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Abstract 

Sulfur dioxide (SO2), particle sulfate (p-SO4
-2), and total sulfur (SOx) was evaluated at 

York University, in Toronto, Canada, using a Thermo Fisher SO2 analyzer and an Aerodyne 

Aerosol Mass Spectrometer. These measurements were compared with a historical dataset 

from 2002-2020, which demonstrated a downward trend in atmospheric sulfur. ¢ƻǊƻƴǘƻΩǎ 

atmospheric sulfur decline has plateaued in recent years. Current mean SO2 was 0.37 ppb, p-

SO4
-2 ǿŀǎ лΦсл ˃ƎκƳ3, and SOx ǿŀǎ мΦс ˃ƎκƳ3. There were no significant seasonal, daytime, or 

nighttime differences. The effects of pollutant transport and major contributors to ¢ƻǊƻƴǘƻΩǎ 

sulfur were determined. Major contributors to SO2 included Hamilton metal refineries, Greater 

Toronto Area chemical production facilities, the Nanticoke petroleum refinery, and vehicle 

emissions. Major contributors to p-SO4
-2 are Sarnia petroleum and chemical production, 

Sudbury metal refineries, and long-range transport from the Ohio River Valley. A field study 

mass-balance determination ƻŦ {ŀǊƴƛŀΩǎ {h2 emissions was estimated at 0.18 tonnes/hr (4,300 

kg/day). 
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Chapter 1 - Introduction 

1.1 Contextualizing Atmospheric Sulfur 

To understand the current state of atmospheric sulfur in southern Ontario, we must first 

contextualize the historical significance, as well as the anthropogenic and environmental 

relevance of sulfur. Two of the most important sulfur species in the atmosphere are sulfur 

dioxide (SO2) and the particle sulfate (p-SO4
-2), each with important, negative implications for 

human health and the environment.1 Note that p-SO4
-2 is a component of particulate matter 

under 2.5 micrometers in diameter (PM2.5). In the context of human health, SO2 causes 

respiratory irritation and inflammation and exacerbates existing respiratory and cardiac 

conditions,2 while increased p-SO4
-2 levels are positively correlated with increasing hospital 

admissions for respiratory illness.3 Both pollutants are positively correlated with increases in all-

cause deaths (total number of recorded deaths attributed to any reason).2,3 In addition, SO2 

oxidizes in the atmosphere to p-SO4
-2, and PM2.5 has well-established links to negative effects 

on human health.3,4,5 In the context of the environment, SO2 is a precursor species to acid rain, 

which is significantly destructive to lakes, forests, and agricultural sectors through acid 

deposition on water and soil.6 Sulfur also has important implications for climate change; 

aerosols (including p-SO4
-2) engage in solar radiation scattering, and alter global mean radiative 

forcing.1 This radiation-scattering effect results in global cooling, correlated with aerosol 

concentration.1 

From a historical perspective, sulfur has been a significant factor in high pollution air 

quality events. It is capable of forming a sulfurous smog (as opposed to ozone-driven smog 

common in modern urban environments, such as those commonly seen in Los Angeles7), the 

most famous and notable of which being the Great Smog of London.8 Over a period of 5 days in 

1952, a sulfurous smog formed over London, driven by coal-burning stoves and factories, and 

caused widespread illness. Up to 12,000 deaths were attributed to the smog over this short 

time period. While we would not expect such an extreme event in modern times due to 

ŜƴǾƛǊƻƴƳŜƴǘŀƭ ŀƴŘ ŦǳŜƭ ŎƻƴǘŜƴǘ ǊŜƎǳƭŀǘƛƻƴǎΣ ǎǳƭŦǳǊΩǎ ǎƳƻƎ-forming capabilities and its 

subsequent detriments to human health must still be considered. From a local perspective, high 
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pollution air quality events in Ontario have been traditionally dominated by high concentrations 

of atmospheric sulfur.9  A previous measurement from 2005 at York University measured SO2 

levels as high as 50 parts-per-billion (ppb) during the first wintertime air quality warning issued 

by the Ontario Ministry of the Environment, for example (see Figure 1).10  The current Ontario 

Ambient Air Quality Criteria (the Ontario Ministry of the Environment-established upper mixing 

ratio limit for a given pollutant, selected to be protective against health and environmental 

effects) for SO2 are presented as follows, for comparison: the 10-minute limit is 67 ppb, the 1-

hour limit is 40 ppb, and the annual limit is 4 ppb.11 The 10-minute and 1-hour limits were 

established to be preventative against negative health effects, while the annual limit is 

preventative against environmental damage.11 

To fully understand the current state of atmospheric sulfur in Ontario, it is important to 

first examine any notable, historic sources, while also accounting for environmental regulations 

that may limit sulfur emissions. CŀƛǊōǊƛŘƎŜΩǎ ǊŜǇƻǊǘ ƻƴ {h2 at York University noted that, in 

2002, SO2 emissions were largely driven by power generation and industrial activity (such as oil 

refining and metal smelting), with the vast majority (~74%) coming from Ontario Power 

Figure 1. A graph depicting SO2 and wind speed measurements over a nearly 2-month time period in 

2005, taking place on the roof of the Petrie Science and Engineering Building at York University. 
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Generation, and much of the remainder coming from St. Lawrence Cement, Petro-Canada, and 

Tonolli Canada LTD.10 In that same year, the National Pollutant Release Inventory database lists 

the highest polluters for PM2.5 as industrial plants largely dealing with fiberglass, glass, and 

metallic alloys (Owens Corning, O-I Canada Corp., and Indalloy, respectively.)12
  We can also 

examine the NPRI 2002 emissions inventory for sulfuric acid, as this contributes directly to 

atmospheric p-SO4
-2 concentrations. In 2002, the significant contributing sectors were very 

similar to SO2, with the majority of emissions originating from the exact same sectors and 

facilities.12
  

Petroleum and coal produce sulfur through combustion - hydrocarbon resources are 

formed through the geological transformation of organic matter and, upon combustion, release 

and oxidize sequestered sulfur deposits that originated from the cells of biological organisms, 

as well as seawater sulfate.13 Similarly, metal smelting processes release sulfur species trapped 

in ores. Copper, for example, is refined and smelted partially from chalcopyrite (CuFeS2), a 

cupric sulfide compound; when raw ore is heated, sulfur is released and oxidized into SO2.14
 -

Chemical production facilities are a broad term to refer to any manufacturing site which 

generates an industrial product through a chemical process with a sulfur byproduct. A relevant 

example of this is carbon black production, such as with Cabot Canada Ltd. In Sarnia, Ontario: 

through the pyrolysis of precursor reagents containing hydrogen sulfides, sulfur is oxidized and 

released into the atmosphere as SO2.15 

Note that direct SO2 emissions were far higher than sulfuric acid and PM2.5 (of which p-

SO4
-2 is only a partial component). Direct sulfate emissions can be approximated as the sum of 

sulfuric acid and roughly 25% of PM2.5 emissions (proportion based on a 2007 study of the 

annual average composition of PM2.5 across the entire United States by Bell et al.).16 In 2002, 

the total emitted SO2 was 562,227 tonnes, the total emitted sulfuric acid was 6,045 tonnes, and 

the total emitted PM2.5 was 23,398 tonnes.12
 From this, we can see that SO2 emissions are 

roughly 50x higher than sulfate. Thus, it can be seen that the bulk of direct emissions of sulfur 

to the atmosphere are in the form of SO2, which subsequentially oxidizes to p-SO4
-2, rather than 

being emitted directly as sulfate. 
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Since the 1980s, many regulations have been enacted under the Environmental 

Protection Act of Ontario in the interest of curtailing atmospheric sulfur emissions. Specifically 

and recently, by the start of 2015, all power generation facilities in Ontario were no longer 

allowed to use coal.17 In addition, limits on sulfur content in gasoline were added to keep it 

below 12 mg/kg sulfur by mass.18 A final example would be that, by 2019, petroleum facilities 

would have specific limits of 225 kg/day for their SO2 emissions.19
  Given these changes, and the 

historic sources of SO2 being dominated by power generation and petroleum companies, we 

would expect measurements to show significant decreases in atmospheric sulfur in more recent 

times. Per the National Pollutant Release inventory, it can be observed that the contribution of 

power generation to atmospheric sulfur has dropped to negligible levels, and is now dominated 

only by metal smelting, petroleum refining, and chemical production (see Tables 1 and 2).12 

Table 1. Top SO2 contribution point sources in Southern Ontario per the NPRI data set for 2020. 

Includes every source contributing at least 1% of the total SO2 emissions for Ontario. Included 

for comparison is the current contribution of Ontario Power Generation Inc. 

Company Facility City 
Total Emissions 

(tonnes) 
Contribution 

(%) 
Sector 

Vale Canada 
Limited 

Copper Cliff 
Smelter 

Copper Cliff 27686 24.9 Metals 

Glencore Canada 
Corporation 

Sudbury 
Integrated Nickel 

Operations 
Smelter 

Falconbridge 26217 23.6 Metals 

Imperial Oil 
Sarnia Refinery 

Plant 
Sarnia 7190 6.47 Petroleum 

{ǘΦ aŀǊȅΩǎ /ŜƳŜƴǘ 
Inc. (Canada) 

Bowmanville 
Cement Plant 

Bowmanville 6085 5.48 
Chemical 

Production 

Vale Canada 
Limited 

Copper Cliff 
Nickel Refinery 

Copper Cliff 5935 5.34 Metals 

Imperial Oil 
Imperial Oil 
Nanticoke 
Refinery 

Nanticoke 4788 4.31 Petroleum 

ArcelorMittal 
Canada MP Inc. 

ArcelorMittal 
Dofasco 

Hamilton 4672 4.21 Metals 

Cabot Canada 
Limited 

Cabot Canada 
Limited 

Sarnia 4098 3.69 
Chemical 

Production 



5 
 

Table 1. (Continued) 
 

Company Facility City 
Total 

Emissions 
(tonnes) 

Contribution 
(%) 

Sector 

Birla Carbon 
Canada Ltd. 

Birla Carbon 
Canada Ltd. 

Hamilton 2737 2.46 
Chemical 

Production 

Algoma Steel Inc. Algoma Steel Inc 
Sault Ste. 

Marie 
2540 2.29 Metals 

Stelco Inc. Hamilton Hamilton 2444 2.20 Metals 

Stelco Inc. Lake Erie 
Haldimand 

County 
2033 1.83 Metals 

Lehigh Hanson 
Materials Limited 

Picton Plant Picton 1700 1.53 
Chemical 

Production 

Carmeuse Lime 
Canada 

Dundas 
Operations 

Dundas 1460 1.31 
Chemical 

Production 

Shell Canada 
Products 

Sarnia 
Manufacturing 

Centre 
Corunna 1434 1.29 Petroleum 

CRH Canada 
Group Inc. 

Mississauga 
Cement Plant 

Mississauga 1185 1.07 
Chemical 

Production 

Produits forestiers 
Résolu 

Resolute Forest 
Products - 

Thunder Bay 
Operations 

Thunder 
Bay 

1183 1.06 
Chemical 

Production 

Ontario Power 
Generation Inc. 

Lennox 
Generating 

Station 

Greater 
Napanee 

107.0 0.10 
Power 

Generation 
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Table 2. Total percent contribution by sector of the point sources listed in Table S1. The 

remaining ~13% is made up of a roughly even mixture of the 3 sectors, with around 0.1% of the 

total contribution stemming from power generation. 

Sector Total Contribution (%) 

Metals 64.4 

Petroleum 12.1 

Chemical Production 11.1 

  

 Overall, environmental regulations for the reduction of atmospheric sulfur over the last 

few decades has been very successful on a global scale, particularly in North America and 

Europe. From 1990 to 2015, SO2 emissions in these regions have decreased by roughly 70-80%, 

based on legislation and pollution controls.1 Modeling results indicate an associated decrease in 

p-SO4
-2 concentrations with reduced SO2, which would positively correlate with improved 

health and environmental outcomes.1 

An important note for this project is conventional units used for SO2, which differ from 

units used for particulate matter. SO2 (as well as other gas-phase single species) are given in a 

mixing ratio, which describes the number of moles of gas divided by the number of moles of air 

(in this case, SO2 is typically given in units of ppb, as recorded by the analytical instrument used 

in this project). Since PM2.5 represents a mixed collection of various species, it is not well-

represented as a mixing ratio, and is instead given as mass-per-unit-volume concentration (in 

this case, ˃g/m3). At 25 °C and 1 atm of pressure, SO2 can be converted to a concentration unit 

( g˃/m3) by multiplying the mixing ratio value in ppb by 2.62. 

1.2 Important Chemistry of Atmospheric Sulfur 

Broadly speaking, atmospheric particles are airborne clusters of solid and liquid material 

that coagulate matter around a stable, solid nucleus in the air to form dense particles.20 These 

particles further agglutinate and continually grow in size before eventually becoming cloud 

condensation nuclei, or becoming too heavy to sustain their lift, depositing to the earth 

below.20 Atmospheric particles typically range from 0.003 ς 100 ˃ m in diameter, with fine 
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particles defined as being below 1 m˃, and coarse particles being defined as above 1 ˃m.20 Fine 

particles can sustain their lift and continue their airborne transport for several weeks, crossing 

the span of oceans and continents, facilitating long-range transport of pollutants.20 While 

particles can form around solid material (such as dust, soot, sea salt spray, etc.), they can also 

be generated from oxidated species, such as the SO2 to p-SO4
-2 oxidation pathway.20 

There are 3 important reaction pathways to consider for the oxidation of SO2 to SO4
-2, 

the first being the dry, homogenous reaction of SO2 with hydroxyl radical, the second being the 

reaction between SO2 with ozone and peroxide in aqueous solutions (clouds, fog precipitation, 

etc.), and the third being the reaction between SO2 and NO2. The proposed reaction scheme for 

the first pathway is as follows21: 

ὕὌ ὛὕᴼὌὕὛὕ ╔▲Ȣ   

 ὌὕὛὕ ὕᴼὌὕ Ὓὕ ╔▲Ȣ  

 Ὄὕ ὛὕᴼὌὛὕ ╔▲Ȣ  

This reaction forms sulfuric acid in the atmosphere, which readily condenses to form particle 

sulfate.22  

The proposed reaction scheme for the second pathway with ozone is as follows, where 

SO2 in cloud droplets forms an equilibrium with SO3
-2, with subsequent O3 oxidation occurring 

with the latter species23: 

Ὓὕ ὌὕᵶὛὕ ςὌ  ╔▲Ȣ  

Ὓὕ ὕ ᴼὛὕ ὕ ╔▲Ȣ  

 The proposed reaction scheme for the second pathway with peroxides is as follows24: 

 Ὓὕ Ὄὕ ᴼὌὛὕ ╔▲Ȣ  

This reaction again forms sulfuric acid, which condenses to p-SO4
-2. The third reaction pathway 

will be discussed shortly, in the context of smog formation. These reactions are key for 

understanding how p-SO4
-2 levels are maintained in the environment, as direct PM2.5 emissions 
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are far lower than direct SO2 emissions. Reactions (5) and (6) in particular are thought to 

contribute to over 80% of the global formation of particle sulfate.23 Thus, the conversion of SO2 

via Reactions (1) - (6) is a critical factor in determining air quality. 

 Sulfur is also important for determining smog events. Photochemical smog in urban 

environments is primarily driven by ozone and is also mixed with PM2.5.
25 It follows that high SO2 

emissions would directly result in increased smog severity through the production of p-SO4
-2. 

There is another important chemical consideration: the interactions between SO2, ozone, and 

nitrogen compounds. During the day, NOx (representing NO + NO2) catalytically forms ozone via 

the oxidation of volatile organic compounds.26
 In addition, there is some limited suggestion in 

recent literature that, during high relative humidity periods, SO2 undergoes rapid aqueous 

oxidation by NO2 to form p-SO4
-2 όƻŦǘŜƴ ƪƴƻǿƴ ŀǎ ΨǿƛƴǘŜǊ ƘŀȊŜΩ ŜǾŜƴǘǎ ŘǳŜ ǘƻ ƛǘǎ ǎŜŀǎƻƴŀƭ 

dependence).27 This would, in turn, decrease air quality through the direct addition of PM2.5 to 

smog clouds. It would also, however, decrease the amount of ozone, by consuming available 

reactive NO2, which paradoxically reduces smog.  

 Another indirect link between p-SO4
-2 and ozone is suggested by Brown et al. (2006).26  

In that study they showed that increased p-SO4
-2 concentrations at night can decrease the 

lifetime of N2O5, giving rise to less NOx available the next day for NOx catalyzed ozone 

formation.  The implication is that decreases in SO2 emissions (and thus p-SO4
-2) could lead to 

longer lifetimes of N2O5 at night, more NOx the next day, and thus more NOx available for NOx 

catalyzed ozone formation. Thus, one can conclude that atmospheric sulfur content is a delicate 

balance in terms of air quality. Increased sulfur emissions directly result in increased PM2.5, 

while decreased emissions ultimately can result in decreased ozone formation (in winter), but 

perhaps increased O3 formation in summer. It will be important to precisely examine current 

concentrations of SO2 and p-SO4
-2 to determine if atmospheric sulfur is still an important factor 

in air quality, and whether decreased SO2 emissions have been a net benefit. 

1.3 Effects of Temporal and Seasonal Variation 

 There are expected seasonal variations in SO2 and p-SO4
-2, likely due to a combination of 

climate, meteorological, and anthropogenic effects (such as changes in power generation for 
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climate control). For example, in 1998, a monitoring site on Mt. Sonnblick, Austria, noted 

similar SO2 levels in winter and summer, and highly elevated SO2 levels in the springtime.28
 It is 

likely that trends in seasonal variability are dependent on local climate patterns, and so the 

seasonal variance of SO2 and p-SO4
-2 will be further investigated in this report. A study of SO2 

emissions in 6 European cities also showed seasonal variation, demonstrating higher levels in 

the winter compared to the summer.29 This was attributed to higher use of fuel for heating, as 

well as cold temperature inversions in the boundary layer trapping SO2 emissions.30 Thus, while 

electricity usage would be high in the summer due to air conditioning usage, meteorological 

factors may result in higher winter mixing ratios. A study in the eastern U.S noted some long-

term seasonal dependence of p-SO4
-2 after SO2 emissions regulations.30 Specifically, the authors 

noted that decreases in p-SO4
-2 followed decreases in SO2 at a slower rate in winter than in 

summer, suggesting a significant effect of a wintertime  production pathway for p-SO4
-2 from 

the oxidation of SO2 with ozone in pH-sensitive clouds.30
 SO2 is also expected to display diurnal 

patterns. The European cities study showed consistently lower levels of SO2 later in the day and 

overnight when compared to early morning measurements, likely related to vehicle 

emissions.29 

 Overall, SO2 mixing ratios are very highly influenced by anthropogenic activity. In 

seasons of high electricity consumption (i.e., summer air conditioning usage and winter heating, 

versus spring and fall seasons), SO2 emissions from power generation would be at their highest. 

Meteorological factors have major influences on seasonal variation, and thus, SO2 mixing ratios 

per season are regionally dependent. 

1.4 Research Objectives 

The main objective of this research is to evaluate the current levels of SO2 and p-SO4
-2 in 

Southern Ontario, their seasonal and temporal transformations, their impacts on air quality, 

and to trace their significant sources of origin, in an attempt to determine the current relative 

impacts of short- and long-ǊŀƴƎŜ ǘǊŀƴǎǇƻǊǘ ƻƴ ¢ƻǊƻƴǘƻΩǎ ŀǘƳƻǎǇƘŜǊƛŎ ǎǳƭŦǳǊ ƭŜǾŜƭǎ. Due to 

constraints related to the COVID-19 pandemic, the first year of research was spent analyzing 

historical data on SO2 and p-SO4
-2, to contextualize the current findings. Measurements were 
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conducted with a ThermoFisher 43i-TLE UV Fluorescence Sulfur Dioxide Analyzer (43i), and a 

High-Resolution Time of Flight Aerodyne Aerosol Mass Spectrometer in V-Mode (V-Mode HR-

TOF-AMS), beginning on August 12th, 2021. Note that due to hardware-related issues with the 

first 43i instrument, a second, replacement 43i instrument was used beginning on July 18th, 

2022 (See Chapter 2.2). 

Additional data has been provided from auxiliary instruments (see Acknowledgements 

for sources). CO2, CO, and methane data was collected from a Picarro G2401 Gas Concentration 

Analyzer Cavity Ringdown Spectrometer (Picarro CRDS) while p-SO4
-2 data was collected from a 

URG Corp. and ThermoFisher Scientific ambient ion monitor-ion-chromatography-mass-

spectrometer (AIM-IC-MS). In addition, meteorological data has been provided. Historic and 

current atmospheric sulfur data will also be used as a point of comparison from Environment 

/ŀƴŀŘŀΩǎ bŀǘƛƻƴŀƭ !ƛǊ tƻƭƭǳǘƛƻƴ {ǳǊǾŜƛƭƭŀƴŎŜ tǊƻƎǊŀƳ όb!t{ύ 5ŀǘŀ aŀǊǘΣ31 as well as the Ontario 

Ministry of the Environment.32  

The advantage of the data collected through this thesis project when compared to the 

NAPS and Ontario Ministry data is two-fold: first, the time-resolution is much higher from our 

data collection period. The SO2 data provided by NAPS and the Ontario Ministry was given as 

hourly-averages, while the p-SO4
-2 data was a 3-day-average. Our data collected occurs every 10 

seconds for SO2, and every minute for p-SO4
-2, allowing for much more precise analysis of the 

origins of high-concentration sulfur plumes, as well as the peak concentrations, which are often 

lost during broad averaging times. The second advantage is data availability ς it often takes 

significant time for NAPS and the Ontario Ministry to release their datasets. For example, the 

2022 data set for SO2 is currently unavailable at the time of writing this report, and the 2022  

Ontario Ministry data is viewable on a day-to-day basis but is not available for bulk analysis. 

 The current research objective is to analyze the collected data for specific trends, as well 

as to investigate high pollution air quality events to determine their nature and source. For 

trend data, we will determine the following parameters about SO2 and p-SO4
-2: overall means 

and uncertainty, hourly means, seasonal and temporal variations, and origin directions of 

pollutants. This will be supported with non-particle-sulfate data collected by the AMS (such as 
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ammonia, nitrate, and organic aerosols), meteorological data, and the Picarro data. Pollution 

event analysis will involve examining high pollutant concentration periods and investigating 

their sources and causes. This will be accomplished through the use of National Oceanic and 

Atmospheric Administration (NOAA) HYSPLIT backwards trajectory modeling and NPRI point 

source data.  

Of particular interest is the role of long-range transport in local sulfur mixing ratios and 

concentrations, for SO2 and p-SO4
-2; given the recent trends in sulfur reduction from 

environmental regulations, it is expected that local sulfur levels will have decreased over the 

last few years. It is therefore likely that long-range transport will now have a greater effect on 

local sulfur in Toronto when compared to pre-regulation measurements, especially considering 

the ban on coal-fired power plants. Now that Ontario Power Generation is not expected as a 

source of SO2, the sources of interest will include steel factories in the south in Hamilton, 

Ontario, metal smelting in the north in Sudbury, Ontario, petroleum refining and chemical 

production in the west in Sarnia, Ontario, and coal-fired power plants from the Ohio River 

Valley south-west ŀŎǊƻǎǎ ǘƘŜ ōƻǊŘŜǊ ǿƛǘƘ ǘƘŜ ¦ƴƛǘŜŘ {ǘŀǘŜǎ όǿƘŜǊŜ hƴǘŀǊƛƻΩǎ ŜƴǾƛǊƻƴƳŜntal 

regulations are irrelevant). 

This project was supported by a field study campaign conducted in Sarnia, Ontario, from 

July 21-ннΣ нлннΦ {ƛƴŎŜ ƛǘ ƛǎ ƪƴƻǿƴ ǘƘŀǘ ŀ ǎƛƎƴƛŦƛŎŀƴǘ ǇƻǊǘƛƻƴ ƻŦ hƴǘŀǊƛƻΩǎ ǎǳƭŦǳǊ ŜƳƛǎǎƛƻƴǎ ŀǊŜ 

sourced from petroleum refining in SaǊƴƛŀΣ ƛǘ ƛǎ ǘƘŜƻǊƛȊŜŘ ǘƘŀǘ {ŀǊƴƛŀΩǎ ŜƳƛǎǎƛƻƴǎ ǿƻǳƭŘ ƘŀǾŜ ŀ 

long-range transport effect and influence local sulfur levels in Toronto.12 To this end, a two-day 

trip was taken to Sarnia with the 43i instrument to evaluate SO2 emissions from the city. The 

measurements taken were applied to a mobile mass-balance method for the calculation of the 

total mass of sulfur emitted from Sarnia. This value can be compared to historic SO2 inventory 

ƴǳƳōŜǊǎ ǘƻ ŘŜǘŜǊƳƛƴŜ ǘƘŜ ǊŜƭŀǘƛǾŜ ƛƴŦƭǳŜƴŎŜ ƻŦ {ŀǊƴƛŀ ǘƻ hƴǘŀǊƛƻΩǎ ǎǳƭŦǳǊ ŜƳƛǎǎƛƻƴǎ ƛƴ нлннΣ ǘƻ 

better support the analysis of any high SO2 HYSPLIT trajectories originating from the south-

west.  
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Chapter 2 - Experimental Methods & Instrumental Setup 

2.1 Description of Historical Data 

All data used for the preliminary evaluation of atmospheric sulfur was taken from the 

NAPS Data Mart,31 as well as the Ontario Ministry of the Environment.32 NAPS operates 286 

monitoring sites across Canada, reporting continuous measurements of SO2, NO2, particulate 

matter, ozone, and CO.33 SO2 data was given as hourly average measurements in units of ppb. 

Particle sulfate data was given as speciated PM2.5 data and was collected through ion 

chromatography of PM collected on Teflon filters. The NAPS PM2.5 data was given as a daily-

average measurement, roughly twice a week at various stations. The Ontario Ministry of the 

Environment data for SO2 is given as hourly averages from an ambient air monitoring station in 

the north side of Toronto. 

  Three different NAPS site locations were selected for our preliminary analysis: Toronto, 

Windsor, and Simcoe. Toronto was selected to best mimic the conditions that will be applicable 

to new measurements at York University and is also representative of a typical urban 

environment. Windsor was selected as it will likely be indicative of sulfur emissions coming 

from Detroit, Michigan (a location known for being highly industrialized, and likely a large 

source of transported sulfur). Simcoe was selected due to the fact that local sources of sulfur 

will be very low, as a relatively non-industrialized, rural region. It is also on the transport path 

from Ohio and other Midwestern states, a historic source of long-range transport of sulfur into 

Ontario30, and so Simcoe may be used as an indicator for any changing trends in long-range 

pollutant transport over time. 

  For SO2, yearly means were calculated for all sites, along with seasonal means and 

daytime and nighttime intervals for Toronto. For this purpose, spring season was defined to be 

the months of March, April, and May, summer defined as June, July, and August; Autumn was 

defined as September, October, and November and winter was defined as December, January, 

and February. Daytime intervals were set as the 12-hour period from 8:00 AM to 8:00 PM, with 

the other 12-hour interval being the nighttime period. For p-SO4
-2, yearly means were 

calculated for all sites and seasonal means were calculated for Toronto, but due to the nature 
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of the data, daytime and nighttime measurements could not be separated. Total SOx (SO2 + SO4
-

2) was calculated as well as the ratio of SO4
-2/SOx, for all chosen sites. The time period examined 

was from 2003-2020, as this was the widest range of data available at the chosen sites. Note 

that little data was available before 2007 for Simcoe, and in 2003 for WindsorΩǎ Ǉ-SO4
-2. 

2.2 43i-TLE UV Fluorescence Sulfur Dioxide Analyzer 

 The 43i-TLE SO2 Analyzer works via UV fluorescence spectroscopy, by exciting SO2 

molecules with UV light, and capturing their decaying emissions at a longer wavelength (See 

Figure 2 for schematic diagram).34 It is possible to quantify the amount of SO2 present, as the 

emitted light is proportional to the concentration of SO2.34 The sample gas is introduced to the 

instrument and passed to a heated kicker, which removes the hydrocarbon components 

without affecting the SO2 molecules (since hydrocarbon species will produce a falsely high 

background signal).34 Next, the sample flows to a chamber with a pulsating UV lamp, which 

Figure 2. A schematic diagram for a ThermoFisher 43i-TLE UV Fluorescence SO2 Analyzer Instrument.34
 

© Thermo Fisher Scientific. 
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starts the aforementioned excitation and decay process, which is captured by a selective mirror 

assembly attuned to the UV emission wavelength of SO2 and a photomultiplier tube.34 

 This instrument operates on a 300-second running average, with sampling points taken 

every 10 seconds; this setup provides smoother trend data by eliminating sampling variance. 

The theoretical lower detectable limit for the instrument at a 300-second averaging time is 0.05 

ppb.34 Data has been collected near-continuously from August 12th, 2021, to October 18th, 

2022, with only minor interruptions in data collection. The ideal sampling flow rate for this 

ƛƴǎǘǊǳƳŜƴǘ ƛǎ лΦпул [κƳƛƴΦ !ƳōƛŜƴǘ ŀƛǊ ǎŀƳǇƭƛƴƎ ƛǎ ǇŜǊŦƻǊƳŜŘ ǘƘǊƻǳƎƘ мκуέ ŘƛŀƳŜǘŜǊ ¢ŜŦƭƻƴ 

ǘǳōƛƴƎ ǿƘƛŎƘ ƛǎ ŀǘǘŀŎƘŜŘ ǘƻ ǘƘŜ ά{!at[9έ ǇƻǊǘ ƻŦ ǘƘŜ 43i via Swagelok fittings. The sampling 

line for this instrument is affixed to the roof of the Petrie Science and Engineering atmospheric 

chemistry lab and is outfitted with a Pall Zefluorϰ 2 ˃ m particulate filter (47 mm diameter). 

 The 43i is zeroed through the use of an ultra-zero-air compressed gas cylinder from 

Linde Gases. The zero-air Ǝŀǎ ŎȅƭƛƴŘŜǊ ƛǎ ŀǘǘŀŎƘŜŘ Ǿƛŀ мκуέ ¢ŜŦƭƻƴ ǘǳōƛƴƎ ǘƻ ǘƘŜ ά½9whέ ǇƻǊǘ ƻŦ 

the 43i, with an atmospheric bypass line attached with a T-junction fitting to ensure the 

instrument is sampling air at atmospheric pressure (See Figure 3). The instrument is calibrated 

ƻƴŎŜ ǿŜŜƪƭȅ ōȅ ǎǿƛǘŎƘƛƴƎ ǘƘŜ ŀŎǘƛǾŜ ƛƴǘŀƪŜ ǾŀƭǾŜ ǘƻ ǘƘŜ ά½9whέ ǇƻǊǘ ŀƴŘ ŦƭƻǿƛƴƎ ȊŜǊƻ ŀƛǊ ƛƴǘƻ 

the 43i for 10 minutes, at which point this reading is stored as the background SO2 

Figure 3. A schematic diagram for an atmospheric bypass setup for the Thermo Fisher Model 43i.34
 

© Thermo Fisher Scientific. 
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ŎƻƴŎŜƴǘǊŀǘƛƻƴ ǳǎƛƴƎ ǘƘŜ ƛƴǎǘǊǳƳŜƴǘΩǎ ƻƴ-board controls. Linde gases does not provide a 

minimum guaranteed SO2 concentration for their ultra-zero air. To ensure minimal SO2 

ŎƻƴǘŀƳƛƴŀǘƛƻƴΣ ŀƴ ŀŎǘƛǾŀǘŜŘ ŎŀǊōƻƴ ǎŎǊǳōōŜǊ ǿŀǎ ŦŀōǊƛŎŀǘŜŘ ƻǳǘ ƻŦ ѻέ ¢ŜŦƭƻƴ ǘǳōƛƴƎΣ ŀŎǘƛǾŀǘŜŘ 

carbon, and Swagelok fittings. As the zero-air passes through the Teflon tube packed with 

activated carbon (secured in place with cotton at each end of the tube), any SO2 present will be 

scrubbed from the zero-air and adsorbed onto the carbon. The zero-air background correction 

value (i.e., the signal quantity read by the 43i during a sampling of zero-air) for the instrument 

typically varies around 1.62 ppb, though this value is known to drift by up to 1% per week, and 

requires weekly correction.34 The experimental blank limit-of-detection of the analytical 

technique can be determined, which is equal to 3 times the standard deviation of the blanks 

( b̀lank), as well as the blank limit-of-quantitation, which is equal to 10̀ blank. Since the blank 

values represent the background noise, 3 b̀lank is the minimum threshold for 3 times the signal 

to noise ratio, a typical metric of detection limit. ¢Ƙƛǎ ΨōƭŀƴƪΩ Řŀǘŀ ƛǎ ŘŜǊƛǾŜŘ ŦǊƻƳ сл Řŀǘŀ Ǉƻƛƴǘǎ 

taken during two routine zeros of the instrument in July 2022, which should roughly vary 

around 0 ppb. The blank limit-of-detection limit for this analytical technique is 0.07 ppb (0.19 

µg/m3), and the limit of quantitation is 0.24 ppb (0.63 µg/m3) (See Tables 3 and 4).  

 Table 3. Statistical analysis of the blanks data operating at a 300-second running average. 

 

  

Statistical Parameter Mixing Ratio (ppb) Concentration (µg/m3) 

Mean -0.005 -0.012 

± CI (95%) 0.006 0.016 

 ̀ 0.024 0.063 

о  ̀ 0.072 0.188 

млˋ 0.239 0.625 
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 Table 4. Collected blanks data from two zero-air calibrations in July 2022. 

 

 

Timestamp Blank Value Timestamp Blank Value 

7/6/2022 11:56:45 0.008 7/13/2022 12:36:42 -0.011 

7/6/2022 11:56:55 0.003 7/13/2022 12:36:52 -0.015 

7/6/2022 11:57:05 -0.001 7/13/2022 12:37:02 -0.017 

7/6/2022 11:57:15 -0.004 7/13/2022 12:37:12 -0.020 

7/6/2022 11:57:25 -0.006 7/13/2022 12:37:22 -0.025 

7/6/2022 11:57:35 -0.002 7/13/2022 12:37:32 -0.028 

7/6/2022 11:57:45 -0.007 7/13/2022 12:37:42 -0.028 

7/6/2022 11:57:55 -0.005 7/13/2022 12:37:52 -0.023 

7/6/2022 11:58:05 -0.011 7/13/2022 12:38:02 -0.024 

7/6/2022 11:58:15 -0.005 7/13/2022 12:38:12 -0.027 

7/6/2022 11:58:25 0.002 7/13/2022 12:38:22 -0.024 

7/6/2022 11:58:35 0.002 7/13/2022 12:38:32 -0.027 

7/6/2022 11:58:45 0.002 7/13/2022 12:38:42 -0.026 

7/6/2022 11:58:55 0.001 7/13/2022 12:38:52 -0.027 

7/13/2022 12:34:02 0.058 7/13/2022 12:39:02 -0.030 

7/13/2022 12:34:12 0.058 7/13/2022 12:39:12 -0.037 

7/13/2022 12:34:22 0.049 7/13/2022 12:39:22 -0.036 

7/13/2022 12:34:32 0.042 7/13/2022 12:39:32 -0.036 

7/13/2022 12:34:42 0.042 7/13/2022 12:39:42 -0.041 

7/13/2022 12:34:52 0.032 7/13/2022 12:39:52 -0.036 

7/13/2022 12:35:02 0.032 7/13/2022 12:40:02 -0.037 

7/13/2022 12:35:12 0.031 7/13/2022 12:40:12 -0.030 

7/13/2022 12:35:22 0.023 7/13/2022 12:40:22 -0.025 

7/13/2022 12:35:32 0.017 7/13/2022 12:40:32 0.000 

7/13/2022 12:35:42 0.003 7/13/2022 12:40:42 0.003 

7/13/2022 12:35:52 0.000 7/13/2022 12:40:52 0.003 

7/13/2022 12:36:02 0.002 7/13/2022 12:41:02 0.001 

7/13/2022 12:36:12 -0.003 7/13/2022 12:41:12 -0.003 

7/13/2022 12:36:22 -0.006 7/13/2022 12:41:22 -0.004 

7/13/2022 12:36:32 -0.006 7/13/2022 12:41:32 -0.001 
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Multipoint and span calibrations are performed to maintain instrument performance; 

both of these procedures rely on Mass Flow Controllers (MFCs) and a source of SO2 gas to 

generate calibration gas in the appropriate mixing ratios. MFCs are from CCR Process Products 

(MKS GA50A MFCs with CCR SR5 digital readouts and power supplies), while a cylinder of 10.2 

±0.4 ppm SO2 gas balanced in nitrogen is used from Linde gases. The concentration of 

calibration gas is calculated with the following equation34: 

Ὓὕ  
Ὓὕ Ὂz

Ὂ Ὂ
 ╔▲Ȣ  

Where [SO2]Out is the concentration of SO2 after dilution in ppm, [SO2]Std is the concentration of 

the SO2 gas in the cylinder used for dilution in ppm, FSO2 is the flow rate of the standard SO2 gas 

at standard temperature and pressure, and FD is the flow rate of the zero-air dilutant gas at 

standard temperature and pressure. 

 The previously mentioned zero-air cylinder is connected to a Teflon tube passing 

through one of the MFCs, while the SO2 calibration gas cylinder is connected to a separate 

Teflon tube that passes through a second MFC; the outputs of these MFCs are blended together 

at a T-junction connected to a third Teflon tube, which ǘǊŀƴǎǇƻǊǘǎ ǘƘƛǎ Ǝŀǎ ǘƻ ǘƘŜ ά½9whέ ǇƻǊǘ. 

A multipoint calibration was performed to check the validity of the readings of the 

instrument, and to correct for any deviations. This calibration procedure involves the 

generation of 6 known concentrations of SO2 gas in zero air, evenly spaced between 0 ppb and 

the full-scale range of the instrument (set to 20 ppb). The response of the instrument at each of 

these points was used to create a calibration curve by which all incoming measurements were 

compared to and corrected by (see Figure 4). The equation of the line-of-best-fit is given by: 

ώ ρȢππσωὼ πȢπςυχρτ ╔▲Ȣ   

ÏÒȡ Ὓὕ
Ὓὕ πȢπςυχρτ

ρȢππσω
 ╔▲Ȣ  

Incoming data was therefore adjusted by Equation (9), where [SO2]Raw is the raw signal 

recorded by the detector in ppb, and [SO2]Adjusted is the multipoint-ŎŀƭƛōǊŀǘŜŘ ΨǘǊǳŜΩ ǾŀƭǳŜ ƛƴ ǇǇōΦ 
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In addition, weekly span calibrations were performed to adjust for drift in the 

instrumental readings. A calibration gas of SO2 in zero-air was generated at a mixing ratio 

corresponding to 80% of the full-scale (16 ppb, in this case). This generated gas is used to 

ŎŀƭƛōǊŀǘŜ ǘƘŜ ƛƴǎǘǊǳƳŜƴǘΩǎ ƛƴǘŜǊƴŀƭ ŎƻŜŦŦƛŎƛŜƴǘ ǾŀƭǳŜΣ ǿƘƛŎƘ ƛǎ ŀ ƳǳƭǘƛǇƭƛŎŀǘƛǾŜ ŦŀŎǘƻǊ ǘƘŀǘ ŀŘƧǳǎǘǎ 

the signal created by sampled SO2 to an ideal value determined by the calibration gas.34 For 

example, a calculated span gas of 16 ppb may display a signal of 15.94 ppb on the 43i at a 

coefficient of 1; performing a span calibration will adjust the coefficient to 16/15.94 = 1.004, so 

that the 16 ppb span gas signal will be adjusted upwards by the coefficient factor, and will now 

record a signal output of 16 ppb.  

 Initial calibrations of the instrument during the first few months of the data collection 

period were difficult, owing to outdated equipment with unverifiable accuracy. Attempts to 

Figure 4. Multipoint calibration curve for the second 43i-TLE instrument. The chosen points were as 

follows: 0, 4, 8, 12, 16, and 20 ppb. The response of the instrument at each point is labeled. Note that r2 

> 0.99, indicating that the variability in the response of the instrument is nearly completely explained by 

a linear regression model. 
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generate calibration gases at specific mixing ratios were inconsistent, and the 43i did not 

respond as expected to high SO2, as it was often less than half of the theoretical SO2 mixing 

ratio. 

It was discovered that there was a hardware failure in the instrument, which was the 

most probable reason for the inconsistent response of the 43i. The instrument was replaced 

with an identical-model 43i-TLE. This second instrument was used to experimentally 

demonstrate that the first 43i, as of July 2022, had an inadequate signal response to an 

inputted calibration gas (See Figure 5). Based on this calibration curve, it is possible to create a 

conversion factor to correct the data from the old 43i, according to the following equation: 

Ὓὕ  ςȢχχφςὛὕ πȢρχχπς ╔▲Ȣ  

Figure 5. Multipoint calibration curve response ratio of the first (old) 43i instrument vs. the second (new) 

43i. The chosen points were as follows: 0, 4, 8, 12, 16, and 20 ppb. Note that r2 > 0.99, indicating that the 

variability in the response of the instrument is nearly completely explained by a linear regression model. 
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where [SO2]New is the adjusted value for the SO2 signal from the first 43i instrument calibrated 

to the multipoint response of the new, functional 43i instrument, and [SO2]Old is the raw signal 

from the first 43i instrument. It is unclear when exactly the response of the first 43i instrument 

deteriorated; while there had been calibration issues since the beginning of this thesis project, 

it was possible (albeit difficult) to generate an appropriate, full-scale response at the detector 

from a set calibration gas as late as December 8th, 2021, and so applying the correction to the 

entire dataset does not seem valid. Based on the collected data and comparing with both 

historical data and hourly data from the Ontario Ministry of the Environment,31, 32 it seems 

most likely that the corrections should be applied to the April - July 2022 datasets. 

 There was an additional source of signal variation during the data collection period: 

from the months of November 2021 to April 2022, the flow rate of the 43i instrument was 

inconsistent, and often operated far below the ideal value of 0.480 L/min (See Figure 6). On 

April 20th, 2022, this flow rate error was fixed by changing the filter used in the atmospheric 

sampling inlet, as well as correcting the position of the inlet on the roof. It is currently unclear 

Figure 6. Collected sample flow rate data for the first 43i instrument from August 21st, 2021, to April 26th, 

2022. Note that dashed lines have been added at ± 5% of the ideal flow rate, 0.48 L/min, to represent the 

acceptable operational bounds of the instrument. 
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as to why the flow rate was inconsistent; initially, it was theorized that unchanged filter paper 

caused a slow degradation of the flow rate over time, as it got steadily άŘƛǊǘƛŜǊέ through the 

filtration of atmospheric contaminants. This theory was tested by directly comparing a ΨcleanΩ 

filter and a ΨdirtyΩ filter with 16 ppb SO2 calibration gas, and it was found that the flow rates for 

the clean and dirty filter were near identical (0.438 L/min vs 0.439 L/min respectively, within 1% 

difference), as was the measured mixing ratio of SO2 (16.00 ppb vs 16.03 ppb, within 1% 

difference). This indicates that a dirty filter has no impact on the flow rate of SO2 and causes no 

chemical effects that would alter the sampled mixing ratio.  

Figure 7. Position of the atmospheric sampling line on the roof of the Petrie Science and Engineering 

Building at York University on April 20th, 2022. The inlet for the line is circled in red for visibility. 
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The second theory for the reduced flow rate has to do with the position of the sampling 

line for the 43i instrument (See Figure 7). It is possible that the sampling inlet was covered by 

snow and ice over the winter months, blocking the flow of sampled air to the instrument.  

Based on the operating principles of the 43i, we would expect that a reduced flow rate 

would lower the incoming signal from any sampled SO2. The reaction cell is pressurized at 

roughly 760 mmHg of pressure; any less than that would create a vacuum and reduce the 

number of molecules of SO2 within the cell, and a lower number of SO2 molecules would result 

in a reduced fluorescence signal. The internal pressure of the instrument correlates with the 

flow rate, and so the reduced flow rate during the compromised sampling period also reduced 

the pressure (see Figure 8). Thus, it follows that a reduced flow rate would result in a lower 

amount of SO2 fluorescence in the cell.  

It is likely that the conditions leading to a reduction in SO2 in a low-cell-pressure 

environment cannot be easily explained by a single factor; instead, it is likely a competition of 

variables such as an increased residence time and oversampling of SO2 fluorescence due to a 

Figure 8. Collected sample flow rate and pressure data for the first 43i instrument during January 2022.  
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lower flow rate, a low-pressure change in quenching of SO2 fluorescence with air molecules and 

with the sides of the reaction cell (altering quantum yield), and some compensation for the low 

pressure from the instrument itself (Thermo Fisher Scientific uses a proprietary algorithm to 

correct for low pressure, the details of which were not shared by the company). Despite this 

algorithm, a significant portion of the data collected over the time period of November 2021 to 

April 2022 was negative. An attempt was made to manually correct for the negative values in 

this time period by dynamically adjusting the background correction value. 

During the weekly zeroing of the instrument, zero-air was flowed into the instrument 

from a compressed cylinder at 0.48 L/min, producing an average SO2 correction mixing ratio 

value of 1.62 ppb. We expect that our measured SO2 fluorescence would be proportionally 

lower for a decreased flow rate, and so this correction value is likely only valid when sampling 

at the maximum flow rate. To avoid overcorrection during periods of low flow, we retroactively 

adjust the background correction value using the measured flow rate: 

Ὓὕ Ὓὕ Ὓὕ ᶻ
Ὂὰέύ

πȢτψ ὒȾάὭὲ
 ╔▲Ȣ  

Where [SO2]FlowAd is the flow rate-adjusted mixing ratio of SO2, [SO2]n is the measured mixing 

ratio of SO2, [SO2]Bg is the background correction value of the 43i, and Flow is the flow rate of 

the 43i. This intentionally does not account for the difference in the actual signal based on flow 

rate; it was decided that a minor correction of the data was preferred versus an overcorrection 

that may lead to false conclusions. Equation 11 has been applied to the collected data from 

November 1st, 2021, to April 20th, 2022 ς as a result, data during this period is likely lower than 

expected, and may be functionally insignificant. 

 2.3 Instrumental Setup of the Aerodyne HR-ToF-AMS 

The Aerodyne AMS detects aerosols by collecting a sample gas through a particle inlet 

attached to a high-pressure pump (See Figure 9 for schematic diagram).35 The particle beam is 

separated from the gases by differential pumping.  The particle beam passes through a particle 

sizing region equipped with a rotating chopper disk with an open slit, until it hits a resistively 

heated block with an electron impact ionizer ς any non-refractory species within the sample are 
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now flash vapourized and ionized and passed into a TOF Mass spectrometer equipped with a 

single reflectron for high resolution, high sensitivity analysis.35, 36 The mass concentration and 

particle sizing data of p-SO4, p -NH4
+, p-organics, and p-NO3 are collected in this experiment. 

 ¢ƘŜ !a{ ŎȅŎƭŜǎ ǘƘǊƻǳƎƘ ǎŜǾŜǊŀƭ ƳƻŘŜǎ ƻǾŜǊ ǘƘŜ ŎƻǳǊǎŜ ƻŦ ŀ ǎƛƴƎƭŜ ΨǊǳƴΦΩ The setup used 

here entailed a minute long cycle per run, with a 15-ǎŜŎƻƴŘ ΨŎƭƻǎŜŘΩ ƛƴǘŜǊǾŀƭΣ ŀ мр-second 

ΨǇŀǊǘƛŎƭŜ ǘƛƳŜ-of-fliƎƘǘ όǇ¢hCύΩ ƳƻŘŜΣ ŀƴŘ ŀ ол ǎŜŎƻƴŘ ΨƻǇŜƴΩ ƛƴǘŜǊǾŀƭΦ ¢ƘŜ ΨŎƭƻǎŜŘΩ ƛƴǘŜǊǾŀƭ 

ǇǊƻǾƛŘŜŘ ŀ ōŀŎƪƎǊƻǳƴŘ ŦƻǊ ŜŀŎƘ ǊǳƴΣ ǘƘŜ ΨǇ¢hCΩ ƛƴǘŜǊǾŀƭ ǳǎŜŘ ŀ ǇŀǊǘƛŎƭŜ ōŜŀƳ ŎƘƻǇǇŜǊ ǿƛǘƘ ŀ 

н҈ ΨƻǇŜƴΩ Řǳǘȅ ŎȅŎƭŜ ǘƻ ŘŜǘŜǊƳƛƴŜ ǇŀǊǘƛŎƭŜ ǎƛȊŜǎΣ ŀƴŘ ǘƘŜ ΨƻǇŜƴΩ ƛƴǘŜǊǾŀƭ ŎƻƭƭŜŎǘŜŘ ǎǇŜŎƛŜǎΩ 

concentrations. 

 Sampling was performed though 1/8έ steel tubing equipped with a precipitation-

ōƭƻŎƪƛƴƎ άǊŀƛƴ Ƙŀǘέ ŎƻǾŜǊΣ affixed to the roof of the Petrie Science and Engineering atmospheric 

chemistry lab. The data collection period started on August 12th, 2021, and ended prematurely 

on October 1st, 2021, due to equipment failure. The instrument had been calibrated previously 

by ECCC, but there was no opportunity to perform a more recent calibration due to COVID-19 

restrictions at Environment and Climate Change Canada (ECCC). 

Figure 9. A schematic diagram for an Aerodyne Aerosol Mass Spectrometer.35 
 

© Aerodyne Research Inc. 
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2.5 Sarnia Field Study 

A field study campaign was conducted on July 21-22, 2022, in Sarnia, Ontario. It is 

known that petroleum refining and chemical manufacturing industries in Sarnia (namely 

Imperial Oil, Cabot Canada Ltd., Suncor Energy, and Shell Canada Products Ltd.) constitute a 

ǎƛƎƴƛŦƛŎŀƴǘ ŀƳƻǳƴǘ ƻŦ hƴǘŀǊƛƻΩǎ ǘƻǘŀƭ {h2 emissions, at roughly 13% of the total emissions in 

2020 (according to the NPRI inventory).12 The individual contributions for the last 20 years for 

each facility will be provided in Chapter 3. Thus, Sarnia is of interest since long range transport 

of SO2 and p-SO4
-2 to Toronto is possible.  

 This field study employed a mobile mass-balance method to calculate the quantity of 

SO2 emissions originating from the city of Sarnia. This method involves the collection of data 

from a mobile platform (in this case, a gasoline-powered van) downwind of the emissions 

sources, including pollutant mixing ratios, meteorological data from a mobile weather station, 

and GPS data. The weather station was placed at ground level approximately 20 km downwind 

of the point sources, and measures wind speed and direction at a height of approximately 2 

meters. 

In this case, based on the prevailing westerly wind conditions on these days, the data 

was collected in multiple parallel transects east of Sarnia (See Figures 10 and 11 for the 

locations, directions, and area covered for each transect on July 21st, 2022, and July 22nd, 2022). 

Each transect is assumed to be perfectly straight. The data collection period on July 21, 2022, 

took place from 2:13 PM ς 4:27 PM. The data collection period on July 22, 2022, took place 

from 9:42 AM ς 12:49 PM. Each transect was driven in either a south-to-north, or a north-to-

south direction. It is not expected that the difference in the south-to-north and north-to-south 

bearings will make a significant difference in the collected SO2 data.  
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Figure 10. Start and end points for each driven transect on July 21st, 2022, plotted on Google EarthΦ ¢ƘŜ ƴǳƳōŜǊ ƻŦ ŜŀŎƘ ǘǊŀƴǎŜŎǘ ƛǎ ƴƻǘŜŘ ŀǎ ά5м¢ІΩΣ ǿƘŜǊŜ 5м 

refers to Day 1 of the field study and # refers to the transect number. Point sources (from north to south: Imperial Oil, Cabot Oil Ltd., Suncor Energy, Shell Canada 

Products Ltd.) are labeled with black markers. The meteorology station is labeled with a white marker. 
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Figure 11. Start and end points for each driven transect on July 22nd, 2022, plotted on Google Earth. Additional point sources from the United States are displayed 

in the south-most portion of the map. 
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By integrating the measured mixing ratios for SO2 across the distance travelled for each 

transect, it is possible to estimate the total mass emissions of SO2 from Sarnia, by the following 

equation: 

Ὁ Ὓὕ Ὓὕ Ὗz ÃzÏÓ—ᶻ
ὖ ὓzὡ

Ὑ Ὕz
 Ὠί Ὠᾀ ╔▲Ȣ   

Where E is the total emissions rate from the source (in this case, the city of Sarnia, Ontario), s is 

the distance traveled along the transect, Z is the height above ground level (PBL is the planetary 

boundary layer), [SO2] is the combined measured mixing ratio for SO2, [SO2]Bg is the background 

mixing ratio for SO2 in ppb, U is the average hourly wind speed in Sarnia, ʻ ƛǎ ǘƘŜ angular offset 

of the incoming wind direction relative to the plane normal to the transect direction, P is the 

pressure,37 MWSO2 is the molecular weight of SO2, R is the ideal gas constant, and T is 

temperature.37
 See Chapter 3.5 for the values used for each variable. Note that this equation 

assumes a homogenously mixed boundary layer, and vertically consistent meteorological 

conditions and pollutant mixing ratios. 

 The planetary boundary layer is estimated in two different ways. First, an estimate was 

calculated from meteorological data using atmospheric modeling. In addition to this estimate, 

there is also measured ceilometer data from a station in Windsor.  We can combine each 

boundary layer estimate using a weighted average based on their relative uncertainties:  

ὼӶ
В

ρ
„ ὼz Ễ

ρ
„ ὼz  

В
ρ
„ Ễ

ρ
„ 

  ╔▲Ȣ  

Where ȄWeight is the weighted average, and ̀  is the relative uncertainty on each value x (in this 

case, the estimate of the boundary layer height Z). Equation 13 assigns a weight όмκˋύ to each 

boundary layer estimate based on its relative uncertainty, sums the weight-adjusted values 

ώόмκˋύϝx] for each estimate, and divides by the sum total weight. 

Not all transects will be used to quantify the emissions from Sarnia. There are two types 

of transects: qualitative and quantitative transects. Qualitative transects are effective for 
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determining point sources of SO2 emissions. Quantitative transects are transects that are a far 

enough distance away for the calculation of the true emission rate.  

As the plume of emissions travels away from the point source, it diffuses both 

horizontally and vertically. Once this plume is well-mixed up to the boundary layer, the 

calculation of the emissions rate becomes quantitative, and represents the actual emissions 

from Sarnia. This is due to the mathematical relationship of the distribution of the plume with 

ǊŜǎǇŜŎǘ ǘƻ ǘƘŜ ŘƛǎǘŀƴŎŜ ŦǊƻƳ ǘƘŜ ǎƻǳǊŎŜΣ ŀǎ ŘŜǎŎǊƛōŜŘ ōȅ DΦLΦ ¢ŀȅƭƻǊΩǎ ǎǘŀǘƛǎǘƛŎŀƭ ǘƘŜƻǊȅ ƻŦ ǇƭǳƳŜ 

dispersion.38 This is a Lagrangian statistical explanation (essentially, the framework description 

of a mass moving in a system with a constantly changing reference due to movement with air) 

of the wind-driven movement of an average of tracer particles in the atmosphere, 

approximated in the vertical direction by the following38: 

„ ς„ ὸz
ᶻ

ρ ÅØÐ
ᶻ
 ╔▲Ȣ   

Where ̀ y is the vertical distribution of the tracers, ̀ v is the intensity of turbulence, tL is a 

Lagrangian time scale (often approximated as 1 minute for boundary layer dispersion), U is the 

wind speed, and x is the distance downwind from the plume source. It can be seen that the 

vertical distribution of a plume is directly correlated with its downwind distance from the 

source.  

Taylor also describes the differing relationship between vertical distribution and 

distance at short distances from the source, and at long differences from the source, through 

the reduction of Equation 14. For a short distance38: 

„ „ᶻ
ὼ

Ὗ
 ╔▲Ȣ  

And for a long distance38: 

 „ „ᶻ ςὸᶻ
ὼ

Ὗ
 ╔▲Ȣ  

It can be seen that, for short distances, the relationship between vertical dispersion and 

distance from the source is linear. For long distances, this relationship is based on the square 
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root of the downward distance. Thus, at an adequate distance away, the rate of vertical 

dispersion of a plume will stop, indicating full mixing up to the boundary layer. 

 Finally, it can be demonstrated that the source emission rate, and the concentration 

detected by an instrument are related to the vertical and horizontal distribution of the plume38: 

 ὧ  
Ὁ

“„„Ὗ
ÅzØÐ πȢυz

ώ

„
ÅzØÐ πȢυz

ᾀ

„
╔▲Ȣ  

Where c is the concentration of a pollutant detected by an instrument, E is the source emission 

rate in g/s, ̀ z is the vertical dispersion of the plume, y is the lateral distance of the detector 

from the center of the plume, and zc is the height of the centre of the plume from ground level 

(assuming a detector height of 0 m). 

  Per Equation 17, detected concentrations are inversely proportional to the dispersion of 

the plume. Thus, plume concentration is indirectly inversely correlated with downwind 

distance, and at a far enough distance from the source, the rate of the reduction in 

concentration will decrease to the point of near stabilization in measurements. This can be seen 

with successive transect measurements. During the qualitative transects, the measured peak 

concentrations of a pollutant will drop rapidly from one transect to the next. At a critical 

downwind distance from the source, it can be observed that peak concentrations for each 

transect will converge, and while they are still decreasing, the transects further from the source 

will be more similar to each other than the transects closer to the source. When this is 

observed, the plume can be thought to be well-mixed up to the boundary layer and transects 

taken at this distance (or farther) are included in calculations using Equation 12. 

 Assuming a constant wind speed and stable boundary layer, the required downward 

distance for adequate vertical plume dispersion can be quantified according to the relationship 

between the time required for pollutants to mix up to the boundary layer and the mean wind 

speed, by the following equations39: 

 ὸ
ᾀ

ύz
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Where tm is the mean mixing time in seconds (the time it takes for a tracer to mix up to the 

boundary layer, typically between 5-15 minutes40), w* is the convective velocity scale, and xq is 

the minimum distance required to define a quantitative transect (the distance traveled by a 

plume over one tm). The convective velocity scale requires measurements of kinematic heat 

flux40; in the absence of these measurements, a conservative estimate of 15 minutes will be 

used to approximate xq for this field study (See Chapter 3.5 for calculation). We use a factor of 3 

mean mixing times; with each mean mixing time, the plume disperses up to the boundary layer, 

but is only fractionally mixed. It is assumed that, for the purposes of this study, that 3 

repetitions of mixing are adequate to assume plume homogeneity up to the boundary layer. 

During the course of the field study the 43i instrument was set up in the back of the van 

and was powered with a portable battery (See Figure 12). A T-junction manifold was installed to 

allow the 43i and CDRS simultaneous access to a single 1/8έ Teflon sampling line affixed to front 

of the vehicle. Through this study, the 43i instrument was used to collect SO2 data, using the 

same operational parameters outlined in Chapter 2.2, with the exception of the averaging time, 

which was switched from 300-second averaging to 2-second averaging to increase the spatial- 

and time-resolution of the measurements (supplemented by manual recording during peak 

concentration periods every 10 seconds). The CDRS used the same instrumental setup that will 

be described in Chapter 2.7, and collected CO, CH4, and CO2 data. A model 100 WS-25 mobile 

weather station was setup at 5783 Camlachie Road, Wyoming, Ontario, along the path of July 

21stΩǎ ¢ǊŀƴǎŜŎǘ п ǘƻ ŎƻƭƭŜŎǘ ǿƛƴŘ ǎǇŜŜŘ ŀƴŘ ŘƛǊŜŎǘƛƻƴ Řŀǘŀ (note that this station collects data at 

a height of roughly 2 m). GPS data was collected thrƻǳƎƘ ǘƘŜ άDŀƛŀ Dt{έ ǎƳŀǊǘǇƘƻƴŜ ŀǇǇΦ 
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2.6 Data Processing & Analysis Software 

Data was analyzed using Microsoft Excel and Wavemetrics Igor Pro Version 9. Microsoft 

Excel was used to organize raw data outputted by the instruments. Igor Pro is an analysis 

toolset used to process large quantities of complex scientific data packaged together as 

άǿŀǾŜǎέΦ wŀǿ !a{ Řŀǘŀ ǎǇŜŎƛŦƛŎŀƭƭȅ ƛǎ ǇǊƻŎŜǎǎŜŘ ƛƴǘƻ ŀ ǳǎŀōƭŜ ŦƻǊƳ ǘƘǊƻǳƎƘ ŀƴ LƎƻǊ Řŀǘŀ 

ǇŀŎƪŀƎŜ ŎŀƭƭŜŘ άtLY! ŀƴŘ {ǉǳƛǊǊŜƭ.έ40 Data processing, statistical analysis, and figure generation 

for the other instruments is performed through the base Igor software. Particularly, Igor will be 

used for ANOVA analysis, which compares multiple means to determine if there are any 

statistically significant differences within the set. ANOVA results are posted in the following 

format: (F(degrees of freedom between groups, degrees of freedom within groups) = [F-value], 

Figure 12. Setup of the Picarro CDRS and Thermo Fisher 43i in the van used for the Sarnia field study. 
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p = [p-value). Full statistical results are recorded for specific important data only. Post-hoc 

testing is used to identify the exact comparisons identified as significant by ANOVA. Igor will be 

used to perform Neuman-Keuls tests, which are a higher-statistically-powered variant of 

¢ǳƪŜȅΩǎ ¢ŜǎǘΣ ǿƘƛŎƘ ǎǳŎŎŜǎǎƛǾŜƭy checks the statistical significance of each possible comparison 

in the set.  

 High pollution air quality events and Sarnia point source emissions are tracked through 

the use of the NOAA HYSPLIT atmospheric transport and dispersion trajectory model.42 HYSPLIT 

is a combined Lagrangian and Eulerian methodology model that makes use of a moving frame 

of reference to track dispersing air plumes.42 For the purposes of tracking high pollution air 

quality events, HYSPLIT is used to generate backwards trajectories for times of high detected 

pollutant concentrations to determine where the air mass originated from. Trajectory start 

points for the model were selected at a height of 20 m centered on the Petrie Science and 

9ƴƎƛƴŜŜǊƛƴƎ ǊƻƻŦǘƻǇ ƭŀōΦ 5ǳǊƛƴƎ ǘƘŜ {ŀǊƴƛŀ CƛŜƭŘ {ǘǳŘȅΣ I¸{t[L¢ ǿŀǎ ǳǎŜŘ ƛƴ ǘƘŜ ΨŦƻǊŜŎŀǎǘ 

ǘǊŀƧŜŎǘƻǊȅΩ ŎƻƴŦƛƎǳǊŀǘƛƻƴΣ ǿƘŜǊŜ ƪƴƻǿƴ Ǉƻƛƴǘ ǎƻǳǊŎŜǎ ǿŜǊŜ ǎŜƭŜŎǘŜŘ ŀǘ ǘƘŜ ǎǘŀǊǘ ǘƛƳŜ ƻŦ ǘƘŜ 

field study, and plume trajectories were simulated from these point sources. Meteorology is 

simulated using the Global Forecast System (GFS) quarter-degree resolution archive. Back 

ǘǊŀƧŜŎǘƻǊƛŜǎ ŀǊŜ ǎǳǇǇƻǊǘŜŘ ōȅ bh!!Ωǎ IŀȊŀǊŘ aŀǇǇƛƴƎ {ȅǎǘŜƳ ŦƻǊ {ƳƻƪŜ ŀƴŘ Cƛre Products 

(HMS Smoke) to determine the influence of forest fires on particulate matter formation.  

2.7 Description of Collaborative Data Instruments 

Data provided by Yeuhyun Kim was collected via Picarro CRDS. The operating principle 

of the Picarro CRDS is cavity ring-down spectroscopy, by which a sample of air is contained 

within a cavity in the instrument, surrounded by a triangular configuration of three mirrors, and 

excited with the laser.43
 The cavity fills with the emitted light, reflecting repeatedly in a cycle by 

the mirrors; upon reaching a certain photodetector signal threshold, the laser shuts off, and the 

light slowly and steadily decays from the cavity in a process known as ring-down.43 A gas 

species that can absorb the light from the laser will accelerate the loss of light, and the 

difference between empty cavity and sample cavity ring down time is characteristic of species 

concentration.43 Tuning the laser allows for species differentiation. Sampling for this instrument 
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ǿŀǎ ǇŜǊŦƻǊƳŜŘ ǘƘǊƻǳƎƘ ǘƘŜ ǎŀƳŜ мκуέ ¢ŜŦƭƻƴ ǘǳōŜ ŀǎ ǘƘŜ 43i, at 0.5 L/min. Calibrations were 

performed and no corrections were needed 

Data provided by Dr. Joudan was collected via AIM-IC-MS. The operating principle of this 

technique is online ion-chromatography mass spectrometry of water-soluble gas and fine 

particulate components.44 A parallel plate wet denuder system separates gas-phase compounds 

from the sample via diffusion, while particles are collected in a particle supersaturation 

chamber.44 Samples collected via AIM were injected by syringe into anion and cation channels 

in an ion chromatography system, with a Dionex IonPac AS24 250 mm column and NaOH 

eluent.44 Separated species were introduced to the ThermoFisher Scientific mass spectrometer 

via electrospray and quantified by a single quadrupole operating in selected ion mode.44 

Calibrations were performed offline using analytical standards of the species of interest, diluted 

appropriately to create a calibration curve.44  The data used spans from November 16th-25th, 

2021, which encompasses three high pollution air quality events not captured in the AMS 

dataset. 

Meteorology data was provided the York University Earth and Space Science 

Meteorological Observation Station (EMOS) station, which is a tower located at surface level 

slightly northwest of the Petrie Science and Engineering rooftop lab.45 To collect wind data, the 

EMOS station employs an R. M. Young wind monitor at the top of the tower (approximately 10 

meters above ground level), and samples data every second, with 5-minute averaged data 

points recorded.45  



35 
 

Chapter 3 ς Data & Results 

3.1 Historic Data 

 NAPS data for the Toronto, Windsor, and Simcoe monitoring stations have been 

collated, summarized, and displayed graphically here, in addition to testing the statistical 

significance of any comparisons made. The functional significance of selected comparisons will 

be discussed in Chapter 4.1. In particular, 4 main metrics have been targeted: SO2 mixing ratios, 

p-SO4
-2 concentrations, SOx concentrations, and the ratio of p-SO4

-2/SOx, for each site. 

 This data was collated from 2003 - 2020. The advantage to this data collection period is 

twofold: first, there is enough data here to form proper trends, which is important for 

contextualizing the changing nature of sulfur in Ontario over time. Given that the stated 

research objective of this thesis is to evaluate the current state of sulfur in Ontario (in 

particular, around Toronto) and determine how this has changed in recent years, this context is 

critical for substantiating any analysis of the data collected by the 43i instrument over the 

course of this thesis project. The second advantage is that this 2003-2020 analysis window 

should demonstrate the effects of several periods of successively increased environmental 

regulations, from the 1980s to more recent sets of regulations including emissions limits 

enacted in 2015 and 2019. 

SO2 mixing ratio means, 95% confidence intervals of the means, 95th percentiles of the 

annual data set, as well as the annual hourly maximum for each NAPS site have been tabulated 

in Table 5. In addition, box plots have been generated for the annual SO2 means for each NAPS 

site in Figure 13. In these box plots, the filled boxes represent the 25th to 75th percentile 

interquartile range, per the Tukey method. The whiskers extended upwards to the 95th 

percentile, and down to the 5th percentile. Outlier data has been omitted to preserve visual 

clarity. The annual mean data has been displayed with a white marker for each year, and the 

median is displayed with a white line. Note that median values were often equivalent to the 

lowest value of 0 in these data sets, and so the median line is not readily visible. In addition, a 

side-by-side trend plot of annual SO2 means for all three NAPS sites is also shown in Figure 13, 

to allow for direct intercomparison of the differences in SO2 based on location. 
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 Table 5. NAPS sites summarized annual means, confidence intervals of the means, 95th percentiles, and max hourly values for SO2. 

Data spans from 2003 to 2020 for Toronto and Windsor, and from 2007 to 2020 for Simcoe. All values are in ppb. Missing data is 

denoted with ά-ά.  

 Toronto Windsor Simcoe 

Year 
Mean 

(Ȅ) 
95% CI  
(± Ȅ) 

95th 
%tile 

Max 
Mean 

(Ȅ) 
95% CI  
(± Ȅ) 

95th 
%tile 

Max 
Mean 

(Ȅ) 
95% CI  
(± Ȅ) 

95th 
%tile 

Max 

2003 2.9 0.09 9.0 107 6.3 0.20 22 110 - - - - 

2004 2.7 0.08 8.0 82 4.5 0.14 18 72 - - - - 

2005 2.3 0.06 7.0 54 5.1 0.16 21 98 - - - - 

2006 2.0 0.04 6.0 27 4.9 0.15 19 96 - - - - 

2007 1.5 0.05 6.0 26 5.2 0.15 20 67 1.8 0.06 7.0 43 

2008 1.4 0.04 5.0 24 4.7 0.13 19 65 1.2 0.04 5.0 27 

2009 1.2 0.04 4.0 18 3.6 0.12 15 59 0.9 0.03 3.0 17 

2010 0.9 0.03 3.0 27 3.2 0.13 16 74 0.6 0.03 3.0 38 

2011 1.5 0.02 4.0 17 3.4 0.11 14 75 0.5 0.03 2.0 25 

2012 0.6 0.02 3.0 18 2.8 0.11 13 69 0.6 0.03 2.0 36 

2013 0.5 0.02 2.0 15 2.6 0.10 13 52 0.5 0.02 2.0 16 

2014 0.7 0.02 2.0 21 2.7 0.11 14 59 0.5 0.02 2.0 21 

2015 1.0 0.02 3.0 15 1.9 0.08 10 43 0.4 0.02 2.0 16 

2016 0.6 0.02 2.0 10 1.4 0.06 7.0 33 0.1 0.01 1.0 12 

2017 0.5 0.01 1.3 11 0.9 0.04 4.3 28 0.6 0.01 1.0 10 

2018 0.3 0.01 1.0 10 0.6 0.03 3.0 27 0.5 0.02 1.0 12 

2019 0.3 0.01 0.9 12 0.8 0.04 3.8 32 0.3 0.01 0.8 14 

2020 0.2 0.01 0.7 10 0.3 0.02 1.5 20 0.8 0.01 1.4 5.8 
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A) B) 

C) 
D) 

Figure 13. Annual SO2 box plots for each NAPS site, where A) is Toronto, B) is Windsor, C) is Simcoe, and D) is a year-over-year comparison of the average 

annual SO2 mixing ratios for all 3 sites. Whiskers are up to 95th- and down to 5th-percentile. Mean is displayed as a white marker. Median is displayed as a 

white line when not the same as the minimum. Y-error bars are displayed on graph D) that are equivalent to the calculated standard error of the mean. 
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One-way ANOVA (  h= 0.05)  was performed in Igor to determine the effect of time on 

¢ƻǊƻƴǘƻΩǎ annual SO2 mean. ANOVA analysis revealed that there was a significant difference 

between at least two annual SO2 means for the Toronto NAPS site (F(17, 153401) = [1540.15], p 

= 0). Given the high number of intercompared categories, post-hoc testing is needed to 

determine where the significant differences are. A Newman-Keuls test (  h= 0.05) was 

performed in Igor to successively compare each annual SO2 mean in Toronto. It was revealed 

that every annual SO2 mean in Toronto was significantly different from one another, with the 

following exceptions: 2012 versus 2017, 2013 versus 2017, and 2018 versus 2019. 

One-way ANOVA (  h= 0.05)  was performed in Igor to determine the effect of location 

on annual SO2 mean for 3 years. The years selected were 2007 (the earliest recorded year of 

data common to all sites), 2015 (the year of a recent instatement of sulfur-limiting 

Environmental Protection Act regulations) and 2020 (the most recent recorded year of data). 

ANOVA analysis revealed that there was a significant difference between annual SO2 mean 

between at least 2 locations in 2007 (F(2, 25798) = [1744.50], p = 0), in 2015 (F(2, 25984) = 

[903.17], p = 0), and 2020 (F(2, 34263) = [846.97], p = 0). A Newman-Keuls test (h = 0.05) was 

performed in Igor to successively compare each ƭƻŎŀǘƛƻƴΩǎ annual SO2 mean per year. It was 

ǊŜǾŜŀƭŜŘ ǘƘŀǘ ŜŀŎƘ ƭƻŎŀǘƛƻƴΩǎ {h2 mean was significantly different from one another in every 

tested year. 

For all 3 NAPS sites, p-SO4
-2

 concentration means, 95% confidence intervals of the 

means, 95th percentiles, as well as the annual hourly maximums have been tabulated in Table 6. 

Box plots have again been generated for the annual p-SO4
-2 concentrations for each NAPS site, 

with the parameters remaining identical from the SO2 box plots (see Figure 14). A year-over-

year comparison of the plotted trends for each NAPS site is also included in Figure 14. Note that 

data for Windsor was not available for 2011. The completeness of the datasets used for this p-

SO4
-2 was inconsistent. Several years for each site were missing several data points; in some 

cases, entire months and seasons were not available for analysis. Additionally, the calculated 

standard errors of the mean for sulfate are much higher than SO2 owing to the low number of 

data points (the average number of data points for one year at one NAPS site was N=8760 for 

SO2, and N = 95 for p-SO4
-2.  
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Table 6. NAPS sites summarized annual means, confidence intervals of the means, 95th percentiles, and max hourly values for p-SO4
-

2. Data spans from 2003 to 2019 for Toronto, from 2004-2010 and 2012-2019 for Windsor, and from 2007 to 2019 for Simcoe. All 

values are in ˃g/m3. Missing data is denoted with ά-ά. 

 

 Toronto Windsor Simcoe 

Year 
Mean 

(Ȅ) 
95% CI  
(± of Ȅ) 

95th 
%tile 

Max 
Mean 

(Ȅ) 
95% CI  
(± of Ȅ) 

95th 
%tile 

Max 
Mean 

(Ȅ) 
95% CI  
(± of Ȅ) 

95th 
%tile 

Max 

2003 3.2 1.7 17 27 - - - - - - - - 

2004 2.6 0.6 11 16 4.0 0.9 13 14 - - - - 

2005 2.9 0.7 11 22 3.4 1.2 13 13 - - - - 

2006 2.2 0.5 8.9 14 3.2 0.7 9.5 11 - - - - 

2007 2.7 0.6 10 17 3.7 0.7 11 18 2.6 0.7 9.8 17 

2008 2.1 0.4 7.4 11 3.3 1.0 11 12 2.8 0.7 8.1 11 

2009 1.5 0.2 4.0 12 2.1 0.4 5.7 10 2.0 0.4 4.6 12 

2010 1.9 0.6 8.5 11 2.0 0.4 6.3 11 1.2 0.4 4.5 11 

2011 1.6 0.4 4.8 6 - - - - 1.3 0.4 3.7 6.5 

2012 1.9 0.4 4.8 9 2.3 0.4 5.3 9.1 1.8 0.3 4.7 9.0 

2013 1.9 0.4 6.2 7 2.1 0.3 5.1 7.4 1.6 0.2 4.6 6.7 

2014 1.5 0.3 3.7 6 1.9 0.2 4.3 7.7 1.6 0.2 4.2 6.4 

2015 1.5 0.3 4.1 4 1.8 0.2 4.0 5.3 1.5 0.2 4.1 4.4 

2016 1.0 0.2 2.4 3 1.3 0.1 2.8 3.3 1.1 0.1 2.6 3.0 

2017 1.2 0.2 3.2 4 1.2 0.1 2.4 3.4 1.0 0.1 2.6 4.3 

2018 1.1 0.2 1.7 2 1.3 0.2 2.7 5.1 1.1 0.1 2.7 1.7 

2019 0.9 0.2 2.3 3 1.1 0.1 2.1 2.5 1.0 0.2 2.4 2.6 
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Figure 14. Annual p-SO4
-2 box plots for each NAPS site, where A) is Toronto, B) is Windsor, C) is Simcoe, and D) is a year-over-year comparison of the average 

annual p-SO4
-2 concentrations for all 3 sites. Whiskers are up to 95th- and down to 5th-percentile. Mean is displayed as a white marker. Median is displayed as a 

white line. Error bars are displayed on graph D) that are equivalent to the calculated standard error of the mean. Note that a slight horizontal offset has been 

applied to the Windsor and Simcoe plots on graph D) to improve clarity of the error bars. 

B) A) 

C) D) 
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ANOVA analysis revealed that there was a significant difference between at least two 

annual p-SO4
-2

 means for the Toronto NAPS site (F(16, 1228) = [5.61], p = 8.6x10-6). Post-hoc 

testing revealed that every annual p-SO4
-2

 mean after 2008 in Toronto was not significantly 

different from one another. The majority of significant differences occurred with comparisons 

of 2003, 2004, and 2005 versus years later than 2008. 

ANOVA analysis revealed that there was not a significant difference between annual p-

SO4
-2

  means in 2007 (F(2, 253) = [2.77], p = 0.064) and in 2015 (F(2, 260) = [2.04], p = 0.13), and 

that there was a significant difference between the annual p-SO4
-2

 means of at least 2 locations 

in 2019 (F(2, 256) = [5.93], p = 0.003). Post-hoc testing for 2019 showed that the only 

statistically different comparison for 2019 was between Toronto and Simcoe. 

For all 3 NAPS sites, SOx  concentration means and 95% confidence intervals of the 

means have been tabulated in Table 7. Since SOx is an addition of the average SO2 and p-SO4
-2

 

values for the year, there are no complete datasets to calculate 95th percentiles or determine 

annual max values. Confidence intervals were calculated from the propagated standard error of 

the mean from SO2 and p-SO4
-2. Year-over-year SOx trends for all 3 NAPS sites have been 

plotted in Figure 15. In addition, for each site, the yearly p-SO4
-2/SOx ratio (XpSO4) has been 

plotted, demonstrating the proportion of total sulfur that is made up of particle sulfate. A linear 

correlation factor between SO2 and SOx from 2003 to 2019 was calculated in Igor Pro, where 

the strength of correlation for historic SO2 and SOx is r = 0.99.  
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Table 7. NAPS sites calculated and summarized annual means, and confidence intervals of the means for SOx, as well as XpSO4 and the 

confidence interval of XpSO4. the Data spans from 2003 to 2019 for Toronto, from 2004-2010 and 2012-2019 for Windsor, and from 

2007 to 2019 for Simcoe. All values are in g˃/m3. Missing data is denoted with ά-ά. 

  

 Toronto Windsor Simcoe 

Year 
Mean 

(Ȅ) 
95% CI  
(± of Ȅ) 

XpSO4 
95% CI 

(± of XpSO4) 
Mean 

(Ȅ) 
95% CI  
(± of Ȅ) 

XpSO4 
95% CI 

(± of XpSO4) 
Mean 

(Ȅ) 
95% CI  
(± of Ȅ) 

XpSO4 
95% CI 

(± of XpSO4) 

2003 11 1.7 0.29 0.14 - - - - - - - - 

2004 9.9 0.6 0.27 0.10 16 1.0 0.24 0.12 - - - - 

2005 9.0 0.8 0.32 0.14 17 1.3 0.20 0.13 - - - - 

2006 7.6 0.5 0.29 0.09 17 0.8 0.19 0.08 - - - - 

2007 6.7 0.7 0.41 0.16 18 0.8 0.21 0.08 7.5 0.7 0.35 0.23 

2008 5.8 0.4 0.37 0.10 16 1.1 0.20 0.12 6.1 0.7 0.46 0.26 

2009 4.7 0.3 0.33 0.07 12 0.5 0.18 0.05 4.5 0.4 0.43 0.15 

2010 4.4 0.6 0.44 0.19 11 0.5 0.19 0.06 2.8 0.4 0.43 0.16 

2011 5.8 0.4 0.28 0.08 - - - - 2.7 0.4 0.48 0.23 

2012 3.5 0.4 0.55 0.15 9.8 0.4 0.23 0.06 3.3 0.3 0.54 0.10 

2013 3.2 0.4 0.59 0.17 9.1 0.4 0.23 0.05 2.9 0.2 0.56 0.11 

2014 3.5 0.3 0.43 0.11 9.4 0.4 0.21 0.04 2.9 0.2 0.54 0.12 

2015 4.2 0.3 0.35 0.08 6.9 0.3 0.26 0.05 2.5 0.2 0.58 0.10 

2016 2.8 0.2 0.37 0.06 5.1 0.2 0.26 0.04 1.4 0.1 0.75 0.08 

2017 2.7 0.2 0.46 0.10 3.6 0.2 0.34 0.04 2.7 0.1 0.38 0.10 

2018 1.8 0.2 0.60 0.11 3.0 0.2 0.45 0.07 2.5 0.1 0.44 0.08 

2019 1.6 0.2 0.54 0.09 3.3 0.2 0.33 0.05 1.7 0.2 0.59 0.08 
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Figure 15. Annual SOx concentrations and XpSO4 for each NAPS site, where A) is a year-over-year comparison of the average SOx concentration for each site, B) 

is Toronto XpSO4, C) is Windsor XpSO4, and D) is Simcoe XpSO4. Error bars are displayed on graph A) that are equivalent to the calculated standard error of the 

mean. Error bars are displayed on graphs B), C), and D) that are equivalent to the 95% confidence intervals. Linear trendlines have been added to graphs B), C), 

and D) as dashed lines, with the displayed corresponding r2 values. 

A) B) 

C) D) 
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 We can compare the effect of time on XpSO4 for starting, middle, and endpoints for each 

region (full statistical results posted for effects of time in Toronto only). For Toronto, there was 

no significant difference between 2003 and 2015 [ɲXpSO4 = 0.06 (-0.08, 0.20)], though there was 

a significant difference between 2003 and 2019 [ɲXpSO4 = 0.25 (0.11, 0.39)] and 2015 and 2019 

[ɲXpSO4 = 0.19 (0.10, 0.28)]. For Windsor, there was no significant difference between 2004 and 

2015, and 2004 and 2019, and there was a significant difference between 2015 and 2019. For 

Simcoe, there was no significant difference between 2007 and 2015, and 2015 and 2019, 

though there was a significant difference between 2007 and 2019. Between the NAPS sites for 

these years, there was a difference between Toronto and Windsor in 2007, 2015 and in 2019, 

and a difference between Simcoe and Windsor in and in 2019. The only difference between 

Toronto and Simcoe was in 2015. 

 Seasonal SO2 and p-SO4
-2 means have been displayed as box plots in Figure 16 and 

Figure 17, respectively. Box plot parameters are identical to previous box plots. To constrain 

the analysis to a single ǊŜƭŜǾŀƴǘ ǇŀǊŀƳŜǘŜǊΣ ƻƴƭȅ ǘƘŜ ¢ƻǊƻƴǘƻ b!t{ ǎƛǘŜΩǎ seasonal differences 

will be investigated. In addition, the effect of time on sulfur means has already been 

determined, and it is expected that the trend within a given season over the years will follow 

the trend of the annual mean over the years. 

 For ǘƘŜ ŜŦŦŜŎǘ ƻŦ ǎŜŀǎƻƴ ƻƴ ¢ƻǊƻƴǘƻΩǎ ŀƴƴǳŀƭ {h2 means, ANOVA revealed that there 

was a statistically significant difference between at least 2 seasons in 2007, and in 2020. For 

every tested year, every seasonal mean was significantly different from one another, with one 

exception: in 2020, the SO2 mean of Spring and Winter were not significantly different. 

For ǘƘŜ ŜŦŦŜŎǘ ƻŦ ǎŜŀǎƻƴ ƻƴ ¢ƻǊƻƴǘƻΩǎ ŀƴƴǳŀƭ Ǉ-SO4-2 means, we selected a wider sample 

of years to compensate for the high uncertainty in p-SO4
-2 means relative to the low uncertainty 

in SO2 means (2004, 2005, 2006, 2007, 2015, and 2019). There was no statistically significant 

difference between any season in 2004, 2006, 2007, 2015, and in 2019. The only notable 

differences were in 2005, between Summer and Spring, and between Summer and Winter. 
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Figure 16. Annual Toronto SO2 box plots divided by season, where A) is Spring, B) is Summer, C) is Autumn, and D) is Winter. Whiskers are up to 95th- and 

down to 5th-percentile. Mean is displayed as a white marker. Median is displayed as a white line. 

A) B) 

C) D) 
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Figure 17. Annual Toronto p-SO4
-2 box plots divided by season, where A) is Spring, B) is Summer, C) is Autumn, and D) is Winter. Whiskers are up to 95th- and 

down to 5th-percentile. Mean is displayed as a white marker. Median is displayed as a white line. 

A) B) 

C) D) 
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Daytime and nighttime SO2 means have been displayed as box plots in Figure 18. Box 

plot parameters are identical to previous box plots. To constrain the analysis to a single relevant 

ǇŀǊŀƳŜǘŜǊΣ ƻƴƭȅ ǘƘŜ ¢ƻǊƻƴǘƻ b!t{ ǎƛǘŜΩǎ day/night differences will be investigated. Note that 

due to the data collection interval for p-SO4
-2 spanning days, not hours, it is not possible to 

compare the daytime and nighttime intervals for p-SO4
-2 and SOx. To compare between daytime 

and nighttime, 3 relevant years will again be selected to represent the time period pre-, during, 

and post-environmental regulation (2007, 2015, and 2020, respectively). Much like the seasonal 

analysis, it will be assumed that both daytime and nighttime interval annual averages will be 

affected similarly by time as the 24-hour annual averages. 

Successive two sample t-tests (h  = 0.05) were performed in Igor to determine the effect 

ƻŦ ŘŀȅǘƛƳŜκƴƛƎƘǘǘƛƳŜ ƛƴǘŜǊǾŀƭǎ ƻƴ ¢ƻǊƻƴǘƻΩǎ ŀƴƴǳŀƭ {h2 means for specific pairs of years (2007, 

2015, and 2020 selected as test years). The t-test revealed that there was a statistically 

significant difference between daytime and nighttime in 2007, 2015, and 2020. 

Note that pollutant data is typically not distributed normally. Notable events in 

atmospheric pollutant data are characterized by peaks caused by discrete plumes passing the 

detector, resulting in a skew in the frequency of the data from normal. The majority of the data 

will distribute around the mean, with a long, narrow tail representing the peak data (see Figure 

19). ANOVA analysis, post-hoc testing, and two-sample t-tests rely on an assumption of 

normality of data with low variation; thus, the non-normal distribution of atmospheric pollutant 

data would theoretically reduce the statistical power of these tests. In reality, however, the 

data sets used here have a high number of points (e.g., average yearly Toronto SO2 N Ғ утслύΣ 

which increases the power of the test, and the majority of these points are largely distributed 

normally (see Figure 19). The main problems arise with the p-SO4
-2 data sets, where there were 

often only a few points for an individual year, resulting in high variation. The result of this is 

that the statistical tests used for any p-SO4
-2 analysis may not properly detect significant 

differences between two samples and may result in a conservative analysis of the data.  
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Figure 18. Annual Toronto SO2 box plots divided by day- and nighttime, where A) is Daytime, and B) 

is Nighttime. Whiskers are up to 95th- and down to 5th-percentile. Mean is displayed as a white 

marker. Median is displayed as a white line. 

A) 

B) 



49 
 

 

  

Figure 19. Frequency histograms for the annual SO2 data set for Toronto in 2015 (N = 8642, M = 1.02, 

SD = 1.03) to demonstrate sample distribution. Histogram A) shows the data separated out in 2 ppb 

wide bins all the way to the max of 16 ppb, and histogram B) shows the data separated in 1 ppb bins to 

better illustrate the distribution of the data (with all data җ 3 ppb in the last bin). 

A) 

B) 
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3.2 Trends in hƴǘŀǊƛƻΩǎ Sulfur Dioxide 

 SO2 data was collected from the roof of the Petrie Science and Engineering Building at 

York University in Toronto, Ontario, from August 12th, 2021, to October 18th, 2022. A data point 

was collected near-continuously every 10 seconds over this interval. Both the raw data plot 

(See Figure 20) and summarized descriptive statistics for the entire time period will be 

displayed here (See Table 8), as well as data plots for each month, season, and 

daytime/nighttime interval. In addition, meteorological data will be integrated into this section, 

to demonstrate the relationship between wind direction frequency and SO2. In this section, the 

data collected during this thesis project provides a current and comprehensive view of SO2, its 

trends, and the effects of its seasonal and temporal variations. Presentation of any high 

pollution events will occur in Chapter 3.4. Any comparisons will be displayed graphically, and 

the most important comparisons will be discussed in Chapter 4.2. 

Table 8. Descriptive statistics for the entire collected SO2 data set from August 12th, 2021, to 

October 18th, 2022, computed via Igor Pro. 

Statistic Mixing Ratio (ppb) 

Mean (Ȅ) 0.37 

{ǘŀƴŘŀǊŘ 5ŜǾƛŀǘƛƻƴ όˋύ 0.82 

Standard Error (±) 0.0004 

95% CI (± Ȅ) 0.0008 

Median 0.19 

Maximum 27 

5th Percentile -0.14 

95th Percentile 1.4 
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Figure 20. Complete SO2 data (N = 3,490,740) collected from the 43i instrument from August 12th, 2021, to October 18th, 2022. Note that values below 0.07 

ppb are considered to be below the lower detectable limit for this method. Values below the lower detectable limit are still included for calculations of 

summary statistics. 



52 
 

 A notable portion of the data is below zero; realistically, atmospheric pollutant mixing 

ratios physically cannot be a negative number, but in the interest of analytical consistency, 

these values have not been removed from any calculations or statistical analysis. Per Chapter 

2.2, we note that a significant portion of the data collection period (November 1st, 2021 ς July 

18th, 2022) was affected by flow rate issues, hardware failure, or both; conclusions made on 

data within this range will be caveated with a large degree of uncertainty. 

 To establish the statistical difference between the historic data and currently collected 

data, one-way ANOVA and post-hoc analysis was used to compare the effect of time on annual 

SO2 mean across 2019, 2020, and the current data, which revealed a significant difference 

between all three time intervals. 

Box and whisker plots have been generated for each month of collected SO2 data, as 

well as the trend of the monthly means (see Figures 21 and 22). The setup and methodology of 

these box plots have been described previously in Chapter 3.1. ANOVA and post-hoc testing 

revealed that there was a statistically significant difference between every month, with the 

exception of August 2022 and September 2022. 

The collected data was split into seasonal intervals (Autumn: September ς November 

2021, Winter: December 2021 - February 2022, Spring: March ς May 2022, Summer: June - 

August 2022). Note that the months of August 2021, September 2022, and October 2022 have 

been omitted to create even, 3-month intervals for a full year. Seasonal box plots were 

generated (see Figure 23). ANOVA and post-hoc testing was discovered that every seasonal SO2 

mean was significantly different from one another.  
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Figure 21. Chronologically ordered monthly SO2 box plots for the collected data from the 43i instrument at York University, from August 12th, 2021, to 

October 18th, 2022. Whiskers are up to 95th- and down to 5th-percentile. Mean is displayed as a white marker. Median is displayed as a white line. 
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Figure 22. Plotted monthly SO2 means over time for the collected data from the 43i instrument at York University, from August 12th, 2021, to October 18th, 

2022. Y-error bars have been added to each point, representing the 95% confidence intervals. A line-of-best-fit has been added to the plot by Igor Pro, and 

the corresponding r2 value was calculated by linear regression. 
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Figure 23. Seasonal SO2 box plots for the collected data from the 43i instrument at York University, from August 12th, 2021, to October 18th, 2022. Whiskers 

are up to 95th- and down to 5th-percentile. Mean is displayed as a white marker. Median is displayed as a white line. 
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The daytime and nighttime 12-hour intervals were also investigated. Once again, the 

daytime interval was defined as the time period from 8:00 AM to 8:00 PM, and the nighttime 

interval spanned from 8:00 PM to 8:00 AM. Monthly box plots have been generated for each 

interval, using the previously described parameters (see Figure 24). A two-sample t-test 

revealed that there was a statistically significant difference between daytime and nighttime for 

the collected data set. 

Polar plots of SO2 versus wind direction were generated in Igor Pro from the York 

University EMOS Station meteorology data (see Figure 25). The first polar plot is a wind rose 

that demonstrates the frequency of the air mass origin versus the direction. Radial distance 

from the centre indicates the proportion of the SO2 data points that originated from a specific 

15° sector. Each concentric ring, starting from zero in the origin, represents 0.01 (or 1%) of the 

total data. The origin represents the relative location of the meteorological tower just outside 

of the Petrie Science and Engineering Building at York University, in Toronto, Ontario. Note that 

the data is not separated out by pollutant mixing ratio; this polar plot merely represents the 

frequency of the entire dataset, regardless of how high the mixing ratio is. This is because 

separating the data by mixing ratio on a frequency plot can be misleading, as sectors with very 

few points (but high mixing ratios) can be visually underrepresented. In addition, the vast 

majority of the data points were under 5 ppb; attempts to create categories to visually display 

the highest SO2 mixing ratio data did not work, as the proportions of each sector above 5 ppb 

were too small to be visualized. 

To address these issues, a pollution rose was generated. For this plot, the SO2 mixing 

ratios were plotted against wind direction. Instead of grouping each 15° sector into a single 

frequency bar, each individual point was plotted. Each concentric ring, starting from 0 in the 

origin, represents an increase of 5 ppb, up to 30 ppb. While it is difficult to visually resolve data 

below 5 ppb, due to the density of points, the highest peak data and their associated direction 

of origin can be seen from this plot. Note that, while the shape of each pollution rose is similar, 

the frequency of data and the peak mixing ratios are not necessarily correlated.
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Figure 24. Daytime and nighttime SO2 box plots for the collected data from the 43i instrument at York University, from August 12th, 2021, to October 18th, 

2022. Whiskers are up to 95th- and down to 5th-percentile. Mean is displayed as a white marker. Median is displayed as a white line. 
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Figure 25. Polar plots for the collected SO2 data from the 43i instrument at York University, from August 12th, 2021, to October 18th, 2022. Polar plot A) is an SO2 

frequency by wind direction origin wind rose with 15° sectors (units are proportions up to 1.00). Polar plot B) is an SO2 mixing ratio by wind direction origin 

pollution rose. Note that the first radial label from the origin for plot A), and the first and second radial labels from the origin for plot B) are not included to 

improve visual clarity of the data. 

B) A) 
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3.3 Trends in Local Particulate Matter 

Particulate matter data was collected from August 12th, 2021, to October 1st, 2021. This 

data was collected using the Aerodyne AMS and consists of p-SO4
-2, p-NH4

+, p-NO3, and p-

organic. The AMS collected a data point every minute over this time interval. Both a plot of the 

raw data (see Figure 26) and a table summarizing the descriptive statistics for p-SO4
-2 (Table 9) 

are provided below. In addition, plots of all of the other particulate matter species are provided 

for comparison (see Figure 27). Finally, we sum and plot PM2.5 as the addition of all the 

particulate matter species (see Figure 27). 

Note that an experimental lower detectable limit for the Aerodyne AMS was never 

established, since there was no opportunity to perform an on-site calibration. An experimental 

determination from the literature demonstrates that the lower detectable limit for an HR-ToF-

AMS is below 0.04 ˃ g/m3
 when operating in the single reflectron high-sensitivity mode.46

 Note 

that values below this limit are still included for calculations of summary statistics. After August 

25th, 2021, the performance of the AMS became unreliable, likely due an error with the flow 

rate related to an unknown failure in the instrument, and any data after this date was discarded 

from the analysis. For p-SO4
-2, the descriptive statistics from the August 12th to 25th, 2021 

ά!a{έ  dataset, and the November 16th to 25th, 2021 άAIM-IC-MSέ dataset will be summarized 

below. Summary statistics for non-p-SO4
-2 particulate species detected by the AMS are also 

included below, in Table 10. 
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Figure 26. Complete p-SO4
-2 data (N = 60,217) collected from the AMS instrument from August 12th, 2021, to October 1st, 2022. A 5-point median smoothing has 

been applied to reduce noise. SO2 data from the 43i instrument has been converted to ˃ g/m3 and plotted alongside p-SO4
-2 to provide a visualization of the 

relationship between the species. An isolated plot of p-SO4
-2 has been provided in a sub-window in the top left. 
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Figure 27. Complete particulate species data (N = 60,217 each) collected from the AMS instrument from August 12th, 2021, to October 1st, 2022, where A) is p-

NH4
+, B) is p-NO3

-, C) is p-organics, and D) is the summed total PM2.5. A 10-point median smoothing has been applied to each plot to reduce noise.  

A) 

C) D) 

B) 
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Table 9. Summary statistics for p-SO4
-2 όά!a{έ ŀƴŘ ά!La-IC-a{έ ŘŀǘŀǎŜǘǎύ 

 

Table 10. Summary statistics for non-ǎǳƭŦŀǘŜ ǎǇŜŎƛŜǎ ŦƻǊ ǘƘŜ άAMSέ ŘŀǘŀǎŜǘΦ 

   

  

 /ƻƴŎŜƴǘǊŀǘƛƻƴ ό˃ƎκƳ3) 

Statistic AMS AIM-IC-MS 

Mean (Ȅ) 0.60 0.38 

{ǘŀƴŘŀǊŘ 5ŜǾƛŀǘƛƻƴ όˋύ 0.80 0.51 

Standard Error (±) 0.008 0.03 

95% CI (± Ȅ) 0.015 0.07 

Median 0.25 0.17 

Maximum 4.7 2.6 

5th Percentile 0.06 0 

95th Percentile 2.4 1.5 

 /ƻƴŎŜƴǘǊŀǘƛƻƴ ό˃ƎκƳ3) 

Statistic p-NH4
+ p-NO3

- p-Organics PM2.5 

Mean (Ȅ) 0.55 0.25 4.9 6.3 

{ǘŀƴŘŀǊŘ 5ŜǾƛŀǘƛƻƴ όˋύ 0.35 0.23 3.0 4.2 

Standard Error (±) 0.003 0.002 0.03 0.04 

95% CI (± Ȅ) 0.007 0.004 0.05 0.08 

Median 0.42 0.16 4.2 5.0 

Maximum 2.0 1.6 17 24 

5th Percentile 0.25 0.07 1.5 2.1 

95th Percentile 1.4 0.67 11 16 
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  As previously stated, the data collected by the AMS is speculated to be unreliable past 

August 25th. It is theorized that a suboptimal flow rate was responsible for reducing instrument 

performance past this time, though this was not able to be determined, since the instrument 

was sent away for repairs following acute hardware failure on October 1st, 2021 (see Figure 28). 

From the plot of the collected flow rate data, it does appear that some sort of notable event 

occurs on August 22nd that immediately decreased the flowrate below 1 cc/s; soon after this, 

another notable event on August 25th caused a momentary decrease in the flow rate below 0.6 

cc/s. Note that the AMS used a separate sampling manifold from the 43i, and the two 

ƛƴǎǘǊǳƳŜƴǘǎΩ ƭƻǿ Ŧƭow rate issues are unrelated. Since this same pattern is observed in all of the 

collected ǎǇŜŎƛŜǎΩ data, we expect that this is a systematic error, and not an observable 

variation in the behaviour of atmospheric p-SO4
-2.  

In addition, the data collection period for the AMS was aborted before the intended 

time; as a result, the dimensions of the analysis will have to be constrained (i.e., there is not 

enough data to perform meaningful seasonal and daytime/nighttime analysis). Within the 

collected data, there is also a notable gap. From August 17th ς August 19th, 2021, the AMS data 

collection was halted; during this time, the flow rate was suboptimal (< 1.0 cc/s), and so the 

atmospheric sampling inlet was closed to avoid damaging the instrument while awaiting 

support from a technical expert. 

 The AMS collection period only provided 2 weeks of data in 2021, and so the AMS data 

does not necessarily represent the annual p-SO4
-2 trend; additionally, there is not enough data 

to make a meaningful statistical comparison with the historic data.  
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 Figure 28. Flow rate data for the AMS from August 12th, 2021, to October 1st, 2021. A vertical dashed line has been added on August 25th, 

2021, to indicate the beginning of the period of unreliable data. The negative flow rate period was the result of an intentional closing of the 

sampling inlet. 
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 Polar plots were created from the wind direction data to determine the origin directions 

of particle sulfate (see Figure 29). The first polar plot created is a frequency of p-SO4
-2

 versus 

wind direction wind rose. Once again, the frequency plot can be misleading, and 

underrepresents high concentration peaks from low frequency sectors, and so a second polar 

plot was generated to address these issues. The second polar plot created was a p-SO4
-2 

concentration versus wind direction pollution rose. The setup of both of these polar plots was 

similar to the polar plots created for SO2 in Chapter 3.2, though the radial concentration axis 

will be increments of 1 ˃g/m3 (instead of 5 ppb) in the pollution rose. 

 In addition to the data collected by the AMS, there is a 10-day p-SO4
-2 dataset, from 

November 16th ς 25th, 2021, captured via AIM-IC-MS (See Figure 30). This data is used for 

comparison with the AMS data period, as well as high pollution event analysis (summary 

statistics are provided in Table 9). 

  Finally, we can calculate the SOx and XpSO4 values from the AMS and 43i data (see Table 

11). SOx will be calculated as the mean SO2 (converted to ˃ g/m3) added to the mean p-SO4
-2. 

XpSO4 will be calculated as the mean p-SO4
-2 concentration over the calculated mean SOx 

concentration. In addition, the uncertainty and 95% confidence intervals of SOx and XpSO4 can be 

propagated from the standard errors of the mean for SO2 and p-SO4
-2, as shown previously in 

Chapter 3.1. We can also calculate the linear correlation factors of SO2 and p-SO4
-2

 for SOx and 

XpSO4 in Igor, including historic and current data. For SOx, the correlation is r = 0.99 with SO2 and 

r = 0.91 with p-SO4
-2. For XpSO4, the correlation is r = -0.76 with SO2 and r = -0.40 with p-SO4

-2. 

Between SOx and XpSO4, we note a linear correlation of r = -0.69.  
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Figure 29. Polar plots for the collected p-SO4
-2 data from the Aerodyne AMS at York University, from August 12th, 2021, to October 1st, 2021. Plot A) is a wind rose 

plot with 15° sectors, while plot B) is an p-SO4
-2 concentration by wind direction origin pollution rose. Note that the first radial label from the origin for plot A) and 

B) are not included to improve visual clarity of the data. 

B) A) 
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Figure 30. Complete p-SO4
-2 data (N = 234) collected from the AIM-IC-MS instrument at York University from November 16th to 25th, 2021. 
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Table 11. Calculated SOx, XpSO4, and their calculated uncertainties for the AMS and AIM-IC-MS 

datasets. 

 /ƻƴŎŜƴǘǊŀǘƛƻƴ ό˃ƎκƳ3) 

Parameter Detectable AIM-IC-MS 

Mean SOx (Ȅ) 1.6 1.4 

Standard Error (±) 0.009 0.04 

95% CI (± Ȅ) 0.02 0.07 

XpSO4 (Ȅ) 0.38 0.28 

Standard Error (±) 0.006 0.03 

95% CI (± Ȅ) 0.01 0.05 

  

3.4 High Pollution Events in Local Sulfur 

 The original intention of this research project was to collect both gas-phase SO2 and 

particle sulfate data over the same time period, compare the trends of the two species, and 

perform high pollution event origin tracking and analysis for both. Due to the AMS malfunction, 

however, the time periods cannot be directly compared past August 25th, 2021. The high 

pollution event analysis will therefore be split into two sections: the first being analysis of any 

high pollution p-SO4
-2 events over the AMS time period, with comparison to the collected SO2 

and meteorology data. This will include calculations of SOx and XpSO4 for each high pollution 

event, as well as the wind sectors of origin. The second section is the analysis of all the SO2 high 

pollution events, including origin wind sectors. 

 To properly analyze the origin of any high pollution event, we must visualize the 

relevant point sources that significantly contribute to SO2 emissions in Ontario (see Figure 31). 

Likely point sources in 2022 are assumed to be the same as the highest emitting facilities from 

the NPRI 2020 inventory, summarized in Table 1. While the total emissions and relative 
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contributions of each facility may change from 2020 to 2022, it is not expected that, in general, 

significant point sources will be different. Point sources from the surrounding U.S. states 

(Michigan, Ohio, New York, Pennsylvania, and Indiana) are also included in this map, listed by 

state in Table 12. 5ŀǘŀ ƛǎ ŘŜǊƛǾŜŘ ŦǊƻƳ ǘƘŜ 9ƴǾƛǊƻƴƳŜƴǘŀƭ tǊƻǘŜŎǘƛƻƴ !ƎŜƴŎȅΩǎ (EPA) 2017 

National Emissions Inventory (NEI).48 Note that this is the most recent dataset available from 

the EPA at the time of this writing. 

For the purposes of this analysis, high pollution emissions will be defined as times with 

pollutant concentrations equal to or greater than 1  ̀above the mean for the AMS (periods җ 1.4 

µg/m3), and 2̀  above the mean for the AIM-IC-MS (also җ 1.4 µg/m3). Adjacent peaks may be 

added together and treated as one high pollutant event. These periods have all been plotted on 

Google Earth using NOAA HYSPLIT outputs (See Figure 32). Back trajectories can be organized 

into 4 broad categories, based on the direction of air plume origin: North (315-45°), East (45-

135°), South (135-225°), and West (225-315°). Average SO2, p-SO4
-2, SOx, p-SO4

-2/SOx ratio, and 

event count can be calculated for each origin sector. Back trajectories were run for 24 hours. 

Note that lake breeze effects, as well as the lower resolution meteorology data, reduce the 

accuracy of back trajectories. Given that the sampling site is surrounded by the Great Lakes, 

high lake breeze effects are expected; therefore, the influence of point sources will be 

generalized and not exactly traced by the back trajectory. 
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Figure 31. Map of significant SO2 point sources from the 2020 NPRI inventory and 2017 EPA NEI plotted on Google Earth, as described in Tables 1 and 13. Metal 

refineries are marked with orange, petroleum refineries are marked with black, chemical production facilities are marked with blue, and power generation is 

marked with yellow. Radial lines have been added to denote every 15° sector 
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Figure 32. HYSPLIT 24-hour back trajectories (in red) for all 6 p-SO4
-2 high pollution events plotted on Google Earth. Each line is labeled at the trajectory origin 

(capped at 24-hours, not necessarily at a specific point source) with the date of detection at York University.  






















































































































