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Abstract. Ultrafine particle (UFP) number and size distribu- times also contribute. Longer-term studies are needed to help
tions were simultaneously measured at five urban and ruratesolve the relative contributions of anthropogenic and bio-
sites during the summer of 2007 in Ontario, Canada as part ofenic emissions to nucleation and growth in this region.

the Border Air Quality and Meteorology Study (BAQS-Met
2007). Particle formation and growth events at these five sites
were classified based on their strength and persistence as well
as the variation in geometric mean diameter. Regional nuclel
ation and growth events and local short-lived strong nucle- ) ) )
ation events were frequently observed at the near-border rurdPVer the last decade, formation of particles and their sub-
sites, upwind of industrial sources. Surprisingly, the particle S€duent growth in the atmosphere have been found to oc-

number concentrations at one of these sites were higher thaft!' ' many differe.nt environments (e..g., Alam et al., 2003; _
the concentrations at a downtown site in a major city, de-J€0Nd €t al., 2004; Dunn et al., 2004; Wehner et al., 2004;

spite its high traffic density. Regional nucleation and growth Monkkonen et al., 2005; Mejia et al., 2007; Charron et al.,
events were favored during intense solar irradiance and i?007)- Measurement of the number and size distributions of
less polluted cooler drier air. The most distinctive regional Ultrafine particles (UFFDp <100 nm) has made possible the

particle nucleation and growth event during the Campaignidentification of particle nucleation events, which are found
was observed simultaneously at all five sites, which were ug® €xhibit large spatial and temporal variability. The con-

to 350 km apart. Although the ultrafine particle concentra-C€ntrations of sulphuric acid and organic compounds, pre-
cursors to particle nucleation and growth, are believed to

tions and size distributions generally were spatially hetero---"> .
geneous across the region, a more uniform spatial distribuP® important factors, and these may vary across locations

tion of UFP across the five areas was observed during thi&"d meteorological conditions (Kulmala et al., 2005; Boy et
regional nucleation event. Thus, nucleation events can covef-» 2008). However, particle formation events can occur on
large regions, contributing to the burden of UFP in cities and 'arge scale. Stanier et al. (2004) found that particle nu-

potentially to the associated health impacts on urban popg:lea'uon events occurred at both an urban background site

ulations. Local short-lived nucleation events at the threeln Pittsburgh, Pennsylvania, USA and an upwind, rural site

near-border sites during this summer three-week campaig KM away. Wehner et al. (2007) investigated particle for-

were associated with high SQwhich likely originated from mation events at an urban site in Le_|p2|g and at three rura_l ar-

US and Canadian industrial sources. Hence, particle forma€as located-10 km to 50 km from this urban background site
this study revealed that new particle formation

tion in southwestern Ontario appears to often be related td" Germany;

anthropogenic gaseous emissions but biogenic emissions gyents at the four sites took place nearly simultaneously with
similar intensities. For evaluation on a larger spatial scale,

several studies have investigated simultaneous measurements

Correspondence tdG. J. Evans at rural and remote background sites at distances200 km
BY (greg.evans@utoronto.ca) to ~1500 km in Finland, Sweden, and Estonia (Tunved et al.,
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al., 2009). Hussein et al. (2009) compared the long-term
measurements of particle number size distributions at five
widely separated urban, rural, and remote background sites
(up to ~1500 km); in this study particle nucleation events
were found to take place over the whole region, although the
events rarely occurred. In terms of the vertical evolution of
particle formation events, Birmili et al. (2003) investigated
particle size distributions in mountainous regions in southern
Germany. A uniform spatial distribution of particle forma-
tion events was observed at two rural sites separated by 3 kn|
horizontally and 0.3 km vertically. On the west coast of Ire-
land, the horizontal and vertical extent of coastal nucleation L
events has been found to reach up~tbH80 km and~1km,
respectively (O'Dowd, 2002). Fig. 1. Locations of the five monitoring sites (dots) and coal-fired
Knowledge of the formation and evolution of particles power plants (triangles).
is critical to understanding their health and climate effects.
Many epidemiological and exposure studies have shown pos-
itive associations of respiratory and cardiovascular healtithe influence of local and regional nucleation events on UFP
effects with exposure to UFP (e.g., Peters et al.,, 1997concentrations in urban and rural areas and provide informa-
Oberdrster et al., 2002). New particle formation can also betion needed to resolve the impact of UFP on the health of
an important source of cloud condensation nuclei and thusirban and rural residents.
influence climate (Seinfeld and Pandis, 2006). However, an
understanding of the underlying nucleation and growth pro-
cesses is still in the formative stages. 2 Experimental methods
Ultrafine particle number and size measurements were si-
multaneously made at five urban and rural sites located 40 kn2.1  Monitoring sites
to 350 km apart in southwestern Ontario, Canada, as part of
the Border Air Quality and Meteorology Study in the sum- The BAQS-Met 2007 intensive field campaign was con-
mer of 2007 (BAQS-Met 2007). The border area in this re- ducted to investigate the effects of transport and lake breezes
gion has Canada’s highest B§Imass concentrations (En- on pollutant levels in southwestern Ontario, as well as to de-
vironment Canada, 2007). The high pollutant concentrationgermine the sources of these pollutants. Measurement of am-
coupled with the unusual meteorology induced by the nearbybient pollutants and meteorological parameters was simul-
Great Lakes was an important motivation for this study. Intaneously conducted from 20 June to 8 July 2007 at five
addition, the study offered a unique opportunity to exploresites: Harrow, Bear Creek, Ridgetown, Egbert, and Toronto.
ultrafine particle nucleation and growth at rural and urbanAs shown in Fig. 1, the monitoring sites at Harrow, Bear
sites surrounded by numerous local and regional sources dfreek, and Ridgetown are geographically located in a bor-
gaseous pollutants and particulate matter (PM). It was alsaler airshed region shared by Canada and the United States,
suspected that the meteorology and local topography influso local air quality was typically impacted by regional and
ence the spatial and temporal distributions of particle numbefong-range transported pollutants from both Canada and the
concentrations in this region. US. Wind rose plots (Fig. 2) indicated that the wind at the
We used simultaneous measurements of UFP number artthree near-border sites was predominantly from the south-
size distributions at multiple sites to explore the spatial extentwest, the direction of numerous US and Canadian industrial
of new particle formation and to attempt to identify sources point sources. The Harrow site, for example, located within
and processes contributing to UFP across the study regiorb km of the shore of Lake Erie in an agricultural area, had
The specific objectives of this study were to distinguish be-dominant southwesterly winds with strong wind speeds; it
tween regional and local nucleation events based on simulwas influenced by long-range transported pollutants from the
taneously measured particle number concentrations at fiv&JS and, more locally, by emissions from the Detroit/Windsor
rural and urban sites influenced by regional and local in-industrial region. The monitoring site at Ridgetown is lo-
dustrial as well as traffic sources; to evaluate their relation-cated~10 km from the Lake Erie shoreline. The wind rose
ship with meteorological parameters and atmospheric pollu-analysis at Ridgetown indicated strong southwesterly winds.
tant concentrations; and to determine the degree of inter-sitdhe Bear Creek monitoring site is located0 km northeast
homogeneity in terms of the occurrence of events and conef the Harrow site, close to Lake St. Clair on the eastern
sistency in the temporal variability of UFP number concen-shore (10 km). Major oil refineries in Sarnia, Ontario and
trations. The overall goals were to improve understanding ofa power plant are located50 km and~30 km northwest of

2003; Vana et al., 2004; Dal Maso et al., 2007; Hussein et/
Michigan
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Table 1. Particle number and size distribution measurement param-
eters for the five sites during the BAQS-Met campaign.

Site Instruments CPC Size Range  Time
270 90 resolution
Harrow FMPS N/A 6-560 nm 1s

Ridgetown SMPS TSI 3010 9-640 nm 5min
Bear Creek SMPS TSI13010/ 10-422nm/ 5min
TSI3775 14-673nm
180 180 Egbert SMPS TSI3025 10-440nm  15min
(©) L () 0 Toronto SMPS TSI3786  3-100nm 2min

2.2 Measurements of particle number and size
270 92 distributions

% 4% 8%

The number and size distributions of UFP in the selected
size range of 14 nm to 100 nm were measured from 20 June
to 8 July 2007 by a TSI 3091 Fast Mobility Particle Sizer
(FMPS, TSI, St. Paul, MN) at the Harrow site and by four

Scanning Mobility Particle Sizers (SMPSs, TSI, St. Paul,

180

-Wfl‘f“;"’ MN), one at each of the other sites. The FMPS uses 22 elec-
W35 trometers to measure the number and size distributions of
[1>5-7 particles from 6 nm to 560nm in 32 channels every sec-
m>7-10 ond. The high time resolution data make it possible to de-

=y tect rapid changes in particle number and size distributions.

However, due to distortions in the particle counting and siz-
ing efficiency of the FMPS, data for particles in the size
180 range of 8 nm-100 nm were corrected as suggested by Jeong
and Evans (2009). In addition, size distributions of parti-
Fig. 2. _\Nin(_:l rose plots fqr the_ five monitor_ing_ sit(_es with 36 com- |ag larger than 100 nm measured by the FMPS were ad-
pass directions along with wind speed distribution: Har@y  j;sted based on polystyrene latex (PSL) calibration particles
Ridgetown(b), Bear CreeKc), Egbert(d), and Torontd(e). and the results of laboratory comparison experiments with
the SMPS used for Toronto. After correction, the FMPS
Bear Creek, so the air quality was impacted by emissionnd SMPS showed good agreement (Jeong and Evans, 2009).
from Detroit/Windsor, industrial regions in Ohio, and the oil The SMPSs used at the other sites consisted of Differential

refinery facilities. The Egbert data were taken at the Envi-Mobility Analyzers (DMA) and Condensation Particle Coun-

ronment Canada Centre for Atmospheric Research Experite’s (CPC) (Table 1). ATSI 3085 nano-DMA (TS, St. Paul,

ments located in rural Egbert, Ontarie350 km northeast MN) was used for the Toronto site, while four TSI 30_81 long-
of the Harrow site. The Egbert site was mostly influenced PMAS (TSI, St. Paul, MN) were used for the other_S|te§. Pre-
by regional-scale sources (Rupakheti et al., 2005). Duringpared PSL and NaCl aerosols were used for calibration and
the campaign, generally clean continental air masses frongonsistency checks of the aerosol instruments. Comparison

the northwest reached Egbert, with minimal impact of urban®' Particle number concentrations measured by the SMPSs

air masses from the south. At the metropolitan site mea_used for the Toronto and Egbert sites showed an excellent
surements were made at a laboratory of the Southern ongorrelation (?=0.99), although the SMPS used for Toronto

tario Centre for Atmospheric Aerosol Research (SOCAAR) tended to report values18% higher than number concen-
at the University of Toronto. SOCAAR, which is located in trations from the_ SMPS for Egbert. The SMPS dat_a were not
downtown Toronto and surrounded by multi-story buildings, corrected for this difference. At Bear Creek, particles were

is 20m from a busy road. The site was frequently impactedcounted by a TSI 3010 CPC from 20 June to 25 June and a
af S1 3775 CPC from 25 June to 8 July. To reconcile the dif-

by long-range transported air masses containing industrial , - X .

pollutants from the US and Canada (Buset et al., 20086). ferent. detection size ranges and intervals, the particle number
and size data for 14 nm and 100 nm were used to compare the

sites. Continuous measurements of 2\&nd meteorologi-

cal parameters were also performed at all sites; &fdcen-

trations were also available except for the Ridgetown site.
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Due to their proximity to Lake Erie, Lake St. Clair, and 2.4 Wind sector and spatial variation analyses
Lake Huron, ambient pollutant concentrations at the three
near-border sites can be impacted by meteorology associfo ascertain the likely geographic direction of local sources
ated with the lakes, such as lake and land breezes (Hastie 6f UFP, a conditional probability function analysis (CPF;
al., 1999; Makar et al., 2010). During the BAQS-Met 2007 Ashbaugh et al., 1985) was conducted based on particle
campaign, Environment Canada conducted analysis of lak@umber concentrations in the size range of 14 nm-100nm
breeze events using comprehensive measurements from bothig. 4). The CPF provided a metric of the probability that
land and lake mesonet sites to assess the importance of tifégh UFP concentrations were related to specific wind di-
chemical and dynamical influences of the Great Lakes on refections, with high values typically associated with local
gional air quality (Makar et al., 2010). The effect of lake sources. The CPF was calculated as
breezes on particle number concentrations was investigated map

for Harrow, Ridgetown and Bear Creek. CPF= N Ag (4)
2.3 Condensation sink and condensable vapor wherem pg is the number of times the particle number con-
concentration centration exceeds a certain threshold criterion (the 75th per-

centile in this study) when the wind arrives from a given wind
Particle formation rates were represented using the observeskctor A9, 15°), andnag is the total number of times the
nucleation rates (dN/dt) from 14nm to 25nm, neglecting wind comes from the same sector. The CPF values contain-
any coagulation loss. The number concentrations of partiing wind sectors with a low frequency {» <2) were divided
cles (14nm-25nm) at the start and end of a period duringhy three to avoid over-interpretation of CPF values from un-
which a linear increase was observed were used to quanjerrepresented wind sectors.

tify the apparent formation rate. Geometric mean diame- The spatial distribution of particle number concentra-
ters (GMD) for each size distribution were used to examinetions at the five sites was determined using correla-
particle growth processes. The observed growth rate (GR) ofion analysis and coefficients of divergence (COD) for
the newly formed particles was quantified by fitting the GMD the ten pairs: Harrow-Ridgetown (95km); Harrow-Bear
of partiCles smaller than 100 nm during the partiCIe formation Creek (72 km), Harrow-Toronto (340 km), HarrOW_Egbert

event. (350km); Ridgetown-Bear Creek (40km); Ridgetown-
A GMD Toronto (245 km); Ridgetown-Egbert (260 km); Bear Creek-
GR= At 1) Toronto (270km); Bear Creek-Egbert (280km); and

. . . Toronto-Egbert (80 km). The COD was calculated as
To quantify the condensational growth and sink of newly ¢ ( )

formed particles, the condensation sink (CS) was estimated

based on the analysis by.KuImaIa etal. (2091, ZQOS) and DatODjk _ E Xp: [(Nij _ Nik)/(Nij n Nik)]z )

Maso et al. (2005). In brief, the condensation sink, the rate P i=

of loss of molecules onto existing patrticles, was obtained by

integrating over the size distribution as follows where N;; and N;; represent the hourly-th concentration
measured at sampling sitggndk, respectively, ang is the

CS=2n D/Dp Bum (Dp) n (Dp) dDp (2)  number of samples (Wongphatarakul et al., 1998). The COD
provided information about the relative inter-site uniformity,

=21 DZ Bumi Dpi N; with a COD of zero indicating no inter-site variability, and

1

a high COD value (approaching 1) indicating high inter-site
where D is the diffusion coefficientBy; is the transitional ~ Variability. In addition to the analysis of spatial uniformity,
regime correction factomy, is the particle diameter of size |nter—S|t.e associations for different particle size ranges were
classi, and N; is the particle number concentration in size detérmined by calculating Spearman rank correlation coeffi-
classi. The transitional correction factor was expressed asCients €) for site pairs.

(Fuchs and Sutugin, 1971)

By = Kn+1 3) 3 Results and discussion
M 133 1Kn? + 1.331Kn + 0.38Kn + 1
Kn+1 3.1 Comparison of particle number and size
T 133Kn2+ L71Kn + 1 distributions

with Knudsen numbeKn=2x/Dp, wherex is the mean  Number concentrations of 14 nm—100 nm particles across the
free path of the gas molecules under standard conditionfive sites are presented in Table 2. Thirty-minute average
(~67nm), and the accommodation coefficienis assumed  particle concentrations comprising a total of 567 samples for
to be unity. each site were used for this comparison. The highest average

Atmos. Chem. Phys., 10, 7978995 2010 www.atmos-chem-phys.net/10/7979/2010/
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Table 2. Descriptive statistics for number concentrations (#@&jof particles in the size ranges 14 nm to 100 nm and 14 nm to 25 nm at the
five sites during the BAQS-Met campaign (20 June—8 July 2007).

Dp Site Mean Geo. Median Std.Dev. Min Max Lower Upper Percentile Percentile
(nm) Mean Quartile  Quartile 10th 90th
Harrow 12180 9070 8750 10630 1010 72340 5540 15770 3510 23440
Ridgetown 2760 1930 2070 3030 70 29720 1140 3100 680 5420
14-100 Bear Creek 7560 4720 4350 8910 440 70440 2500 9020 1320 17000
Egbert 2870 2090 2100 2520 170 22070 1210 3580 770 6090
Toronto 8010 6720 7290 4530 780 27850 4370 10630 2970 14810
Harrow 3620 810 890 7690 0 60920 290 3060 110 9420
Ridgetown 870 300 260 2070 0 21000 130 600 60 2030
14-25  Bear Creek 2570 740 470 4620 0 38840 240 2430 140 8530
Egbert 550 260 250 1320 30 12490 130 470 80 810
Toronto 3160 2470 2710 2200 170 16240 1630 4070 900 6060

was found at Harrow, an agricultural area, while the num-

<2

ber concentrations at Ridgetown and Egbert were the Iowest@) 25000 _@— Harrow
Interestin_gly, the particle number concentration at the agr_i-g —v— Ridgetown
cultural site was higher than that at the downtown metropoli- 5 20000 - —®— Bear Creck
tan site in Toronto, despite its high traffic density. A simi- g —O— Egbert
lar trend was observed when the patrticle size range was ex& —A— Toronto

; £ 15000 -
panded to 8nm-100nm: the average particle number con-g
centration was 10508 6000 cnt2 (averaget standard de- 2
viation) at Toronto, as compared with 16 4806 700 cnt?3 S 10000
at Harrow. However, the median number concentration for 2
the smaller particles (14 nm—25nm) was highest at Toronto. £ i
The 10th percentile concentration for 14 nm—25 nm particles %
at Toronto was also higher by factors of 6-14 than those 2
for the other sites, indicating higher background concentra-E 0

tions at Toronto due to traffic emissions. As shown in Ta- 10 100 1000
ble 2, there was a factor ef85 difference between the 90%
and 10% percentile concentrations for Harrow as compared
with ~7 for Toronto. Harrow was impacted by intermittent, rig 3 average particle size distributions at the five sites. Error bars
strong and short-lived nucleation events, causing the UFRepresent standard errors.
concentration to rise sporadically from low to high values.
In contrast, Toronto was continuously affected by a baseline
of <25 nm patrticles from vehicular exhaust. Toledo, Ohio and-60 km southwest of the Harrow site were
Figure 3 presents the average size distributions for UFRpossible sources of these slightly aged~2 h) particles in
at the five sites. While the size distribution in Toronto ex- the Harrow area.
hibits a near-single mode at30 nm with a minor peak at Bimodal distributions were commonly observed at the
the lowest size, a distinct bimodal distribution is observedmonitoring sites, except for Toronto. A number of studies
for Harrow, with modes of+14 nm and~39nm. The 14nm conducted in urban areas have observed unimodal particle
mode was caused by strong particle nucleation events, witlsize distributions of particles larger than 10 nm (Harrison et
persistent subsequent growth of newly formed particles. Dural., 1999; Despiau and Croci, 2007; Krudysz et al., 2009).
ing the BAQS-Met campaign, several strong peaks in theKrudysz et al. (2009) found unimodal size distributions in
~39nm size mode were found for Harrow without growth the 14 nm to 736 nm range, with a mode range of 20 nm—
events (e.g., 27 June). This was likely due to the transpor60 nm, at urban sites in southern California. Harrison et
of slightly aged particles formed upwind of Harrow. High al. (1999) found a distinct unimodal size distribution peak-
particle number concentrations corresponded with high windng at ~30 nm for an urban background250 m from any
speeds{10ms1), most often originating from the south- major road and a more bimodal distribution, with modes of
west (Figs. 2a and 4a). Hence, major power plants located irc10 nm and~30 nm, at a site-2 m from the curb of a busy

Dp(nm)

www.atmos-chem-phys.net/10/7979/2010/ Atmos. Chem. Phys., 10, 79982010
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(b) 0 As shown in Fig. 3, the particle size distribution at the re-
mote site (Egbert) was close to the average for Ridgetown.
Although average concentrations were lower than at other
sites, the size distributions observed at Ridgetown and Eg-
bert were bimodal, with an accumulation mode~80 nm
which likely corresponds to regional aerosol. The accumu-
lation mode is prominent due to less frequent nucleation and
longer growth processes, without abrupt changes in meteoro-
logical conditions. The mesoscale weather phenomena were
150 different for Ridgetown, where the weather was often cloudy

(@ and rainy during the measurement period. These meteoro-
logical conditions might explain the lower concentrations at
Ridgetown compared to those at Harrow and Bear Creek, de-
spite the close proximity of the three measurement sites. The
CPF plot (Fig. 4b) for the particle number concentrations at
Ridgetown shows that high particle number concentrations
were observed when winds were from the northwest, while
the CPF analysis (Fig. 4d) for high particle number concen-
trations at Egbert showed a stronger contribution from the
south, indicating anthropogenic influences from urban areas.

In summary, the size distribution and number concentra-
tions can vary substantially between rural sites and appear
to be influenced by the frequency and intensity of nucleation
and growth events. Such events can produce number concen-
trations that exceed those near high traffic.

270 90270

180 180

270

3.2 Classification of particle nucleation and growth
events

180

_ _ o ~ Size distribution time series at the five sites are depicted in
Fig. 4. CPF plots for particle .num.ber concentrapons in the size Fig. 5. The color scale represents the number concentration
range of 14””‘_180 “E‘ at t:le five sites: Hﬁ‘”@’ R'dge(;o";]’n(b_)' (dN/dlogDp) of particles in each size class. The types of nu-
Bear Creekc), Egbert(d), an Torontde). All ime periods aving  cleation and growth events at the five sites can be classified
awind speed less than 1 mswere excluded from the analysis. . . . . . .

by visual inspection of the particle evolution. Atmospheric
particle nucleation studies have suggested different types of

road. Traffic-related particle number size distributions varyucléation events and criteria for characterizing them (e.g.,
strongly with location, atmospheric conditions, and types of 80Y and Kuimala, 2002; Dal Maso et al., 2005; Jeong etal.,
sources (Wehner et al., 2002; Zhu et al., 2002,b; Zhang et aI.2,006; Qian et al., 2007). However, the classification of nu-
2004). The number and size distributions measured at th&leation events is still somewhat subjective as standardized

Toronto site, located approximately 20 m from the curbsideCriteria do not exist. In this study, criteria based on tempo-
of a busy road, may represent the evolution of freshly formed@l changes in the number concentration and geometric mean

motor vehicle exhaust particles. The unimodal distributiondiaZmeter (GMD) were used to classify events, an approach
in downtown Toronto was likely due to the influence of vehi- MOre objective than one relying alone on visual inspection of

cle exhaust particles with high volatility, which may undergo the growth curves. 3

rapid changes in particle size distributions through evapora- 1he nucleation and growth events were classified based
tion and/or condensation (Biswas et al., 2007). The UFP af" their intensity and persistence into Class I, Class Il, and
Bear Creek exhibited a mode a52nm, and the cutoff at Class N. Any continuous increase in the number concen-
14 nm may have prevented the detection of a second moddration of particles smaller than 25nm for at least 1 h from
As shown in Fig. 4c, high concentrations of UFP were as-07:00a.m. to 03:00 p.m. (EDT) was considered to be a parti-
sociated with southwest and north winds, indicating the pos_cle nucleation event. Class | represents the strongest nucle-

sible impact of industrial emissions from the Toledo region ation and growth events, involving increases in the number
and of oil refinery plants in Sarnia, Ontario, locateBOkm  concentration of particles smaller than 25 nm and continuous

northeast of the site. growth to larger mode patrticles. An event was designated as
Class | if it lasted for at least 3 h, with a gradual increase in
the GMD. Events with a high particle formation rate and little

Atmos. Chem. Phys., 10, 7978995 2010 www.atmos-chem-phys.net/10/7979/2010/
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Fig. 5. Evolution of particle number and size distributions at the five sites: HatewRidgetown(b), Bear Creel(c), Egbert(d), and
Toronto(e).

or no subsequent growth of nucleated particles were classithe start point (the smallest GMD) and the end point of the
fied as Class Il. Non-nucleation days comprise Class N. period of linear increase in the GMD was used to estimate
Figure 6 shows examples of the diurnal variation in thethe growth rate (GR; nmt) of nucleated particles. The
number concentration of particles smaller than 25 nm andgrowth event in Fig. 6a was observed for around 8 h, and
the GMD of particles<100nm during the two types of the corresponding growth rate was 3 niith There was an-
nucleation events. The difference between the maximunother particle burst during the nucleation event on 23 June at
and the minimum concentration during the nucleation pe-Harrow. This event occurred at around 11:00 a.m., with the
riod was calculated to determine the apparent formation ratehange in wind direction from the east100°) to the south
(dN/dt). The formation rates at Harrow were approximately (~200). The air parcel from Lake Erie (to the south) showed
11cm3s ! and 17cnm3s1 on 23 June and 25 June, re- lower number concentrations of nucleation mode particles
spectively (Fig. 6). A sharp decrease in the GMD was typi-and more mature size distributions than those correspond-
cally observed at the beginning of a Class | event as a resulng to the first peak. The abrupt change of wind direction
of the formation of new particles, while a gradual increaseat around 11:00 a.m. was consistent with a lake breeze event
in the GMD was seen during the subsequent growth of thes@bserved by Environment Canada. Typically, the wind direc-
newly formed particles (Fig. 6a). The elapsed time betweertion observed at the Harrow site fluctuated, and the particle

www.atmos-chem-phys.net/10/7979/2010/ Atmos. Chem. Phys., 10, 79982010



7986 C.-H. Jeong et al.: Particle formation and growth at five rural and urban sites

site, there was only one day, 2 July, when Class | events
were observed at all five sites; 26 June was the only non-
event day for all five sites. During the period from 20 June
to 7 July 2007 the hottest temperature was recorded on
26 June with constant wind from southwesterly directions
F 10 (205—263) across the region. These will be referred to here-
after as the “event day” and the “non-event day”. Class |
nucleation and growth events were most frequently observed
at the Harrow site, while no Class Il events were observed
at Toronto or Egbert. The high frequency of both regional
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Z 40000 - 3.3 Effect of meteorological parameters
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30000 ~ Variations in temperature, relative humidity (RH), wind

40 speed (WS), wind direction (WD), and solar irradiance were
compared based on the occurrence of nucleation events at the
five sites. The ambient temperature during the Class | event
days was, on average;5°C lower than on non-event days

at Harrow. The temperature was also lower on event days by
3-5°C at the other four sites. On average, the RH was about
Time 13% lower on event days (Class I) compared with non-event
days (Class N). As shown in Table 3, much higher average
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Fig. 6. Examples of the variations in the number concentration o} \\ =< observed at Ridgetown (Z0L1%) than the aver-
of particles (PN,<25nm) and geometric mean diameter for par-

: 4 . . age of 58t9% observed at Harrow and Bear Creek, the two
ticles smaller than 100 nm during particle nucleation and growth . - .
events measured at Harrow on 23 June — Clags hnd 25 June — closest S|t.es. A negative correlation petween the occurrence
Class II,(b), respectively. of nucleation events and RH has previously been noted (Boy
and Kulmala, 2002; Bonn and Moortgat, 2003; Jeong et al.,
2006; Boy et al., 2008). Bonn et al. (2002) proposed that
nucleation and growth events were strongly affected by thisnew particles are formed from stabilized Criegee intermedi-
meteorological variability. The effect of lake breezes on par-ates produced during the ozonolysis of organic molecules.
ticle number concentration is discussed in Sect. 3.3. Boy et al. (2008) suggested that the stabilized Criegee inter-
During the Class Il event on 25 June, the number con-mediates decompose into more volatile products by reacting
centration of particles smaller than 25nm increased fromwith water molecules. It is also possible that the growth of
1600 cnT? at 10:10a.m. to 52000 cmd at 11:00a.m., with  pre-existing particles due to the uptake of water vapor may
an abrupt change in GMD variations. The wind direction decrease particle formation rates (Charron et al., 2007). The
changed from the south to the east during this strong particlénhibiting effect of water vapor on particle nucleation is a
formation event. This Class Il event was likely associatedpossible explanation for the frequent observation, in this field
with local-scale particle formation taking place in a plume. study, of nucleation and growth events on days with lower
The atmospheric parameters responsible for particle nucleRH and lower ambient temperature. In addition to the higher
ation and growth events are discussed in more detail later ifRH, more frequent rain might partially explain the lower av-
this section. erage number concentration of UFP at Ridgetown. The RH
The types of particle nucleation events at the five sitesat Egbert (66t 10%) was also slightly higher than average,
were compiled (Table 3). Nucleation events were more chalpossibly contributing to the lower frequency of Class | type
lenging to resolve in Toronto than at the other sites duenucleation events at this site.
to the high variability of the number concentrations arising Wind direction also appeared to influence the occurrence
from the high traffic density at this downtown site. Thus, of particle nucleation and growth events, whereas no depen-
the classification at the Toronto site was based on movinglence on wind speed was found. The dominant wind direc-
averages of particle number concentrations. In addition tdion (>50%) for non-event days was the southwest and south,
the classification of nucleation events, meteorological pa-directions often associated with above-average concentra-
rameters and Sfconcentrations between 07:00a.m. and tions of PMp 5. Comparisons were made of the air mass ori-
03:00 p.m. (EDT) were compiled (Table 3). While there were gin at all five sites during the event days (Fig. 7) and the non-
several days when events were observed at more than orevent days (Fig. S1 in the Supplementary Material), based on
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Table 3. Classification of particle formation events and average values of selected parameters between 07:00 a.m. and 03:00 p.m.

Sites 6/20 6/21 6/22 6/23 6/24 6/25 6/26 6/27 6/28 6/29 6/30 7/A 7/2 73 74 75 76 TI7
Class | N | | 1l I} N N 1l | 1l | | 1l N 1 N I}
Temp 23 25 21 19 22 25 28 26 23 20 23 19 18 22 23 27 24 26
RH 45 53 a7 50 54 67 65 71 59 56 a7 51 56 52 71 60 62 48
Harrow WS 3.9 6.2 3.3 35 48 4.0 5.5 7.4 3.0 3.9 30 51 42 37 49 46 37 41
WD 244 307 131 176 205 201 240 259 79 83 173 80 119 199 271 267 205 272
Solar 769 517 764 631 681 644 517 509 593 772 762 745 768 562 292 561 620 741
SO, 2 1 3 2 10 11 4 6 7 3 9 1 1 8 4 4 4 3
Class | Il Il n/a n/a 1] N n/a Il | n/a Il | N N Il I Il
Temp 20 24 19 18 23 25 28 27 22 19 21 17 18 21 20 23 23 25
RH 64 64 62 59 63 78 76 82 73 68 55 64 67 68 96 89 69 61
Ridgetown WS 79 107 7.0 42 6.4 4.3 6.9 10.6 6.1 3.8 44 80 56 52 53 41 44 50
WD 315 301 1 161 169 163 205 233 344 19 339 3 95 133 237 292 319 274
Solar 776 710 760 766 757 653 702 587 601 780 749 704 756 613 200 510 714 728
SO, n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a na nla nla na nla nla nla nla
Class n/a 1 | | 1] 1 N N 1l | 1 1l | | N 1] 1l N
Temp 21 24 19 18 22 25 27 25 21 19 20 17 17 21 20 23 23 24
RH 47 50 51 47 54 67 69 77 62 55 49 55 53 54 81 74 62 55
Bear Creek WS 4.8 6.4 3.6 1.6 3.3 1.9 2.7 54 34 3.1 27 54 29 25 34 19 26 31
WD 313 299 13 217 199 223 215 230 7 15 360 10 50 217 226 293 314 242
Solar 779 735 762 762 763 708 714 472 590 799 706 780 792 644 208 554 691 754
SO, 0 2 4 0 7 8 4 4 11 0 8 1 0 2 2 1 19 2
Class | N N | | N N N N | N N | | N N N N
Temp 16 20 15 15 23 25 28 28 19 18 18 15 17 19 15 22 20 24
RH 69 71 65 55 53 60 64 67 71 57 61 66 65 62 96 79 74 56
Egbert WS 4.8 3.8 6.0 2.7 2.3 1.8 2.8 4.1 4.8 2.3 40 51 32 26 25 32 45 39
WD 293 291 312 268 233 232 226 214 311 284 277 316 319 173 136 262 313 247
Solar 630 659 746 676 696 710 654 583 667 745 733 682 704 570 116 591 700 584
SO, 0 1 0 0 2 3 1 2 0 1 1 0 1 1 1 0 0 0
Class | | | | | N N N | N n/a N | N N na nla nla
Temp 18 23 18 18 24 26 29 30 24 19 21 17 19 21 18 23 24 25
RH 56 56 50 48 47 52 54 56 52 49 a7 53 53 49 87 75 56 47
Toronto WS 7.9 7.3 9.3 2.9 2.9 2.5 3.8 6.5 5.3 3.1 35 6.1 44 33 27 42 46 6.0
WD 308 277 332 335 262 257 263 249 324 150 332 350 351 153 157 261 347 260
Solar 722 724 748 774 757 744 719 594 709 786 641 499 682 669 499 682 669 70
SO, 0 1 0 0 4 5 4 1 0 0 0 0 0 1 1 1 0 0

* Temp: ambient temperatureq), RH: relative humidity (%), WS: wind speed (m%), WD: vector averaged wind direction, Solar: solar irradiance (3102800 nnT@\)’,rﬁOZ:
ppb, n/a denotes missing data.

back trajectories obtained using the National Oceanic and AtNucleation events could be inhibited by high PMmass
mospheric Administration (NOAA) HYbrid Single-Particle concentrations due to the scavenging of condensable vapors
Lagrangian Integrated Trajectory (HYSPLIT) model with the by pre-existing particles (Kerminen et al., 2001). The back
Eta Data Assimilation System (EDAS) 40 km meteorological trajectory analysis (Fig. 7b) for Class Il at the near-border
data (Draxler and Rolph, 2003). Back trajectories were cal-sites showed that the air masses passed over industrial areas
culated for 24 h and 48h, starting between 11:00a.m. andn Sarnia, Detroit/Windsor, and Ohio, suggesting contribu-
12:00p.m. (EDT), at a height of 100 ma.g.l (above groundtions from anthropogenic emissions.
level). Most air masses for the Class | events (Fig. 7a), orig- The variability of particle number concentrations was also
inated from northern Canada and contained less pollutedinfluenced by the lake breeze effect discussed earlier. Fre-
cooler, drier air. This is consistent with the finding of Nillson quent lake breezes at Harrow, Ridgetown, and Bear Creek
et al. (2001), who observed that nucleation events occurregvere identified using observations from surface mesonets op-
in arctic and polar air masses that corresponded with colderated by Environment Canada (Table 4). Most of the events
air advection. Plausible sources for Class | are discussedere associated with elevated particle number concentrations
in Sect. 3.5. In contrast, during the non-event days, the aiin the size range of 14 nm—100 nm. For example, on 6 July,
masses usually came from the south and passed over indugarticle number concentrations during lake breezes increased
trial regions (Fig. S1). Generally, hotter, more humid air by a factor of 7 around noon at Harrow, by a factor of 16
masses were associated with higher concentrations @5PM  around 02:00 p.m. at Ridgetown, and by a factor of 31 around
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7’;) : L A, W\ o \ Table 4. The ratio R ) of 30-min average particle number concen-
i IR Co- trations during lake breezes to averages prior to the events.
22A MANg@BA " T an s Sl
\ I CANAD/ = i e
SRR j A . : .\; kz» = Number of @Percentage ? Percentage Meah StDev
5y \ :.."1'{“-.. "y . ) ’1} : observations R >1.1) (RL<0.9)  (Median)R_
g "x o
VA AR Harrow 25 54 33 1&14(11)
D '-”_”pr%‘ij a2 T ] Ridgetown 16 67 11 325.0(14)
‘«;f*’&k\/ P Bear Creek 21 57 29 5:814.0 (1.2)
Notth Dakota™ 'r e ': \' l
) ; Y - .
= Harrow | ) M'""e!lc’ﬁ("-- A "lk\ a Observation percentage above the increase by a factor of 1.1.
« Ridgetown [°® UNITED STA Nadan o ,,4 b Observation percentage below the decrease by a factor of 0.9.
Bear Creek [ - | ‘ ; ichigan t“j
igber: braska \(Sk : . ’! %;I;Oévo 1‘ Pennsylv:
= Toronto e inois | indiana / e
» ‘ S e T 3.4 Effect of plume emissions
(b) A .",»’J m Lake Humnf‘ wom ° :
g, o . e fan e S Overall average S@concentrations at Harrow and Bear
L - e g Creek were 4.63.2ppb and 4.24.9ppb, respectively,
e i . . 5 :
by . - ‘.:. ] s whereas substantially lower S@verages were observed at
s e e Toronto (1.0+ 1.6 ppb) and Egbert (0:60.9ppb). High
LD | ¢ 9 £ . .
e w -.!.}g!;rma- 2 e SO, was associated with the more frequent occurrence of
e e o A / Class Il events at the Harrow and Bear Creek sites. The aver-
2 : - [ ] A .
o "iﬁﬁi‘mﬁdwr e ie o S e age SQ concentrations for Class Il events were £3.0 ppb
SR [ | & [ ] S -
N E :' : /L__,_, at Harrow and 7.1 6.1 ppb at Bear Creek, whereas the;SO
: A = g : ]
ke & e | Linnren srares averages for Class | were 2400.9 ppb and 1.2- 1.8 ppb, re
e R R ém Fbaae i spectively.
'-i L P B i As shown in Fig. 6b, a sharp increase in particle num-
' { X § i) I L 1 1 1 J .
RAT NN R Rennerivanis ber concentrations (5700 to 12 400t was seen around

10:00a.m. on 25 June 2007 at Harrow when the wind di-

Fig. 7. 48-h back trajectories of all Class | ever(ty at the five reCtlorl‘ ChanQEd from WESI'SOUthfweSt (260 southeast
sites and 24-h back trajectories of 18 Class Il evényst the near-  (135); the highest S@ concentration {99 ppb) also oc-

border sites. Dots and triangles represent the locations of the fivéurred at that time. Substantially increased particle number
monitoring sites and coal-fired power plants, respectively. Back tra-concentrations were also observed at Bear Creek (2900 to

jectory data from 28 June to 30 June were not available. 16 800 cnm?) and Ridgetown (1300 to 2800 ci#) at noon
and 01:00 p.m., respectively, with a high concentration of

) SO, (~14 ppb) at Bear Creek. Abrupt changes in wind di-
05:00 p.m. at Bear Creek, as compared to 30-min average, stion (300 to 150) and wind speed (0.5 to 5.3mY

particle concentrations prior to the lake breezes. During tthere observed at Ridgetown due to the lake breeze effect,
events, GMDs for the UFP size distributions at the three Site%/vhereas a slight change in wind direction (2560220 with
ranged from 38 nm to 45nm, indicating that somewhat aged, gnger wind speed (1.6 to 2.9 mMwas observed at Bear
air masses were impacting the sites. o Creek during the event. The back trajectory analysis for the
on averag?,z solar irradiance which exhibited a mean ofy5 5,16 Class II event showed that all trajectories arriving
730+ 56 WnT“ during Class | event days was 9% and 33% at the Harrow, Bear Creek, and Ridgetown sites originated

Stronger than during Class Il days and no_n-event days, "®from the Ohio River Valley, while air masses at Harrow also
spectively. It appears that Class | nucleation events Correpaqseq over the northern Ohio industrial region near Lake
sponded closely to solar radiation intensity,

_ _ ISity, Which IS SUG-g e (Fig. gh), indicating the impact of fossil fuel combus-
gestive of the formation of hydroxyl radicals through pho- jo, “pyring all Class Il event days CPF plots for particle

tochemical processes. During Class | event days, new Pafumber concentrations in the 14 nm to 25 nm size range at

ticle formzzsltion began when solar irradiation was as Iovy 8Sthe near-border sites were depicted in Fig. S2 (see Supple-
140Wnr (e.g., 23 June at Harrow). The highest ini- oniar Material). Strong contributions from the southwest

tial valuezfor solar |rrad|at|o_r; before a (IZIass ! elvent WaS 4nd the northwest were observed for Harrow, consistent with
860WnT< on 29 June at Ridgetown. Alam et al. (2003) o girections of US and Canadian industrial sources. The

repqrte_d an analysi; of n.ucleati(_)n events ‘,"“ a suburban SitepF plots for Ridgetown and Bear Creek point to the north
in Birmingham, UK, in which particle formation events were and the northwest sectors indicating oil refinery facilities and
) power plant near Sarnia. Hence, these and the other Class

> 2
ranged from 170 W m* to 750 W= Il particle formation events were likely caused by sulphuric
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acid nucleation resulting from oxidation of $@ a plume.
Anthropogenic emissions of SQontributed to the occur-
rence of nucleation events in southwestern Ontario. A high
concentration of S@in a plume could increase the avail-
able condensable vapor concentrations without increasing
the condensation sink. Sulphuric acid is a key species asso-
ciated with nucleation events (Berndt et al., 2005) and events
have previously been associated with higlp®6ncentration
plumes, in studies conducted near stationary sources (e.g.,
Dunn et al., 2004; Stanier et al., 2004).

No new particle formation was observed on 25 June at the
Egbert and Toronto sites. In these regions, the concentra-
tion of SO also increased when the wind came from the
southwest on 25 June, although concentrations were much
lower than those at Harrow and Bear Creek. A substantial in-
crease in the concentration 60 nm particles was observed
at noon on 25 June at the Toronto site, along with the high-
est SQ concentration (8 ppb) during the measurement pe-
riod. At Egbert, an increase in SQ7 ppb) was also observed
around 11:00 a.m. without a significant change in nucleation
mode particle number concentrations. The HYSPLIT results
indicated that air masses at both sites originated from the
Ohio industrial region (Fig. 8b). However, the plume emis-
sions originating from the Ohio River Valley were advected
into the Toronto and Egbert areas after approximately three
days of atmospheric transport. The growth and dilution of
particles during transport may explain the Si@aks with the
presence of larger particles 60 nm) observed on 25 June at
Egbert and Toronto.

3.5 Analysis of a regional nucleation event

Particle formation events (Class |) were observed on 2 July
at all five sites, up to~350 km apart, indicating a regional-
scale nucleation event (Table 3). In the urban area, interfer-
ence from local sources such as motor vehicle exhaust was
lower since 2 July was a holiday, which likely made it eas-
ier to detect the event at that location. On 23 and 24 June, a
weekend, nucleation and growth events were also observed
at all sites except Ridgetown (missing data). The particle
burst that occurred on 2 July was the most distinctive nu-
cleation and growth event observed during the measurement
period. Particle nucleation started between 07:00 a.m. and
10:00a.m., occurring first at Ridgetown and Egbert. Dur-
ing the nucleation event, the wind was consistently from the
north (Toronto and Egbert) and the east (Harrow, Ridgetown,
and Bear Creek). The back trajectories in Fig. 8a show that
these latter air masses also originated from northern Ontario,
indicating that these sites were impacted by clean cool air.
Wind speeds at the Egbert site were between 3.6'nasd
4.2ms? during the nucleation burst, whereas very calm
winds (1.1 mst) were observed before the nucleation event
(~07:00a.m.). Initiation of the nucleation event was likely

Fig. 8. 48-h back trajectories at the five monitoring sites on 2 July related to the arrival at Egbert of this clean air, containing

— Class I(a), 25 June — Class I[p), and 26 June — non-eveft).

www.atmos-chem-phys.net/10/7979/2010/
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Table 5. Characteristics of nucleation events observed at the fiveemiSSions of biogenic sulphur compounds may not have the
sites on 2 July 2007. same temperature dependence. Hence the colder tempera-
ture on 2 July, could have promoted nucleation by allow-

ing the production and limiting the scavenging of sulphuric

Formation 3GR acs 3CSaveg acid. Longer-term studies are needed to help resolve the rel-
rate (mhrh @03s7h)  (1073s7) ative contributions of anthropogenic and biogenic emissions
(em3s71) to nucleation and growth in this region. This information is
Harrow 4.4 6.4 098006 3.22-1.66 needed to help understand the possible influences of newly
Ridgetown 3.3 4.7 0.530.02 1.14+0.69 formed particles on regional climate. The conditions associ-
Bear Creek 3.6 2.9 0.6£0.01  2.59£1.56 ated with the regional nucleation event on 2 July were char-
Egbert 4.7 5.1 0.830.03 0.71+£0.53

acterized in terms of the particle formation rate, the growth
rate, and the condensation sink (CS) (Table 5). As shown
@ GR: growth rate, C8 1-h average condensation sink prior to the nucleation event, in Fig. 9c, the qondensatlon sink varied over the dur.atlon.Of
CSaveg 24-h average condensation sink. the event. In this study, two values for the condensation sink
were estimated for each of the five sites: the 1-h average prior
to the nucleation event (G and the 24-h average (&29-
ambient temperature on the event day was colder than ofrhe highest formation rates for particles smaller than 25 nm
other days, with moderate relative humidity. The colder tem-were observed at Egbert and Harrow, while the lowest rate
perature on the nucleation event days following the influencewas observed at the urban site (Toronto). A high @he
of cool air masses is in agreement with observations in manyforonto site might be responsible for its low formation rate:
different locations in Finland, USA, and UK (Nilsson et al., a high condensation sink will scavenge potential condens-
2001, Stainer et al., 2004; Charron et al., 2007). Hussein eable vapors responsible for particle nucleation and growth.
al. (2009) reported that regional-scale new particle formationAs expected, the GSalues at the five sites on the morning
events at five Nordic background sites were favored in sim-of the event day were lower by a factor of 1.1-2.9 than those
ilar air masses from the northern Atlantic Ocean. Most of on the non-event day, 26 June. The occurrence of the highest
these air masses are considered clean and not strongly inflermation rate with the lowest G&gat Egbert indicates the
enced by anthropogenic activity except ship emissions. presence of rapid particle formation events without effective
In regards to S@concentrations, nucleation events at all particle growth. Even though the lowest O8as observed
sites exhibited among the lowest concentrationg jpb),  at Ridgetown preceding the nucleation event, the new par-
suggesting that on 2 July, the region was less influencedicle formation rate was the second lowest of the five sites.
by anthropogenic emissions. Charron et al. (2007) observedn episode of rain was recorded (01:00 a.m.—07:00 a.m.) be-
that on large-scale nucleation event days $@ncentrations  fore the nucleation event at Ridgetown, during which ambi-
were generally below 1 ppb with air masses from the north-ent particles and gaseous species associated with precursors
ern Atlantic Ocean. While even this low $S@oncentra- of condensable vapors may have been scavenged, resulting
tion may be sufficient to produce thel0° molecules crm® in the depletion of condensable vapors along with the low
of HoSOu(g) needed to initiate nucleation, it was likely too initial condensation sink. Growth rates (GR) at the five sites
low to have supported the observed growth rates presentedinged from 2.9 nmh! to 6.7nmir!. The highest growth
in Table 5 (Sipi& et al., 2010). Thus, biogenic sources, rate was observed at the downtown Toronto site. These val-
i.e., terrestrial biota, wetlands and biomass burning, are beties are comparable to those found at urban and rural sites in
lieved to have played a role in new particle formation and Germany (Wehner et al., 2007), as well as an urban (Alam et
growth at the rural sites, with sulphur contributing to nu- al., 2003), and a rural site in the UK (Charron et al., 2007).
cleation and organic compounds contributing growth. Bio- Wehner et al. (2007) found slightly higher GR ranging from
genic emissions are typically influenced by many factors,4.2nmh ! to 5.5nmh! at an urban site than those identi-
including ambient temperature. Slowik et al. (2010) found fied at rural sites. At a rural site in the UK, the measured GR
that biogenic secondary organic aerosol (SOA) mass convaried between 2 nmtt and 6 nm i1, while the GR ranged
centrations steadily increased from a very low concentratiorfrom 3.6 nmh? to 9.0nmh? in the urban area. Kulmala
(<~1pgn3) to~17 ug nm3 as ambient temperature gradu- et al. (2005) reported that the GR is higher in polluted areas
ally increased from-20°C to~30°C (daily maximum) dur-  than in clean environments and suggested a more significant
ing the period 9-13 June 2007 in Egbert. However, a strongontribution of sulphuric acid to particle growth in urban ar-
nucleation event was only observed on the first day (9 Junegas. However, the GR is often many times higher than the
of the biogenic SOA event when organic mass and temperarate of the growth due to sulphuric acid alone; for example,
ture were lower than other event days. This suggests that thmost of the nucleated particles in a polluted area of Mex-
colder temperature would have inhibited biogenic volatile or-ico City were composed of organics and nitrate (Kuang et
ganic compound emissions, limiting the rapid formation of al., 2008; Smith et al., 2008). Given the similar levels 06SO
SOA and subsequent scavenging of sulphuric acid. Furtheand solar intensities on 2 July at all sites, and that Toronto had

Toronto 11 6.7 1.220.26 1.86:0.96
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Fig. 9. Number concentrations of particles in the size range of decreased. The inverse relationship was consistent with the
14 nm-25nm(a), geometric mean diameters of nucleated particlesspatial variability reported at California sites within 0.4—
in the size range of 14 nm-100 nfh), and condensation sink) 11 km of each other (Krudysz et al., 2009), although the Cal-
during the regional nucleation event observed on 2 July 2007. ifornia study showed less heterogeneity than what was ob-
served in the present study; this is likely due to the smaller
spatial scales involved. With respect to the correlation anal-
the highest growth rate yet lowest nucleation rate on this dayysis, increased correlation coefficients for particles larger
it is likely that other components, such as less volatile con-than 40nm were observed, while the highest correlation
densable organics from local sources, contributed to growthygefficient of 0.71 was observed between Bear Creek and

at this urban site. Ridgetown for 93 nm particles. The correlation between Eg-
bert and Toronto;-80 km south of the Egbert site, was gener-
3.6 Temporal and spatial variability of UFP ally very poor ¢<0.1), except for larger particles-80 nm),

for which ther value was 0.52. This high temporal variabil-

Coefficients of divergence (COD) as a function of particle ity was presumably driven by the differences in source types
size were calculated for each site pair based on hourly averbetween the rural and urban sites and the prevailing meteoro-
age measurements over the 18 measurement days (Fig. 10&)gical conditions during the campaign. A larger multi-year
On average, COD values were greater than 0.4 for all sizessomparison of nucleation at these two sites is now underway.
with a mean of 0.42, suggesting a moderate degree of spaNotably, particles smaller than 25 nm showed lowalues

tial heterogeneity over this large region. There was an in-with high COD values. The differences in the strength and
verse linear relationship between COD and particle size, infrequency of nucleation events and primary emissions from
dicating that spatial heterogeneity increased as patrticle sizéocal sources, as well as the size-dependent fate of UFP in
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1.0 @ increase the spatial homogeneity and inter-site correlation of
& |Nonrevent day these particles.
—=— Event day
0.8
4 Conclusions
3
“ 0.6 - Number concentrations and size distributions of particles in
the size range of 14 nm-100 nm were simultaneously mea-
sured at five rural and urban sites in Southern Ontario dur-
0.4 ing the BAQS-Met campaign. On average, the number con-
centrations of particles were higher at a near-border agricul-
0.8 {(b) tural site, Harrow, than the concentration at the downtown
Toronto site. This was likely due to the influence of intermit-
0.6 - tent nucleation events, which caused the UFP concentration
i to rise from low to high values. However, the highest median
£ 04 number concentrations of particles in the smaller size range
E 14 nm-25nm were observed at Toronto, most likely due to
§ 0.2 persistent production of particles25 nm in motor vehicle
@z exhaust. While the mean size distribution for Toronto ex-
0.0 - hibited a unimode at+30 nm, mean bimodal distributions in
rural areas were caused by nearby nucleation and growth of
-0.2 1 I smaller particles and transport of larger particles from up-
10 100 wind sources. Wind sector and back trajectory analyses sug-

gested that strong peaks in particle number concentrations at
Harrow were often associated with anthropogenic emissions.
Observed nucleation and growth events at these five sites
were classified in terms of the strength and persistence of
number concentration of particles smaller than 25nm and
geometric mean diameter variations during the events. The
most distinctive type of nucleation and growth event, Class I,
was frequently observed at the Harrow site. Strong and
the atmosphere, would result in high spatial divergence forshort-lived Class Il events occurred more often at Harrow,
small particles. Ridgetown, and Bear Creek than at the downtown Toronto
To constrain the influence of particle nucleation events onsite. The frequent occurrence of regional and local-scale nu-
spatial variations, the COD andvalues were calculated on cleation events at Harrow resulted in the highest of the av-
the nucleation event day (2 July) and non-event day (26 Junegrage number concentrations for these five locations. Dur-
(Fig. 11). The COD values for particles in the 14 nm—100 nming Class | nucleation events, the mean temperature and RH
size range during the nucleation event and non-event daywere 19+ 2°C and 55+ 7%, respectively. On Class | event
were 0.41 and 0.55, respectively, while the correspondingdays, the solar radiation flux was approximately 33% higher
correlation coefficients were 0.43 (evept<0.05) and 0.14 than on non-event days. Back trajectory analyses suggested
(non-event), indicating more uniform spatial distribution of that Class | nucleation and growth events were associated
UFP across the five areas during the regional nucleatiorwith less polluted cooler drier air from northern Ontario,
event. Interestingly, enhanced spatial homogeneity was obwhereas the air masses during non-event days passed over
served for smaller particles<@0nm), with a greater im- distant industrial regions to the south (e.g., Ohio River Val-
provement for particle sizes between 20 nm and 30 nm, relaley). Class Il events at the near-border sites were associated
tive to COD values during the non-event day. While the meanwith high SG, which likely originated from nearby industri-
COD for the event day at all sites was 0.46 for 25 nm parti- alized regions. A nucleation and growth event on 2 July was
cles, much lower individual COD values (0.27-0.38) were detected at all five sites, indicating that the event had a spatial
found for Harrow, Ridgetown, and Bear Creek. In addi- extent of at least 350 km. This event was associated with un-
tion, the highest correlation coefficient for 25 nm particles polluted air from northern Ontario having relatively low O
(a meanr of 0.62) was observed during the event day, with concentrations and a low condensation sink. The unpolluted
a higher correlationr0.9) among Harrow, Ridgetown, and air associated with this event suggested that biogenic sources
Bear Creek. Thus, although the concentrations and size dissontributed to the growth and possibly the nucleation.
tributions of ultrafine particles usually were spatially hetero- The spatial homogeneity of particle number and size dis-
geneous, regional nucleation and growth events could greatlyributions measured simultaneously at the five sites within

Dp (nm)

Fig. 11. Average variation of COD&) and Spearman correlation
coefficientgb) for the five sites during the non-event day (26 June)
and the nucleation event day (2 July).
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