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Abstract. Tropospheric ozone (§) is a major component ber of days with high solar radiation, the number of stagnant
of photochemical smog and is a known human health hazperiods and the transport of high ozone levels from upwind
ard, as well as a damaging factor for vegetation. Its precurfegions.

sor compounds, nitrogen oxides (NCand volatile organic

compounds (VOCs), have a variety of anthropogenic and bio-

genic sources and exhibit non-linear effects on ozone pro-

duction. As an update to previous studies on ground-levefl Introduction

ozone in the Greater Toronto Area (GTA), we present an

analysis of N@, VOC and Q data from federal and provin- At ground level, @Q is toxic to both humans and vegetation
cial governmental monitoring sites in the GTA from 2000 as & result of its ability to oxidize biological tissues (Bell
to 2012. We show that, over the study period, summertime&t al., 2005). It is well documented that human exposure to
24h VOC reactivity and N@ midday (11:00-15:00) con- 0zZone leads to respiratory problems and an increased risk
centrations at all sites decreased significantly; since 2000, aff hospital admissions (Bell et al., 2004) and, as a result of
sites experienced a decrease inN®28-62 % and in mea- these and reduced agricultural yields, yearly economic losses
sured VOC reactivity of at least 53-71 %. Comparing 2002-attributed to ozone and fine particulate-matter pollution are
2003 to 2011-2012, the summed reactivity of OH towards&S high as CAD 9.6 billion in the province of Ontario alone
NO, and a suite of measured VOCs decreased from 8.6 tdMOE, 2005). In Toronto, ground-level ozone is responsi-
4.6 L. Ratios of reactive VOC pairs indicate that the effec- ble for 13—-29 % of the incidences of premature mortality and
tive OH concentration experienced by primary pollutants in hospitalizations associated with air pollution (with Pd/&nd

the GTA has increased significantly over the study period.NOz2 being responsible for the remainder) (Toronto Public
Despite the continuous decrease in precursor levels, ozongealth, 2014). In response to this, many governments and
concentrations are not following the same pattern at all staf€gulatory agencies have imposed air quality standards to
tions; it was found that the Canada-wide Standard for ozond’rotect the population against exposure toaDd other pol-
continues to be exceeded at all monitoring stations. Addi-utants. In 2000, Canada adopted a Canada-wide Standard
tionally, while the years 2008—2011 had consistently lower(CWS) for ozone, which states that the 3-year average of the
ozone levels than previous years, 2012 experienced one dfth-highest daily maximum 8h average should not exceed
the highest recorded summertime ozone concentrations an@P PPb. In 2007, the City of Toronto, Canada’s largest urban
a large number of smog episodes. We demonstrate that thegea, made a commitment in its Climate Change Clean Air

h|gh ozone observations in 2012 may be a result of the numand Sustainable Energy Action Plan to reduce emissions of
local smog-causing pollutants to 20 % below 2004 levels by
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2012 (City of Toronto, 2007). This regulation is happening in molecule to form @ (Reaction R1b). There are several pos-
the context of regional-scale initiatives to control emissionssible fates for the RO radical: it may react with,@hermally

of ozone precursor compounds, such as the “Drive Clean” vedecompose or isomerize. Typically, carbonyl compounds and
hicle test program in Ontario (MOE, 2013) and the phasingan HQ, radical are produced (Reaction R5), and the net reac-
out of coal-fired, power-generating stations (Bradley, 2013).tion (Reactions R1-R6) results in the formation of two ozone
However, as a secondary pollutang fas proven to be one molecules (Reaction R7).

of the most difficult pollutants to bring into compliance with

air-quality standards. Its precursor compounds, volatile or-RO+ O — R'CHO+ HO, (R5)
ganic compounds (VOCs) and NQNOx =NO+NOp),are HO, + NO — OH+ NO; (R6)
emitted by a variety of anthropogenic and biogenic sourcesRH_i_402 —» RCHO+ 205+ H,0 (R7)

the former dominated by combustion, fuel evaporation and
chemical manufacturing, while the latter is dominated by, this study, the total oxidant, Qis defined as the sum

transportation and electricity generation (ICF, 2007). Thesey¢ NO, and @ ([Ox] = [NO2] + [O3]) and O can therefore
primary poI_IL_Jtants interact in the presence of sunlight (form-omy increase in the presence of VOCs whepi©formed

ing a condition known as photochemical smog), producing,;i; Reactions (R3)—(R4) followed by Reaction (R1a)—(R1b),
ground-level ozone and other secondary pollutants. However, horeas it is conserved when @ formed via Reaction (R2)
the production rate of ozone depends on precursor concentras|owed by Reaction (R1a)—(R1b). It is often advantageous
tions in a non-linear fashion. Previous studies gfd@ncen- analyze Q over O; because it is a better measure of the
trations have indicated considerable variability from day to photochemical production of ozone as it more closely repre-

day and from year to year, not only as a result of changeggns the total oxidant; it is not affected by the titration gf O
in precursor emissions, but also of meteorology (Agudelo—with NO.

Castaneda et al., 2013; Figueiredo et al., 2013; Jacob et al., Thig catalytic ozone production chain is terminated by
1993; Pekey and Ozaslan, 2013; Psiloglou et al., 2013). EMg,q |9ss of HQ radicals (HQ = OH+ RO+ HO,+ ROy)

pirical and model studies have shown very strong positive,yhich can occur through multiple pathways. In an environ-
correlations between fOproduction and temperature, and 1 ant with a low NQ : VOC ratio, such as a rural location,

weaker correlations of ozone accumulation with wind Spee%eroxy radicals may undergo a self-reaction instead of re-

and direction, pressure, cloud cover and humidity (Baertsch—acting with NO to produce peroxides or other oxygenated

Ritter et al., 2004; Camalier et al., 2007; Dawgon etal., 2007;compounds (Reaction R8).
Jacob et al., 1993). All of these meteorological parameters
affect the photochemistry occurring in the troposphere a”dROZ+ R'O, — ROOR + O, (R8)

consequently, the rate ofs(production.

In the troposphere in the summertime, ozone is producednder this pathway, the addition of NGncreases @ pro-
rapldly via the photochemical oxidation of VOCs in the pres- duction by enhancing the rate of Reaction (R6)’ while ad-
ence of NQ. During the day, the interconversion of NO and dition of VOCs has a negligible effect as they can react
NO; occurs with @ on the order of minutes (following Re-  with nearly every OH produced. Thusz@roduction in-
actions R1a-R2). creases linearly with increasing NQand it is less sensitive

to VOC reactivity. However, in an environment with a high
NGz +hv - NO+0 (R1a) NOy : VOC ratio, the dominant sink for HOs the oxidation

O+02+M — O3+M (R1b)  of NO, by OH, forming nitric acid (Reaction R9).

NO+ O3 — NO2 + Oy (R2)

This chemistry produces a null cycle with respect to,NO NOz +OH+M — HNO3 + M (R9)

and Q; there is no net production or consumption of either.
However, in the presence of VOCs, net production gic@n
occur following oxidation of a hydrocarbon (RH, where R is
any organic group) by the hydroxyl radical, OH, producing
an organic peroxy radical, RQReaction R3). The organic
peroxy radical can then further react with NO to form NO
and an organic alkoxy radical, RO (Reaction R4).

Under this pathway, the addition of N@lecreases §pro-
duction because N&xan compete with VOCs for OH. Thus,
O3 production becomes inversely proportional to,Névels
and more sensitive to VOC reactivity.

Alternatively, chain termination can also occur following
the reaction between peroxy radicals andNforming per-
oxy acyl nitrates (PNs- RC(O)Q:NO,, Reaction R10) or
OH+RH+ 0, — H,0+ RO, (R3) alkyl nitrates (ANs= RONO,, Reaction R11) (Farmer et al.,
RO, + NO — RO+ NO, (R4) 2011). PNs serve as a temporgry reservoir for @d sup-

press Q formation in the near field but transport and release
The NGO formed in Reaction (R4) can photolyze during NOx in the far field, extending the formation of ozone (Per-
the daytime to regenerate NO and an oxygen atom (Rering et al., 2010). Conversely, ANs are considered permanent
action R1a), which can then recombine with an oxygensinks for NQ, affecting only local @ production (Perring et
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al., 2010). the GTA were selected, four of which are considered ur-
ban (Downtown2, Toronto North, Toronto East, and Toronto

RC(0)O2 + NO2 <» RC(O)O2NO»2 (R10) West2) and the remaining four are considered suburban (Os-

RO, + NO+M — RONO, + M (R11) hawa, Brampton2, Newmarket and Oakville) (see Fig. 1).

Hourly data for both N and @ are available from the

This analysis extends an earlier study by Geddes et al. (2009j€ar 2000 onwards and are publically accessiblétg:

that demonstrated how summertime VOC reactivity and am//Www.airqualityontario.comAt all stations, NQ and G

bient concentrations of N{ecreased from 2000 to 2007 by Mmeasurements were made by automated continuous chemi-
up to 40% in the Greater Toronto Area (GTA), but no sig- luminescent and UV-absorption analyzers respectively, with
nificant ozone reductions were observed. It was argued that@mpling heights varying from 4 to 12 m above ground level.
decreased titration may have contributed to highgm@x- All data sets were complete (less thar24 individual hours

ing ratios, and that air transport from the southwest may hav€l summer not having a measurement), and any missing
contributed to early-morning Qevels (Geddes et al., 2009). data were treated as undefined values. During the same study
In this Work, we discuss how GTA ozone levels now appearperiOd, VOC data were obtained from Environment Canada
to be responding to decreases in precursor compounds, as i four stations across the GTA (Downtown1, sampling from
ductions are observed from 2000 to 2012. We also identify2002 to the present; Toronto West1, sampling from 2000 to
that, in the short-term, 2012 marked one of the highest yearg010; Junction, sampling from 2000 to 2005; and Bramp-
in GTA ozone during the study period. We discuss the strongon1, sampling from 2001 to 2010), also shown in Fig. 1. At
link between ozone levels and local meteorology, particularly@ll stations, 24 h samples were collected once every 6 days
solar radiation as well as the degree of regional air transporti,n evacuated electropolished stainless-steel canisters and sent
to help explain this occurrence. We also examine changes i Environment Canada (Ottawa, Ontario) for analysis by

OH reactivity and abundance over the study period. gas chromatography/flame ionization detection (ferh-
drocarbons) and gas chromatography/mass spectrometric de-

tection (for G—Cy2 hydrocarbons) as described in Wang et

2  Methods al. (2005). In 2000, 2001, 2004 and 2005, carbonyl com-
pounds were automatically sampled at the Junction site using
2.1 Study region and data collection 2,4-dinitrophenylhydrazine coated silica Sep-Pak cartridges

for 24 h, then separated and identified using HPLC and UV

The City of Toronto (4340 N, 79°23 W) is located in  DAD detection at 365nm (Wang et al., 2005). Additional
Southern Ontario on the northwest shore of Lake Ontario,VOC sampling was carried out in 2011 at the Downtown
and is the largest urban area in Canada, as well as one of ifBoronto sampling site (Downtown1) using an automatic sam-
most densely populated regions (945.4 persons per squader (model 910PC, XonTech Inc., VanNuys, CA) with eight
kilometer) (Statistics Canada, 2012). The GTA comprisesconsecutive 3h samples collected every 24h over 5 days
four municipalities — Halton, Durham, Peel and York —which during late summer (27 August, 31 August, 2 September, 9
together have a population exceeding 6 million (StatisticsSeptember and 12 September). Samples were analyzed for
Canada, 2012). During the summer, the GTA is affected byboth non-polar and polar VOCs using GC techniques de-
warm southerly and southwesterly air transport, as well as loscribed in Wang et al. (2005).
cal land-lake breezes from Lake Ontario (Makar et al., 2010).
The city’s NG, emissions are dominated by the transporta-2.2 Oz, NOy and VOC analyses
tion sector (63 %), with diesel trucks accounting for a dis-
proportionately large percentage (36 %) (ICF, 2007). WhenDaily 8 h maximum @Q and Q, were calculated for each site
solely considering the emissions made directly in the citythroughout the 13-year study period; this was done by con-
(neglecting those from energy generated outside the City osidering each hour in a particular day (00:00-23:00) and av-
Toronto, required to meet the city’s needs), transportation aceraging the ozone (ory{p concentration during a time period
counts for an even larger amount (73 %) of total,N&nis-  that includes 3 h prior to and 4 h following that time (cre-
sions, with diesel vehicles accounting for 45% of this to- ating a total of 24 points in 8 h concentrations). The largest
tal (ICF, 2007). In Toronto, anthropogenic YOC emissions value was reported as the maximum 8 h average for the given
come almost exclusively from gasoline powered cars andday, assigned using the fourth hour. Any missing data were
light trucks (ICF, 2007). Despite efforts made by the city to treated as undefined values. Thgdiurnal cycle was exam-
reduce emissions of smog precursors, the GTA issues freined and it was determined that the most photochemically
quent smog advisories each year, historically ranging fromrelevant hours for @ production were between 11:00 and
one advisory in 2011 to 14 advisories in 2005 (MOE, 2014).15:00 (EST; solar noon is approximately 12:30 EST during

NOy, O3 and VOC data used in this study were ob- the summer). Therefore, N@ourly data were averaged dur-
tained from the National Air Pollution Surveillance (NAPS) ing this time period (hereafter referred to as the “N@id-
network. For the NQ and @ analyses, eight sites across day average”). Using this data, annual summer averages were
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\ tional Climate Data and Information Archive operated by En-
vironment Canada. Maximum daily temperatures were cal-
% culated for each summer, and the number of days on which
SSEel Wity Oshawa this maximum exceeded 3C was recorded. From this same
| S Markham =" archive, hourly wind speed and direction were obtained and
a“gf:,, net wind vectors were calculated for a 12 h period prior to
e e each afternoon (00:00 to 12:00) to assess air-mass history.
This technique was adopted from Geddes et al. (2009), where
‘ the magnitude of the andy component of the hourly wind
o vector was summed and used to calculate the resultant vector
il by trigonometry. The result is a single vector that represents

: ™ A tional Airport (Fig. 1), and these data were accessed from Na-
‘ N

King City

IR JRolL ol OfF <}

*’{}g ) the strength and the net direction of air transport for each
day. This approach was chosen because the location of the
il GTA on the northern shore of Lake Ontario leads to frequent

local lake-breeze flow patterns that are not generally well-
represented in back trajectory analyses (Sills et al., 2011).
Figure 1. Monitoring stations in the Greater Toronto Area used for 14 assess the level of photochemical activity occurring
the collection of NQ and G data (blue and pink markers), VOC 4 each day, the amount of incoming solar radiation was
data (aqua markers) and meteorological data (yellow and green . .

analyzed. Data were collected using both a net radiome-
markers). L

ter (CNR1, Campbell Scientific Corp.) and a pyranometer

(CMP 11, Kipp and Zonen B.V.) operated at the University

calculated (where summer is defined as May to Septembe?f Toronto Mississauga Department of Geography’s Meteo-
inclusive) as it is the most photochemically relevant time of "ological Station (UTMMS) (Fig. 1). From the hourly data,
year midday (11:00 to 15:00) solar radiation averages were calcu-
: - i 2

VOC reactivity was calculated as the product of the VOC's lated in Wnr<.
number density and its rate constant against the hydroxyl
radical (Atkinson, 1997; Seinfeld and Pandis, 2006). Sum- _ .
mer annual averages for total VOC reactivity were calcu-3 Results and discussion
lated as the sum of all VOC reactivity) {k;[VOC;]) in
units of inverse seconds. The influences of biogenic, anthro3-1 Long term precursors and G levels (2000-2012)
pogenic and oxygenated VOCs (OVOCs) were distinguished ] )
by identifying the sum of isoprene (and terpenes), cymeneAnNnual summer midday averages of daily N@re shown
pinene, limonene and camphene as biogenic VOCs, the suff Fig. 2a and b, demonstrating that an oyerall decrease is
of formaldehyde, acetaldehyde, acrolein, acetone, and propPresent throughout the 13-year study period (2000-2012).
onaldehyde as OVOCs (applicable for only the Junction site) € urban sites heive the steepest slopes, betwdf4
and the sum of the remaining 40 VOCs as anthropogenicnd —0.92 ppbyear™ (p <0.01), while the suburban sltes
Although the NAPS network monitors for a larger suite of @lS0 have decreasing trends -00.20 to —0.55 ppbyear
VOC compounds, we chose the 50 compounds that were corl? <0-05). Overall, throughout the 13-year study period, ur-
sistently measured across all sites and years to be includegfn Sites experienced an average decreas€@f% per year
in this analysis to remove incorrect interpretation of inter- (With Toronto Downtown2 experiencing the largest decreases
annual and inter-spatial variability in the data (removed com-2t —6-9 % per year), while the suburban sites experienced an
pounds generally contributed less thai® % of total VOC ~ average decrease 65.8 % per year (with Brampton2 expe-
reactivity for a summer period). riencing the largest decreases-at.2 % per year). The most

For all compounds, annual trends were calculated by a linUrban station (Downtown2), and that closest to a major high-
ear regression analysis and their significance measured b2y (West2), continues to report the highest:Névels of all
their p values.p values were calculated from a standard e monitoring stations. Furthermore, the stations furthest re-
test where the null hypothesis being tested is that the slopg0ved from the urban center and major highways, Newmar-
of the regression line is equal to zero. Annual trends with k€t and Oakuville, report the lowest NQevels. From 2000

values < 0.05 are considered significant. to 2010, the number of registered vehicles in Ontario has
increased from approximately 8.6 to 10.6 million (Statistics
2.3 Meteorological analyses Canada, 2011) and the decrease inoNévels is therefore

likely related to improvements in vehicle catalyst technol-
Hourly meteorological data were continuously collected ogy or the phasing out of older, less efficient vehicles (MOE,
throughout the study period at Toronto's Pearson Interna2013). Other factors may include the closure of the Lakeview
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Figure 2. Annual summer midday N&concentrations (ppb) in 2000 2004 2008 2012 2000 w0 B0 2012
. _ ear
GTA urban(a) and suburbarib) areas; slopes in ppb yeak. An-
nual summer VOC reactivity (sl) (c); slopes in slyearl. Figure 3. Annual summer average maximum 8 § ©(a) and(b) —

and G — (c) and(d) — concentrations (ppb) for Toronto urban and
suburban areas; slopes in ppb year

Generating Station (Fig. 1) within the GTA in 2005 (MO

emissions in 2004 were 5000 tonnes), as a part of Omario’%etween—o 03 and—0.29 ppbyear! at the urban stations

phasing out of coal-fired, power-generating stations (Bradley,and —0.34 and—0.64 ppbyear* at the suburban stations

2013), and the large reduction of emissions from the Nan- C g - .
. ' . . although decreases are not statistically significant (with the
ticoke Generating Station, located less than 100 km south g y Sig (

. exception of Newmarket). Over the entire study period, de-
west of the GTA (NQ emissions decreased from 38 000 to . .
creases in @of —0.4 % per year occurred in the urban sta-
3000 tonnes between 2002 and 2012). sesin @ opery urred in the urban s

- . . . tions and—1.1 % per year at the suburban stations. Analyses

A S|r_n|Iar decreasing trend is apparent for anthropogemcalso show that the eight sites also have negative slopes for
\./O.CS in the GT.A' Annual summer averages Of.VOC reac-ox, ranging betweer-0.91 and-1.1 ppb year?! at the urban
tivity are shoyvn in Fig. .2c and a steadily decrea§|ng trenq forstations and-0.57 and—1.0 ppb year? at the suburban sta-
anthropogenic VOCs is apparent across all sites. Monitor

. ¢ Juncti ¢ din 2005 and at West1 and B ; lions, most of which are statistically significant (with the ex-
Ing at Junction stopped in and at WestL and Brampton eption of Oshawa and Oakville, which are both missing data
in 2011. Therefore, only Downtownl data are available for

. . N .~ at the beginning of the study period). Over the entire study
.2011| and 281t2V;/AII sgelsGhavg s(t)ag;tlcially S|gln|f|cir(1)t gidm' period, decreases iny®f —1.8 % per year occurred in the
ing slopes between0.16 and—0.23s " year™ (p<0.01) urban stations and 1.6 % per year at the suburban stations.
and an average overall decrease-& 3 % per year (exclud-

. . . . ! A If 2012 data is removed from the figures, the slopes for O
ing Junction site), with the Brampton1 site experiencing the g pes ™

L become significant(<0.01) at all sites, except for Oshawa
largest decrease ef11.5 % per year. OVOC reactivity shows which has only been monitoring since 20g540.07). While

a sm;’;mll.mcrﬁas.mg trtend aé t_hezJOuOnSCnon s!te._flﬂowiever, V\l"ththese decreases are likely following the reduction of ozone
mon orlngb a;mg s 0\[/38% n tivit ,an S|g_n| icant conciu- precursor compounds, other studies have found that changes
slons can be drawn. reactivity from bIOGenIc Sources;,, background concentrations are responsible for decreases

shows no apparent trend across the study period. It is Cleaét some monitoring stations (such as Whiteface Mountain,

that, "’?‘ all sites, \./OC reactivi'Fy. from anthropqgenig emis- New York, Oltmans et al., 2013), and therefore, this cannot
sions is approaching the reactivity from biogenic EMISSIONS 36 ryled out as a possible influence to the decreasing trends

particularly at the West1 site.

Figure 3 shows annual summer daily 8 h maximum O reported here.
and Q for the GTA. Following the reductions of both its
precursor compounds,s@nd G levels have also generally
decreased over the study period. Linear regression analyses
show that the eight sites have negative slopes fprr&hging

www.atmos-chem-phys.net/14/8197/2014/ Atmos. Chem. Phys., 14, 888207, 2014
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3.2 Oz levels from 2008 to 2012 40 40

,‘ w(-.- Number of days exceeding 30 Deg C
k +*, [ Number of days exceeding 65 ppb O,
'

While, over the entire study period,zQevels in GTA have "
decreased, the same trend is not observed from 2008 on§
wards. Figure 3a and b show that, at all monitored sites, £
O3 levels in the GTA were consistently lower between 2008 ¢
and 2011 than between 2000 and 2007. However, the mea.;
sured average summer daily maximum 84i® 2012 was
significantly higher than that of the previous four years (an
increase of 57 ppb). The data presented above demonstrai
that NG levels have not significantly changed from 2011
to 2012 (the largest change was a decrease of 1.7 ppb at th
Toronto North site). Additionally, results show that VOC re-
activity decreased from 2011 to 2012. Therefore, the 2012 igure 4. The number of days exceeding 65 pp Canada-wide

O3 increase cannot be explained as a result of a change iBtandard (green) and the number of days exceedifg30ed) at
either of the precursor compounds. Alternatively, this vari- the Toronto Downtown2 station. The number above each marker is
ability in O3 may be explained by meteorological influences, the design value for that year.

which is explored in the following section.

30

ppl

10/

0 Baq og Buipssox3 shkeq jo JaquinN

Number of 6!

2000 2002 2004 2006 2008 2010 2012

3.3 Meteorological influences on @ to noon were determined. Following Geddes et al. (2009), we
defined days on which the wind speed and direction resulted
Previous studies have provided evidence of a correlation exin a net movement of > 120 km from the south and southwest
isting between ozone levels and meteorological conditions(135-270) as days influenced by “west to south-east flow
such as wind direction and speed, temperature and relaW-SE)”; days on which the net wind speed and direction
tive humidity (Agudelo-Castaneda et al., 2013; Figueiredo etresulted in a net movement of > 120 km from the north (270—
al., 2013; Pekey and Ozaslan, 2013; Psiloglou et al., 2013)45°) as days influenced by “west to northeast flow (W-NE)”;
Specifically, Jacob et al. (1993) discuss the significant depenand days when the net wind movement was <120km as
dence of @ concentrations on temperature, indicating that, “stagnant” or “local”. From this designation, days that were
at higher temperatures, locag@roduction is maximized as affected by W—SE air transport represent days most likely in-
a result of the suppression of radicals being stored as peroXffuenced by polluted air masses from surrounding urban ar-
yacetylnitrate (PAN). Higher temperatures may also result ineas in Canada and the US, whereas days that were affected by
enhanced local production ofs®y increasing HQ produc-  W-NE air transport represent days most likely influenced by
tion or increasing local biogenic or fugitive anthropogenic transport from remote regions. Table 1 shows the percentage
(such as the evaporation of oil and/or gas) VOC emissionsof days affected by each wind designation from 2008 to 2012.
Figure 4 displays the number of days each year on which th& hroughout this period, the summer of 2012 was affected
Toronto Downtown?2 station 8 h{average exceeded 65 ppb, by a relatively lower percentage of days with air transport
the number of days which experienced temperatures exceedrom the W—NE and a large percentage of days experiencing
ing 30°C, as well as the design value (the fourth highest 8 hstagnant periods (consistent with the previous 4 years). This
O3 measurement annually, averaged over three consecutiveould have contributed to the highs@vels measured in the
years, Environment Canada, 2013) for that year. A relation-GTA in 2012, because fewer days had “clean” air transport
ship between ozone exceedances and high temperaturesfiom the north. Furthermore, Table 1 shows the percentage
clear during the 2000—-2009 period, but less clear from 201(f exceedances at Downtown2 affected by each wind desig-
to 2012. Although 2012 had a large increase in the number ofiation, and it is evident that transport from the W to the SE
days exceeding thedXtandard, it did not have significantly and local/stagnant air contributes to ozone exceedances to a
more days experiencing warmer temperatures compared tbigher degree than transport from the W to the NE.
2010 or 2011. This analysis was completed for the other Figure 5 displays the hourly summer averages at Toronto
seven stations and the same conclusions are drawn. Ther®owntown2 for Q from the three designated air directions,
fore, based on this data, the warm temperatures experienceas well as from all directions. Overall, air transport from W
in the summer of 2012 did not play the dominant role in theto SE or locally produced resulted in the highest daily max-
O3 increase observed. imum O3 levels. Between 2010 and 2012, the inter-annual
High temperatures in the GTA are often associated withvariability in the maximum daily @— reached when air ar-
warm southerly flow, and it is therefore possible that the cor-rived from W to NE — was much less than when air arrived
relation between @and temperature is driven by air trans- from the W to the SE. The maximum dailysG reached in
port from upwind regions. As described in the “Methods” 2012, when air was arriving from the W to the SE — was sig-
section, net wind vectors for each summer day from midnightnificantly higher than in 2010 or 2011; this occurrence helps
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Table 1. Percentage of days and exceedances (at Downtown2) each summer (2008-2012) that were affected by air transport from the W to
the NE, the W to the SE or local/stagnant air.

Year Days with Exceedances Days with Exceedances Days with Exceedances
transport from from transport from from transport from from
W-NE \ W-SE \ Local
2008 29 0 18 17 52 83
2009 33 20 14 40 53 40
2010 29 0 26 33 45 66
2011 38 33 9 17 53 50
2012 25 6 20 29 54 65

to explain the increase in{®bserved in 2012. Finally, the 3.4 VOC- or NOy limited ozone production
maximum daily Q reached during stagnant conditions was

again higher in 2012 than in 2010 or 2011. This increase iNre 0zone production regime is dictated by the fate ofHO

local O; concentrations cannot be explained by wind trans'.radicals, whether the ROradical self-reacts (denoting a

port or a change in precursor concentrations, as explained i Oy-sensitive regime) or the OH radical reacts with NO

Sect. 3.2, and therefore other meteorological influences mustt0 form HNO; (denoting a VOC-sensitive regime) (Reac-

be affe_ctlng the local maximum level _of30eached. This ._tions R8 and R9). Based on the data available, we used the
analysis was performed for other stations, as well as using, - tive reactivity of OH to N@and the sum of 40 speciated

Ok concentrations, and the same general conclusions can q\eiAPS VOCs at the Downtown sites as an approach to ap-
made.

. . . roxim he ozone pr ion regim ring th -
Since the local @ levels experienced in 2012 cannot be proximate the ozone production regime during the study pe

. L riod. Figure 7 shows OH reactivity to each species in “early”
gxplal_n(_ad b y changes in air transport or precursor ancemra('ZOOZ—ZOOS) and “late” (2011-2012) periods of the data set.
tions, itis likely a result of changes in the photochemistry 0C- | the early period, N@ accounted for a larger portion of

curring in the troposphere. The level of photochemical activ-OH reactivity relative to VOCs, 4.93 and 3.64ls respec-
ity occurring during each summer day was analyzed by con- y .. :

o . . o tively. In the late period, although reactivity toward both
e, COMPGLG tecrEased, NGEacY o OF accurts o
lyzed for the period 2008—2012. Figure 6a displays a regresan increasingly larger portion of total reactivity; 2.88 vs.

sion between Downtown2 maximum 8 ks @vels (ppb) and 1.68s1 for VOC reactivity. When these calculations were
midday incoming solar radiation (from 11:00 to 15:00, the performed using data from the suburban Brampton site NO

. o . . . was also found to account for a larger proportion of OH re-
tF":;?nWtzz?eZQVF;SSuﬁ“igncizgr]?ﬁ;r?;ﬁidb;?ixz)igéﬁé activity. There are limited long-term CO measurements in

: . ) s the GTA during this period. However, data from the Toronto
can partly ¢ 16 %) be explained by midday radiation lev- 9 P

: West2 station suggests that midday reactivity with CO de-
els (variances ranged from8 to 19 % from 2008 to 2012).
Based on this figure, a midday average-o600W 2 is creased from 1.4 to 0.77$ between 2003 and 2012. These

required for an ozone exceedance. Figure 6b shows the argesults suggest that the preferred fate of OH radical in the

R ; ) la riod is in reaction with N©(Reaction R9), ther
nual cumulative distribution function of the midday average ate period is in reaction with N&(Reaction R9), thereby

- ) uggesting that ozone production has become morg-NO
summer solar radiation data plotted against the number 0iaturated and more sensitive to VOC reactivity over the last

days in each summer. For the period 2008-2012, 2012 Xgecade. Similar to the study by Geddes et al. (2009), when

perienced the greatest number of days affected by a mid-

- . we use a simple analytical model to generate a contour plot
igé Zglasr ;?T%%%nﬁﬁr?fvig i??n\é\zﬁ;iznmszo?;rprea&?gt?g: of instantaneous ozone production as a function of VOC re-
wher Y 2011 and 2010 experienced 84 92009 perien ’dgftivity and NQ concentrations, plotting the data from GTA

ereas a experience €05 EXPENENCEA 3, e monitoring stations also suggests that the region is in
and 2008 experienced 85. When this analysis was performe VOC-limited regime
Wltzl'iz(ta' zyrrggoline;zr :&t:rf;%mmg :n:gAMntSo?I'tr?c’:ct)kr]T?nsa?oe- This analysis of the GTA ozone production regime is lim-
qualitative utt w y ) u ! NG SO%ted because the ambient concentrations ofyN@d VOCs
lar radiation will strongly influence the production of O

. . ) were made at sites near the ground, whereas ozone forma-
radlcals', an.d thyg the ablllty“forﬁo "be prodqced, local © tion takes place in a convective layer which can extend hun-
production is minimized on “cloudy” days with lower levels

. . o o . ) dreds of meters above the surface (Sillman, 1999). Surface
of incoming solar radiation and maximized on “clear” days

with medium to hiaher levels of incoming solar radiation observations likely overestimate the average concentration
9 9 * of primary pollutants within the boundary layer, especially
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Figure 5. O3 hourly summer averages at Downtown2 Toronto station (error bars represent standard deviation of the mean).
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Figure 6. (a)Regression of Downtown2 8 h4&ersus incoming so-
lar radiation (W n2) for 2012 (black lines are the thresholds of in-
coming solar radiation where 65 ppb 0§ @ exceeded)jb) Cumu-
lative distributions of the midday average solar radiation (W2n

for shorter-lived compounds. Another limitation to the VOC
analyses performed in this study is the exclusion of OVOCs
from all monitoring stations except Junction. In 2011, we
performed 5 separate days of 3 h canister measurements dur-
ing a 2-week period between 27 August and 12 September.
The OH reactivity to non-methane hydrocarbons was calcu-
lated as two fractions: VOCs (the same 40 VOCs as chosen
from Environment Canada data, with the exception of propy-
lene and isopentane) and OVOCs (23 compounds). Through-
out the 2-week period, the OVOCs accounted<a80 % of

the total OH reactivity to VOCSs. It is possible, however, that
this may be an overestimate of midday OH reactivity; for
the 2-week sampling period, the average 24 h VOC reactiv-
ity from the traditional NAPS compounds was 176 sand
from the OVOC compounds was 24 Focusing only on
samples collected between 12:00 and 15:00, the reactivity
from the traditional NAPS compounds was 1:3 nd from

the OVOC compounds was 2.3 Therefore, based on this
limited set of more detailed measurements, we can infer that
24 h average NAPS samples may overestimate the midday
reactivity from the traditional compounds by 19 % and the
total VOC reactivity (VOG+ OVOCs) by 10%. These de-
tailed measurements also suggest that ozone production may
be more NQ-sensitive than was determined using the tra-
ditional VOC measurements. Overall, these results suggest
that our current understanding of VOC reactivity in the GTA
is incomplete.

experienced on each summer day (2008—-2012) (markers above the

x axis are provided to easily identify the difference in the number of

days exceeding 600 WT#¥ for 2012 and the previous four years).

Atmos. Chem. Phys., 14, 819'8207, 2014

3.5 GTA OH radical concentration

Since the OH radical plays a key role in the production of
ozone, it is important to understand how its abundance in
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Figure 7. OH reactivity (s1) to NO, and NAPS VOCs in the 20 — ]
“early” period (2002-2003) and “late” period (2011-2012) at the
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the GTA has changed over the study period. By monitoring 5 ] ]
the ratio of two co-emitted VOCs, we can estimate how the 0 = =

concentration of OH has changed, assuming the distribution ' ' ! ! ' ' !

) L 00 01 02 03 04 05 06 07
pf cﬂstanpes from the emission sources tq the receptor (.mon- 1.2,3trimethylbenzene:ethylbenzene
itoring site) has not changed. Figure 8 displays the ratio of
two alkenes, 1-butenédgH = 3.0x 10~ cm® molects™1) Figure 8. Histograms of 1-butene:2-butena) and 1,2,3-
and cis-2-butene kbn =5.6x 1071 cmPmolecis™1), trimethylbenzene : ethylbenzere) in the early (2002—2003) and
as well as two aromatic VOCs, 1,2,3-trimethylbenzenelate (2011-2012) periods.
(kon=3.3x 101 cm*molecs1) and ethylbenzene
(kon=7.1x 10711 cm*molects™1). All of these com-
pounds have lifetimes in the atmosphere on the order of afevB.6 Assessing the success of the Climate Change, Clean
hours, assuming an OH concentration of filec cnr?, Air and Sustainable Energy Action Plan
and therefore observations made in downtown Toronto
should predominantly reflect oxidation rates in the GTA In 2007, the City of Toronto made a commitment to reduce
atmosphere. We assume that the emission ratios of thesemissions of local smog-causing pollutants 20 % below 2004
compound pairs have not changed substantially durindevels by 2012. Table 2 shows the percentage differences be-
the study period. Additionally, with © levels changing tween 2004 and 2012 NCand VOC concentrations at all
minimally during the study period, we assume that thesites monitored (using the original suite of 40 NAPS VOC
oxidation of these compounds fromz(as not changed compounds). Reductions in N@oncentrations ranged from
significantly during this time. As Fig. 8 displays, the 27.4to49.9% (Toronto North and Brampton2, respectively),
ratio for each pair of compounds is smaller in the early providing evidence of the success of the implemented mit-
period than in the late period, with medians changingigation strategies during the past decade, such as catalytic
from 3.5 to 4.5 for 1-butene : 2-butene and 0.19 to 0.25 forconverters on vehicles and new combustion technology to
1,2,3-trimethylbenzene : ethylbenzene. Since cis-2-buteneeduce NQ emissions from power plants (ICF, 2007). Ad-
and ethylbenzene have higher rates of reaction with OHditionally, reductions in VOC concentrations ranged from
with respect to their paired VOC, this increase in their 31.7 to 52.8 % (Downtownl1 and West1, respectively). Again,
ratio indicates that the OH concentration in the GTA hasthis result provides support for the success of the City of
increased from the early to late period. Assuming that theToronto strategies aimed at reducing anthropogenic emis-
rates of HQ production have stayed relatively constant, sions of these compounds, such as the ChemTRAC initia-
higher levels of OH in 2011-2012 are consistent with thetive, which includes a focus on reducing the VOC content
large reduction in total reactivity, described in Sect. 3.4.in paints and wood coatings (Toronto Public Health, 2013).
An increase in OH radical abundance has implicationsWhile these results suggest that the emission reduction target
for ozone production, the relationship between precursomay have been achieved, there are limitations to our interpre-
emissions and concentrations, and the oxidative capacity ofation of the data. Monitoring network data suggests that the
the troposphere. concentrations of N@and VOCs have been reduced by more
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Table 2. The percentage difference between 2004 and 2012 &t VOC concentrations (ppb) at all stations monitored (Junction was not
included as monitoring stopped in 2005).

Station Downtown North East West Oshawa Brampton Newmarket Oakville
NO> (%) 31.2 274 291 421 34.6 49.9 26.8 30.3
VOC (%) 31.7 - - 52.8 - 334 - -

than 20 %, but the action plan commitments are actually forlargest number of days with midday levels of incoming solar
emissions. In Sect. 3.4, we showed that oxidation rates in theadiation exceeding 600 W, which likely contributed to
urban atmosphere appear to have accelerated, meaning thite enhancement of locak@roduction.

changes in emissions and concentrations will have a non- The results of this study also demonstrate the success of
linear relationship, and that the data in Table 2 likely overes-the GTA in achieving the 20 % reduction in precursor emis-
timate the changes in emissions. Nevertheless, the large raions set by the Toronto Climate Change, Clean Air and
duction in concentrations is likely consistent with a decreaseSustainable Energy Action Plan in 2007. Between 2004 and
of more than 20 % in emissions, though exact quantification2012, NG reductions ranged from 27.4 to 49.9 %, and VOC

is difficult. Furthermore, as suggested in Sect. 3.3, the roleconcentration reductions ranged from 31.7 to 52.8 %. These
of OVOCs as ozone precursors in the GTA is unclear due taesults provide evidence of the benefits of municipal and
lack of monitoring, and therefore these conclusions about thgrovincial regulations aimed at controlling the emission of
success of the action plan are not necessarily comprehensivezone precursors throughout the past decade. Nevertheless,
the ozone design value at all GTA monitoring stations has ex-
ceeded the Canada-wide Standard every year between 2002
and 2012. Reductions in precursor emissions appear to have

. : . . . increased in the local abundance of OH, resulting in onl
Significant reductions in the summertime mean daily con- g y

centrations of @ precursor compounds have been observedgmderate reductions in local ozone production rates. The im-
) . ortance of including OVOCs in £production analyses has
since 2000; N@ levels decreased by6.4 % per year in ur- 9 oy y

) ) . been demonstrated, as short-term measurements indicate that
ban sites and-5.8 % per year in suburban sites, and VOC

- they account for a significant fraction of OH reactivity.
reactivity decreased by at leasB.3% per year. These re- y 9 y
sults provide evidence for the effectiveness of implemented

vehicle emission clean-up technologies, as well as other regacxnowledgementsThe authors are grateful to Environment
ulatory initiatives throughout the province and municipalities canada’s NAPS (National Air Pollutant Surveillance) for the VOC
in the GTA. In response to these decreases, GRAeRels  data used in this study. Additionally, the authors are thankful to the
have also decreased abou0.4% per year at urban sites Environmental Monitoring and Reporting Branch at the Ontario
and —1.1% per year at suburban sites during the 13-yeamMinistry of the Environment for providing hourly $and NG
study period. In 2012, however, some of the highest recordedata, as well as to the UTMMS for providing hourly incoming solar
O3 concentrations were observed following 4 years of con-radiation data.

sistently low levels. Since concentrations of both precursor_

compounds have continued decreasing since 2008, this ifEdt€d by- L. Zhang

crease must have been influenced by the meteorology expe-

rienced in 2012. We found that, although the warm temperageaferences

tures experienced in 2012 did not likely play a role in the O

increase compared to 2010 and 2011, air transport from upaAgudelo-Castaneda, D., Teixeira, E., Rolim, S., Pereira, F., and
wind regions may have. Compared to the preceding 4 years, Wiegand, F.: Measurement of Particle Number and Related Pol-
the summer of 2012 was affected by a large percentage of lutant Concentrations in an Urban Area in South Brazil, Atmos.
days with air transport from the W to the SE (polluted air ~ Environ., 70, 254-262, 2013.

traveling over urban areas in Canada and the US), a Smaﬁ\tkins_on, R.: Gas-Phase Tropospheric Chemistry of Volatile Or-
percentage of days with air transport from the W to the NE  92nic Compounds. 1. Alkanes and Alkenes, J. Phys. Chem. Ref.

(clean air traveling over remote regions) and a large percent: Data, 26, 215-290, 1997. .
age of days affected by stagnant conditions (air trapped Oveeraertsch-thter, N., Keller, J., Dommen, J., and Prevot, A. S. H.:
9 Effects of various meteorological conditions and spatial emis-

the GTA allowing precursor compounds to accumulate and sionresolutions on the ozone concentration and ROG/N®-
enhance local ® production). Additionally, since the pro- itationin the Milan area (1), Atmos. Chem. Phys., 4, 423-438,
duction of G depends on photochemistry in the troposphere,  doi:10.5194/acp-4-423-2004, 2004.

the levels of incoming solar radiation were analyzed dur-Bell, M. L., Samet, J. M., and Dominici, F.: Ozone and mortal-
ing the study period. It was found that 2012 experienced the ity: A meta-analysis of time-series studies and comparison to a

4 Conclusions
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