are observed in fall, whereas lower O3 

concentrations are noticed in fall and summer. In addition, NO2 concentrations exhibit more 

variability across the seasons compared to O3. Particularly, NO2 has a significant spike in winter 

2022-23, which is not observed in O3 data. The increased concentrations during winter may be 

due to heating and excessive use of fossil fuel compared to the other seasons. 

Table 4. 2 Satellite-retrieved seasonal mean NO2 (µmol/m2) and O3 (mol/m2), derived from daily mean data 

Season 
NO2 (µmol/m2) 

2018-19 2019-20 2020-21 2021-22 2022-23 2018-23 

Summer 103 94 100 107 102 101 

Fall 100 90 94 101 99 97 

Winter 113 111 116 115 186 128 

Spring 103 88 117 110 140 112 

 O3 (mol/m2) 

Summer - 0.145 0.141 0.146 0.142 0.144 

Fall 0.136 0.136 0.132 0.140 0.136 0.136 

Winter 0.163 0.173 0.165 0.164 0.165 0.166 

Spring 0.166 0.165 0.165 0.177 0.169 0.168 

 

 

Monthly 

The monthly NO2 concentration peaks in February, with the highest recorded concentration of 

222 µmol/m² in 2022-23 (Figure 3.2). February consistently shows higher values across the 

years, with an overall mean of 141 µmol/m². Subsequently, August has the lowest NO2 

concentrations, with a mean of 94 µmol/m² and the lowest value of 89 µmol/m² in 2019-20 

(Figure 4.2). September and November also have relatively low means (95 µmol/m² and 96 

µmol/m² respectively). Broadly, winter months (December, January, and February) show 

significantly higher NO2 concentrations compared to other months (Figure 4.2). The summer 
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months (June, July, and August) have lower concentrations, with a slight increase in July. 

Furthermore, NO2 shows notable annual variations, especially in the winter months. For instance, 

January and February of 2022-23 have considerably higher concentrations than previous years, 

demonstrating potential seasonal influences or specific annual events affecting NO2 

concentrations.  

The highest monthly mean O3 concentration is observed in February, with a mean of 0.176 

mol/m² (Figure 4.3). March and April also show high O3 concentrations, with means of 0.172 

mol/m² and 0.174 mol/m² respectively. The lowest O3 concentrations occur in September, with a 

mean of 0.131 mol/m². August and October also have relatively low means of 0.136 mol/m² and 

0.134 mol/m² respectively. O3 concentrations peak during the late winter and early spring months 

(February to April), and they are lower during the late summer and early fall months (August to 

October) (Figure 4.3). Subsequently, O3 concentrations exhibit less variability than NO2, 

maintaining more consistent concentrations across different years. However, there are slight 
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increases and decreases that align with seasonal changes. Interestingly, in 2022-23, O3 

concentrations mostly decreased whereas NO2 shows the opposite.  

Weekdays  

The weekdays mean distribution of NO2 and O3 concentration provides details about the air 

pollutants scenario during week days use and and weekends. The highest mean weekly days NO2 

concentration is observed on Wednesdays and Fridays (113 µmol/m²), with the highest single-

day concentration on a Wednesday in 2022-23 (143 µmol/m²) (Table 4.3). Sundays consistently 

show the lowest weekdays mean NO2 concentration (97 µmol/m²). Saturdays also exhibit a 

relatively low weekdays mean NO2 concentration of 101 µmol/m² (Table 4.3). Notably, 

weekdays mean NO2 concentrations are generally higher than on weekends. Moreover, 

throughout all days of the week, the year 2022-23 shows the highest weekdays mean NO2 

concentrations (Table 4.3). Weekdays mean O3 concentration shows less fluctuations compared 
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to NO2. Unlike NO2, O3 concentrations (weekdays mean) remain relatively consistent throughout 

the week, with no significant difference between weekdays and weekends.  

Table 4. 3 Mean NO2 and O3 concentration on weekdays, derived from Sentinel-5P daily mean data 

Days 
NO2 (µmol/m2) 

2018-19 2019-20 2020-21 2021-22 2022-23 2018-23 

Monday 106 97 109 107 123 108 

Tuesday 111 95 117 110 124 112 

Wednesday 116 89 108 109 143 113 

Thursday 112 95 103 113 118 108 

Friday 100 97 114 114 141 113 

Saturday 89 93 99 99 126 101 

Sunday 99 92 85 99 109 97 

 O3 (mol/m2) 

Monday 0.156 0.156 0.150 0.158 0.154 0.155 

Tuesday 0.158 0.156 0.148 0.159 0.154 0.155 

Wednesday 0.158 0.155 0.151 0.157 0.153 0.155 

Thursday 0.153 0.153 0.150 0.157 0.152 0.153 

Friday 0.156 0.152 0.150 0.154 0.152 0.153 

Saturday 0.156 0.155 0.154 0.154 0.151 0.154 

Sunday 0.159 0.155 0.15 0.156 0.151 0.154 

 

 

COVID-19 Scenario  

The daily mean NO2 concentration decreased during the COVID-19 state of emergency (SOE) 

period from mid-March to the end of April 2020 compared to before SOE (Figure 4.4 A). The 

monthly mean NO2 shows a similar pattern from February to May by 102, 94, 87, and 83 

µmol/m² respectively (Figure 4.4 A). A 7-day moving average demonstrates smoother 

fluctuations over the period from February – May 2020 (post-SOE). In May 2020, NO2 

concentration decreased by 18.74% compared to February 2020 (pre-SOE). However, the daily 

mean O3 concentration shows a different pattern with concentration declining in the early few 

days of SOE, followed by an increase from 10th April – 24th April 2020, and again declines 

afterward (Figure 4.4 B). The monthly mean O3 concentration fluctuates from 0.179, 0.166, 
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0.171, and 0.158 mol/m² from February – May 2020, respectively (Figure 4.4 B). In May 2020, 

O3 concentration decreased by 11.93% compared to February 2020 (pre-SOE). 

  

 
Figure 4. 4 Pre-during-post state of emergency (SOE) scenario 2020 for daily mean NO2 (A) and O3 (B) along with 7-day moving 

average 
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4.2 Spatial Analysis 

4.2.1 Spatial distribution of Sentinel-5P retrieved annual mean NO2 and O3  

NO2 Distribution  

The spatial distribution of annual mean NO₂ in Edmonton City from 2018-19 to 2022-23 shows 

distinct spatial and temporal variations (Figure 4.5). Across the study period, 2018-19 shows the 

highest annual mean NO2 concentrations ranging between 120-157 µmol/m2 and surrounds in 

central Edmonton, northeastern Edmonton, and southeast industrial areas (Figure 4.5). The 

following year (2019-20) shows the lowest annual mean NO2 concentrations throughout the 

study area, between 81-120 µmol/m2 (Figure 4.5). The subsequent years 2020-21 and 2021-22 

show similar patterns, where annual mean NO2 concentration ranges between low to moderate 

values. These two-years higher annual mean NO2 concentration surrounds in northeastern 

Edmonton areas and lower annual mean NO2 concentration surrounds southern, western, and 

north areas (Figure 4.5). Lastly, 2022-23 shows moderate to high annual mean NO2 

concentrations ranging from 110-156 µmol/m2. In 2022-23, higher annual mean NO2 

concentration surrounds central Edmonton, northeastern Edmonton, and small parts of southeast 

Edmonton areas, and lower annual mean NO2 concentration surrounds southwestern areas 

(Figure 4.5). In 2022-23, annual mean NO2 concentration increases compared to the previous 

two years, however, the intensity of annual mean NO2 concentration and area covered remains 

less than in the year 2018-19.  
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Figure 4. 5. Spatial distribution of annual mean NO2 (Classes with equal interval method) 
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 More detailed yearly patterns of annual mean NO2 concentration are presented in figure 

4.6. From 2018-19 to 2022-23 demonstrate similar spatial patterns of annual mean NO2 

concentration, however, the intensity varies over the period. Very high annual mean NO2 

concentration areas are found in downtown Edmonton, northeast Edmonton, and southeast 

industrial areas (Figure 4.6). In 2018-19, very high annual mean NO2 covers an area of 141 km² 

(20% of total area) and gradually decreases to 85 km² (12% of total area) in 2022-23 (Table 4.4). 

High annual mean NO2 concentration area covers 25% of the total area in 2018-19 and varies 

between 19-23% in the following years (Table 4.4). Moderate annual mean NO2 shows a peak in 

2019-20 by covering 29% of the total area and the rest of the year shows a consistent pattern and 

covers between 22-24% of the total area (Table 4.4). Low annual mean NO2 concentrations cover 

19% of the total area in 2018-19 and shows a peak in 2022-23 covering 28% of the total area 

(Table 4.4). Very low annual mean NO2 concentration covers 13% of the total area in 2018-19 

and reduced to 9% in the following year 2019-20, rest of years show a consistent pattern over the 

study period (Table 4.4). 
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Figure 4. 6 Spatial distribution of annual mean NO2 (Classes with natural break method) 
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Table 4. 4 Areal distribution of annual mean NO2 and O3 

NO2 (µmol/m²) 
 2018-19 2019-20 2020-21 2021-22 2022-23 

  Area  Area  Area  Area  Area 

Class  Range km2 % Range km2 % Range km2 % Range km2 % Range km2 % 

Very low 118-127 88 13 81-89 64 9 100-107 107 15 100-109 94 14 112-123 105 15 

Low 128-133 132 19 90-95 168 24 108-114 146 21 110-117 190 27 124-130 191 28 

Moderate 134-140 158 23 96-100 203 29 115-119 169 24 118-124 151 22 131-136 155 22 

High 141-147 175 25 101-106 150 22 120-125 158 23 125-132 130 19 137-143 158 23 

Very high 148-157 141 20 107-115 109 16 126-134 115 17 133-143 128 18 144-152 85 12 

O3 (mol/m²) 

Very low 0.15809-0.15834 27 4 0.15482-0.15505 69 10 0.15061-0.15087 73 11 0.15679-0.15692 92 13 0.15212-0.15229 51 7 

Low 0.15835-0.15850 134 19 0.15506-0.15516 172 25 0.15088-0.15097 107 15 0.15693-0.15705 84 12 0.15230-0.15239 123 18 

Moderate 0.15851-0.15860 210 30 0.15517-0.15527 219 32 0.15098-0.15107 97 14 0.15706-0.15717 111 16 0.15240-0.15249 227 33 

High 0.15861-0.15870 185 27 0.15528-0.15538 134 19 0.15108-0.15118 171 25 0.15718-0.15727 194 28 0.15250-0.15258 191 28 

Very high 0.15871-0.15884 138 20 0.15539-0.15552 101 15 0.15119-0.15130 246 35 0.15728-0.15744 212 31 0.15259-0.15271 102 15 
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O3 Distribution  

The spatial distribution of annual mean O3 concentration is heterogeneous from 2018-19 to 

2022-23 (Figure 4.7). During the study period, 2018-19 shows the highest annual mean O3 

concentrations throughout the study area and ranges from 0.15701 to 0.15900 mol/m² (Figure 

4.7). Next year 2019-20, annual mean O3 concentration moderately decreases, ranging from 

0.15401 to 0.15600 mol/m² (Figure 4.7). Subsequently, in 2020-21 Edmonton City experiences 

the lowest annual mean O3 concentration across the study area, ranging from 0.15061 to 0.15200 

mol/m² (Figure 4.7). In 2021-22, annual mean O3 concentration increases followed by a decrease 

in 2022-23 and ranges from 0.15601 to 0.15800 and 0.15301 to 0.15400 mol/m² (Figure 4.7). 



 

48 

 

 

Figure 4. 7 Spatial distribution of annual mean O3 (Classes with equal interval method) 
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The yearly patterns of annual mean O3 concentration are more distinctly seen in figure 4.8. 

Individual years show a homogeneous distribution of annual mean O3 concentration with varying 

intensities across the study period. Very high annual mean O3 concentration area surrounds 

central, northern, and western regions (Figure 4.8). In 2018-19, very high annual mean O₃ 

concentration covers 20% of the total area followed by a decrease to 15% of the total area in both 

2019-20 and 2022-23 and an increase to 35% and 31 % of the total area in 2020-21 and 2021-22 

respectively (Table 4.4). High annual mean O₃ concentration covers 19% of the total area in 

2019-20 and varies between 25-28% in other years (Table 4.4). Moderate annual mean O₃ 

concentration varies between 30-33% of the total area in years 2018-19, 2019-20, and 2022-23, 

and covers significantly less areas (between 14-16% of the total area) in 2020-21 and 2021-22 

(Table 4.4). Low and very low annual mean O₃ concentration together covers 35% of the total 

area in 2019-20 and varies between 23-26% of the total area in other years (Table 4.4).  
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Figure 4. 8 Spatial distribution of annual mean O3 (Classes with natural break method) 
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4.2.2 Hotspot analysis of Sentinel-5P retrieved annual mean NO2 and O3   

Hotspot Analysis of NO2  

The hotspot analysis of annual mean NO₂ concentration shows the statistically significant areas 

of the highest and least NO₂ concentration with 90%, 95%, and 99% confidence level (Figure 

4.9). The hot spots with a 99% confidence level cover small areas in central Edmonton and 

northeastern parts of Edmonton city in 2018-19, 2020-21, and 2022-23 compared to 2019-20 and 

2021-22 (Figure 4.9). In 2019-20 and 2021-22, hot spots with a 99% confidence level cover large 

parts of central Edmonton and eastern parts of Edmonton City (Figure 4.9). While cold spots 

with a 99% confidence level shift over the study period. In 2018-19, cold spots with a 99% 

confidence level surround in a small area of outer northern Edmonton and large areas in the 

southern suburban region (Figure 4.9). In subsequent years, cold spots with a 99% confidence 

level expand westward and surround the outer peripheral regions of north, south, and west parts 

of Edmonton city (Figure 4.9). Overall, the hotspot analysis signifies that higher NO2 

concentration areas are consistent and concentrated surrounding central urban areas, and lower 

NO2 concentration areas surround the suburban regions. The cold spot shifts slightly across the 

study period, but always in the outskirts of the city.  
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Figure 4. 9 Hot spot analysis of annual mean NO2 using Optimized Hot Spot Analysis method  
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Hotspot Analysis of O3 

The hotspot analysis of annual mean O3 concentration shows different patterns distinct from 

those of NO2 (Figure 4.10). Overall, hot spots are more concentrated in the east and the central 

area, while cold spots are located on the outskirts, forming a north-west-south fringe. 2018-19 

and 2019-20 show similar patterns for both hot and cold spots, where hot spots with 99% 

confidence level surround a large part of central Edmonton and western Edmonton, and cold 

spots with 99% confidence level are found in the outer north, northeast, and southeastern 

suburban areas (Figure 4.10). In the subsequent years, 2020-21 and 2021-22, hot spots with 99% 

confidence level slightly reduced in area, however, remain concentrated in the central Edmonton 

areas. Cold spots with a 99% confidence level surround the eastern and southeastern suburban 

peripheries in 2020-21 and 2021-22 (Figure 4.10). In 2022-23, hot spots with a 99% confidence 

level expand northward and remain concentrated in central Edmonton (Figure 4.10). Cold spots 

with a 99% confidence level cover southern and southeastern Edmonton with slight shifts in a 

small part of north Edmonton (Figure 4.10).  
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Figure 4. 10 Hot spot analysis of annual mean O3 using Optimized Hot Spot Analysis method  
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4.3 Relationship of NO2 and O3 with Explanatory Variables 

a. Elevation in relation to NO2 and O3 

NO2 shows a varying inverse relationship with elevation (Table 4.5 and Figure 4.11). In 2018-19, 

shows a moderately strong negative correlation (Pearson’s correlation -0.57) between NO2 

concentration and elevation. Also, the coefficient of determination (R2 = 0.3287) suggests that 

elevation explains a considerable amount of the variability in NO₂ concentrations during 2018-

19. However, in 2019-20, the correlation weakens (Pearson’s correlation -0.37) and, in the 

subsequent year, continues to decline further (Table 4.5). Similarly, R2 values follow a 

decreasing pattern from 2019-20 to 2022-23 (Figure 4.11). The declining pattern of R2 values 

suggests that elevation has little predictive power over NO₂ concentration. Overall, across the 

five years, Pearson's correlation is -0.39, which indicates a moderate association in the 

relationship between elevation and NO2 concentration. The scatter plots suggest that higher 

elevation corresponds to lower NO₂ concentration (Table 4.5 and Figure 4.11). 
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Table 4. 5 Pearson’s correlation of the satellite-measured NO2 and O3 concentration with elevation, air temperature, population 

density, and road density. 

 Annual mean NO2 
 2018-19 2019-20 2020-21 2021-22 2022-23 2018-23 

Elevation -0.57* -0.37* -0.22* -0.31* -0.30* -0.39* 

Temperature -0.40* -0.40* -0.45* -0.48* -0.51* -0.59* 

Road Density 0.26* 0.26* 0.20 0.21 0.19 0.24* 

Population Density - - 0.08 0.03 - 0.05 

 Annual mean O3 
 2018-19 2019-20 2020-21 2021-22 2022-23 2018-23 

Elevation -0.36* -0.47* -0.52* -0.53* -0.59* -0.57* 

Temperature 0.07 -0.06 0.17* 0.14* -0.16* 0.05 

Road Density 0.41* 0.39* 0.27* 0.33* 0.50* 0.43* 

Population Density - - -0.11 -0.05 - -0.08 

 *All the value indicates statistically significant correlations at the 95% confidence level (p-value<0.05) 
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Figure 4. 11 The relationship between the satellite retrieved annual mean NO2 and elevation 
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Pearson's correlation (Table 4.5) and the scatter plots (Figure 4.12) show a gradually 

increasing negative relationship between O₃ concentration and elevation over the study period. In 

2018-19, O3 shows a week inverse correlation with elevation (Pearson’s correlation -0.36),  

followed by a gradual increase in subsequent years. In 2022-23, the correlation between O3 

concentration and elevation reaches its strongest point at −0.59 (Pearson’s correlation). The 

scatter plots show some spread with an increasing pattern of R2 values throughout the study 

period (Figure 4.12). The lowest R2 value founds in 2018-19 (R2 = 0.1287) and the highest in 

2022-23 (R2 = 0.3531) (Figure 4.12). Overall, during the study period, Pearson's correlation 

shows a moderate to strong inverse relationship between O₃ concentrations and elevation. 
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Figure 4. 12 The relationship between the satellite retrieved annual mean O3 and elevation 
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b. Temperature in relation to NO2 and O3 

Across the study period, NO₂ concentration and temperature show a consistent and strengthening 

negative correlation (Table 4.5 and Figure 4.13). In 2018-19, a moderate inverse relationship was 

found between NO₂ concentrations and temperature (Pearson’s correlation -0.40). Following 

years, Pearson’s correlation increases and becomes -0.51 in 2022-23 (Table 4.5). The scatter 

plots show an increasing pattern of R2 values during the study period except 2019-20 (Figure 

4.13). The patterns of R2 values suggest that temperature explains about 23% to over 40% of the 

variability in NO₂ concentrations across the period. The relationship also suggests that 

temperature plays an important role in influencing NO₂ concentration in the study area. 
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Figure 4. 13 The relationship between satellite-retrieved annual mean NO2 and annual mean air temperature 

R² = 0.3482

80

100

120

140

160

1.50 2.50 3.50 4.50

N
O

2
(µ

m
o

l/
m

2 )

Temperature (oC)

1819-23



 

59 

 

O3 shows a weak and inconsistent correlation with temperature (Table 4.5 and Figure 

4.14). In 2018-19, temperature showed a very weak and positive correlation with O₃ 

concentration (Pearson’s correlation 0.07), and the R2 value (R2 = 0.0055) was found negligible. 

In 2019-20 and 2022-23, the relationship becomes slightly negative and remains weak (Pearson’s 

correlation -0.06 and -0.16, respectively) (Table 4.5). Also, the correlation of temperature with 

O₃ concentration is minimal and O3 concentration is less influenced by temperature.  

R² = 0.0292

0.150

0.152

0.154

0.156

0.158

0.160

1.50 2.50 3.50 4.50

O
3

(m
o

l/
m

2 )

Temperature (oC)

2020-21

R² = 0.025

0.150

0.152

0.154

0.156

0.158

0.160

1.50 2.50 3.50 4.50

O
3

(m
o

l/
m

2 )

Temperature (oC)

2022-23

R² = 0.0041

0.150

0.152

0.154

0.156

0.158

0.160

1.50 2.50 3.50 4.50

O
3

(m
o

l/
m

2 )

Temperature (oC)

2019-20

R² = 0.0055

0.150

0.152

0.154

0.156

0.158

0.160

1.50 2.50 3.50 4.50

O
3

(m
o

l/
m

2 )

Temperature (oC)

2018-19

R² = 0.0189

0.150

0.152

0.154

0.156

0.158

0.160

1.50 2.50 3.50 4.50

O
3

 (
m

o
l/

m
2

)

Temperature (oC)

2021-22

Figure 4. 14 The relationship between satellite-retrieved annual mean O3 and annual mean air temperature 
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c. Road density in relation to NO2 and O3  

NO₂ shows a weak but positive correlation with road density across all five years (Table 4.5 and 

Figure 4.15). The first two consecutive years 2018-19 and 2019-20 show a similar pattern with 

Pearson's correlation of 0.26, however, the following three years, 2020-21 to 2022-23, show a 

similar pattern but they are statistically not significant (Table 4.5 and Figure 4.15). The R2 value 

is weak, varying from 0.0385 (2020-21) to 0.0664 (2019-20) (Figure 4.15), showing limited 

influence of road density on NO₂ concentration.  
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Figure 4. 15 The relationship between satellite-retrieved annual mean NO2 and road density 
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O₃ shows a weak to moderate positive correlation with road density (Table 4.5 and Figure 

4.16). 2018-19 and 2022-23, show a moderate relationship with Pearson's correlation of 0.41 and 

0.50 respectively, and R2 values of 0.1672 and 0.2475 respectively. Other years demonstrate a 

weak relationship with lower R2 values compared to the last year 2022-23 (Figure 4.16) where 

2019-20 is statistically insignificant (Table 4.5 and Figure 4.16). The relationship between O3 

and road density varies from weak to moderate over the years. 
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Figure 4. 16 The relationship between satellite-retrieved annual mean O3 and road density 
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d. Population density in relation to  NO2 and O3 

The correlation between NO₂ and O₃ concentrations with population density for the years 2020-

21 and 2021-22 shows a very weak relationship (Table 4.5 and Figure 4.17). NO2 shows a very 

weak positive relationship with population density, and O3 shows a very weak negative 

relationship in both 2020-21 and 2021-22 (Table 4.5). The R2 values are negligible in both the 

years for NO2 and O3 (Figure 4.17). Also, their relationship is statistically insignificant (Table 

4.5).  
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Figure 4. 17 The relationship between satellite-retrieved annual mean NO2 and O3 and population density (2021). 
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Chapter 5 Discussions 

This section discusses the results of the study in three subsections: (i) patterns of NO2 and O3 

concentration; (ii) correlations of NO2 and O3 with the explanatory variables (elevation, 

temperature, road, and population density); and (iii) data related issues.  

5.1 Patterns of NO2 and O3 

5.1.1 Temporal Patterns of NO2 and O3 

The study finds increased NO2 concentrations throughout the winter months (December – 

March) and reduced concentrations from May until November. Potential reasons for this pattern 

can be the increased use of fossil fuels, especially natural gas for heating throughout the winter 

months. The demand for heating increases, leading to more combustion of fossil fuels in 

residential heating systems, power plants, and industrial processes. According to the survey of 

household energy use in 2019, Alberta consumed 79% of energy from natural gas which is the 

highest percentage across Canada, 19% from electricity, and 1% from other sources (including 

Oil and Wood) (Natural Resources Canada, 2024). Another important reason can be the primary 

heating system of Edmonton. In Edmonton, 80% of primary heating systems are natural gas-

based forced air furnaces and electric baseboard heaters are 4% (in 2021), while  across Canada 

it is 51% and 25% (in 2021) respectively (Appendix A: Table A.1) (Statistics Canada, 2022b).  

Traffic emissions can be another potential source that tends to be higher in winter due to 

the increased use of vehicles for commuting during cold weather (Pant & Harrison, 2013). 

Additionally, diesel engines emit more NO2 and are more common in colder climates (Pant and 

Harrison 2013). Alongside, vehicles tend to run longer in cold weather, contributing to increased 

NO2 concentrations (Gao et al., 2018; Grange et al., 2019). Furthermore, winter months often 
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experience temperature inversions, where a layer of warmer air traps pollutants like NO2 near the 

ground. This phenomenon limits vertical dispersion and leads to higher concentrations at the 

surface level (Petetin et al., 2015; Stull, 2012). 

O3 concentration peaks during the late winter and early spring months (February to April). 

The intensity of primary precursors of O3 formation, notably NOx and Volatile Organic 

Compounds (VOCs) among others, may play a major role in this trend. In addition, during the 

winter season, consistent atmospheric conditions and temperature inversions may trap these 

primary pollutants near the surface and facilitate the accumulation of O3, thus observing higher 

concentrations (Jacob & Winner, 2009; Jacobson, 2002; Qu et al., 2020). Furthermore, this can 

be intensified by lower wind speeds and reduced dispersion of air pollutants (Seinfeld & Pandis, 

2016), especially in continental areas such as Edmonton. Long-range transport of pollutants at 

certain times of the year (typically the transition periods between seasons, such as from late 

winter to spring and early summer) can also contribute to higher O3 concentrations. Pollutants 

emitted in one region can undergo photochemical reactions (in different layers of the 

atmosphere) during transport, which may lead to higher O3 concentrations downwind (Jacob, 

1999; Zhao et al., 2021).  

Analyzing the weekly distribution of NO2 and O3, results reveal further insights into the 

temporal variability of these pollutants. Unsurprisingly, NO2 concentrations are generally higher 

on weekdays, with the highest concentrations observed on Wednesdays and Fridays in 

Edmonton. This trend reflects increased vehicular traffic and industrial activities during the 

workweek. Conversely, NO2 concentrations drop during weekends, particularly on Sundays, 

which indicates reduced emissions from these sources. In agreement with this result, Goldberg et 

al., 2021 describe the reduction of  NO2 concentrations during Saturday and Sunday compared to 
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weekdays  (Goldberg et al., 2021). Other studies produce similar results such as (Beirle et al., 

2003; de Foy et al., 2016; Russell et al., 2010; Wickert, 2001). One of the potential reasons for 

the quick daily changes can be the lifetime of NO2 in the atmosphere, which varies roughly from 

a few hours to one day (Beirle et al., 2003; Leue et al., 2001). Another potential reason can be 

the traffic patterns and anthropogenic activity between weekends and weekdays (Goldberg et al., 

2021). 

O3 exhibits less weekly variation, with relatively regular concentrations across all days. 

This stability suggests that O3 formation is more influenced by longer-term atmospheric 

conditions, precursors availability, and chemical reactions rather than immediate changes in 

local-level emissions (He et al., 2021). Lal et al., (2000) finds seasonal variations in O3 

concentrations and reports higher concentrations in the daytime due to the increase in the 

photochemical reactions. Another study by Naja & Lal, (2002) denotes that the daylight 

variations in O3 concentrations are due to the combined effect of precursor intensity, atmospheric 

chemistry, wind pattern, and boundary layer processes. However, the present study utilizes 

Sentinel-5P datasets, which provide data between 6-8 pm (Edmonton local time), this may 

influence the consistent pattern of O3 concentrations. Another potential reason for the consistent 

pattern can be the lifetime of O3 in the atmosphere. O3 lifetime varies from a few hours to a few 

weeks and on a global scale it is approximately 22 days (Monks et al., 2015; Seinfeld & Pandis, 

2016; Stevenson et al., 2006).  

The first COVID-19 case was reported in January 2020 and the first presumptive case in 

Alberta was identified on 5th March 2020, followed by the state of emergency (SOE) in all 

provinces of Canada (Staff, 2022; Tian et al., 2021). During the SOE timeline, different 

restrictions were introduced to combat the pandemic such as movement restrictions, public 
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gathering restrictions, etc. (Staff, 2022). From mid-March to the end of April 2020, NO2 shows a 

significant decrease in its concentration, especially in May 2020 NO2 decreased by almost 19% 

compared to February 2020, potentially due to the reduced human activities, particularly in 

transportation and industrial sectors as highlighted by Adams, (2020), Siddiqui et al., (2022), 

Tian et al., (2021). Other studies have shown a similar pattern, where the COVID-19 lockdown 

period led to significant reductions in vehicular traffic, and vehicular traffic is known as one of 

the primary sources of NO2 (Bauwens et al., 2020; M. J. Cooper et al., 2022; Fu et al., 2020). At 

the same time, yearly mean NO2 patterns also suggest so, with reduced NO2 concentration during 

2019-20. The trend of increasing NO2 in 2021-22 and 2022-23 can be partially explained by the 

rise in trading transportation fuels. In 2022, gasoline and diesel sales increased by 5.9% and 

2.1%, respectively, from 2021 across Canada (Statistics Canada, 2023). More specifically, 

Ontario saw the highest increase in gasoline sales in 2022, with an 11.5% rise, followed by 

Alberta at 9.5% (Statistics Canada, 2023). All these are potential indicators of rising NO2 

concentrations in the post-COVID-19 period as the economy and society return to more normal 

operations.  

5.1.2 Spatial Patterns of NO2 and O3:  

Across all five years, areas surrounding downtown Edmonton, northeast Edmonton, and 

industrial areas in the southeast areas consistently saw the highest annual mean NO2 

concentration. This spatial pattern of higher concentrations of the pollutant coincides with the 

presence of numerous industrial facilities, such as steel and metal fabricators, glassware 

manufacturers, and industrial equipment producers, particularly in northwest Edmonton. 

Additionally, the Winterburn industrial area, an industrial District in Edmonton, may 

significantly contribute to the NO2 concentrations in these regions. These regions are known for 
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heavy traffic as well. In addition, the southeast industrial areas, characterized by heavy industries 

and extensive impervious surfaces, also show elevated NO2 concentrations. Downtown 

Edmonton, being a traffic hub with numerous amenities and services, further propels NO2 

concentrations, combined with the presence of sources like the Rossdale Power Plant and the use 

of heavy-duty generators.  

Recent studies reveal that in Alberta, the upstream oil and gas industry contributes more 

than half of the total NO2 emissions, whereas traffic and mobile sources are influencing the 

urban NO2 concentration significantly (Government of Alberta, 2022b; Hajiparvaneh, 2023; 

Uarporn et al., 2018). Overall, the NO2 spatial pattern highlights the influence of localized 

emissions sources and underscores the need for targeted emission reduction strategies in 

industrial and high-traffic areas. Although the very high NO2 concentration area decreases in 

2022-23 in terms of area covered compared to all other years, an interesting fact is that the 

concentration range is the same in all five studied years. Because the study utilizes the natural 

breaks method to classify the NO2 concentration (Table 4.4).  

The spatial distribution of O3 presents more consistent patterns compared to NO2 across the 

study period with moderate spatial variations. Central-north Edmonton, a predominantly urban 

and industrial area consistently receives the highest amounts of O3 across all five years. 

However, the southern suburban area receives lower O3 concentration, where traffic is lower 

compared to the central zone. The potential reason can be the photochemical nature of O3 

formation, which is heavily influenced by the availability of sunlight and precursor pollutants, 

primarily NO2 and volatile organic compounds (VOCs) (Li et al., 2019; Sicard et al., 2020). In 

this case, it is important to denote that Sentinel-5P collects data during afternoon-evening time 

varying from ~5:30 pm to 7:30 pm (Edmonton local time) across the study area.  



 

68 

 

In the year 2022-23, O3 concentrations decreased across the study area, with the highest 

concentrations centered around the decommissioned airport area that is surrounded by industries. 

All the other years exhibited a similar pattern. This spatial shift emphasizes the complex 

interplay between local emissions, meteorological conditions, availability of precursors in the 

atmosphere, and regional transport (O. R. Cooper et al., 2010; Sicard et al., 2020; Sillman, 1999).   

5.2 Relationship with Explanatory Variables 

The study finds several patterns between NO₂ concentrations and the four explanatory variables. 

NO2 concentration is strongly influenced by elevation and temperature compared to road and 

population density. The highest correlation founds in 2018-19, and in subsequent years weakens 

noticeably. Though elevation plays a key role in NO2 distribution, factors like local emissions 

and weather patterns may also influence NO₂ concentration significantly (Seinfeld & Pandis, 

2016). On the other hand, compared to NO2, O₃ shows an inverse strengthening relationship with 

elevation during the study period. This is likely due to the presence of reduced precursors such as 

nitrogen oxides (NOₓ) and volatile organic compounds (VOCs) at higher altitudes (Li et al., 

2019).  

Temperature also shows a consistent and gradually increasing negative correlation with 

NO₂ over the study period, with similar results found as Morillas et al., (2024), and Siddiqui et 

al., (2022). This signifies that higher temperatures are linked to lower NO₂ concentrations. 

Potential reasons can be the reduced use of fossil fuel during warmer seasons, which may 

directly impact energy consumption, and more energy consumption triggers air pollution. 

Another potential reason can be the enhanced photochemical reaction that converts NO₂ into 

other compounds such as O3 (Monks et al., 2015; Siddiqui et al., 2022). In contrast to NO2, O3 

displays a weak and inconsistent relationship with temperature over the study period. This 
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suggests that temperature alone does not have a strong influence on O3 concentration in the study 

area. In this case, temperature may influence the photochemical formation of O₃, along with the 

presence of other factors like the availability of precursors in the atmosphere, sunlight, etc. 

(Sicard et al., 2020).  

The correlation between road density and NO2 is positive but weak, which shows the 

impact of traffic emissions broadly. Road traffic is a significant source of NO₂, particularly in 

urban areas with dense road networks with intense traffic (Beirle et al., 2003). However, the 

present study finds a weak relationship, and the time of data captured by Sentinel-5P may play a 

major role here. It is expected that traffic emissions would reach their peak during office hours 

when Sentinel-5P collects data from 6-8 pm across the study area. In contrast to NO2, O3 shows a 

moderate positive correlation with road density, with a strengthening relationship from 2018-19 

(Pearson's correlation 0.41) to 2022-23 (Pearson's correlation 0.50). This signifies the complex 

interaction between O₃ and NO₂ in urban-built environments, where road traffic contributes to 

the major precursors of O3, which can subsequently trigger O₃ formation through photochemical 

reactions (Monks et al., 2015; Siddiqui et al., 2022; Sillman, 1999). 

Finally, NO2 and O3 show very weak correlations with population density. This indicates 

an almost negligible influence of population density on NO₂ and O3 concentrations in the study 

area and signifies that population density alone is not a strong predictor of NO2 and O3 

fluctuations. Higher population density does not necessarily cause higher or lower O₃ 

concentrations, perhaps because the formation of O₃ is more dependent on the availability of 

precursors in the atmosphere and meteorological conditions instead of population density (Li et 

al., 2019; Sicard et al., 2020). Initially, it was expected that increases in the population would 

correlate with increasing air pollution, which could be explained by the intense use of 
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automobiles, per-household energy consumption, and housing industries required to build a 

shelter for the increased population which may significantly intensify home-hitting (Morillas et 

al., 2024). According to Statistics Canada and City of Edmonton projections, more than 100,000 

people moved to Edmonton over the past two years. This influx drove the population up by 10%, 

from just over one million in 2021 to 1.14 million in 2023 (Riebe, 2024). So, further detailed 

investigation may help to unfold the impact of this increased population on NO2 and O3 

concentration. 

5.3 Data Limitations 

Missing data and errors  

The study finds an overall 10% and 1% of satellite data were missing for NO2 and O3, 

respectively over the period. The potential reasons include ground segment anomaly, Copernicus 

ground segment issue, fewer measurements and reduced quality, and disruptive atmospheric 

conditions, among others.  

Spatial resolution of Sentinel-5P data 

The original spatial resolution of the Sentinel-5P data is 5.5km by 3.5km (Griffin et al., 2020; 

Siddiqui et al., 2022), however, the study utilizes approximately 1km spatial resolution data from 

Google Earth Engine (GEE) (Google Earth Engine, 2024d, 2024e). While better, the 

approximately 1km spatial resolution data cannot identify road/street level emissions (Goldberg 

et al., 2021; Griffin et al., 2020) because the road width is not even equal to the spatial resolution 

of the satellite data. To overcome this limitation, suitable interpolation techniques may be 

applied to enhance the spatial resolution of the satellite data. In this case, level 2 Sentinel-5P data 

with its original spatial resolution (5.5km by 3.5km) should be utilized to ensure minimal data 
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convergence. It is important to note about the 1km spatial resolution data that GEE has not 

provided much information about downsampling methods such as which interpolation techniques 

it utilized to produce 1km pollution data.  

Temporal variability  

The temporal resolution of Sentinel-5P is twice a day. It collects data between 6-8 pm 

(Edmonton local time) and this might be one of the potential reasons for week correlation 

between NO2 and road density, because higher traffic congestation occurs during office hours, 

typically at the morning 7am – 9am and afternoon 3pm -5pm.   
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Chapter 6 Concluding Remarks and Future Work 

6.1 Summary 

The study explains the temporal and spatial distribution of NO2 and O3 concentrations, and their 

relationship with elevation, temperature, road density, and population density across Edmonton 

during 2018-2023. It finds notable variations in NO2 concentrations and relatively lower 

variations in O3 concentrations in Edmonton. NO2 significantly increases during the winter 

months (December to February) and decreases in the summer months (June to August). O3 peaks 

in late winter and early spring (February to April) and decreases in late summer and early fall 

(August to October). This seasonality highlights the role of climatic factors and human activities 

on the behavior of air pollutants where with the increase of temperature, NO2 decreases, while 

lower temperature triggers home heating and increases NO2 levels. It also finds noteworthy daily 

variability, where NO2 concentrations are generally higher on weekdays, with peaks on 

Wednesdays and drops during weekends, particularly on Sundays. O3 remains stable throughout 

the week. Developed urban areas with higher traffic congestion and industrial areas consistently 

exhibit the highest NO2 concentrations, while O3 shows a largely inverse spatial pattern. The 

study identifies temperature and elevation as the most influential variable for NO2, and elevation 

and road density for O3 along with some variability across the study period.  

The findings of the study may help decision-makers in many ways. Firstly, NO2 pollution 

control should be prioritized in hotspot areas like central Edmonton and near major highways. 

Secondly, the relationship between air pollutants and explanatory variables can be utilized to 

prepare guidelines for urban development plans to ensure sustainable built environments. 

Thirdly, winter season compatible policies can be undertaken to reduce air pollution during 

winter months, such as promoting the use of renewable energy, introducing carpooling 
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initiatives, and  planning for developments that are more energy efficient in both their heating 

system. Fourthly, the result of the study implies the need for advanced traffic management in 

highly dense downtown Edmonton areas, and planning for more efficient transportation 

infrastructure such as promoting walking among other active transport options.  

6.2 Future Work  

Neighborhood-level spatiotemporal analysis can be undertaken utilizing data fusion techniques 

where high-resolution optical remote sensing data or microwave remote sensing data could be 

combined with Sentinel-5P data. Using these methods, high-resolution air pollution data can be 

produced, and emission sources can be identified precisely employing high-resolution air 

pollution data.  

Station-based observation data can be collected and compared with the present study. This 

will allow us to know more about the convenient data sources. Similarly, station data can also be 

utilized to conduct neighborhood-level studies by choosing small areas where the density of the 

station is high and using interpolation techniques to scale up the spatial resolution of the data. 

Neighborhood scale work can also be initiated by incorporating energy consumption data at the 

civic address level. 

Additional explanatory variables such as wind speed, wind direction, population density, 

land uses, among others can be investigated to gain a better understanding of the behavior and 

influences of air pollutants across the study area. Sunshine hours play a major role in the cycle of 

NO2 and O3 formation (described in 2.3). Therefore, hourly or daily sunshine hours can be 

investigated as an explanatory variable. In this case, the relationship between hourly station data 

of NO2 and O3, and hourly sunshine data can be investigated. Socio-economic data of the census 

tract can also be pulled off to investigate its influence on the variability of air pollutants. Such as, 
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average household size, different income groups, different age group, household types, and 

mobility status. 

The study utilizes freely available and open-source satellite and station-based air pollution 

data (2018-19 to 2022-23) and provides a foundation for decision-making in environmental 

policy for Edmonton, Canada. The data and techqnieus employed in this study can be replicated 

for other cities across Canada, and indeed around the globe. Doing so would provide policy 

makers essential insights into the distirbution of air-borne pollutants across their study areas.  

Epxnadoing the work would also enrich the scientific community in understanding the 

relationship between ozone and nitrogen dioxide concentations and the various environmental 

and anthropological conditions. As the world’s population continues to urbanize, air pollutants 

including ozone and nitrogen dioxide will continue to be major issue. Effective monitoring is 

essential in managing and minimizing the public health issues surrounding increasing levels o 

nitrogen dioxide and ozone in Edmonton and beyond. 
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Appendix A 

Table A. 1 An overall scenario of primary heating practices in residential heating systems over Edmonton, Alberta, and Canada 

(Statistics Canada, 2022b) 

Primary heating systems 
Edmonton Alberta Canada 

2017 2019 2021 2017 2019 2021 2017 2019 2021 

Percentage  

All primary heating systems 99 99 99 99 99 99 95 95 93 

Forced air furnace 86 78 80 85 81 82 55 52 51 

Electric baseboard heaters F F 4 3E 3 4 26 26 25 

Heating stove F F F F F  3 2 2 

Boiler with hot water or steam radiators 9 14 9 9 11 9 8 9 8 

Electric radiant heating F F F F 2E 2 1 3 4 

Heat pump F F F F F F 4 5 6 

Other types of heating system F F F F 2E 2E 0 3 4 

Note: E= use with caution & F= too unreliable to be published 

 

 

 

 

 


