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Abstract

Ambient exposure to nitrogen dioxide (NO2) and ozone (O3) is associated with severe

health problems and health-related economic burdens. The levels of NO2 concentra-

tion in the province of Alberta show that they will exceed the updated Canadian

Ambient Air Quality Standards (CAAQS) in Edmonton and Calgary. This research

aims to identify the sensitivity of NO2 concentration to changes in emissions from

two primary sources of transportation and upstream oil and gas for populated areas

in Alberta. It also investigates the O3 concentration differences in the summer and

winter due to variations of NO2. Understanding primary sources of criteria air con-

taminants (CACs), including NO2 and O3 in Alberta, using a detailed atmospheric

air pollution model is the focus of this work.

Meteorological parameters of temperature and wind were captured using the open-

source Weather Forecasting and Research (WRF) model. The most recent compre-

hensive Alberta emission inventory data for 2013 was used as the base year emission

input. The emission data were processed using the US EPA Sparse Matrix Object

Kernel (SMOKE) to generate gridded outputs of temporal, spatial, and chemical

profiles of emission sources. WRF and SMOKE outputs were combined with the

Community Multiscale Air Quality (CMAQ) chemical transport model. A nested do-

main with the finest spatial resolution of 4 km�4 km was used in the model domain

of the province of Alberta.

The air pollution model output was validated using data from 40 air quality ground

observation stations provided by the National Air Pollution Surveillance (NAPS)

program. Validation was performed using two periods: January 2019 (10th-20th)
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and July 2019 (15th-25th). Hourly averaged simulation results were compared to

ground station measurements. The model performance adequately replicated the

spatiotemporal profiles of hourly averages of NO2 and O3 measurements. The effect of

winter and summer temperatures on both temporal and spatial emission concentration

was evaluated. Analyzing the diurnal simulation data shows that the average daily

NO2 concentration in winter is 18 � NO2 � 24 ppb in Calgary and Edmonton, the

major cities of Alberta, which is approximately three times higher than the average

of 6 � NO2 � 8 ppb for summer. Industries and oilsands areas also experience the

same trend from 3 � NO2 � 5 ppb in summer to 9 � NO2 � 13 ppb in winter.

A sensitivity analysis was carried out to determine the effect of primary anthro-

pogenic emission sources, namely mobile sources and upstream oil and gas (UOG), on

the concentration of NO2. Approximately 48% and 15% of NOx emissions in Alberta

come from UOG and mobile sources, respectively. The sensitivity analysis results

at monitoring stations located in the cities of Edmonton and Calgary showed that

mobile sources contributed to significantly higher fractions of 54% and 46% of NO2

in cold and warm modeling periods, respectively. In these stations, the impact of

UOG sources was found to be less than 10% for each modeling period. The UOG

sources effect is more pronounced at a regional background station and outside ur-

ban areas. Analyzing O3 concentration variation due to perturbed emission reveals

that the cities of Edmonton and Calgary, are NOx-saturated regimes. Furthermore,

sensitivity analysis showed that the NO2 concentration almost linearly responded to

emission changes. The linear response of NO2 to emission perturbation indicates in

Alberta’s two large cities, emissions from mobile sources should be reduced by 20%

to meet 2025 CAAQS limits.

The research air pollution simulation tool developed in this thesis has been val-

idated with ground-level concentration measurements. It can be used to examine

scenarios to analyze the interactions of CACs concentrations with weather-related

incidents, climate change, and technologies and policy changes.
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Chapter 1

Introduction

1.1 Motiviation and Objectives

Industrialization, the growth of population, and as a result the growing need for trans-

portation have motivated many studies on air pollution and its adverse e�ects [1{3].

Canada's latest health report reveals that, in 2021, air pollution contributed to the

15,300 premature death around Canada [4]. Recently, Nitrogen dioxide (NO2), as one

of the criteria for air contaminants, has received particular attention from the govern-

ment of Alberta [5, 6]. Exposure to NO2 (above the background level) is attributed

to adverse health issues such as asthma, irritation, and infection of the respiratory

system [7]. The majority of NO2 concentration is formed through the combustion pro-

cess of fossil fuel, which happens at power plants, on-road and o�-road vehicles [8].

In Alberta, the trends of NO2 concentrations show that although the NO2 emission

have been decreasing, it still exceeds the new Canadian Ambient Air Quality Stan-

dards (CAAQS) [6]. Therefore, new policies and management plans for NO2 emission

abatement are needed in Alberta Province [9]. To help Alberta's decision-makers

to de�ne informed policies, an air quality model (AQM) for the province of Alberta

has been developed in this study. By incorporating the AQM, the e�ectiveness of

proposed plans for emission reduction can be evaluated.

Air Quality Models are computational tools to simulate the physicochemical pro-

cesses in the atmosphere [10]. AQM helps us to better understand the origin, trans-
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portation, and fate of di�erent pollutants in the atmosphere [11]. The AQM is a tool

to analyze the impact and e�ectiveness of emission control strategies, and as such

is a key tool for helping air pollution stakeholders to de�ne science-based policies

for emission abatement. The AQM, used in this study, consists of three complex

numerical models for a domain consisting of 4km� 4km cells covering the entire

Alberta province. Firstly, the weather research forecast (WRF) model to determine

and predict 3-dimensional meteorological �elds. Secondly, the sparse matrix oper-

ator kernel emissions (SMOKE) model which provides a spatiotemporal pro�le for

emission inventory data. And the last model is community multiscale air quality

(CMAQ). CMAQ is a chemical transport model that provides an hourly map of the

concentration of di�erent species. The main objective of this research is to develop

and validate an integrated AQM for the whole Alberta province in order to allow the

analysis of NO2 emissions in Alberta. The COVID-19 pandemic signi�cantly altered

human activities and resulted in an unusual trend for emissions after the COVID [12].

To avoid this bias, the model is validated for a pre-COVID period in 2019. A second

objective is to analyze the contribution of major NO2 sources and their impact on

the NO2 spatial and temporal distribution over the entire province of Alberta. The

AQM, once validated, can be used to explore emission scenarios where NO2 emissions

are changed.

Providing guidance for strategies to comply with future CAAQS' regulations is

performed by providing a better understanding of the spatiotemporal distribution of

NO2 concentration. Two major NO2 sources in Alberta are the Upstream oil and

gas (UOG) industry and mobile sources (transportation). In this study, the impact

of these two sources are compared using sensitivity analysis. UOG is responsible

for emitting almost half of the total NOx emission in Alberta (322,712 tons/year)

[13], and mobile sources emitting almost 98,357 tons/year are among the high NOx

emitters in Alberta [13]. The e�ect of these sources on the air quality health index

(AQHI), which is used as a known standard to inform the health risk associated with
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exposure to pollution [14], is studied in detail. It is important to note that in order

to generalize (extrapolate) the results for the whole year, data from time periods

without extreme events, like a forest �re, are considered.

The most recent Canadian Ambient Air Quality Standards (CAAQS) de�ne more

stringent thresholds for NO2 and O3 concentrations starting in 2025, compared to

the previous standards for 2020 [15]. For example, the NO2 threshold is an annual

average of 17 ppb in 2020 but this threshold is reduced by 30% to 12 ppb in 2025

[15]. In Alberta, the actual trends of NO2 concentration show the exceedance of 2025

CAAQS [6]. To quantify and understand the emission trends, detailed and up-to-date

emission �les are needed to parametrize and execute the AQM. To understand the

capabilities and limitations of the AQM, validation on measured NO2 concentrations

is performed. Observation data from 40 monitoring stations in Alberta from the Na-

tional Air Pollution Surveillance (NAPS) program are used for ground-level pollution

concentration validation. Stationary and mobile emission sources are obtained from

Alberta Environment and protected areas [16].

The e�ect of each UOG or mobile source emissions is examined by zeroing out each

source individually. In the zero-out case (ZOC), the emission from one speci�c source

will be eliminated and the model's response will be re-calculated. The di�erence

between the base case and ZOC shows the in
uence of the respective source. Variation

of NO2 concentration by applying a perturbation to the emission sources allows an

emission sensitivity to be performed for small perturbations. To gain insight into

possible emission abatement strategies, hypothetical scenarios of emission change of

mobile sources and UOG sources are performed.

1.2 Thesis Contribution

The previous atmospheric modeling studies for Alberta province focused on some

parts of the province and the model was validated for PM2.5 and Ozone contami-

nants. In this study, the model was developed and validated for the entire province

3



considering the most updated emission inventory available. The focus of this study

was addressing the NO2 exceedance from CAAQS. Therefore, the model results were

validated for replicating the NO2 concentration.

Alberta has a continental climate. In warm seasons, the temperature normally

varies between 16 to 30°C with a mean value of around 22°C. Although a number of

researchers have analyzed NO2 concentrations around the world, a limited number

of studies consider the e�ect of considerable temperature variation and cold climate

impact on NO2 concentration. Analyzing a case study for the province of Alberta,

this study addresses the impacts of large temperature variations and cold climate on

NO2 concentration.

Adopting a sensitivity analysis approach, di�erent emission scenarios considering

both minor and major perturbations on emission sources were evaluated for the �rst

time for the province of Alberta. The major perturbation provided details on major

sources' contribution to NO2 concentration. And minor perturbation was used to

evaluate the response of NO2 concentration to emission changes and to determine

the NO2 regime for Alberta. Using the sensitivity results, observed data, and 2025

CAAQS thresholds, the required emission change for realizing the new CAAQS stan-

dard was calculated.

1.3 Thesis Outline

This thesis is organized into 5 chapters. The problem statement, motivation, and the-

sis contribution are summarized in chapter 1. In the second chapter, the background

and literature review of NO2 modeling using an atmospheric model is described. De-

tails regarding the emission �les, sensitivity analysis, and tropospheric chemistry are

also provided. Chapter 3 describes the meteorological model and the atmospheric

chemistry model used in the simulation of the transportation of chemical species.

Details of the model including assumption and numerical method are described. The

benchmark data used for model validation are also described in chapter 3. In chapter
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4, the results of the model validation are presented �rst. The model is compared to

the ground measurements and the accuracy and validity of the model are discussed.

Using the validated model, a zero-out study and sensitivity analysis are performed

and the impact of di�erent scenarios is described. Finally, the e�ect of emission

sources on the air quality health index is investigated to start making a connection

between air quality and human health.
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Chapter 2

Background and Literature Review

2.1 Alberta Air Quality Objectives and Standards

Alberta Environmental Protection and Enhancement Act (EPEA) is the primary leg-

islation in Alberta to promote and support the protection and enhancement of the

environment as well as de�ne regulations to control activities that a�ect the environ-

ment [17]. Under this act, the Alberta Ambient Air Quality Objectives (AAAQO)

were developed considering scienti�c, social, technical, and economic factors for im-

proving air quality [18]. AAAQO is used to manage and orient the activities and

construction of major emission industries and sources, to inform Albertans regarding

the state of the atmospheric environment and air quality index [18]. These objec-

tives, shown in table 2.1 for pollutants of concern in this study, can be evaluated for

di�erent averaging periods of either 1-hr, 24-hr, or annual, where applicable.

Table 2.1: Alberta Ambient Air Quality Objectives [18]

Substance
Averaging

Period

Concentration

(ppb)

E�ective

Date

Last

review

Nitrogen dioxide 1-hr 159 1975 2009

Annual 24

Ozone (ground level)
1-hr daily

maximum
76 1975 2019

AAAQO is an Alberta provincial act. The Canadian Council of Ministers of En-

vironment (CCME) have established the Canadian Ambient Air Quality Standards
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(CAAQS) on a national scale [19]. CCAQS, as a part of the Air Quality Management

System (AQMS), was developed to assess the realization of the actions for improving

the air quality across Canada. To help protect human health and reduce the emission

of various pollutants, the CAAQS have been de�ned for several chemical substances.

A summary of CAAQS for the pollutants of concern in this study is provided in

table 2.2.

Table 2.2: Canadian Ambient Air Quality Standards [19]

NO 2 1-hour (ppb) NO 2 annual (ppb) O3 8-hour (ppb)
Management Level

2020 2025 2020 2025 2020 2025

Red > 60 > 42 > 17.0 > 12.0 > 62 > 60

Orange 32 to 60 32 to 42 7.1 to 17.0 7.1 to 12.0 57 to 62 57 to 60

Yellow 21 to 31 21 to 31 2.1 to 7.0 2.1 to 7.0 51 to 56 51 to 56

Green � 20 � 20 � 2.0 � 2.0 � 50 � 60

The calculation procedures of the thresholds, presented in table 2.2 are di�erent.

NO2 1-hour threshold is the 3-year average of the annual 98th percentile of the NO2

daily maximum 1-hour average concentrations [20]. 98th percentile is considered to

eliminate the e�ects of occasionally observed maximums due to exceptional events

like forest �res. NO2 annual is the average over a single calendar year of all NO2

1-hour average concentrations in the year [20]. O3 8-hour is the 3-year average of the

annual 4th highest daily maximum 8-hour average concentrations [21]. In this study

to analyze the CAAQS achievement the NO2 annual was considered and calculated.

CAAQS divides the concentration level of intended pollutants at a certain location

into four categories corresponding to air quality objectives as [22]:

ˆ Red : To reduce pollutant levels below the CAAQS through advanced air man-

agement actions.

ˆ Orange : To improve air quality through active air management and prevent

exceedance of the CAAQS.
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ˆ Yellow : To improve air quality using early and ongoing actions for continuous

improvement.

ˆ Green : Air quality stakeholders should apply management measures to main-

tain clean air levels.

Compared with 2020, more stringent CAAQS for NO2 and O3 have been estab-

lished for 2025. The status of di�erent monitoring stations in Alberta is compared

with the NO2 CAAQS standards based on the annual averages of measured NO2. To

do this, observation data from the year 2019 for forty stations are averaged and com-

pared to CAAQS standards for 2020 and 2025. The year 2019 was chosen as it was

before the COVID pandemic and was judged to be more representative of a \typical"

situation. The more stringent CAAQS for the year 2025 is included to investigate

how the future standard will impact the CAAQS management level of these stations

across Alberta. The results are shown in table 2.3.

Table 2.3: CAAQS Management Level for 40 stations in Alberta based on an annual
average of measured NO2 values in 2019

Station Name NO 2 -measured CAAQS 2020 CAAQS 2025

Beaverlodge 4.7 Y Y

Grande Prairie-Henry Pirker 11 O O

Anzac 2.3 Y Y

Cold Lake South 3.5 Y Y

Conklin 1.3 G G

Fort Chipewyan 2.1 Y Y

Fort McKay-Bertha Ganter 8.3 O O

Fort McKay South 7.3 O O

Fort McMurray-Athabasca Valley 7.7 O O

Fort McMurray-Patricia McInnes 5.4 Y Y

Carrot Creek 4.7 Y Y

Edson 8.1 O O

Hinton 7 Y Y

Steeper 2.1 Y Y

Ardrossan 7.1 O O

Breton 4.2 Y Y

Bruderheim 5.8 Y Y
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Caroline 2.6 Y Y

Edmonton Central 14.9 O R

Edmonton East 12.1 O R

Edmonton South 10.4 O O

Edmonton-Woodcroft 12.4 O R

Elk Island 3.5 Y Y

Fort Saskatchewan 7.9 O O

Genesee 6.9 Y Y

Gibbons 7 Y Y

Lamont County 4.1 Y Y

Redwater 5.3 Y Y

Sherwood Park 10.1 O O

St. Albert 10.4 O O

St. Lina 2.1 Y Y

Tomahawk 3.9 Y Y

Violet Grove 4.4 Y Y

Red Deer-Lancaster 8.8 O O

Red Deer-Riverside 9.8 O O

Airdrie 6.5 Y Y

Calgary Central-Inglewood 15.5 O R

Calgary Southeast 13.3 O R

Lethbridge 5.5 Y Y

Medicine Hat-Crescent Heights 6.9 Y Y

For the CAAQS management level for 2020, 43% and 55% of stations are orange

and yellow levels respectively, one station, Conklin, is green and there is no station

in the red level. If the emission levels based on 2019 remain constant the CAAQS

management levels will get worse in 2025 due to the more stringent requirement in

this year. Considering 2025 CAAQS at 2019 emission levels, 13% of stations will be

red, 30% stations will be orange, 55% will be yellow and one station will be green.

At 2019 emission levels, all the major cities of Edmonton and Calgary will be in red

management level. Although this is only around 12% of the total NAPS stations in

Alberta, these cities have nearly 55% of the total population of the province. The

NO2 exceedance of the CAAQS is a crucial and pressing issue that requires targeted

actions and new policies to prevent exceeding CAAQS. Because of this important

and pressing problem, NO2 concentration is the focus of this study. Due to the

bidirectional reaction between NO2 and O3 in the atmosphere, the O3 also must also
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be analyzed. Further, since meteorological parameters such as ambient temperature

and sunlight a�ect NO2 and O3 concentration considerably, both summer, and winter

conditions are analyzed in Alberta.

Developing an integrated air quality model to address the NO2 exceedance of the

CAAQS and corresponding issues, is the main goal of this study. The contribution

of di�erent anthropogenic emission sources to the NO2 and O3 concentration are

determined using the validated model. Then di�erent emission scenarios are analyzed

to help decision-makers understand impacts of di�erent sources and their sensitivities.

The results can then provide Alberta policy makers a scienti�c basis to implement new

emission policies to meet CAAQS regulations and provide Albertants with clean air.

The AQM is a useful tool to evaluate the e�ectiveness of new policies for improving

air quality and will be described in detail.

2.2 Air Quality Modeling

Air Quality Models (AQMs), also called chemical transport models are computational

3-D models to reproduce or predict the physical and chemical behavior of pollutants

in the atmosphere. AQMs are an important tool providing government and policy-

makers guidance on the e�ectiveness of a new policy for emission abatement [23].

Recently, AQMs have been extensively used in global, regional, and local scales for

scienti�c research and environmental assessment plans [24]. AQMs are typically used

to assess the impact of emission and climate scenarios, assess the long-term air quality

and atmospheric behavior, and to forecast short-term periods of air quality [25]. In

this research, the impact of emission and climate scenarios are assessed. The e�ect

of emission sources and emission scenarios on NO2 and O3 concentration for Alberta

is the focus of this work.

Air quality studies within Alberta province to address the regional or local air

quality concerns using AQMs have been performed in the past. Most of these studies

have focused on the northern part of Alberta, the Athabasca oil sands region. They
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introduced and evaluated AQMs [26, 27], and performed source apportionment study

[28] for Ozone and PM2.5. The most recent Alberta government modeling report,

which developed an AQM for the whole province, the source apportionment study

was carried out to facilitate planning the management actions for controlling PM2.5

[13]. These modeling studies did not analyze the NO2 concentration exclusively. In

contrast, in this study the model results for the NO2 pollutants and emission scenarios

and sensitivity analysis for NO2 concentration are performed while considering the

emission sources for the entire province of Alberta. Review of the relevant AQM

studies worldwide that either analyzed NO2 or O3 is described next.

2.2.1 Nitrogen Dioxide in Literature

Due to the rapid growth of population, urbanization, and therefore need for trans-

portation, anthropogenic emissions have increased signi�cantly [1{3]. NO2 is one of

the most important anthropogenic emissions which adversely a�ect human health

and the atmosphere [29, 30]. NO2 major anthropogenic sources are the combustion

of fossil fuel in vehicles, power plants, and industrial sources [31]. Worldwide, there

has been a growing number of air quality modeling studies to address the NO2 issues

[30, 32, 33]. In a case study of two major urban tra�c sites in Italy, it was shown

that tra�c sources' contribution to the NO 2 level is much higher than the domestic

heating or industrial sources [34]. For Turin, Italy, a modeling study suggest that

the NO2 and O3 concentrations have an inverse relationship, when one increases the

other decreases[30]. Using a hybrid models by fusing observation data to improves the

resolution of the AQM for analyzing NO2 concentration. The hybrid model's high-

resolution results for the winter period, show a high sensitivity of NO2 concentration

to mobile emission sources (tra�c) [35]. The most recent Alberta photochemical

modeling performed a source apportionment study and show that although the up-

stream oil and gas (UOG) industry emitted more than half of the total NO2 emission

in Alberta, the NO2 concentration in urban areas is also a�ected considerably by
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tra�c and mobile sources [13].

A long-term AQM simulation of NO2 concentration changes in China, is used

to understand the e�ect of meteorology and emission changes[36]. For an inter-

annual period, they found that although the meteorological conditions a�ect the NO2

concentration, the impact of emission changes is more dominant [36]. In another long-

term analysis, the ground-level NO2 concentration is evaluated along coastal areas in

China, over a long term [37]. The e�ectiveness of the emission reduction policies for

these regions is demonstrated using an AQM [37].

In this study, an AQM to evaluate ground-level NO2 and O3 concentration is

developed for the province of Alberta. Using AQM, sensitivity analysis is performed

to determine the e�ect of emission sources. Since NO2 concentration is sensitive to

both mobile sources and UOG in Alberta, the sources are categorized as the mobile

source, UOG source, and other sources. To analyze the impact of meteorology changes

in winter and summer on NO2 and O3, the simulation is performed for two two-week

periods, one in the summer and one in the winter.

2.3 Alberta Emission Inventory

To have an accurate AQM it is essential to account for all the sources of emission in

an emission inventory. Emission Inventory is the most important and, at the same

time, most uncertain input of AQMs [23]. The quality and accuracy of the emission

inventory �les directly a�ect the performance of the modeling system [38]. There

are several di�erent emission inventory databases available for province of Alberta

including National Pollutant Release Inventory (NPRI) [39], Environment Canada

and Climate Change (ECCC) modelers' air pollution emission inventory [13]. In this

study, the latest emission inventory comprised of a combination of available inven-

tories is used. This emission inventory was compiled by the Ramboll company and

NOVUS Environmental [13] and is currently the most complete emission inventory

available for air quality modeling purposes. This emission inventory has also been
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used in the latest Alberta photochemical modeling report [13]. This database, devel-

oped for the year 2013, categorizes the emission sources into seven sectors [13].

ˆ Agriculture

ˆ Coal-�red Electrical Generating Units (EGUs)

ˆ Forestry, wood products, pulp, and paper production

ˆ On-road mobile sources

ˆ Industrial sources

ˆ Non-industrial sources

ˆ Upstream Oil and Gas (UOG)

The total emission from these major sources is shown in the �g. 2.1.

Highlighting signi�cant data in �g. 2.1, NO x, which is a total concentration of Ni-

trogen oxides (NO and NO2), after PM10 and CO is the third highest anthropogenic

emission in Alberta. As shown in �g. 2.1, the total NOx emission in Alberta is more

than 600,000 tons/year and when comparing the contribution of di�erent NOx emis-

sion sources, UOG emission is almost three times higher than any other NOx sources

with approximately 48% of total NOx in Alberta. The second and third highest NOx

sources are non-industrial point and non-point sources and on-road mobile sources,

respectively. The contribution of these sectors to the production of NOx emission is

almost 20% for the former and 15% for the latter.

The large contribution of the UOG sector to the production of NOx, and the

sensitivity of NOx to mobile sources in large cities [34, 35], is the motivation to

evaluate the impact of these two sources on the NO2 exceedance of CAAQS.

The United States Environmental Protection Agency (US EPA), divides emission

sources into two broad groups: point sources and non-point sources [40]. Point sources

refer to any sources that emit from an easily identi�able and con�ned place. Examples
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Figure 2.1: Alberta anthropogenic emissions summary for 2013 by sector;
a)percentage of total emission by sector, b)Emission by pollutants by sector in ton-
s/year

of these types of sources are UOG, industrial sources, power plants, etc. Non-point

sources refer to sources where the total emission comes from many distributed (in

space) sources. A good example of a non-point source is on-road mobile sources of

many vehicle.
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2.4 Tropospheric Chemistry

The Earth's atmosphere has been divided into �ve layers from the earth's surface to

space (> 500km altitude) [41]. The lower layer, which we live in, extends from the

ground to approximately 12 km in height and is called the troposphere. Nearly 80% of

the total mass of the atmosphere exists within the troposphere layer. Almost all the

emissions emitted from anthropogenic sources and natural activities enter this layer.

It is important to note that within this layer, most emissions are trapped in the lower

1 km of the troposphere. This 1km height layer is called the planetary boundary

layer[41]. The high concentration of emissions in the troposphere layer necessitates

understanding the chemistry of common air pollutants in this layer for air quality

modeling.

NO2 and ground-level Ozone are two common air pollutants denoted \Criteria Air

pollutants" [42]. They are the focus of this study since NO2 levels exceed the 2020

CAAQS yellow management level for almost the entire province of Alberta as shown

in table 2.3. The Ozone level is also relatively high [43]. These two pollutants are

crucial species in atmospheric chemistry especially in the tropospheric layer since they

a�ect adversely human health and the environment [44, 45]. Long and short exposure

to these chemical compounds could lead to severe health issues such as asthma, hy-

pertension, heart disease, chronic respiratory and lung disease, and premature death

[4, 46, 47]. Understanding the chemical behavior of these substances, and how they

interact with other species and transport through the troposphere is the focus of the

rest of this chapter.

2.4.1 Nitrogen Dioxide Chemistry

Nitrogen dioxide (NO2), which is one of the US EPA criteria air contaminants[42], is

a highly reactive chemical compound and temperature dependent in the troposphere.

NO2 lifetime varies from a few seconds at high temperatures to several days at lower
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temperatures. Nitrogen oxides (NOx), which are comprised of NO and NO2, can

highly a�ect the troposphere chemistry through the formation of Ozone, smog, and

acid rain. Nitrogen oxides sources are Both natural and anthropogenic sources. Nat-

ural sources of NO2 include forest �res and lightning strikes. However, the majority

of NO2 emissions are the product of the oxidization of the NO generated through

the combustion process of fossil fuels [48]. This combustion occurs in on-road and

o�-road vehicles, industrial sources, power plants, construction equipment, etc. In

combustion reactions, the temperature is high enough so nitrogen and oxygen react

and produce nitrogen monoxide [41]. Then this nitrogen monoxide combines with

oxygen and produces NO2 [41].

N2 + O2 �! 2NO (2.1)

2NO + O2 �! 2NO2 (2.2)

NO2 can participate in the formation of ground-level Ozone. As NO2 is highly

reactive, this formation can occur in the presence of sunlight in a process called

photo-dissociation.

NO2 + hv �! NO + O (2.3)

O + O2 �! O3 (2.4)

NO + O3 �! NO2 + O2 (2.5)

First, the sunlight energy, which is depicted byhv, breaks NO2 into nitric oxide and a

free oxygen atom. Then, the free oxygen atom reacts with oxygen molecules and pro-

duces Ozone. The NO generated in reaction 2.3 quickly reacts with Ozone generated

in reaction 2.4 and reproduces the NO2 molecules. These series of reactions could

take place in a time scale of minutes depending on the temperature and concentra-

tions. In a clean atmosphere, this whole process establishes an equilibrium between

NO, NO2 and Ozone concentration and is called the null cycle between NO2 and O3

in atmospheric chemistry. The null cycle is a diurnal steady-state cycle that a�ects
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steady-state O3 concentration. The removal process of NO2 from the atmosphere

happens through the solvation of NO2 in water particles and generating acid rains

or through absorption by larger particles like ammonia and generating particulate

matter.

As said earlier, the null cycle happens during the daytime and in the presence of

sunlight. However, at night, NO2 chemistry is di�erent. Almost all the NOx in the

form of NO reacts rapidly with O3 and converts into NO2 (reaction 2.5). Then NO2

through reaction with O3 generated nitrate radical (NO3).

NO2 + O3 �! NO3 + O2 (2.6)

The conversion of NO, NO2, O3 to NO3 at night decreases the O3 concentration.

However, NO3 in the presence of sunlight rapidly photolyze to NO and NO2 in a

matter of seconds.

NO2 + NO3 �! N2O5 (2.7)

N2O5 + H2O(s) �! 2HNO 3 (2.8)

At night, through some reactions involving water particles (H2O), NO2 and NO3

produce HNO3 and remove from the atmosphere (reactions 2.7 and 2.8). Reaction

2.8 is one of the major removal paths of NOx from the atmosphere.

2.4.2 Ozone Chemistry

Ozone is a reactive oxidant that plays two completely di�erent roles in the atmosphere

[41]. In the upper layer of the atmosphere, the Ozone presence is vitally important

cause it absorbs the ultraviolet radiation of sunlight [41]. However, in the troposphere

layer, Ozone is known as a criteria pollutant, which can a�ect adversely human health

[49]. The adverse e�ects of Ozone in the troposphere are not limited to human health

[50]. Ozone is one of the main ingredients of the \smog", which disturb the regional

weather substantially [50].
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Ozone is a secondary air pollutant, which means that it is a production of the

chemical reactions of another species. Nitrogen oxides (NOx), volatile organic com-

pounds (VOCs), and carbon monoxide (CO) are the major species from which Ozone

is formed and called precursors of the Ozone.

CO + 2O2 + hv �! CO2 + O3 (2.9)

Reaction 2.9 is the net e�ect of the series of reactions involving CO that result in O3

production. The major sources of Ozone chemical precursors compounds are vehicle

exhaust, industrial sources, and chemical solvent [51]. The chemical reactions that

generate Ozone, like the null cycle, are highly dependent on energy and radiation

from sunlight [52]. The peak periods of Ozone typically happen in the summertime

[52].

One of the key reactive species in atmospheric chemistry that a�ect O3 signi�cantly

is hydroxyl radical (OH). Prior to directly a�ecting the O 3 production, hydroxyl and

hydroperoxyl (HO2) radicals react with VOCs, and NOx to initiate the process.

RH + OH + O2 �! RO2 + H2O (2.10)

RO2 + NO �! RO + NO2 (2.11)

HO2 + NO �! OH + NO2 (2.12)

Consider a reactive VOC (denoted RH), the reaction of this substance with the

hydroxyl radical generates alkyl peroxy radicals (denoted RO2) and H2O [53]. Then

the resulting RO2 reacts with nitric oxide and produces nitrogen dioxide, which goes

through a null cycle [53]. The propagation and termination of these series of reac-

tions are a�ected by the availability of hydroxyl and hydroperoxyl radicals [54]. The

availability of these radicals is dependent on the VOC and NOx concentration level.

Therefore the ratio of VOCs to NOx is important to determine Ozone production. At

low NOx concentration, which is called a NOx-limited regime, these radicals have a

tendency to react with VOCs. However, when the NOx concentration level is higher,
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called the NOx-saturated regime, these radicals have a tendency to react with NOx

rather than VOCs. Generally, in NOx-limited regime, the O3 rate of production varies

linearly with NO x, and VOCs do not a�ect the Ozone level [41]. In NOx-saturated

regimes, Ozone concentration varies inversely with NOx concentration and linearly

with VOC concentration [41]. In this case, NOx is a sink for HOx radicals [41, 55].

Considering the null cycle, at NOx-limited regimes, reactions 2.3 and 2.4 are dom-

inant direction and will lead to higher O3 concentration. While, at NO3-saturated

regimes, reaction 2.5 is dominant and O3 destroy.

2.4.3 Atmospheric Stability

stability is one of the essential concepts in atmospheric chemistry. To evaluate sta-

bility, consider a parcel of air containing emitted pollutants. The tendency of this

air parcel to displace vertically from its position determines the level of stability [41].

In a stable atmosphere, the displaced parcel returns to its initial position; in an un-

stable atmosphere, the displaced parcel accelerates and moves to a new place [41].

The level of atmospheric stability near the surface a�ects the pollutant concentration

[56]. Atmospheric stability generally leads to pollutant builds up, and unstability

helps pollution dispersion. The degree of stability can be derived from the idea of

turbulent 
ow in the atmosphere. The atmospheric turbulence is a�ected mainly

by buoyancy forces and mechanical shears (like wind) [56]. The proportion of these

two e�ects determines the level of stability. For example, in an unstable atmosphere,

buoyant forces dominate the mechanical shears and the air parcel accelerates upward,

resulting in emission dilution near the surface [56]. The Monin-Obukhov similarity is

a method to parametrize the turbulence 
uxes near the surface. Using this method,

the height at which the e�ect of buoyancy dominates the mechanical shear for the

�rst time can be derived mathematically [56]. This length is called Monin-Obukhov

length (L) in meters and is proportional to the actual height above the surface. The

table 2.4 categorizes the level of stability based on the L [57]. Generally, if L is
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positive atmosphere is stable and if L is negative, the atmosphere is unstable.

Table 2.4: Class of atmospheric stability based on Monin-Obukhov length [57]

Class of Stability L (m)

Extremely unstable � 100< L < 0

Slightly unstable � 105 � L � � 100

Neutral jL j > 105

Slightly stable 10 < L < 105

Extremely stable 0 < L < 10
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Chapter 3

Model deployment and Validation

Each component of the Air Quality Model (AQM) and their interconnections are de-

scribed in this chapter. The AQM comprises three major models. The �rst model is

WRF which calculates the spatiotemporal pattern of the meteorological �elds includ-

ing temperature, wind speed and etc. Then the SMOKE model which prepares the

emission data is described. Next, the CMAQ model which determines the chemical

reactions is described. The modeling results are then validated by observation data

from NAPS monitoring stations.

3.1 Weather Research Forecast (WRF)

Meteorological �elds, such as temperature, wind speed, direction, pressure, etc are

the critical inputs of the atmospheric modeling system. A community mesoscale

weather research forecast (WRF) model is used to calculate the spatial and temporal

variation of the meteorological �elds. WRF model, an approved model by the U.S. En-

vironmental Protection Agency (EPA), is a fully compressible non-hydrostatic model,

which implements Reynolds averaged primitive equations coupled with conservation

equation of scalar quantities. In the WRF model, Time-dependent derivatives are

resolved using Runge-Kutta 2nd and 3rd order. Advection terms are approximated

by di�erent 2nd to 6th-order advection schemes.
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3.1.1 Model Con�guration

Physics Micro-
physics

Long-wave
radiation

Short-wave
radiation

Surface
layer

Land sur-
face

Boundary
Layer

Scheme WSM6 RRTMG RRTMG Monin-
Obukhov

Noah MYJ

Reference Hong and
Lim (2006)

Iacono-et-al.
(2008)

Iacono-et-al.
(2008)

- - Janjic
(1994)

Table 3.1: WRF Physics Con�guration

3.1.2 Computational Domain

The WRF computational domain comprises three nested domains with 32 vertical

layers going to a height of approximately 2000m. Figure 3.1 shows the course domain

with a resolution of 36x36km covering the northern part of America, the medium

domain with a resolution of 12x12km includes Alberta province and its contiguous

provinces, and the �ner domain, which is a region of interest, covers whole Alberta

province with the 4x4km cells. The computational domain is a one-way nested domain

which means that the information is only carried from the coarser domain to the �ner

domain. In WRF nested domain, the results, captured from the coarse domain, are

used as initial and boundary conditions for the �ner domain.

Regarding the vertical structure of the model, WRF uses a train-following approach

to de�ne the vertical layer. Each layer in the WRF model represents a surface with

constant pressure. In the air quality modeling in most cases, only planetary boundary

layer (around 2000 meters from the surface) is considered. Increasing the number

of vertical layers directly causes an increase in computational time to evaluate the

meteorological �elds. In this study, 32 vertical layers are considered as suggested

by National Center for Atmospheric Research (NCAR). The resolution of the coarse

domain is large enough to capture the large-scale (1000 km) low-pressure atmospheric

conditions called \Extratropical Cyclone". These atmospheric waves are responsible

for producing atmospheric events like mild showers, thunderstorms, tornadoes and

etc. The 12km domain takes into account the e�ect of the mid-scale atmospheric
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