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Abstract

Sulfur dioxide (S£) particle sulfate §-SQ2), and total sulfur (S{pwasevaluatedat
York University, in Toronto, Canada, using a Thermo Fishen@zer and an Aerodyne
Aerosol Mass Spectrometer. Tdemeasurementsvere compared with a historicalataset
from 2002-2020, which demonstratd a downward trend in atmospheric sulfut 2 N2 y (i 2 Q &
atmospheric sulfur decline has plateaued in recent ye@nsient mean SQwas0.37 ppb, p
SQ?¢ | a noégand SR M ™M FcTheredlexeYio significant seasonal, daytime, or
nighttime differencesThe effects opollutant transportandmajor contributorsto ¢ 2 NR y (i 2 Q &
sulfur were determinedMajor contribubrsto SQ includedHamilton metal refineriesGreater
Toronto Areachemical production facilitiethe Nanticoke petroleum refinery, and vehicle
emissionsMajor contributors to pSQ2 are Sarnia petroleum and chemical production,
Sudbury metal refineries, and lomgnge transport from the Ohio River Valléyfield study
massbalancedetermination2 ¥ { | Ne}riidsi@h&vasedtimatedat 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 impant sulfur species in the atmosphere are sulfur
dioxide (S@ and the particle sulfate ¢(8Q?), each with important, negative implications for
human health and the environmendfNote thatp-SQ2is a component of particulate matter
under 2.5 micrometers in diameter (BN). In the context of human health, $€auses
respiratory irritation and inflammation and exacerbates existing respiratory andiac
conditions? while increased {5Q levels are positively correlated with increasing hospital
admissions for respiratory illneg8oth pollutants are positively correlated with increases in all
causedeaths(total number of recordedieaths attributed to anyeasor).?2 In addition, S@
oxidizes in the atmosphere to$Q2, and PMshas welestablished links to negative effects
on human healt¥:*5 In the context of the environment, S@ a precursor species to acid rain,
which is significantly destructive to lakes, forests, and agricultural sectors through acid
deposition on water and sofilSulfur also has important implications for climate change;
aerosols (including8Q) engage irsolar radiation scattering, and alter global meadliative
forcing! This radiatiorscattering effect results in global cooling, correlated with aerosol

concentration?!

From a historical perspective, sulfur has been a significant factogimpollutionair
guality events. It is capable of forming afsubus smog (as opposed to ozedeven smog
common in modern urban environments, such as those commonly seen in Los Andletes
most famous andhotable of which being the Great Smog of Lond@uwer a period of 5 days in
1952, a sulfurous smog formed over London, driven by-boating stoes 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
SYG@ANRYYSyY(lf IyR FdzSt OnhindcypabiliteSahds | G A 2y a >

subsequent detriments to human health must still be considered. From a local perspédagive,
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Figure 1 A graph depicting S@nd wind speed measurements over a nearyp@nth time period in
2005,taking place on the roof of the Petrie Science and Engineering Building at York University.

pollution air quality events in Ontario have been traditionally dominated by high concentrations
of atmospheric sulfuf.A previous measuremeritom 2005 at York University measured;SO
levels as high as arts-per-billion (ppb) during the first wintertime air quality warning issued

by the Ontario Ministry of the Environment, for example (see Figut€ The wrrent Ontario
Ambient Air Quality Criteria (the Ontario Ministry of the Environrresiiablished upper mixing
ratio limit for a given pollutantselected to be protective againséalth and environmental

effects) for S@are presented as follows, for comparisdhe 10-minute limit is 67 ppb, the-1

hour limit is 40 ppb, and the annual limit is 4 ppfhe 16minute and thour limits were
establishedo be preventative against negative health effects, while the annual limit is

preventative against environmental damagfe.

To fully understand theurrent state of atmospheric sulfur in Ontario, it is important to
first examine any notable, historic sources, while also accounting for environmegtdhtions
that may limit sulfur emission€ I A N NA R 3 S Qat YoNIBmid2rbifi nod/thaf, ih
2002, S@emissions were largely driven by power generation and industrial activity (such as oll

refining and metal smelting), with the vast major{ty74%) coming from Ontario Power



Generation, and much of the remainder coming from St. Lawrence Cement;@Catada, and
Tonolli Canada LT®In that same year, the National Pollutant Release Inventory database lists
the highest polluters for Pik as industrial plants largely dealing with fiberglass, glass, and
metallic alloys (Owens Corning;l @anada Corp., and Indalloy, respectivElye can also
examine the NPRI 2002 emissions inventory for sulfuric acid, as this contributes directly to
atmospheric pSQ concentrations. In 2002, the significant contributing sectors were very
similar to S@ with the majority ofemissions originating frorthe exact same sectors and

facilities!?

Petroleum and coal produce sulfur through combustitnydrocarbon resources are
formed through the geological transformation of organic matter and, upon combustion, release
and oxidizesequestered sulfur deposits that omgited from the cells of biological organisms,
as well as seawater sulfatéSimilarly, metal smelting processes release sulfur species trapped
in ores.Copper, br exampleis refined and smelte@artiallyfrom chalcopyritg CuFeg, a
cupric sulfide compoundyhenraw oreis heded, sulfur is released and oxidized into,S©
Chemical production facilities are a broad term to refer to any manufactsibegvhich
generates an industrial product through a chemicalgess with a sulfur byproduct. A relevant
example of thigs carbon black productigrsuch as with Cabot Canada Ltd. In Sarnia, Ontario:
through the pyrolysis of precursor reagents containing hydrogen sulfides, sulfur is oxidized and

released into the atrasphere as SG°

Note thatdirect SQ emissions were far higher thaulfuric acid andPM s (of which p
SQ~?is only a partial componentpirect sulfate emissions can be approximatethassum of
sulfuricacid and roughly 25% of BMemissiongproportion based on a 2007 study of the
annual average composition of BMacross the entire United States by Bell et. &l 2002,
the total emtted SQ was562,227tonnes the total emitted sulfuric acid was 6,045 tonnes, and
the total emitted PM s was23,398tonnes!?From this, we can see that €@missions are
roughly50x higher than sulfateThus, it can be seen that the bulk of direct emissions of sulfur
to the atmosphere are in the form of $Qvhichsubsequentially oxidizes to$Q2, rather than

beingemitted directly as sulfate.



Since the 198Qsnanyregulations have been enacteshder the Environmental
Protection Act of Ontarim the interest of curtailing atmospheric sulfamissions Specificly
and recently by the start of 2015, all power generation facilities in Ontario were no longer
allowed to use coal’ In addition, limits on sulfur content igasolinewere added to keep it
below 12mg/kgsulfurby mass® A final example would be that, by 2019, petroleum facilities
would have specific limits of 225 kg/day for theirn®@issions?® Given these changes, and the
historic sources of S®@eing 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 atmospherisulfurhas dropped to negligible levels, and is now dominated

only by metal smelting, petroleum refining, and chemical production Tsdses 1 and p'2

Table 1.Top S@contribution point sources in Southern Ontario per the NPRI data set for 2020.
Includes every source contributing at least 1% of the totaleé®@ssions for Ontario. Included

for comparisons the currat contribution of Ontario Power Generation Inc.

Total Emissions Contribution

Company Facility City (tonnes) (%) Sector
Vale Canada Copper Cliff .
Limited Smelter Copper Cliff 27686 24.9 Metals
Sudbury
Glencore C_anada Integrated_ Nickel Falconbridge 26217 23.6 Metals
Corporation Operations
Smelter
Imperial Oil Sarnsaljlttaflnery Sarnia 7190 6.47 Petroleum
{G® al NB: Bowmanvile . Chemical
Inc. (Canada) Cement Plant Bowmanville 6085 5.48 Production
Vale Canada Copper Cliff .
Limited Nickel Refinery Copper Cliff 5935 5.34 Metals
Imperial Oil
Imperial Oil Nanticoke Nanticoke 4788 4.31 Petroleum
Refinery
ArcelorMittal ArcelorMittal .
Canada MP Inc. Dofasco Hamilton 4672 4.21 Metals
Cabot Canada Cabot Canada . Chemical
Limited Limited Sarnia 4098 3.69 Production

4



Table 1.(Continued)

Total Contribution
Company Facility City Emissions (%) Sector
(tonnes)
Birla Carbon Birla Carbon . Chemical
Canada Ltd. Canada Ltd. Hamilton 213t 246 Production
Algoma Steel Inc. Algoma Steel Inc Si/luaitriite' 2540 2.29 Metals
Stelco Inc. Hamilton Hamilton 2444 2.20 Metals
Stelco Inc. Lake Erie Haldimand 2033 1.83 Metals
County
Lehigh Hanson : . Chemical
Materials Limited Picton Plant Picton 1700 1.53 Production
Carmeuse Lime Dundas Chemical
Canada Operations Dundas 1460 1.31 Production
Sarnia
Shell Canada Manufacturing Corunna 1434 1.29 Petroleum
Products
Centre
CRH Canada Mississauga . } Chemical
Group Inc. Cement Plant Mississauge 1185 1.07 Production
Resolute Forest
Produits forestiers Products- Thunder 113 1.06 Chemical
Résolu Thunder Bay Bay ' Production
Operations
. Lennox
Ontario _Power Generating Greater 1070 0.10 Power_
Generation Inc. Station Napanee Generation



Table 2 Total percent contribution by sector of the point sources listefldble S1The
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(%o)
Metals 64.4
Petroleum 12.1
Chemical Productior 11.1

Overall, environmental regulations for the reduction of atmospheric sulfur over the last
few decades has bearerysuccessfubn a global scale, particularly in North America and
Europe. From 1990 to 261SQ emissions in these regions have decreasedooghly 7680%,
based oregislation and pollution controfsModeling results indicate an associated decrease in
p-SQ2 concentrationswith reduced Sg which would positively correlate with improved

health and environmental outcomeés.

An important note ér this project is conventional units used for,8®hich differ from
units used for particulate matter. SQas well as other ggshase 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, S0s typically given in units of ppb, as recorded by the analytical instrument used
in this project). Since PMrepresents a mixed collection of various species, it is not well
represented as a mixing ratio, and is instead givemassper-unit-volumeconcentration(in
this casep>g/m?d). At 25°Cand 1 atm of pressuresQ can beconverted to a concentration unit

(>g/m?3) by multiplying the mixing ratio value in ppb by 2.62
1.2 ImportantChemistryof Atmospheric Sulfur

Broadly speaking, atmospheric particles amborne clusters of solid and liquid material
that coagulate mattearound a stable, solid nucleus in the air to form dense part@d@&bese
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.2° Atmospheric particles typically range from 0.00800>m in diameter, with fine



particles defined as being below>in, and coarse particldseing defined as above>Im.?° Fine
particles can sustain their lift and continue their airborne transport for several weeks, crossing
the span of eeans and continents, facilitating lomgnge transport of pollutant$? While

particles can form around solid material (such as dust, soot, sea salt spraythetg gan also

be generated from oxidated species, such as thet8@-SQ2 oxidation pathway?°

There are 3 important reaction pathways to consider for the oxidation eft&SQ2,
the first being thedry, homogenous reaction of SO2 with hydroxyl radical, the second being the
reactionbetweenSQ with ozoneand peroxide in aqueous solutions (clouds, fog precipitation,
etc.), and the third being the reaction between:3@d NQ. The proposed reaction scheme for

the first pathway is as followk
00 "™ °00 by [ &
oY 000 Y &

‘00 "B 00 B

This reaction forms sulfuric acid in the atmosphere, which readily condenses tqofantiole

sulfate?2

The proposed reaction scheme for the second pathway with ozone is as follows, where
SQin cloud dropletforms an equilibrium witl5Q2, with subsequent @oxidation occurring

with the latter specie®:
YO O0z "YU ¢O &
YO 0 9"y 0 F &
The proposed reaction scheme for the second pathwily peroxidess as follow%*:
YO 00 ©OY &

Thisreaction again forms sulfuric acid, which condenses-8Qp?. The third reaction pathway
will be discussed shortly, in the context of smog formation. These reactions are key for

understanding how $5Q7 levels are maintained in the environment, as directBEmissions

7



are far lower than direct S@missionsReactions (5and(6) in particular are thought to
contribute to over 80% of the global formation dirticle sulfate’® Thus, the conversion of 0

viaReactions (1) (6) is a critical factor in determining air quality.

Sulfur is also important for determining smog events. Photochemicatjsmorban
environments is primarily driven by ozone and is also mixed withs@Nt follows that high S©
emissions would directly result increasedsmog severity through the production of$Q2.

There is another important chemical consideoat the interactions between SQozone, and
nitrogen compounds. During the day, N@presenting NO + N{pcatalytically forms ozone via

the oxidation of volatile organic compouné&n addition,there is some limited suggestion in

recent literature that,during high relative humidity periods, S@nhdergoes rapid aqueous
oxidation by N@to formp-SQ26 2 F i Sy 1y 26y +Fa WgAYyGSNI KITSQ
dependence}’ This would, in turn, decrease air quality through the direct addition of £b!

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

reactive N@, which paradoxically ractes smog.

Another indirect link between{$Q2 and ozone is suggested by Brown etf(2006)2°
In that study they showed that increaseeSf)? concentrations at night can decrease the
lifetime of NGs, giving rise to less N@vailable the next day for N@atalyzed ozone
formation. The implication is that decreases in;®missions (and thus-$Q2) could lead to
longer lifetimes of MOs at night, more N@the next day, and thus more N@vailable for N©
catalyzed ozone formatiofmhus, one can conclude that atmospheric sulfurteahis a delicate
balance in terms of air quality. Increased sulfur emissions directly result in increased PM
while decreased emissions ultimately can result in decreased ozone formation (in winter), but
perhaps increased O3 formation in summer. If e important to precisely examine current
concentrations of S£and pSQ~2to determine if atmospheric sulfur is still an important factor

in air quality, and whether decreased S€nissions have been a net benefit.
1.3 Effects of Temporal and SeasoNariation

There are expected seasonal variations in &@ pSQ, likely due to a combination of

climate, meteorological, and anthropogenic effects (such as changes in power generation for

8



climate control). For exampl@) 1998 a monitoring site on Mt. Sonnblick, Austria, noted
similar S@levels in winter and summer, and higtelevated S@levels in the springtimé?It is
likely that trends in seasonal variability are dependent on local climate patterns, et s
seasonal variance of $&nd pSQ-2will be further investigated in this report. A study of:SO
emissions in 6 European cities also showed seasonal variation, demonstrating higher levels in
the winter compared to the summe#.This was attributed to higher use of fuel for heating, as
well as cold temperature inversions in the boundary layer trappingeB@sions® Thus, while
electricity usage would be high in the summer due to air conditioning usage, meteorological
factors may result in higher winter mixing ratidsstudy in the eastern U.S noted some long
term seasonal dependence of$Q~ after SQ emissions rgulations3® Specifically, the authors
noted that decreases in-8Q followed decreases in S@t a slower rate in winter than in
summer, suggesty a significant effect of a wintertime production pathway fe8@2 from

the oxidation of S@with ozone in pksensitive cloud$°SQ is also &pected to display diurnal
patterns. The European cities study showed consistently lower levels,¢@t8Oin the day and
overnight when compared to early morning measurements, likely related to vehicle

emissions?

Overall, S@mixing ratios are very highly influenced by anthropogenic actility.
seasons of high electricity consumption (i.e., summer air conditioning usage and winter heating,
versus spring and fall seasonSY2 emissions from power generation would be at their highest.
Meteorological factors have major influences on seasonal tranigand thus, S@mixing ratios

per season are regionally dependent.
1.4 Research Objectives

The main objective of this research ésavaluate the current levels of $@nd pSQ2in
Southern Ontariptheir seasonalnd temporaltransformations their impacts on air quality,
and to trace their significant sources of origin an attempt to determine the current relative
impacts of shoand longNJ y3S GNJF yALRZ NI 2y ¢2NRRUE®Qa | Y24
constraints related to the COI® pandent, the first year of research was spent analyzing

historical data on S£&andp-SQ2, to contextualize the current findings. Measurements were



conducted with a ThermoFisher ¥4BLEUV Fluorescence Sulfur Dioxide Analyzen)(4Bd a
High-Resolution Time of Flight Aerodyne Aerosol Mass SpectrometeMadé (\\Mode HR
TOFAMS) beginning on August ¥22021 Note that due to hardwareelated issues with the
first 43iinstrument, asecond replacemen®3i instrument wasised beginningn July 18,
2022(SeeChapter2.2).

Additional data has been provided from auxiliary instrumse(seeAcknowledgements
for sources) CQ, CO, and methane dataas collectedrom a Picarro G2401 Gaser€entration
Analyzer Cavity Ringdown Spectrometer (Picarro CRDS) whie’platawas collectedrom a
URG Corp. and ThermoFisher Scientific ambient ion meioitechromatographymass
spectrometer (AIMGMS). In addition, meteorological data has been providdidtoric and
current atmospheric sulfur data will also be used as a point of compaftisonEnvironment
I'FyFREQ&A& bl aGA2yE ' ANt 2f dzi A 256 wellas\ieOhtarid I y OS

Ministry of the Environment?

The advantage of the data collected through this thesis project when compared to the
NAPS and Ontario Ministry data is tfadd: first, the timeresoltion is much higher from our
data collection period. The S@ata provided by NAPS and the Ontario Ministry was given as
hourly-averages, while the{8Q2 data was a dlay-average. Our data collected occurs every 10
seconds for S and every minute fop-SQ?, allowing for much more precise analysis of the
origins of highconcentration sulfur plumes, as well as the peak concentrations, which are often
lostduring broad averaging times. The second advantage is data availqltilgften takes
significant time for NAPS and the Ontario Ministry to release their datasets. For example, the
2022 data set for SOs currently unavailablat the time of writing this reportand the2022

Ontario Ministry data is viewable on a drday 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 investigatdigh pollutionair quality events to determine their nature and source. For
trend data, we will determine the following parameters about@@dp-SQ2: overall means
and uncertainty, hourly means, seasoaald temporalvariations, and origin directions of

pollutants. This will be supported with neparticle-sulfate data collected by the AMS (such as
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ammonia, nitrate, and organic aerosols), metelogical data, and the Picarro dafollution

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 Administratin (NOAA) HYSPLIT backwards trajectory modahd@lPRI point

source data

Of particular interest is the role of lomgnge transport in local sulfur mixing ratios and
concentrations, for S£and pSQ?; given the recent treds 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 longnge transport will now have a greater effect on
local sulfur in Torontevhencompared topre-regulation measurements, especially considering
the ban on coafired power plants. Now that Ontario Power Generation is not expected as a
source of S@) 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 ebigd power plants from the Ohio River
Valleysouthwestk ONR aa GKS 02NRSNJ gAGK GKS ! vitalG SR {01 0

regulations are irrelevant).

This project was supported by a field study campaign conducted in Sarnia, Ontario, from
JUYy2IHHY HAHHD® {AYyOS A0 Aa (y2é6y GKFG | aA3IYATFA
sourced from petroleum refiningin 88/ A ' = AG Aa GKS2NAT SR GKFG {FN
long-range transport effect and influence local sulfur levels in Tord#atm this end, a twalay
trip was taken to Sarnia with the 43i instrument to evaluate 8@issions from the city. The
measurements taken were applied to a mobile mhatance method for the deulation of the
total mass of sulfuemitted from Sarnia. This value can be compared to historigi®@ntory
ydzYo SNAR (G2 RSUOUSNNAYS GKS NBfIFGAGS AyTFtdzsSyoOoS 2
better support the analysis of any high S©OrSBIT trajectories originating from the south

west.
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Chapter 2- Experimental Methods & Instrumental Setup

2.1 Description oHistorical Data

All data used for the preliminary evaluation of atmosphericisufas taken fronthe
NAPS Data Maftas well as the Ontario Ministry of the EnvironméhNAPS operates 286
monitoring sites across Canada, reporting continuous measurementspNE¥) particulate
matter, ozone, and C€.S0O2 data was given as hourly average measurenentsits of ppb.
Particle sulfatelata was given as speciated Pfdlata and was collected through ion
chromatography of PM collected on Teflon filteffie NAPS PMdata was given as a daily
average measurement, roughly twice a week at various statibins.Ontario Ministry of the
Environment data for SQs given as durly averages from an ambient air monitoring station in

the north side of Toronto.

Three differentNAPS sitéocations were selected for our preliminary analysis: Toronto,
Windsor, and Simcoe. Toronto was selected to best mimic the conditions thaevafplicable
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 indiadized, 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 nendustrialized, rural region. It is also on the transport path
from Ohio and other Midwesterstates, a historic source of loignge transport of sulfur into
Ontaric®®, and so Simcoe may be used as an indicator for any changing trends -ratayey

pollutant transport over time.

For SQ, yearly means were calculatéar all sites along with sasonal meanand
daytimeandnighttime intervaldor Toronta 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 wiwas defined as December, January,
and February. Daytime intervals were set as théhdfr period from 8:00 AM to 8:00 PM, with
the other 12hour interval being the nighttime period. For§0Q2, yearly means were

calculatedfor all sites and seasonal meawere calculated for Torontdut due to the nature
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of the data, daytime and nighttime measurements could not be separated. Toi¢683> SQ
) wascalculated as well as the ratio of S8Q, for all chosen sitesThe time period examined
wasfrom 20032020, 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 Wids&Q2)
2.2 43t TLEUV Fluorescence Sulfur Dioxide Analyzer

The 43 TIESO2 Analyzer works via UV fluorescence spectroscopy, by exciting SO2
molecules with UV light, and capturing their decaying emissions at a longetengtte (See
Figure2 for schematic diagrantf: It is possible to quantify the amount of SO2 present, as the
emitted light is proportional to the concentration of S&2The sample gas is introded to the
instrument and passed to a heated kicker, which removes the hydrocarbon components
without affecting the SO2 moleculésince hydrocarbon species will produce a falsely high

background signaPf Next, the sample flows to a chamber with a pulsating UV lamp, which

Display
Mirror 7| Analog Outputs
Assembly Digital Quipuis
. / . —— Comunication Protocols
Condensing /
“.‘ Lens / PMT
| /
uv Bor]d—Poss ] il Electronics
Flashlamp Filter S —
A ] -
[ T A T = AT
i \\ ;“/‘\ 'i:':‘/w Photodetector
|/ ‘\_F o A ‘1 . ‘/fl
Hydrocarbon ™~
Kicker Flow\ Optical Chamber
[:| Sensor
Sample O——— ] > Pressure
[E— Transducer
y Capillary

Pump

Figure 2 A schematialiagram for a ThermoFisher 4BLBJV Fluorescence $@nalyzer Instrument?

© Thermo Fisher Scientific.
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) «—— Ventto Exhaust Line at
Atmospheric Pressure

Instrument Bulkhead

SAMPLE

<4——— Input Gas Line

Figure 3 A schematic diagram for an atmospheric bypass setup for the Thermo Fisher Motfel 43i

© Thermo Fisher Scientific.

starts the aforementioned excitation and decay process, which is captured by a selective mirror

assembly attuned to the UV emisgsiwavelength of SO2 and a photomultiplier tulfe.

This instrument operates on a 3@@cond running average, with sampling points taken
every 10 seconds; this setup provides smoother trend data by eliminatingls®y variance.
Thetheoreticallower detectable limit for the instrument at a 3&®cond averaging time st
ppb3*Data has been collectetear-continuouslyfrom August 19, 2021,to October B™,
2022 with only minor interruptions in data collectioitheidealsampling flow rate for this
AyaiNdzySyd Aa noényn [KYAY® ! YOASY(d ANI al YLI A
GdzoAy3a 6KAOK Aa || 00 OKSBRiaBwageldkditingst The samplitgé L2 NI
line for this instrument is affixed to the ob of the Petrie Science and Engineering atmospheric

chemistry lab and is outfitted with Rall Zefluor 2 >m particulate filter (47 mm diameter)

The 43is zeroed through the use of an ultzzro-air compressed gas cylinder from
Linde Gases. Theeroaird & O@f AYRSNJ A& Fddl OKSR OAl wmkyé ¢
the 43, with an atmospheric bypass line attached with-gfiction fitting toensure the
instrument is sampling air at atmosephc pressurgSeeFigure3). The instrument is calibrated
2y0S pSS1fte o0& agAlOKAY3a GKS | OGABS Ayalr1S gt
the 43ifor 10 minutes, at which point this reading is stored as the background SO
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O2y OSYUNI GA2Y dza Abpald antkolS. Likdg gaseN davsSet provile a2 y

minimum guaranteed S@oncentration for their ultrazero air. To ensure minimal 50

O2y i YAYFGA2YS |y OUGAGEFGISR OFNb2y &AONMHz0SNI 4
carbon, and Swagelok fittings. As thero-air passes through the Teflon tube packed with

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

scrubbed from the zerair and adsorbed onto the carbon. The zaio background correction

value (i.e., lhe signal quantity read by th3iduring a sampling of zerair) for the instrument

typically varies around @2 ppb, though this value is known to drifiylup to 1% per week, and

requires weekly correctia®* Theexperimentalblanklimit-of-detectionof the analytical

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

(" biank), @s well as the blank limitf-quantitation, which is equal t&0’ piank. Since the blank

values represent the background noi&piankis the minimum threshold for 3 times the signal

to noise ratio, a typical metric of detection limit. K A & Wof Fy1Q RFdGF A& RSN
taken duringwo routine zera of the instrumentin July2022 which should roughly vary

around 0 ppbTheblanklimit-of-detection limit for this analytical technique i0d.ppb (019

ug/md), and the limit of quantitation is @4 ppb 0.63ug/m?3) (Se€Tables 3 and 4.

Table 3.Statistical analysis of the blanks dataerating at a 30&econd running average

Statistical Parameter Mixing Ratio (ppb) Concentration 1g/m?3)
Mean -0.005 -0.012
+ Cl (95%) 0.006 0.016
0.024 0.063
0"’ 0.072 0.188
M 0.239 0.625
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Table4. Collected blanks datadm two zero-air calibrationsn July 2022

Timestamp

Blank Value

Timestamp

Blank Value

7/6/2022 11:56:45
7/6/2022 11:56:55
7/6/2022 11:57:05
7/6/2022 11:57:15
7/6/2022 11:57:25
7/6/2022 11:57:35
7/6/2022 11:57:45
7/6/2022 11:57:55
7/6/2022 11:58:05
7/6/2022 11:58:15
7/6/2022 11:58:25
7/6/2022 11:58:35
7/6/2022 11:58:45
7/6/2022 11:58:55
7/13/2022 12:34:02
7/13/2022 12:34:12
7/13/2022 12:34:22
7/13/202212:34:32
7/13/2022 12:34:42
7/13/2022 12:34:52
7/13/2022 12:35:02
7/13/2022 12:35:12
7/13/2022 12:35:22
7/13/2022 12:35:32
7/13/2022 12:35:42
7/13/2022 12:35:52
7/13/2022 12:36:02
7/13/2022 12:36:12
7/13/2022 12:36:22
7/13/2022 12:36:32

0.008
0.003
-0.001
-0.004
-0.006
-0.002
-0.007
-0.005
-0.011
-0.005
0.002
0.002
0.002
0.001
0.058
0.058
0.049
0.042
0.042
0.032
0.032
0.031
0.023
0.017
0.003
0.000
0.002
-0.003
-0.006
-0.006

7/13/2022 12:36:42
7/13/2022 12:36:52
7/13/2022 12:37:02
7/13/2022 12:37:12
7/13/2022 12:37:22
7/13/2022 12:37:32
7/13/2022 12:37:42
7/13/202212:37:52
7/13/2022 12:38:02
7/13/2022 12:38:12
7/13/2022 12:38:22
7/13/2022 12:38:32
7/13/2022 12:38:42
7/13/2022 12:38:52
7/13/2022 12:39:02
7/13/2022 12:39:12
7/13/2022 12:39:22
7/13/2022 12:39:32
7/13/2022 12:39:42
7/13/2022 12:39:52
7/13/2022 12:40:02
7/13/2022 12:40:12
7/13/2022 12:40:22
7/13/2022 12:40:32
7/13/2022 12:40:42
7/13/2022 12:40:52
7/13/2022 12:41:02
7/13/2022 12:41:12
7/13/2022 12:41:22
7/13/2022 12:41:32

-0.011
-0.015
-0.017
-0.020
-0.025
-0.028
-0.028
-0.023
-0.024
-0.027
-0.024
-0.027
-0.026
-0.027
-0.030
-0.037
-0.036
-0.036
-0.041
-0.036
-0.037
-0.030
-0.025
0.000
0.003
0.003
0.001
-0.003
-0.004
-0.001
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Multipoint and sparcalibratiors are performed to maintain instrument performance;
both of theseprocedures rely on Mass Flow Controllers (MFCs) and a source gaS$@®
generate calibration gas in the appropriate mixing ratios. MFCs are from CCR Procksgs
(MKS GA50A MFCs with CCR SR5 digital readouts and power supplies), while a cylinder of 10.2
0.4 ppm S@gas balanced in nitrogen is used from Linde gases. The concentration of

calibration gas is calculated with the following equatfon

i Y6 2o
0 0 0 Iy

Where [SQoutis the concentration of Sfter dilution in ppm, [S€)stwis the concentration of
the SQ gas in the cylinder used for dilution in ppmapkis the flow rate of the standard SQas
at standard temperature and pressure, anglis-the flow rate of the zerair dilutant gas at

standard temperature and pressure.

The previously mentioned zerair cylinderis connected to a Teflon tube passing
through one of the MFCs, whitee SQ calibration gas cylinder is connected to a separate
Teflon tube that passes through a second MFC; the outputs of these MFCs are blegelieit
at a Fjunction connected to ahird Teflon tubewhichi N> yaL)2 Nlia GKA & .3+ a G2

A multipoint calibration was performed tcheck the validity of the readings of the
instrument, and to correct for any deviatioriBhis calibration proedure involves the
generation of6 known concentrations of S@as in zero air, evenly spaced between 0 ppb and
the full-scale range of the instrumensétto 20 ppb). The response of the instrument at each of
these points was used to create a calibration curyenhich all incoming measurements were

compared to and corrected bigeeFigure 4. The equation of the lin@f-bestfit is given by:
W PEIMOWTEIC U X &

. ") TMICUYXPT
SR pP8r T o W r %

Incoming data was therefore adjusted Bguation @), where [SGlrawis the raw signal

recorded by the detector in ppb, and [&justedis the multipointO £ A 6 NI G4 SR Wi NHzS Q
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In addition, weekly spacalibrationswere performed toadjust for drift in the
instrumental readingsA calibration gas of S@ zercair was generated at a mixing ratio
corresponding to 80% of the fedlcale (16 ppb, in this case). This generated gas is used to
OFfAONIGS (GKS AyadaNdzySyiQa AyiaSNyrt O2SFFTFAOAS
the signal creatd by sampled SQo an ideal value determined by the calibration gasor
example a calculated span gas of 16 ppb may display a signal of 15.94 ppb on th@ 43i a
coefficient of 1; performing a span calibration will adjust the coefficient to 16/15.94 = 1.004, so
that the 16 ppb span gasgnalwill be adjusted upwards by the coefficient facgtandwill 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

20 — % 20.00

16 — /9"1%.24

12 #1205

8— «8.04

43i Detector Response (ppb)

0 4 8 12 16 20
Calibration Gas Mixing Ratio (ppb)
Figure4. Multipoint calibration curve for thesecond43i-TLE instrumeniThe chosen points were as
follows: 0, 4, 8, 12, 16, and 20 ppthe response of the instrument at each point is labeled. Note that
> 0.99, indicating that the variability the response othe instrument is nearly completely explained by

a linear regression model.
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generate calibration gases at specific mixing ratios were incomsjstad the 43i did not
respond as expected to high $@s it was often less than half of the theoreticab &xing

ratio.

It was discovered that there was a hardwdailure in the instrument, which was the
most probable reason for the inconsistent response of the 43i. The instrument was replaced
with an identicalmodel 43iTLEThissecond instrumentvas used to experimentally
demonstrate that the first 43i, as ofily 2022, had an inadequate signal response to an
inputted calibration gagSeeFigure 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:

Y0 C& X 99 ™ X X TG &

20
18

16

pd y = 2.7762x + 0.17702

14 Y
r =0.999361

12

10

New 43i Detector Response (ppb)

i’

e

1 2 3 4 5 6 7
Old 43i Detector Response (ppb)

Figure5. Multipoint calibration curve response ratio of the first (old) 43i instrument vs. the second (ne
43i.The chosen points were as follows: 0, 4, 8, 12, 16, and 20Nwb.that # > 0.99, indicating that the
variability in the response of the instrument is nearly completely explained by a linear regression mc
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43i Flow Rate (L/min)

where [SQ|newis the adjusted value for the S8ignal from the first 43i instrument calibrated

to the multipoint response of the new, functional 43i instrument, and2JJ&@s the raw signal
from the first 43i instrumentlt is unclear when exactly the response of the first 43i instrument
deteriorated; while there fad been calibration issues since the beginning of this thesis project,
it waspossible (albeit difficult) to generate an appropriate,&dhle reponse at the detector
from a set calibration gas as late as DecemiBer2®21, and sapplying the correction to the
entire dataset does not seem valiBased on the collected data and comparing with both
historical data and hourly data from the Ontario Ministry of the Environniédtit seems

most likely that the corrections should be applied to the Apdilly 2022 datasets.

There was an additial source of signal variation during the data collection period
from the months oNovember2021to April 2022, the flow rate of the 43i instrument was
inconsistent, and often operated far belawe idealvalue of 0.480 L/miSeeFigure §. On
April 20", 2022, this flow rate error was fixed by changing the filter used in the atmospheric

sampling inletas well as correcting the position of the inlet on the rabis currently unclear

0.55 —

—— 43i Flow Rate

0.50
0.45 ]

0.40

0.35

0.30

0.25

0.20

0.5 | A S e
9/10/2021 10/20/2021 11/29/2021 1/8/2022 201772022 3/29/2022
Date

Figure 6.Collected sample flow rate data for the first 43i instrument from Augugt 2021, to April 28,
2022. Note that dashed lines have been added 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 steadi®t A NtBrdugh e

filtration of atmospheric contaminantg histheory was tested by directly comparingéean

filter and adirtyCilter with 16 ppb S@calibration gas, and it was found that the flow rates for
the clean and dirty filter were neadentical (0.438 L/min vs 0.439 L/min respectively, within 1%
difference), as was the measured mixing ratio of @8.00 ppb vs 16.03 ppb, within 1%
difference. This indicates that a dirty filter has no impact on the flow rate ofé8@ causes no

chenical effectghat would alter the sampled mixing ratio.

Figure?. Position of the atmospheric sampling line on the roof of the Petrie Science and Engineering
Building at York University on April'2®022. The inlet for the line is circled in red for visibility.

21



43i Flow Rate (L/min)

The second theory for the reduced flow rate has to do with the position of the sampling
line for the 43i instrument (Seléigure 7. It is possible thathe sampling inletvascovered by

snow and icever the winer months blocking the flow ofampledair 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.Se reaction cell is pressurized at
roughly 760 mmpg of pressure; any less than that would create a vacuum and reduce the
number of molecules of SQvithin the cel] and a lower number of S@olecules would result
in a reduced fluorescence sign@he 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 (se€igure8). Thus, it follows that a reduced flow rate would result in a lower

amountof SQ fluorescence in the cell.

It is likely that the conditions leading to a reduction ino8Ca lowcellpressure
environment cannot be edy explained by a single factor; instead, it is likely a competition of

variables such as an increased residence time and oversampling fifi@@scence due to a
0.55 i~ 700
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Figure8. Collected sample flow rate and pressure data for the first 43i instrument during January 202z
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lower flow rate, a lowpressure change in quenching of Sl0orescence with air moleculend

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 slthby the company)Despite this
algorithm,a significant portion of the data collected over the time periodNovember2021to

April 2022wasnegative 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, zexio was flowed into the instrument
from a compressed cylindet 8.48 L/min, producing an average SOrrectionmixing ratio
value of 1.62 ppbWe expect thabur measuredsQ fluorescencevould be proportionally
lower for adecreasedlow 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 thebackgroundcorrecion value using the measured flow rate:

"Oa € 0
) ) ) z T8 BT 0 r &

Where [SQriowadis theflow rate-adjustedmixing ratio of S [SQ]n is themeasuredmixing
ratio of SQ, [SQJggis the background correction value of thei4éhd Flow is the flow rate of
the 43i.This intentionally does not account for the difference in the actuglaibased on flow
rate; it was de@ed that a minor correction of the data was preferred versus an overcorrection
that may lead to false conclusiorisquation 11 has been applied to the collected data from
November ¥, 2021, to April 20, 2022¢ as a reult, data during this period is likely lower than

expected, and may be functionally insignificant.
2.3 Instrumental Setup of the Aerodyne HRoOFAMS

The Aerodyne AMS detects aerosols by collecting a sample gas through a particle inlet
attached to a higkpressure pump (Seleigure9 for schematic diagram¥. The patrticle 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 electrommpact ionizerg any nonrefractory 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 analys®.The mass concentration and
particle sizing data of-0O4, pNH;*, p-organics, and NG are collected in this experiment.

¢tKS !a{ 0Oe0fSa (GKNRddzZAK aSJSNIdthes&upBstd 2 S NJ
here entailed a minute long cycle per run, withads O2 Yy R WOf 2 4-SeBofdd A Yy (i SNIJI f§
WLI NI AdDiBK @ AVIS¢C hC0UQ Y2RSZ YR I on aS0O2yR W2 L
LINE GARSR I o6F O]l 3NRBdzyR F¥2NJ SI OK NMzys GKS WLXhC
2 W2LISYQ Rdzié OeoftS (2 RSUSNNWAYS LI KIAOCES &aa
concentrations.

Sampling was performed thoudi8¢ steel tubingequipped with aprecipitation
of 201 Ay 3 & Ndffideg to e root of tiedPlik SEience aBdgineering atmospheric
chemistry lab. The data collection period started on Augu8t 2921, and ended prematurely
on October ¥, 2021, due to equipment failure. The instrument had been calibrated previously

by ECCC, but there was no opportunity tofpen a more recent calibration due to COVI1D

restrictions atEnvironment and Climate Change Cande@qC

Mass Spectrometer

Particle Beam Chopper —L J
bond, | ) pu Thermal
) ' B htihautate <4 2ha e |_EL Particle
/ j pTOF Region \Vaporlzatlor
&
Aerodynamic Electron
Particle Lens Impact
lonization
Particle Inlet (1 atm) Pump Pump Pump

Figure9. A schematic diagram fomaAerodyne Aerosol Mass Spectrometer.

© Aerodyne Research Inc
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2.5 Sarnia Field Study

A field study campaign was conducted on Juh2212022, in Sarnia, Ontaril is
known that petroleum refining and chenaicmanufacturing industries in Sarnia (namely
Imperial Oil, Cabot Canada Ltd., Suncor Enengg Shell Canada Products ) whnstitute a
AAIAYATFAOLI Yy | Y2 dzyainisgofs, ai rgughlyN.BoR2oftkie talaPeinissions{inh
2020(according to the NPRI inventoA#)Theindividual contributions for the last 20 years for
each facility will be provided i@hapter 3 Thus, Saria is of interest since long range transport

of SQ and pSQ2to Toronto is possible

This field study employed a mobile madssance method to calculate the quantity of
SQ emissions originating from the city of Sarnl&is method involves the collection of data
from a mobile platform (in this case, a gasolp@vered van) downwind of the emissions
sources including pollutant mixing ratios, meteorological data from a mobile weather station,
and GPS datd he weather sition 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 prevailwgsterlywind conditions on these days, the data
was colkécted in multiple parallel transects east of Sarf8aeFigures 10 and 1for the
locations, directions, andrea coveredor each transect on July 212022, and July 2%, 2022).
Each transect is assumed to be perfectly straihedata collection pgod on July 21, 2022,
took place from 2:13 PM 4:27 PM.The data collection period on Julg,2022, took place
from 9:42 AMc 12:49 PMEach transect was driven in either a sothnorth, or a northto-
south direction .t is not expected that the difference in the sodtibrnorth and northto-south

bearingswill make a significant difference in the collectec, 8&xa.
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By integrating the measured mixing ratios for.&@ross the distance travelled for each
transect it is postble to estimate the total mass emissioas8SQ from Sarnia, by the following
equation:

0 YO YO zTYzAT Bz UZL QiQar 8

YZ'Y
Where E is the total emissions rate from the sourceHis case, the city of Sarnia, Ontarie)is
the distance traveled along the transeétis the heighabove ground levelPBL is the planetary
boundary layer)[SQ] is the combined measured mixing ratio for.S[3Q]ggis the background
mixing ratiofor SQin ppb, U is the average hourly wind speed in Satnia,A @nguisko8set
of the incoming wind directionelative to the plane normal to the transect direction, Rhis
pressure’’ MWsoqis the molecular weight of SCR is the ideal gas constant, and T is
temperature3’ SeeChapter 3.5or the values used for each variabMote that this equation
assumes a homogenously mixed boundary layer \aamticallyconsistentmeteorological

conditions andpollutant 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 statioMiimdsor. We can combine each

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

B R:e E R:zg
of d d r &

w
o

Mk
o

WhereEweightis the weighted averagand " is therelativeuncertaintyon each value x (in this
case, the estimate of the boundary layer heightEquation B assigns a weight m ko each
boundary layer estimate based on its relative uncertainty, sums the wejhsted values

W 0 m ¥ forleach 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 areteféeior
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determining point sources of S@missions. Quantitative transects are transects thiaa far

enoughdistanceaway for thecalculation of therue emission rate

As the plume of emissions travels away from the point source, it diffosts
horizontally and vertically. Once this plume is weiked up to the boundary layethe
calculation of the emissions rate becomes quantitative, and representadh&l emissions
from SarniaThis is due to the mathematical relationship of the digition of the plume with
NBaLSOG G2 GKS RAadGlIyOS FNRY (GKS a2dz2NOS:Z a R
dispersion®® Thisisa Lagrangian statistical explanati@ssentially, the framework description
of a mass moving in a system with a constantly changing reference due to movement with air)
of the winddriven movement of a average ofracer particlesin the atmosphere

approximated in the vertical direction by the followiiig

” c” Z(‘) p AQDZ_ WB

Where' yis theverticaldistribution of the tracers’ vis the intensity of turbulence, s a
Lagrangian time scaleften approximated as 1 minute for boundary layer dispersithis the
wind speed, and x is the distance downwind from the plume source. Ibea®en 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 agldifferences from the sourcéhrough

the reduction ofEquation #. For a short distanéé&
)
” ” Z T‘_Y W 8
And for a longlistance®:
. ®
" ., 2 GO Z v T X

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

distance fom the source is linear. For long distances, this relationship is based on the square
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root of thedownward distanceThus, at an adequate distance away, the rate of vertical

dispersion of a plume widitop, indicatingfull mixing up to the boundariayer.

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 ptime

~
¥

w

o W o
TYZAQDT[EB)Z— :Aogpmz — 8

” ” ” ”

Where c is the concentration of a pollutant detected by an instrumErnig the source emission
rate in g/s, - is theverticaldispersion of the plumey is the lateral distance of the detector
from the center of the plume, and i5 the height of the entre of the plume from ground level

(assuming aetectorheight of 0 m)

PerEquation T, 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 distarfcem the sourcethe rate of the reduction in
concentration will decrease to the point okar stabilization in measurementghis can be see
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 cdraténs for each
transect willconverge and while they are still decreasing, the transects further from the source
will be more similar to each other than thieansects closer to the sourc&/hen this is
observed the plume can be thought to be watlixed up to the boundaryayer andtransects

taken at this distance (or farther) anecluded in calculations usirigguation 2.

Assuming a constant wind speed and stable boundary layemegquired downward
distance for adequate vertical pluntispersion 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 equatior?s:
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Where tn is the mean mixing time seconds (the time it takes for a tracer to mix up to the
boundary layertypically between 85 minuteg?), w* is theconvectivevelocityscale and x is
the minimum distance required to define a quantitative transect (the distance traveled by a
plume over one #). Theconvectivevelocityscalerequires measurements ¢ginematic heat
flux?%; in the absence of these measurements, a conservative estimate of 15 minutes will be
used to approximateq for this field studySeeChapter 3.5or calculation) We use a factor of 3
mean mixing times; with each mean mixing time, the plume dispersés 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 instremt wasset up in the back of the van
and waspowered witha portable battely (SeeFigure 13. A Function manifold was installed to
allow the 43i and CDRS8nultaneousaccess to a single ¥§eflon sampling line affixed to front
of the vehicleThrough this study, the 43i instrument was used to collectd&a, using the
same operational parameters outlined @hapter 2.2 with the exception of the averaging time,
which was switched from 3@8econd averaging to-&cond averaging to increase the spatial
and timeresolution of the measurements (supplemented by manual recording during peak
concentration periods every 10 seconds). The CDRS used the same instrumental setup that will
be describedn Chapter 2.7 and collected CO, gHand C@data. A model 100 W35 mobile
weather station was setup at 5783 Camlachie Road, Wyoming, Ontario, along the path of July
210a ¢ NI yasSod n (2 O2ft f S@aethatihis Ratignlcifiéet®ataay’ R R A NE
a height of roughly 2 mGPS data was collectedzhdz3 K GKS aDFAF Dt {£€ &Yl N
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Figurel2. Setup of the Picarro CDRS artermo Fished3i in the van used for the Sarnia field stud

2.6 Data Processing & Analysis Software

Data was analyzed using Microsoft Excel Walemetricdgor 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 packageth&sgs

Gol gSaé¢d whkg !'a{ RIGI aLISOAFAOIffE A& LINRPOSaa

LI O1F3S Ol t f S Ré&VDatdprodessilg,\statisticdpraaiysisiB figure generation
for the other instruments is performed through the base Igor softw&axticularly, Igor will be
used for ANOVA analysis, which compares multiple means to determine if there are any
statistically significandifferences within the setANOVA results are postedtime following

format: (Fdegrees of freedom betweegroups, degrees of freeasm within groyps) = [Fvalue]
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p = [pvalue) Full statistical results are recorded for specific important data drdgt-hoc

testing is used to identify the exacomparisorsidentified as significant by ANOVA. Igor will be
used to perform Neumaieuls tests, whichra a higherstatisticallypowered variant of

¢dzZl SeQa ¢ Sai Iychesks thekstatistiaDsySitcanse@iSeach possible comparison

in the set.

High pollutionair quality events and Sarnia point source emissions are tracked through
the use of the NOAA HYSPLIT atmospheric transport and dispersion trajectory*modePLIT
is a combined Lagrangian and Eulerian methodology model that makes use of a moving frame
of reference to track dispersing air plum&s-or the purposes of trackintjgh pollutionair
quality events, HYSPLIT is used to generate backwards trajectories for times of high detected
pollutant concentrations to determine where ¢hair masriginated from Trajectory start
pointsfor the model were selected at a height of 20 m centered on the Petrie Science and
O9YIAAYSSNAY3I NR2FG2L) fFod 5dzNAy3I GKS {F NYyALl
GNI 2SOG2NEQ O2yFAIdzNI GA2Y 3T gKSNBE (y26y LR2AY
field study, and plume trajectories were simulated from these point sources. Meteorology is
simulated using the Global Forecast System (GFS) qutgee resolution archive. Back
iGN} 2SOG2NASa FNB adzZll2NISR o0& bhlrdPducts | T I NR

(HMS Smokep determine the influence of forest fires on particulate matter formation
2.7 Description of Collaborative Datastruments

Data provided by Yeuhyun Kim was collected via Picarro CRDS. The operating principle
of the Picarro CRDSadavity ringdown spectroscopy, by which a sample of air is contained
within a cavity in the instrument, surrounded by a triangular configuratiotinigfe mirrors, and
excited with the lasef3The cavity fills with the emitted light, reflecting repeatedly in a cycle by
the mirrors; upon reaching certain photodetector signal threshold, the laser shuts off, and the
light slowly and steadily decays from the cavity in a process known adawmg*3 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?® Tuning the laser allows for species differentiation. Sampling for this instrument
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performed and no corrections were needed

Data provided by Dr. Joudan was collected via-KIMS. The operating principle of this
technique is online iolthromatography mass spectrometry of watsluble gas and fine
particulate component$? A parallel plate wet denuder system separates-ghase compounds
from the samplevia diffusion, whilgatrticles are collected in a particle supaturation
chamber** Samples collected via AIM were injected by syringe into anion and cation channels
in an ion chromatography system, with a Béx lonPac AS24 250 mm column and NaOH
eluent#* Separated species were introduced to the ThermoFisher Scientific mass spectrometer
via electrospraynd quantified by a single quadrupole operating in selected ion nibde.
Calibrations were performed offline using analytical standards of the species of interest, diluted
appropriately to create a calibration cur¢&€The data used spans from Novemb&i"125",

2021, which encompassésree high pollutionair quality evens not captured in the AMS

dataset

Meteorology data was provided the York Univer&grth and Space Science
Meteorological Observation Station (EMOS) statiwhichis a towerlocated at surface level
slightly northwest of thePetrie Science and Engineering rooftop 4ao 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 samptizda every second, with-Bhinute averaged data

points recorded®
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Chapter 3¢ Data & Results
3.1 Historic Data

NAPS data for the Toronto, Windsor, and Simcoe monit@tagons have been
collated, summarized, and displayed graphically hereddition to testing the statistical
significance of any comparisons mad&e functional significance of selected comparisaiis
be discussed ilChapter 4.11n particular, 4 main metrics have been targeted> 8fixing ratios,

p-SQ2 concentrations, Sroncentrations, and the ratio of-BQ%/SQ, for each site.

This data wasollated from 2003 2020 The advantage to thidata collection period is
twofold: first, there is enough data here to form proper trends, which is important for
contextualizinghe changing nature of sulfur in Ontario over time. Given that the stated
research objective of this thesis is to evaluttte current state of sulfur in Ontario (in
particular, around Toronto) and determine how this has changed in recent ye@asphtextis
critical for substantiating any analysis of the data collected by the 43i instrument over the
course of this thesis pject. The second advantage is that this 2E€8R0 analysis window
should demonstrate the effects gkeveral periods of successively increased environmental
regulations, from the 1980s to more recent sets of regulations including emissions limits

enacted n 2015 and 2019.

SQ mixing ratio means95%confidence intervals of the means,9percentiles of the
annual data setas well as the annual hourly maximum for each NAPS site haveadimdated
in Table 5 In addition, box plots have beg@enerated for the annual S@eans for each NAPS
site inFigure 13 In these box plots, the filled boxes represent th& 2% 75" percentile
interquartile range, per the Tukey methotihe whiskers extended upwards to th&"9
percentile, and down to th&" 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
lowestvalueof 0 in these data sefsand so the median line is not readily visibfeaddition, a
side-by-side trend plot of annual S@neans for all three NAPS sites is also showkigare 13

to allow for direct intercomparison of the differences3@ based on location.
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Table5. NAPS sitesummarized annual means, confidence intervals of the mearfsp8tcentiles, and makourly values for S©

Dataspansfrom 2003 t02020for Toronto and Windsqrand from 20@ to 2020 for Simcoe. All values are in ppHissing data is

denoted withd-a

Toronto Windsor Simcoe
Year Mean  95% ClI 95j[h Max Mean  95% Cl 95j[h Max Mean  95% Cl 95Fh Max
(B *B %tile (B (=B Y%tile B (=B Y%tile

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 51 0.16 21 98 - - - -
2006 2.0 0.04 6.0 27 4.9 0.15 19 96 - - - -
2007 15 0.05 6.0 26 5.2 0.15 20 67 1.8 0.06 7.0 43
2008 14 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 15 0.02 4.0 17 34 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 14 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 15 20 0.8 0.01 14 5.8
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Oneway ANOVA = 0.05)was performed in Igoio determine the effect of time on
¢ 2 NP dnh@aks®mean. ANOVA analysigvealed that there was a significant difference
betweenat least twoannual S@means for the Toronto NAPS s{tg17, 153401) = [¥D.15], p
= 0) Given he high number of intercompared categories, pbsic testing is needed to
determine where the significant differences are. A Newriauls tes{" = 0.05was
performed in Igoto successively compare each annuat 8@an in Toronto. It was revealed
that every annual S@mean in Toronto wasignificantlydifferent from one another with the
following exceptions: 2012 versus 202013 versus 201And 2018 versus 2019.

Oneway ANOVAr = 0.05)was performed in Igor to determine the effectlotation
on annual S@&meanfor 3 yearsThe years selected were 20G1A€ earliestrecorded year of
data common to all sitgs2015 (the yeaof a recent instatement o$ulfur-limiting
Environmental Proteon Act regulationsand 2020 the most recent recorded year of dgta
ANOVA analysis revealed that there was a significant difference betarearal S@mean
between at least 2 locations in 20QF@, 25798 = [L744.9)], p = 0) in 2015 (F(25984) =
[903.17], p = 0), an@®020 (F(2, 34263) = [845], p = 0) A NewmarKeuls test( = 0.05) was
performed in Igor to successively compare eich O | @arfn@alySQ@ieanper year It was
NBZSIf SR {KLI G ,n8ebnQvs sigrfiCantly didgent foin orfe fanother in every

tested year.

For all 3 NAPS sites3f22concentration means, 95% confidence intervals of the
means, 98 percentiles as well as the annual hourly maximums have been tabulat@alite 6.
Box plots have again begenerated for the annual{$Q2 concentrations for each NAPS site,
with the parameters remaining identical from the S8dx plots (seé-igure 14. Ayearover-
year comparison of the plotted trends for each NAPS sid¢s@ncluded inFigure 14 Note tha
data for Windsor was not available for 2011. The completeness of the datasets used for this p
SQ?was inconsistent. Several years for each site were missing several data points; in some
cases, entire months and seasons were not available for analykigionally, thecalculated
standard errors of the mean for sulfate are much higher thap@®@ng to the low number of
data points (the average number of data points for one year at one NAPS sité=8#@80 for

SQ, and N=95 for pSQ=2.
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Table 6 NAPS siesummarized annual means, confidence intervals of the mearfsp8tcentiles, and max hourly values foS@-

2, Data spans from 2003 to 2019 for Toronto, from 2@040 and 20122019 for Windsor, and from 2007 to 28for Simcoe. All

values are irrg/m3. Missing data is d@ted with ¢d

Toronto Windsor Simcoe
Year Mean 95% “CI 95_th Max Mean 95% “CI 95_th Max Mean 95% “CI 95_th Max
(5] (xofB  %tile (5] (xofB  %tile (B (xofB  %tile

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 15 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 45 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 51 7.4 1.6 0.2 4.6 6.7
2014 1.5 0.3 3.7 6 19 0.2 4.3 7.7 1.6 0.2 4.2 6.4
2015 15 0.3 4.1 4 1.8 0.2 4.0 5.3 15 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 51 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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Figurel4. Annual pSQ2 box plots for each NAPS site, where A) is Toronto, B) is Windsor, C) is Simcoe, and DpigeaWyesr comparison of the average
annualp-SQ~ concentrationgor all 3 sites. Whiskers are up to'8%nd down to %-percentile. Mean is displayed asvhite marker. Median is displayed as
white line. Error bars are displayed on graph D) that are equivalent to the calculated standard error of thé&loteahat a slight horizontal offset has been

applied tothe Windsor and Simcoe plots on graph D)rtgorove clarity of the error bars.
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ANOVA analysis revealed that there was a significant difference between at least two
annualp-SQ2means for the Toronto NAPS site @ 1228 = p.61], p=8.6x10°). Posthoc
testingrevealed that every annu@-SQ2meanafter 2008in Toronto washot significantly
different from one another. The majority of significant differences occurredth comparisons
of 2003 2004, and 2008ersusyears later than 2008

ANOVA analysis revealdtht there wasnot a significant difference between annyal
SQ2 mearsin 2007 (F(2253) = R.77], p =0.064) andin 2015 (F(2260) = .04, p =0.13), and
that there was a significant difference between the annu&8@2means of at least bbcations
in 2019(F(2,256) = b.93, p = 0003). Posthoc testing for2019showed thatthe only

statistically different comparisofor 2019was between Toronto and Simcoe.

For all 3 NAPS sites, SfOncentration meanand 95% confidence intervals of the
means have been tabulated Trable7. Since SQs an addition of the average S&nd pSQ~2
values for the year, there are no complete datasetsalculate 95 percentiles or determine
annual max values. Confidenceantals were calculated from the propagated standard error of
the mean from S@and pSQ2. YearoveryearSQtrends for all 3 NAPS sites have been
plotted in Figure 15 In addition, for each site, the yearly30Q2/SQ; ratio (Xso) hasbeen
plotted, demonstraingthe proportion of total sulfur that is made up of particle sulfatelinear
correlation factor between Snd SQfrom 2003 to 2019 was calculated in Igor Pro, where

the strength of correlatioror historic S@and SQis r = 0.99.
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Table 7 NAPS sitecalculated and summarized annual means, and confidence intervals of the meang,fas 8@l as péosand the

confidence interval of p§os4 the Data spans from 2003 to 2019 for Toronto, from 2@040 and 20122019 forWindsor, and from

2007 to 2a9for Simcoe. All values are#g/m?3. Missing data is denoted witbd

Toronto Windsor Simcoe
Year Mean 95% ClI Xosos 95% CI | Mean 95% ClI Xosos 95% CI | Mean 95% ClI Xosos 95% CI
B  (xoff (tofXsod | (B (xoff (xofXsoy | (B  (xoff (£ of Xps09

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 04 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 04 0.28 0.08 - - - - 2.7 0.4 0.48 0.23
2012 3.5 04 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 51 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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We cancompare theeffect of time on Xso4or starting, middle, and endpoinfer each
region(full statistical results posted faffects of time inToronto only) For Torontothere was
no significant difference between 28@nd 2019 nxpso4 0.06(-0.08 020)], though there was
a significant difference betwee2003 and 2019xpsos+ 0.25 (0.11, 0.39)] arzD15 and 2019
[Nxpso4= 0.19 (0.10, 0.28)]. FaYindsor, there was no significant difference betwe2804 and
2015 and 2004 and 201%nd there was a significant difference betwezdil5 and 2019. For
Simcoe there was no significant difference between 2007 and 268 2015and 2019
though there was a significant difference between 2007 and 2B&8veen the NAPS sitésr
these yearsthere wasa differencebetween Toronto and Windsor in 2002015and in 2019
and a difference between Simcoe and Windsoarid in 2019The only difference between

Toronto and Simcoe was in 2015

Seasonal Sand pSQ2 means have been displayed as box plotBigure 16and
Figure 17 respectivelyBox plot parameters are identical to previous box pldts.constrain
the analysist@ sngleNB f S@F y i LI NI YSGSNE 2esdoral diiféehces 2 NP y (i 2
will be investigatedln addition, the effect of time on sulfur means has already been
determined, and it is expected that the trend within a given seasaar the years will foll

the trend of the annual mean over the years.

Fori KS STFTFSOG 27F &S| a2antangANOVAZeNalgditahere | Y y dzl f
was a statistically significant difference between at least 2 seasons in 2007, and in 2020. For
every tested year, every seasa mean was significantly different from one another, with one

exception: in 2020, the S@ean of Spring and Winter were not significantly different.

Fori KS STTFSOG 27F &SI aSD¥ meayswd IRy amade Samplg” y dzl
of years tocompensate for the high uncertainty in$Q2 means relative to the low uncertainty
in SQ means (2004, 2005, 2006, 2007, 2015, and 20®re was no statistically significant
difference between any season in 20@906,2007, 2015,and in 2019.The ony notable

differences weran 2005 between Summer and Spring, and between Summer and Winter.
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Daytime anchighttime S@ means have been displayed as box plotBigure 18Box
plot parameters are identical to previous box ploI®. constrain the analysis to a single relevant
LI N YSGSNE 2yt e (daigtdifiBnges ill be invtedtigatedNote $hat
due to the data collection interval for-$Q2 spanningdays not hours, it is not possible to
compare the daytime and nighttimiatervals for pSQ2 and SQ To compare between daytime
and nighttime, 3 relevant years will again be selectedepresent the time period preduring,
and postenvironmental regulation (2007, 2015, and 2020, respectively). Much like the seasonal
analysis, it will be assumed that both daytime and nighttimterval annual averagesill be

affectedsimilarlyby time as the24-hour annual averages

Successive two sampléddsts { = 0.05) were performed in Igor to determine the effect
2F RFEBUAYSKkYAIKGOAYS A yracansIorspedific pajfs of y2d@ROY, (1 2 Q &
2015, and 2020 selected as test yeafd)e ttest revealed that there was a statistically

significant difference between daytime and nighttime in 202015 and202Q

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 mapmfrthe data
will distribute around the mean, with a long, narrow tail representing the peak dataHisgeree
19). ANOVA analysis, pestc testing, and twesample ttests rely on an assumption of
normality of data with low variationthus,the non-normd distribution of atmospheric pollutant
data wouldtheoreticallyreduce the statistical power of tlse tests In reality, however, the
data sets used here have a high number of points (e.g., average yearly ToreMNd@ SOy T ¢ n1 0 X
which increases the powelf the test, and the majority of these points are largely distributed
normally (seerigure 19. The main problems arise with the30Q2 data sets, where there were
often only a few points for an individual year, resulting in high variation. The resuiisost
that the statistical tests used for any$Q2 analysis may not properly detect significant

differences between two samples and may result in a conservative analysis of the data.
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3.2 Trends ih y (i | BMf@& Didxide

SQ data was collected from the roof of the Petrie Science and Engineering Building at
York University in Toronto, Ontario, from August'12021, to October 1§ 2022. A data point
was collected neacontinuously every 10 seconds over timterval Both he raw data plot
(SeeFigure 20 and summarizedliescriptive statistics for the entire time period will be
displayed heréSeeTable §, as well as data plots for each month, season, and
daytime/nighttime intervalln addition, meteorological data will betegrated into this section,
to demonstrate the relationship between wind direction frequency and. 8Cthis section, e
data collected during this thesis project provides a current and comprehensive vie®,afs
trends, andthe effects ofits seasonal and temporahriations. Presentation of arhyigh
pollution events will occur itChapter 3.4 Any comparisons will be displayed graphically, and

the most important comparisons will be discusseimapter 4.2

Table 8.Descriptve statistics for the entire collected S@ata set from August 12 2021, to
October18", 2022 computed via Igor Pro.

Statistic Mixing Ratio (ppb)
Mean B 0.37
{GFYRFENR 5SQOAL 0.82
Standard Erroiz) 0.0004
95% CI (B 0.0008
Median 0.19
Maximum 27
5t Percentile -0.14
95" Percentile 1.4
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Anotable portion of the data is beW 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 anRlyshapter
2.2, wenote that a significant portion of the data collection periddbzember £, 2021¢ July
18", 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

Toestablishthe statistical differencéetween the historic data and currently collected
data, oneway ANOVANd posthocanalysis was used to compare the effect of time on annual
SQ mean across 2019, 2020, and the current dataich revealed aignficant difference

between all three time intervals.

Box and whisker plots have been generated for each month of collectede®8) as
well as the trend of the monthly mearfseeFigures 21 and 22. The setup and methodology of
these box plots have been described previousigmapter 3.1 ANOVAand posthoc testing
revealed that there was a statistically significant difference betweegry month with the

exceptionof August 2022 and September 202

The collected data was split into seasonal intergalgumn: Septemberg November
2021,Winter: December 202t February 20223ring: March¢ May 2022 Summer. une -
August 2022 Note that the months of August 2021, September 2022, and October 2022 have
been omitted to create even,-Bonth intervals for a full yeaGeasonal box plots were
generated(seeFigure 23. ANOVA and podtoc testingwas discovered that every seasonabSO

meanwas significantly different from one another.
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The daytime and nighttime 1Rour 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 genemateach
interval, using the previously described parameters Segire 24. A two-sample ttest
revealed that there was a statistically significant difference between daytime and nighttime for

the collected data ge

Polar plots of S@versus wind directin were generatedn Igor Prdrom the York
University EMOS Station meteorology dédaeFigure25). 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 indicateshe proportion of the S@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 towstrgutside
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 hoighhthe 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 pointsvere under 5 ppb; attempts to create categories to visually display
the highest S@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 gener&ter this plot, the SOnixing
ratios were plotted against wind direction. Instead of grouping eactsé&btor into a single
frequency bar, each individual point was plotted. Each concentric ring, starting from O in the
origin, represents an increase ®fppb, 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 roseiligrs

the frequency of data and the peak mixing ratios are not necessarily correlated.
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3.3 Trends in Local Particulate Matter

Paticulate matterdata was collected from August 12th, 2021, to Octolsér2D21. This
data was collectedisingthe Aerodyne AMS and consists e8@2, p-NH:*, p-NQs;, andp-
organic.The AMS collected a data pomwery minute over this time interval. Both a plot of the
raw data (sedrigure 26 and a table summarizing the descriptive statisticgf@Q? (Table 9
are provided belowIn addition, plots of all of the other particulate matter species are provided
for comparison(seeFigure 27. Finally, we surand plotPM; s as the addition of all the

particulate matter specietseeFigure 27.

Note that an experimental lower detectable limit for the Aerodyne AMS was never
established, since there was no opportunity to perform arsite calibration. An experiental
determination from the literaturedemonstrates that the lower detectable limit for an HiRF
AMS ibelow 004 >g/m3when operating in thesingle reflectrorhigh-sensitivitymode.*®Note
that values below this limit are still included for calculations of summary statigtites. August
25", 2021, the performance of the AM@came unreliabldjkely duean error with the flow
rate related to an unknown failure in the instrumerind any data after this date was discarded
from the analysisFor pSQ2, the descriptive statisticfrom the August 12 to 25", 2021
a ! a {dataset and theNovember 18 to 25", 20216AIM-IGMS datasetwill be summarized
below. Summarystatistics for nogp-SQ particulate species detected by the AMS atso

included below, inMrable 10
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Table 9.Summary statistics for-8Q20 a ! a{ ¢ kFaR é¢a!Rlail 4SGavo

| 2y OSYUNIFA2Y 6

Statistic AMS AIM-IGMS
Mean © 0.60 0.38
{GFYRFENR 5SQOALl 0.80 0.51
Standard Error (£) 0.008 0.03
95% CI (B 0.015 0.07
Median 0.25 0.17
Maximum 4.7 2.6

5% Percentile 0.06 0

95" Percentile 2.4 1.5

Table10. Summary statistics faron-a dzf FI (S & LABIGA SR (A 2aNS (idK S &

/| 2y OSYiUNI¥H A2y 6>3KY

Statistic p-NH:* p-NGs p-Organics PMz.s

Mean © 0.55 0.25 4.9 6.3

{41 YRINR 5 0.35 0.23 3.0 4.2
Standard Error (%) 0.003 0.002 0.03 0.04
95% CI (B 0.007 0.004 0.05 0.08
Median 0.42 0.16 4.2 5.0

Maximum 2.0 1.6 17 24

5t Percentile 0.25 0.07 1.5 2.1

95" Percentile 1.4 0.67 11 16

62



Aspreviously stated, the data collected by the AMS is speculated to be unreliable past
August 25. It is theorized that a suboptimal flow rate was responsible for reducing instrument
performance past this time, though this was not able tode¢ermined, since the instrument
was sent away for repairs following acute hardware failure on Octote2021(seeFigure B).

From the plot of the collected flow rate data, it does appear that some sort of notable event
occurs onAugust 224 that immedately decreased the flowrate below 1 cc/s; soon after this,
another notable event on August 2Eauseda momentarydecrease in the flow rate below 0.6
cc/s.Note that the AMS used a separaampling manifold from the 43i, and the two

Ay & (i NHzY Sopilate @suéshue unfefated. Since this same pattern is observed in all of the
collecteda LIS Qiat& weCexpect that this is a systematic error, and not an observable

variation in thebehaviourof atmospheriqp-SQ=2.

In addition, he data collection eriod for the AMS was aborted before the intended
time; as a result, the dimensions of the analysils have to be constrained (i.ghere is not
enough data tgerform meaningfulseasonalnd daytime/nighttimeanalysi$. Within the
collected data, there is also a notable gap. From Augu8tciXugust 19, 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 damggine instrument while awaiting

support from a technical expert.

The AMS collection period only provid2dveeksof datain 2021, and so the AMS data
doesnot necessarily represent thennual pSQ-2 trend; additionally, there is not enough data

to makea meaningful statistical comparison with the historic data.
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Figure28. Flow rate data for the AMS from August™ 2021, to Octobers], 2021. A vertical dashed line has been addedugust 2%,

2021, to indicate thdeginning of the period of unreliable datéhe negative flow rate period was the result of an intentional closing of tr
sampling inlet.
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Polar plotswere created from the wind direction data to determine the origin directions
of particle sulfate (se€igure29). The firspolar plotcreatedis afrequency of pSQ2versus
wind directionwind rose Once again, the frequency plot can be misleading, and
underrepresents high concentration peaks from low frequency sectord so a second polar
plot was generated to address these issugse secongbolar plotcreatedwasa p-SQ2
concentration vergs wind directiorpollution rose The setup of both of theggolar plotswas
similarto the polar plots created for S@n Chapter 3.2 though the radial concentration axis

will be increments of »g/m?3 (instead of 5 pphin the pollution rose

In addition to the data collected by the AMBere isa 10dayp-SQ2 dataset, from
November & ¢ 25", 2021, captured via AIMGMS(See Figur&0). This data is used for
comparison with the AMS data period, as welhagh pollutionevent analysigsummary

statistics are provided ifable 9.

Finally, we can calculate the Shd Xsosvalues from the AMS and 43i data (Sesble
11). SQwill be calculated as the mean S@onverted to>g/m?) added to the mean{5Q2.
Xosoawill be calculated as the mean$Q2 concentration over the calculated mean,SO
concentration. In addition, the uncertainty and 95% confidence intervals pdS®DX¥soscan be
propagated from the standard errors of the mean for.@@d pSQ2, as show previously in
Chapter 3.1 We can also calculate the linear correlation factors of 8@ pSQ2for SQand
Xoso4in Igor, including historic and current data. FoxSBe correlation is r = 0.99 with $énd
r = 0.91 with pSQ2. For Xso4 the corelation is r =0.76 with S@and r =-0.40 with pSQ~2.

Between S@and X%so4 we note a linear correlation of r-8.69.
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Figure29. Polar plosfor the collected pSQ2 data from the Aerodyne AMS at York University, from Augu8t 2021, to Octobers), 2021.PlotA) is awind rose
plot with 15° sectors, whileplot B) is an g5Q2 concentration by wind direction origipollution rose Note that the first radialabel from the origin for plot A) and
B) are not included to improve visual clarity of the data.
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Table 1. Calculated SOXso4 and theircalculateduncertainties for theAMS and AIMGMS

datasets

| 2YOSYUNIXAZY

Parameter Detectable AIM-IGMS
Mean SQ(B 1.6 1.4
Standard Error (£) 0.009 0.04
95% CI (B 0.02 0.07
Xoso4(B) 0.38 0.28
Standard Error (£) 0.006 0.03
95% CI (B 0.01 0.05

3.4HighPollution Events in Local Sulfur

The original intention of this research project was to collect bothgjesse S@and
particle sulfate data over the same time period, compare the trends of the two species, and
perform highpollution event origin tracking and analysis for both. Due to the AMS malfunction,
however, the time periods cannot be directly compared pastjust 25", 2021. Thénigh
pollution event analysis will therefore be split into two sectioti®e first being analysis of any
high pollutionp-SQ2 events over the AMS time period, with comparison to the collectegl SO
and meteorologyata. This will includealculations of S£and Xsosfor eachhigh pollution
event, as well as the wind sectwf origin. The second sectiorsthe analysis of all th&Q high

pollution events including origin wind sectors.

To properly analyze the origin of ahigh pollutionevent, we must visualize the
relevant point sources that significantly contribute to.®missions in Ontari¢seeFigure 3).
Likely point sources in 2022 are assumed to be the same as the higheshgrfatilities from

the NPRI 2020 inventory, summarizedrable 1 While the total emissions and relative
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contributions of each facility may change from 2020 to 2008, not expected thatin general,
significantpoint sourceswill be different.Pointsources from the surrounding U.S. states

(Michigan, Ohio, New York, Pennsylvania, and Indiareaalso included in this map, listed by

state inTable 2.5 G A& RSNAOSR FNRY G(GKS (BRAPIANR Y YSy il f
National Emissions Invento(i}EI)*® Note that this is the most recent dataesavailable from

the EPA at the time of this writing.

For the purposes of this analydisgh pollutionemissions will be defined as times with
pollutant concentrations equal to or greater than above the mearior the AMS(periodsx1.4
ug/m3), and 2 above the mean for the AINGMS @lsox1.4 ug/m?3). 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 outputd~(§ee 2). Back trajectories can be organized
into 4 broad categories, based on the directmimair plume origin: North (3185°), East (45
135°), South (13825%), and West (22815°). Average SOp-SQ?, SQ, p-SQ %SO 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 samplitgyisisurrounded 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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Figure31. Map of significant S{point sources from the 202BPRI inventornand 2017 EPA Nplbtted on Google Eartras described ifables 1 and 13 Metal
refineries are marked with orange, petroleum refineries are marked with black, chemical production faiéitiesrked with blugand power generation is
marked with yellow Radial linekave been added to denote every°l&ector




Figure32. HYSPLIT Zdour back trajectories (in red) for #@llp-SQ2 highpollution eventsplotted on Google EarttEacHine is labeledat the trajectory origin
(capped at 24ours, not necessarily at a specific point sousgi the date of detection at York University.
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