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Abstract

Ultrafine particle (UFP) number and size distributions were simultaneously measured
at five urban and rural sites in Southern Ontario, Canada as part of the Border Air Qual-
ity 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 the5

variation in geometric mean diameter. Regional nucleation and growth events and lo-
cal short-lived strong nucleation events were frequently observed at the near-border
rural sites, upwind of industrial sources. Surprisingly, the particle number concentra-
tions at one of these sites were higher than the concentrations at a downtown site in
a major city, despite its high traffic density. Regional nucleation and growth events10

were favored at intense solar irradiance and less polluted cooler drier air. The most
distinctive regional particle nucleation and growth event during the campaign was ob-
served simultaneously at all five sites, which were up to 350 km apart. Although the
ultrafine particle concentrations and size distributions generally were spatially hetero-
geneous across the region, a more uniform spatial distribution of UFP across the five15

areas was observed during this regional nucleation event. Thus, nucleation events
can cover large regions, contributing to the burden of UFP in cities and potentially to
the associated health impacts on urban populations. In addition, particle formation
in southwestern Ontario appears to more often be related to anthropogenic gaseous
emissions, although biogenic emissions may at times contribute. Local short-lived nu-20

cleation events at the near-border sites during this three-week campaign were associ-
ated with high SO2, which likely originated from US and Canadian industrial sources.
These particle formation events may contribute to the production of cloud condensation
nuclei, thus potentially influencing regional climate. Longer-term studies are needed
to help resolve the relative contributions of anthropogenic and biogenic emissions to25

nucleation and growth in this region.
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1 Introduction

Over the last decade, formation of particles and their subsequent growth in the atmo-
sphere have been found to occur in many different environments (e.g., Alam et al.,
2003; Jeong et al., 2004; Dunn et al., 2004; Wehner et al., 2004; Mönkkönen et al.,
2005; Mejia et al., 2007; Charron et al., 2007). Measurement of the number and size5

distributions of ultrafine particles (UFP, dp < 100 nm) has made possible the identifica-
tion of particle nucleation events, which are found to exhibit large spatial and temporal
variability. The concentrations of sulphuric acid and organic compounds, precursors
to particle nucleation and growth, are believed to be important factors, and these may
vary across locations and meteorological conditions (Kulmala et al., 2005; Boy et al.,10

2008). However, particle formation events can occur on a large scale. Stanier et
al. (2004) found that particle nucleation events occurred at both an urban background
site in Pittsburgh, Pennsylvania, USA and an upwind, rural site 38 km away. Wehner et
al. (2007) investigated particle formation events at an urban site in Leipzig and at three
rural areas located ∼10 km to 50 km from this urban background site in Germany; this15

study revealed that new particle formation events at the four sites took place nearly
simultaneously with similar intensities. For evaluation on a larger spatial scale, several
studies have investigated simultaneous measurements at rural and remote background
sites at distances of ∼200 km to ∼1500 km in Finland, Sweden, and Estonia (Tunved
et al., 2003; Vana et al., 2004; Dal Maso et al., 2007; Hussein et al., 2009). Hussein et20

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 forma-
tion events, Birmili et al. (2003) investigated particle size distributions in mountainous25

regions in southern Germany. A uniform spatial distribution of particle formation events
was observed at two rural sites separated by 3 km horizontally and 0.3 km vertically. On
the west coast of Ireland, the horizontal and vertical extent of coastal nucleation events
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has been found to reach up to ∼180 km and ∼1 km, respectively (O’Dowd, 2002).
Knowledge of the formation and evolution of particles is critical to understanding their

health and climate effects. Many epidemiological and exposure studies have shown
positive associations of respiratory and cardiovascular health effects with exposure to
UFP (e.g., Peters et al., 1997; Oberdörster et al., 2002). New particle formation can5

also be an important source of cloud condensation nuclei and thus influence climate
(Seinfeld and Pandis, 2006). However, an understanding of the underlying nucleation
and growth processes is still in the formative stages.

Ultrafine particle number and size measurements were simultaneously made at five
urban and rural sites located 40 km to 350 km apart in southwestern Ontario, Canada,10

as part of the Border Air Quality and Meteorology Study in the summer of 2007 (BAQS-
Met 2007). The border area in this region has Canada’s highest PM2.5 mass concentra-
tions (Environment Canada, 2007). The high pollutant concentrations coupled with the
unusual meteorology induced by the nearby Great Lakes was an important-motivation
for this study. In addition, the study offered a unique opportunity to explore ultrafine par-15

ticle nucleation and growth at rural and urban sites surrounded by numerous local and
regional sources of gaseous pollutants and particulate matter (PM). It was also sus-
pected that the meteorology and local topography influence the spatial and temporal
distributions of particle number concentrations in this region.

We used simultaneous measurements of UFP number and size distributions at multi-20

ple sites to explore the spatial extent of new particle formation and to attempt to identify
sources and processes contributing to UFP across the study region. The specific ob-
jectives of this study were to distinguish between regional and local nucleation events
based on simultaneously measured particle number concentrations at five rural and
urban sites influenced by regional and local industrial as well as traffic sources; to25

evaluate their relationship with meteorological parameters and atmospheric pollutant
concentrations; and to determine the degree of inter-site homogeneity in terms of the
occurrence of events and consistency in the temporal variability of UFP number con-
centrations. The overall goals were to improve understanding of the influence of local
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and regional nucleation events on UFP concentrations in urban and rural areas and
provide information needed to resolve the impact of UFP on the health of urban and
rural residents.

2 Experimental methods

2.1 Monitoring sites5

The BAQS-Met 2007 intensive field campaign was conducted to investigate the ef-
fects of transport and lake breezes on pollutant levels in southwestern Ontario, as well
as to determine the sources of these pollutants. Measurement of ambient pollutants
and meteorological parameters was simultaneously conducted from 20 June to 8 July
2007 at five sites: Harrow, Bear Creek, Ridgetown, Egbert, and Toronto. As shown10

in Fig. 1, the monitoring sites at Harrow, Bear Creek, and Ridgetown are geographi-
cally located in a border airshed region shared by Canada and the United States, so
local air quality was typically impacted by regional and long-range transported pollu-
tants from both Canada and the US. Wind rose plots (Fig. 2) indicated that the wind
at the three near-border sites was predominantly from the south-west, the direction of15

numerous US and Canadian industrial point sources. The Harrow site, for example,
located within 5 km of the shore of Lake Erie in an agricultural area, had dominant
southwesterly winds with strong wind speeds; it was influenced by long-range trans-
ported pollutants from the US and, more locally, by emissions from the Detroit/Windsor
industrial region. The monitoring site at Ridgetown is located ∼10 km from the Lake20

Erie shoreline. The wind rose analysis at Ridgetown indicated strong southwesterly
winds, with a very strong wind speed (>7 m s−1). The Bear Creek monitoring site is
located ∼70 km northeast of the Harrow site, close to Lake St. Clair on the eastern
shore (∼10 km). Major oil refineries are located ∼50 km north of Bear Creek, so the air
quality was impacted by emissions from Detroit/Windsor, industrial regions in Ohio, and25

the oil refinery facilities. The Egbert data were taken at the Environment Canada Cen-
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tre for Atmospheric Research Experiments located in rural Egbert, Ontario, ∼350 km
northeast of the Harrow site. The Egbert site was mostly influenced by regional-scale
sources (Rupakheti et al., 2005). During the campaign, generally clean continental air
masses from the northwest reached Egbert, with minimal impact of urban air masses
from the south. At the metropolitan site, measurements were made at a laboratory5

of the Southern Ontario Centre for Atmospheric Aerosol Research (SOCAAR) at the
University of Toronto. SOCAAR, which is located in downtown Toronto and surrounded
by multi-story buildings, is 20 m from a busy road. The site was frequently impacted
by long-range transported air masses containing industrial pollutants from the US and
Canada (Buset et al., 2006).10

2.2 Measurements of particle number and size distributions

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, MN), one at each of the other sites. The FMPS uses 2215

electrometers to measure the number and size distributions of particles from 6 nm to
560 nm in 32 channels every second. The high time resolution data make it possible to
detect rapid changes in particle number and size distributions. However, due to distor-
tions in the particle counting and sizing efficiency of the FMPS, data for particles in the
size range of 8 nm −100 nm were corrected as suggested by Jeong and Evans (2009).20

In addition, size distributions of particles larger than 100 nm measured by the FMPS
were adjusted based on polystyrene latex (PSL) calibration particles and the results of
laboratory comparison experiments with the SMPS used for Toronto. After correction,
the FMPS and SMPS showed good agreement (Jeong and Evans, 2009). The SMPSs
used at the other sites consisted of Differential Mobility Analyzers (DMA) and Conden-25

sation Particle Counters (CPC) (Table 1). A TSI 3085 nano-DMA (TSI, St. Paul, MN)
was used for the Toronto site, while four TSI 3081 long-DMAs (TSI, St. Paul, MN) were
used for the other sites. Prepared PSL and NaCl aerosols were used for calibration
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and consistency checks of the aerosol instruments. Comparison of the SMPSs used
for the Toronto and Egbert sites showed an excellent correlation (r2 = 0.99), although
the SMPS used for Toronto tended to report values ∼18% higher than those from the
SMPS for Egbert. At Bear Creek, particles were counted by a TSI 3010 CPC from 20
June to 25 June and a TSI 3775 CPC from 25 June to 8 July. To reconcile the different5

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 PM2.5, SO2,
and meteorological parameters were also performed.

2.3 Condensation sink and condensable vapor concentration

Particle formation rates were represented using the observed nucleation rates (dN/dt)10

from 14 nm to 25 nm, neglecting any coagulation loss. The number concentrations of
particles (14 nm–25 nm) at the start and end of a period during which a linear increase
was observed were used to quantify the apparent formation rate. Geometric mean
diameters (GMD) for each size distribution were used to examine particle growth pro-
cesses. The observed growth rate (GR) of the newly formed particles was quantified15

by fitting the GMD of particles smaller than 100 nm during the particle formation event:

GR=
∆GMD
∆t

(1)

To quantify the condensational growth and sink of newly formed particles, the conden-
sation sink (CS) was estimated based on the analysis by Kulmala et al. (2001, 2005)
and Dal Maso et al. (2005). In brief, the condensation sink, the rate of loss of molecules20

onto existing particles, was obtained by integrating over the size distribution as follows

CS=2πD
∫
dpβM (dp)n(dp)ddp =2πD

∑
i

βMidpiNi (2)

where D is the diffusion coefficient, βM is the transitional regime correction factor, dpi
is the particle diameter of size class i , and Ni is the particle number concentration in
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size class i . The transitional correction factor was expressed as (Fuchs and Sutugin,
1971)

βM =
Kn+1

1.33α−1Kn2+1.33α−1Kn+0.38Kn+1
=

Kn+1

1.33Kn2+1.71Kn+1
(3)

with Knudsen number Kn=2λ/dp, where λ is the mean free path of the gas molecules
under standard conditions (∼67 nm), and the accommodation coefficient α is assumed5

to be unity.

2.4 Wind sector and spatial variation analyses

To ascertain the likely geographic direction of local sources of UFP, a conditional prob-
ability function analysis (CPF, Ashbaugh et al., 1985) was conducted based on particle
number concentrations in the 14 nm to 100 nm size range. The CPF provided a metric10

of the probability that high UFP concentrations were related to specific wind directions,
with high values typically associated with local sources. The CPF was calculated as

CPF=
m∆θ

n∆θ
(4)

where m∆θ is the number of times the particle number concentration exceeds a certain
threshold criterion (the 75th percentile in this study) when the wind arrives from a given15

wind sector (∆θ, 15 degrees), and n∆θ is the total number of times the wind comes
from the same sector.

The spatial distribution of particle number concentrations at the five sites was
determined using correlation analysis and coefficients of divergence (COD) for the
ten pairs: Harrow-Ridgetown (95 km); Harrow-Bear Creek (72 km); Harrow-Toronto20

(340 km); Harrow-Egbert (350 km); Ridgetown-Bear Creek (40 km); Ridgetown-Toronto
(245 km); Ridgetown-Egbert (260 km); Bear Creek-Toronto (270 km); Bear Creek-
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Egbert (280 km); and Toronto-Egbert (80 km). The COD was calculated as

CODjk=

√√√√1
p

p∑
i=1

[(Ni j−Nik)/(Ni j +Nik)]2 (5)

where Ni j and Nik represent the hourly i th concentration measured at sampling sites
j and k, respectively, and p is the number of samples (Wongphatarakul et al., 1998).
The COD provided information about the relative inter-site uniformity, with a COD of5

zero indicating no inter-site variability, and a high COD value (approaching 1) indicating
high variability. In addition to the analysis of spatial uniformity, inter-site associations for
different particle size ranges were determined by estimating Spearman rank correlation
coefficients (r) for site pairs.

3 Results and discussion10

3.1 Comparison of particle number and size distributions

Number concentrations of 14 nm–100 nm particles across the five sites are presented
in Table 2. Thirty-minute average particle concentrations comprising a total of 567 sam-
ples for each site were used for this comparison. The highest average was found at
Harrow, an agricultural area, while the number concentrations at Ridgetown and Egbert15

were the lowest. Interestingly, the particle number concentration at the agricultural site
was higher than that at the downtown metropolitan site in Toronto, despite its high traf-
fic density. A similar trend was observed when the particle size range was expanded
to 8 nm–100 nm: the average particle number concentration was 10 500±6000 cm−3

at Toronto, as compared with 16 400±16 700 cm−3 at Harrow. However, the median20

number concentration for the smaller particles (14 nm–25 nm) was highest at Toronto.
The 10th percentile concentration for 14 nm–25 nm particles at Toronto was also higher
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by factors of 6–14 than those for the other sites, indicating higher background concen-
trations at Toronto due to traffic emissions. As shown in Table 2, there was a factor
of ∼85 difference between the 90% and 10% percentile concentrations for Harrow as
compared with ∼7 for Toronto. Harrow was impacted by intermittent, strong and short-
lived nucleation events, causing the UFP concentration to rise sporadically from low to5

high values. In contrast, Toronto was continuously affected by a baseline of <25 nm
particles from vehicular exhaust.

Figure 3 presents the average size distributions for UFP at the five sites. While the
size distribution in Toronto exhibits a near-single mode at ∼30 nm with a minor peak
at the lowest size, a distinct bimodal distribution is observed for Harrow, with modes10

of ∼14 nm and ∼39 nm. The 14 nm mode was caused by strong particle nucleation
events, with persistent subsequent growth of newly formed particles. During the BAQS-
Met campaign, several strong peaks in the ∼39 nm size mode were found for Harrow
without growth events (e.g., 27 June). This was likely due to the transport of slightly
aged particles formed upwind of Harrow. High particle number concentrations corre-15

sponded with high wind speeds (∼10 m s−1), most often originating from the southeast
(Figs. 2 and 4). Hence, major power plants located in Toledo, Ohio and ∼60 km south-
west of the Harrow site were possible sources of these slightly aged (<∼2 h) particles
in the Harrow area.

Bimodal distributions were commonly observed at the monitoring sites, except for20

Toronto. A number of studies conducted in urban areas have observed unimodal parti-
cle size distributions of particles larger than 10 nm (Harrison et al., 1999; Despiau and
Croci, 2007; Krudysz et al., 2009). Krudysz et al. (2009) found unimodal size distribu-
tions in the 14 nm to 736 nm range, with a mode range of 20 nm–60 nm, at urban sites
in southern California. Harrison et al. (1999) found a distinct unimodal size distribu-25

tion peaking at ∼30 nm for an urban background ∼250 m from any major road and a
more bimodal distribution, with modes of <10 nm and ∼30 nm, at a site ∼2 m from the
curb of a busy road. Traffic-related particle number size distributions vary strongly with
location, atmospheric conditions, and types of sources (Wehner et al., 2002; Zhu et
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al., 2002a, b; Zhang et al., 2004). The number and size distributions measured at the
Toronto site, located approximately 20 m from the curbside of a busy road, may rep-
resent the evolution of freshly formed motor vehicle exhaust particles. The unimodal
distribution in downtown Toronto was likely due to the influence of vehicle exhaust par-
ticles with high volatility, which may undergo rapid changes in particle size distributions5

through evaporation and/or condensation (Biswas et al., 2007). The UFP at Bear Creek
exhibited a mode at ∼52 nm, and the cutoff at 14 nm may have prevented the detection
of a second mode. As shown in Fig. 4c, high concentrations of UFP were associated
with southwest and north winds, indicating the possible impact of industrial emissions
from the Toledo region and of oil refinery plants in Sarnia, Ontario, located ∼50 km10

north of the site.
As shown in Fig. 3, the particle size distribution at the remote 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 Egbert were bimodal,
with a larger size mode of ∼60 nm. This might have been due to less frequent nu-15

cleation and longer growth processes, without abrupt changes in meteorological con-
ditions. The mesoscale weather phenomena were different for Ridgetown, where the
weather was often cloudy and rainy during the measurement period. These meteo-
rological conditions might explain the lower concentrations at Ridgetown compared to
those at Harrow and Bear Creek, despite the close proximity of the three measure-20

ment 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 concentrations
at Egbert showed a stronger contribution from the south, indicating anthropogenic in-
fluences from urban areas.25

In summary, the size distribution and number concentrations can vary substantially
between rural sites and appear to be influenced by the frequency and intensity of nucle-
ation and growth events. Such events can produce number concentrations that exceed
those near high traffic.
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3.2 Classification of particle nucleation and growth events

Size distribution time series at the five sites are depicted in Fig. 5. The color scale
represents the number concentration (dN/d logDp) of particles in each size class. The
types of nucleation and growth events at the five sites can be classified by visual in-
spection of the particle evolution. Atmospheric particle nucleation studies have sug-5

gested different types of nucleation events and criteria for characterizing them (e.g.,
Boy and Kulmala, 2002; Dal Maso et al., 2005; Jeong et al., 2006; Qian et al., 2007).
However, the classification of nucleation events is still somewhat subjective as stan-
dardized criteria do not exist. In this study, criteria based on temporal changes in
the number concentration and geometric mean diameter (GMD) were used to classify10

events, an approach more objective than one relying alone on visual inspection of the
growth curves.

The nucleation and growth events were classified based on their intensity and per-
sistence into Class I, Class II, and Class N. Any continuous increase in the num-
ber concentration of particles smaller than 25 nm for at least 1 h from 07:00 a.m. to15

03:00 p.m. (EDT) was considered to be a particle nucleation event. Class I represents
the strongest nucleation and growth events, involving increases in the number concen-
tration of particles smaller than 25 nm and continuous growth to larger mode particles.
An event was designated as Class I if it lasted for at least 3 h, with a gradual increase in
the GMD. Events with a high particle formation rate and little or no subsequent growth20

of nucleated particles were classified as Class II. Non-nucleation days comprise Class
N.

Figure 6 shows examples of the diurnal variation in the number concentration of par-
ticles smaller than 25 nm and the GMD of particles <100 nm during the two types of
nucleation events. The difference between the maximum and the minimum concentra-25

tion during the nucleation period was calculated to determine the apparent formation
rate (dN/dt). The formation rates at Harrow were approximately 11 cm−3 s−1 and 17
cm−3 s−1 on 23 June and 25 June, respectively (Fig. 6). A sharp decrease in the GMD
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was typically observed at the beginning of a Class I event as a result of the formation
of new particles, while a gradual increase in the GMD was seen during the subsequent
growth of these newly formed particles (Fig. 6a). The elapsed time between the start
point (the smallest GMD) and the end point of the period of linear increase in the GMD
was used to estimate the growth rate (GR, nm h−1) of nucleated particles. The growth5

event in Fig. 6a was observed for around 8 h, and the corresponding growth rate was
3 nm h−1. There was another particle burst during the nucleation event on 23 June at
Harrow. This event occurred at around 11:00 a.m., with the change in wind direction
from the east (∼100◦) to the south (∼200◦). The air parcel from Lake Erie (to the south)
showed lower number concentrations of nucleation mode particles and more mature10

size distributions than those corresponding to the first peak. The abrupt change of wind
direction at around 11:00 a.m. was consistent with Environment Canada’s determina-
tion of a lake breeze event. Typically, the wind direction observed at the Harrow site
fluctuated, and the particle nucleation and growth events were strongly affected by this
meteorological variability. The effect of lake breezes on particle number concentration15

is discussed in Sect. 3.3.
During the Class II event on 25 June, the number concentration of particles smaller

than 25 nm increased from 1600 cm−3 at 10:10 a.m. to 52 000 cm−3 at 11:00 a.m., with
an abrupt change in GMD variations. The wind direction changed from the south to
the east during this strong particle formation event. This Class II event was likely20

associated with local-scale particle formation taking place in a plume. The atmospheric
parameters responsible for particle nucleation and growth events are discussed in more
detail later in this section.

The types of particle nucleation events at the five sites were compiled (Table 3). Nu-
cleation events were harder to resolve in Toronto than at the other sites due to the25

high variability of the number concentrations arising from the high traffic density at this
downtown site. Thus, the classification at the Toronto site was based on moving aver-
ages of particle number concentrations. In addition to the classification of nucleation
events, meteorological parameters and SO2 concentrations between 07:00 a.m. and
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03:00 p.m. (EDT) were compiled (Table 3). While there were several days when events
were observed at more than one site, there was only one day, 2 July, when Class I
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 southwest directions (209–260 degree)5

across the region. These will be referred to hereafter as the “event day” and the “non-
event day”. Class I nucleation and growth events were most frequently observed at the
Harrow site, while no Class II events were observed at Toronto or Egbert. The high
frequency of both regional (Class I) and local (Class II) nucleation events in Harrow
resulted in the highest average number concentration at this site.10

3.3 Effect of meteorological parameters

Variations in temperature, relative humidity (RH), wind 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 I event days was,
on average, ∼4 ◦C lower than on non-event days at Harrow. The temperature was also15

lower on event days by ∼4 ◦C at the other four sites. On average, the RH was about
12% lower on event days (Class I) compared with non-event days (Class N). As shown
in Table 3, much higher average RH was observed at Ridgetown (86±6%) than the
average of 56±10% observed at Harrow and Bear Creek, the two closest sites. A neg-
ative correlation between the occurrence of nucleation events and RH has previously20

been noted (Boy and Kulmala, 2002; Bonn and Moortgat, 2003; Jeong et al., 2006; Boy
et al., 2008). Bonn et al. (2002) proposed that new particles are formed from stabilized
Criegee intermediates produced during the ozonolysis of organic molecules. Boy et
al. (2008) suggested that the stabilized Criegee intermediates decompose into more
volatile products by reacting with water molecules. It is also possible that the growth25

of pre-existing particles due to the uptake of water vapors may decrease particle for-
mation rates (Charron et al., 2007). The inhibiting effect of water vapor on particle
nucleation is a possible explanation for the frequent observation, in this field study, of
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nucleation and growth events on days with lower RH and lower ambient temperature.
In addition to the higher RH, more frequent rain might partially explain the lower av-
erage number concentration of UFP at Ridgetown. The RH at Egbert (62±12%) was
also slightly higher than average, possibly contributing to the lower frequency of Class I
type nucleation events at this site.5

Wind direction also appeared to influence the occurrence of particle nucleation and
growth events, whereas no dependence on wind speed was found. The dominant wind
direction (>50%) for non-event days was the southwest and south, directions often
associated with above-average concentrations of PM2.5. Comparisons were made of
the air mass origin at all five sites during the non-event day (26 June) and the event10

day (2 July), based on back trajectories obtained using the National Oceanic and Atmo-
spheric Administration (NOAA) HYbrid Single-Particle Lagrangian Integrated Trajectory
(HYSPLIT) model with EDAS meteorological data (Draxler and Rolph, 2003). Back tra-
jectories were calculated for 48 h, starting at 11:00 a.m. (EDT), at a height of 100 m
above ground level. The air masses for the event day, 2 July 2007 (Fig. 7a), originated15

from northern Canada and contained less polluted, cooler, drier air. This is consistent
with the finding of Nillson et al. (2001), who observed that nucleation events occurred
in arctic and polar air masses that corresponded with cold air advection. In contrast,
during the non-event day, the air masses came from the south and passed over indus-
trial regions containing power plants in Ohio (Fig. 7c). Generally, hotter, more humid air20

masses were associated with higher concentrations of PM2.5. Nucleation events could
be inhibited by high PM2.5 mass concentrations due to the scavenging of condensable
vapors by pre-existing particles (Kerminen et al., 2001).

The variability of particle number concentrations was also influenced by the lake
breeze effect discussed earlier. Frequent lake breezes at Harrow, Ridgetown, and Bear25

Creek were identified using observations from satellite and surface mesonets operated
by Environment Canada (Table 4). Most of the events were associated with elevated
particle number concentrations in the size range of 14 nm–100 nm. For example, on
6 July, particle number concentrations during lake breezes increased by a factor of 7
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around noon at Harrow, by a factor of 16 around 02:00 p.m. at Ridgetown, and by a
factor of 31 around 05:00 p.m. at Bear Creek, as compared to 30-min average particle
concentrations prior to the lake breezes. During the events, GMDs for the UFP size
distributions at the three sites ranged from 38 nm to 45 nm, indicating that somewhat
aged air masses were impacting the sites.5

On average, solar irradiance which exhibited a mean of 730±56 Wm−2 during Class I
event days was 11% and 33% stronger than during Class II days and non-event days,
respectively. It appears that Class I nucleation events corresponded closely to solar
radiation intensity, which is suggestive of the formation of hydroxyl radicals through
photochemical processes. During Class I event days, new particle formation began10

when solar irradiation was as low as 140 Wm−2 (e.g., 23 June at Harrow). The high-
est initial value for solar irradiation before a Class I event was 860 Wm−2 on 29 June
at Ridgetown. Clearly, intense solar radiation was necessary for Class I nucleation
events. Alam et al. (2003) reported an analysis of nucleation events at a suburban site
in Birmingham, UK, in which particle formation events were also strongly associated15

with higher levels of solar irradiance ranged from 170 Wm−2 to 750 Wm−2.

3.4 Effect of plume emissions

Overall average SO2 concentrations at Harrow and Bear Creek were 4.6±3.2 ppb and
4.2±4.9 ppb, respectively, whereas substantially lower SO2 averages were observed
at Toronto (1.0±1.6 ppb) and Egbert (0.6±0.9 ppb). High SO2 was associated with20

the more frequent occurrence of Class II events at the Harrow and Bear Creek sites.
The average SO2 concentrations for Class II events were 7.2±3.4 ppb at Harrow and
7.1±6.6 ppb at Bear Creek, whereas the SO2 averages for Class I were 3.0±2.8 ppb
and 2.2±2.9 ppb, respectively.

As shown in Fig. 6b, a sharp increase in particle number concentrations (5700 to25

12 400 cm−3) was seen around 10:00 a.m. on 25 June 2007 at Harrow when the wind
direction changed from west-south-west (260◦) to southeast (135◦); the highest SO2
concentration (∼99 ppb) also occurred at that time. Substantially increased particle

11630

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/11615/2010/acpd-10-11615-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/11615/2010/acpd-10-11615-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
10, 11615–11657, 2010

Particle formation
and growth at five

rural and urban sites

C.-H. Jeong et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

number concentrations were also observed at Bear Creek (2900 to 16 800 cm−3) and
Ridgetown (1300 to 2800 cm−3) at noon and 01:00 p.m., respectively, with a high con-
centration of SO2 (∼14 ppb) at Bear Creek. Abrupt changes in wind direction (300◦ to
150◦) and wind speed (0.5 to 5.3 m s−1) were observed at Ridgetown due to the lake
breeze effect, whereas a slight change in wind direction (250◦ to 220◦) with a stronger5

wind speed (1.6 to 2.9 m s−1) was observed at Bear Creek during the event. The back
trajectory analysis for the 25 June Class II event showed that all trajectories arriving
at the Harrow, Bear Creek, and Ridgetown sites originated from the Ohio River Val-
ley, while air masses at Harrow also passed over the northern Ohio industrial region
near Lake Erie (Fig. 7b), indicating the impact of fossil fuel combustion. Hence these10

and the other Class II particle formation events were likely caused by sulphuric acid
nucleation resulting from oxidation of SO2 in a plume. Anthropogenic emissions of
SO2 contributed to the occurrence of nucleation events in southwestern Ontario. A
high concentration of SO2 in a plume could increase the available condensable va-
por concentrations without increasing the condensation sink. Sulphuric acid is a key15

species associated with nucleation events (Berndt et al., 2005) and events have previ-
ously been associated with high SO2 concentration 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 concentration of SO2 also increased when the wind came from20

the southwest on 25 June, although concentrations were much lower than those at
Harrow and Bear Creek. A substantial increase in the concentration of >60 nm particles
was observed at noon on 25 June at the Toronto site, along with the highest SO2
concentration (8 ppb) during the measurement period. At Egbert, an increase in SO2
(7 ppb) was also observed around 11:00 a.m. without a significant change in nucleation25

mode particle number concentrations. The HYSPLIT results indicated that air masses
at both sites originated from the Ohio industrial region (Fig. 7b). However, the plume
emissions originating from the Ohio River Valley were advected into Toronto and Egbert
areas after approximately three days of atmospheric transport. The growth and dilution
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of particles during transport may explain the SO2 peaks 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 I) were observed on 2 July at all five sites, up to
∼350 km apart, indicating a regional-scale nucleation event (Table 3). In the urban5

area, interference from local sources such as motor vehicle exhaust was lower since
2 July was a holiday, which likely made it easier 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 nucleation and growth event observed during the measure-10

ment period (Fig. 8). Particle nucleation started between 07:00 a.m. and 10:00 a.m.,
occurring first at Ridgetown and Egbert. During 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. 7a show that these latter air masses also
originated from northern Ontario, indicating that these sites were impacted by clean15

cool air. Wind speeds at the Egbert site were between 3.6 m s−1 and 4.2 m s−1 during
the nucleation burst, whereas very calm winds (1.1 m s−1) were observed before the
nucleation event (∼07:00 a.m.). Initiation of the nucleation event was likely related to
the arrival at Egbert of this clean air, containing few pre-existing particles. Due to the
northerly winds, the ambient temperature on the event day was typically colder than on20

other days, with moderate relative humidity. The colder temperature on the nucleation
event days following the influence of cool air masses is in agreement with observations
in many different locations in Finland, USA, and UK (Nilsson et al., 2001; Stainer et
al., 2004; Charron et al., 2007). Hussein et al. (2009) reported that regional-scale new
particle formation events at five Nordic background sites were favored in similar air25

masses from the northern Atlantic Ocean. Most of these air masses are considered
clean and not strongly influenced by anthropogenic activity except ship emissions.

In regards to SO2 concentrations, nucleation events at all sites exhibited among the
11632
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lowest concentrations (≤1 ppb), suggesting that on 2 July, the region was less influ-
enced by anthropogenic emissions. Charron et al. (2007) observed that on large-scale
nucleation event days SO2 concentrations were generally below 1 ppb with air masses
from the northern Atlantic Ocean. While even this low SO2 concentration may be suf-
ficient to produce the ∼106 molecules cm−3 of H2SO4 (g) needed to initiate nucleation,5

it was likely too low to have supported the observed growth rates presented in Table 5
(Sipilä et al., 2010). Thus, biogenic sources are believed to have played a role at the ru-
ral sites, with organic compounds contributing to growth and possibly biogenic SO2 (g)
contributing to nucleation. Biogenic emissions are typically influenced by many factors,
including ambient temperature. Even though the large forested area in northern On-10

tario represent a major biogenic source, the colder temperature would have limited their
emissions. Longer-term studies are needed to help resolve the relative contributions
of anthropogenic and biogenic emissions to nucleation and growth in this region. This
information is needed to help understand the possible influences of newly formed par-
ticles on regional climate. The conditions associated with the regional nucleation event15

on 2 July were characterized in terms of the particle formation rate, the growth rate,
and the condensation sink (CS) (Table 5). As shown in Fig. 8c, the condensation sink
varied over the duration of 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
(CSi ), and the 24-h average (CSaveg). The highest formation rates for particles smaller20

than 25 nm were observed at Egbert and Harrow, while the lowest rate was observed
at the urban site (Toronto). A high CSi at the Toronto site might be responsible for its
low formation rate: a high condensation sink will scavenge potential condensable va-
pors responsible for particle nucleation and growth. As expected, the CSi values at the
five sites on the morning of the event day were lower by a factor of 1.1–2.9 than those25

on the non-event day, 26 June. The occurrence of the highest formation rate with the
lowest CSaveg at Egbert indicates the presence of rapid particle formation events with-
out effective particle growth. Even though the lowest CSi was observed at Ridgetown
preceding the nucleation event, the new particle formation rate was the second lowest
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of the five sites. An episode of rain was recorded (01:00 a.m.–07:00 a.m.) before the
nucleation event at Ridgetown, during which ambient particles and gaseous species
associated with precursors of condensable vapors may have been scavenged, result-
ing in the depletion of condensable vapors along with the low initial condensation sink.
Growth rates (GR) at the five sites ranged from 2.9 nm h−1 to 6.7 nm h−1. The highest5

growth rate was observed at the downtown Toronto site. These values are comparable
to those found at urban and rural sites in Germany (Wehner et al., 2007), as well as
an urban (Alam et al., 2003), and a rural site in the UK (Charron et al., 2007). Wehner
et al. (2007) found slightly higher GR ranging from 4.2 nm h−1 to 5.5 nm h−1 at an ur-
ban site than those identified at rural sites. At a rural site in the UK, the measured10

GR varied between 2 nm h−1 and 6 nm h−1, while the GR ranged from 3.6 nm h−1 to
9.0 nm h−1 in the urban area. Kulmala et al. (2005) reported that the GR is higher in
polluted areas than in clean environments and suggested a more significant contribu-
tion of sulphuric acid to particle growth in urban areas. However, the GR is often many
times higher than the rate of the growth due to sulphuric acid alone; for example, most15

of the nucleated particles in a polluted area of Mexico City were composed of organics
and nitrate (Kuang et al., 2008; Smith et al., 2008). Given the similar levels of SO2
and solar intensities on 2 July at all sites, and that Toronto had the highest growth rate
yet lowest nucleation rate on this day, it is likely that other components, such as less
volatile condensable organics from local sources, contributed to growth at this urban20

site.

3.6 Temporal and spatial variability of UFP

Coefficients of divergence (COD) as a function of particle size were calculated for
each site pair based on hourly average measurements over the 18 measurement days
(Fig. 9a). On average, COD values were greater than 0.4 for all sizes, with a mean25

of 0.42, suggesting a moderate degree of spatial heterogeneity over this large region.
There was an inverse linear relationship between COD and particle size, indicating that
spatial heterogeneity increased as particle size decreased. The inverse relationship
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was consistent with the spatial variability reported at California sites within 0.4–11 km
of each other (Krudysz et al., 2009), although the California study showed less hetero-
geneity than what was observed in the present study; this is likely due to the smaller
spatial scales involved. With respect to the correlation analysis, increased correlation
coefficients for particles larger than 40 nm were observed, while the highest correlation5

coefficient of 0.71 was observed between Bear Creek and Ridgetown for 93 nm parti-
cles. The correlation between Egbert and Toronto, ∼80 km south of the Egbert site, was
generally very poor (r < 0.1), except for larger particles (>80 nm), for which the r value
was 0.52. This high temporal variability was presumably driven by the differences in
source types between the rural and urban sites and the prevailing meteorological con-10

ditions during the campaign. A larger multi-year comparison of nucleation at these two
sites is now underway. Notably, particles smaller than 25 nm showed low r values with
high COD values. The differences in the strength and frequency of nucleation events
and primary emissions from local sources, as well as the size-dependent fate of UFP
in the atmosphere, would result in high spatial divergence for small particles.15

To constrain the influence of particle nucleation events on spatial variations, the COD
and r values were calculated on the nucleation event day (2 July) and non-event day
(26 June) (Fig. 10). The COD values for particles in the 14 nm–100 nm size range dur-
ing the nucleation event and non-event days were 0.41 and 0.55, respectively, while
the corresponding correlation coefficients were 0.43 (event, p< 0.05) and 0.14 (non-20

event), indicating more uniform spatial distribution of UFP across the five areas during
the regional nucleation event. Interestingly, enhanced spatial homogeneity was ob-
served for smaller particles (<80 nm), with a greater improvement for particle sizes
between 20 nm and 30 nm, relative to COD values during the non-event day. While the
mean COD for the event day at all sites was 0.46 for 25 nm particles, much lower in-25

dividual COD values (0.27–0.38) were found for Harrow, Ridgetown, and Bear Creek.
In addition, the highest correlation coefficient for 25 nm particles (a mean r of 0.62)
was observed during the event day, with a higher correlation (r = 0.9) among Har-
row, Ridgetown, and Bear Creek. Thus, although the concentrations and size distri-

11635

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/11615/2010/acpd-10-11615-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/11615/2010/acpd-10-11615-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
10, 11615–11657, 2010

Particle formation
and growth at five

rural and urban sites

C.-H. Jeong et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

butions of ultrafine particles usually were spatially heterogeneous, regional nucleation
and growth events could greatly increase the spatial homogeneity and inter-site corre-
lation of these particles.

4 Conclusions

Number concentrations and size distributions of particles in the size range of 14 nm–5

100 nm were simultaneously measured at five rural and urban sites in Southern Ontario
during the BAQS-Met campaign. On average, the number concentrations of particles
were higher at a near-border agricultural site, Harrow, than the concentration at the
downtown Toronto site. This was likely due to the influence of intermittent nucleation
events, which caused the UFP concentration to rise from low to high values. However,10

the highest median number concentrations of particles in the smaller size range 14 nm–
25 nm were observed at Toronto, most likely due to persistent production of particles
<25 nm in motor vehicle exhaust. While the mean size distribution for Toronto exhibited
a unimode at ∼30 nm, mean bimodal distributions in rural areas were caused by nearby
nucleation and growth of smaller particles and transport of larger particles from upwind15

sources. Wind sector and back trajectory analyses suggested 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 25 nm20

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 short-lived Class II events occurred more often at Harrow, Ridgetown, and
Bear Creek than at the downtown Toronto site. The frequent occurrence of regional and
local-scale nucleation events at Harrow resulted in the highest of the average number25

concentrations for these five locations. During Class I nucleation events, the mean
temperature and RH were 19±3 ◦C and 57±15%, respectively. On Class I event days,
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the solar radiation flux was approximately 33% higher than on non-event days. Back
trajectory analyses suggested that Class I nucleation and growth events were associ-
ated with less polluted cooler drier air from northern Ontario, whereas the air masses
during non-event days passed over distant industrial regions to the south (e.g., Ohio
River Valley). Class II events at the near-border sites were associated with high SO2,5

which likely originated from nearby industrialized regions. A nucleation and growth
event on 2 July was detected at all five sites, indicating that the event had a spatial
extent of at least 350 km. This event was associated with unpolluted air from northern
Ontario having relatively low SO2 concentrations and a low condensation sink. The
unpolluted air associated with this event suggested that biogenic sources contributed10

to the growth and possibly the nucleation.
The spatial homogeneity of particle number and size distributions measured simul-

taneously at the five sites within 40–350 km of each other was assessed by calculating
Spearman correlation coefficients and coefficients of divergence. Coefficients of diver-
gence among the five sites were greater than 0.4 for all particle sizes, with higher COD15

for smaller particles (<25 nm), indicating that spatial heterogeneity increased as par-
ticle size decreased. The inter-site temporal correlations were very weak for smaller
particles (<25 nm), but they increased slightly for larger particles. However, during a
regional nucleation event on 2 July, homogeneity was much higher, especially for the
closer Harrow, Ridgetown, and Bear Creek sites: for 20 nm–30 nm particles, the lowest20

COD values were found along with the highest correlation coefficients.
In summary, regional nucleation events were observed even in Toronto, a major ur-

ban centre. Thus, particles from regional nucleation processes can contribute to the
burden of ultrafine particles in cities, and potentially to the associated health impacts
on urban populations. Nonetheless, the high number concentrations at rural sites sug-25

gest that care be taken, for now, in the use of particle number as a metric of popu-
lation exposure. Further research is required to establish the differences in toxicity of
particles from nucleation events and those from vehicle emissions. Many short-lived
strong particle formation events observed during this three-week campaign were as-
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sociated with trans-border air flows from the south and south-west, and with elevated
SO2. Hence, particle formation and growth in southwestern Ontario are in general
related to anthropogenic emissions. A regional nucleation event associated with un-
polluted air suggested that biogenic emissions can also contribute to particle formation
and growth. These anthropogenically and biogenically-formed particles may contribute5

to the production of cloud condensation nuclei, thus influencing regional climate. Stud-
ies of longer duration will help resolve the relative contributions of anthropogenic and
biogenic emissions to nucleation and growth in this region.
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Table 1. Particle number and size distribution measurement parameters for the five sites during
the BAQS-Met campaign.

Site Instruments CPC Size Range Time resolution

Harrow FMPS N/A 6–560 nm 1 s
Ridgetown SMPS TSI 3010 9–640 nm 5 min
Bear Creek SMPS TSI 3010/TSI 3775 10–422 nm/14–673 nm 5 min
Egbert SMPS TSI 3025 10–440 nm 15 min
Toronto SMPS TSI 3786 3–100 nm 2 min
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Table 2. Descriptive statistics for number concentrations (# cm−3) of 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. Mean Median Std.Dev. Min Max Lower Upper Percentile Percentile
(nm) Quartile Quartile 10th 90th

14–100 Harrow 12 200 9100 8800 11 000 690 62 380 5550 15 760 3510 23 440
Ridgetown 2800 1900 2100 3000 70 29 720 1140 3120 680 5420
Bear Creek 7600 4700 4400 8900 400 70 440 2500 8970 1320 17 000
Egbert 2900 2100 2100 2500 170 22 070 1210 3570 770 6090
Toronto 8000 6700 7300 4500 780 27 850 4380 10 610 2970 14810

14–25 Harrow 3620 810 890 7690 0 60 920 290 3060 110 9420
Ridgetown 870 300 260 2070 0 21 000 130 600 60 2030
Bear Creek 2570 740 470 4620 0 38 840 240 2430 140 8530
Egbert 550 260 250 1320 30 12 490 130 470 80 810
Toronto 3160 2470 2710 2200 170 16 240 1630 4070 900 6060
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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 7/1 7/2 7/3 7/4 7/5 7/6 7/7

Harrow Class I N I I II II N N II I I I I II N II N II
Temp 23 25 21 19 22 25 28 26 23 20 23 19 18 22 23 27 24 26

RH 45 53 47 50 54 67 65 71 59 56 47 51 56 52 71 60 62 48
WS 3.9 6.2 3.3 3.5 4.8 4.0 5.5 7.4 3.0 3.9 3.0 5.1 4.2 3.7 4.9 4.6 3.7 4.1
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
SO2 2 1 3 2 10 11 4 6 7 3 9 1 1 8 4 4 4 3

Ridgetown Class I II II n/a n/a II N n/a II I n/a II I N N II II II
Temp 20 24 18 18 22 24 28 27 21 18 20 17 17 20 19 23 22 24

RH 64 64 62 59 63 78 76 82 73 68 55 64 67 68 96 89 69 61
WS 4.0 5.4 3.4 2.1 3.2 2.4 3.2 5.0 3.0 2.1 2.3 4.3 2.7 2.6 2.5 2.4 2.4 2.5
WD 313 294 241 119 164 190 209 235 341 104 218 202 81 112 249 288 316 273

Solar 776 710 760 766 757 653 702 587 601 780 749 704 756 613 200 510 714 728
SO2 n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a

Bear Creek Class n/a II I I I II N N II I II II I I N II II N
Temp 21 24 19 19 23 26 28 25 21 20 22 18 19 22 21 24 24 25

RH 43 48 47 44 48 64 65 79 61 50 45 51 49 50 80 69 57 49
WS 4.9 6.4 3.8 2.0 3.6 2.2 3.0 5.4 3.6 3.3 3.2 5.7 2.9 2.8 3.5 2.3 2.7 3.4
WD 311 310 13 220 204 222 216 230 7 13 3 8 50 218 232 303 314 234

Solar 779 735 762 762 763 708 714 472 590 799 706 780 792 644 208 554 691 754
SO2 0 2 4 0 7 8 4 4 11 0 8 1 0 2 2 1 19 2

Egbert Class I N N I I N N N N I N N I I N N N N
Temp 17 21 16 16 24 27 29 29 19 19 19 16 18 20 15 23 22 25

RH 66 70 60 49 50 54 59 63 70 50 56 62 59 55 97 75 70 53
WS 5.2 4.4 6.4 3.1 2.7 1.8 3.1 4.2 5.3 2.7 4.7 5.2 3.5 2.8 2.6 3.4 4.6 4.0
WD 304 304 312 318 267 235 236 228 311 329 321 315 321 183 129 291 314 260

Solar 630 659 746 676 696 710 654 583 667 745 733 682 704 570 116 591 700 584
SO2 0 1 0 0 2 3 1 2 0 1 1 0 1 1 1 0 0 0

Toronto Class I I I I I N N N I N n/a N I N N n/a n/a n/a
Temp 19 24 18 19 25 28 31 31 24 20 22 18 20 22 18 24 25 22

RH 53 52 46 45 44 48 50 52 49 45 45 48 49 46 90 69 53 80
WS 8.0 8.2 9.6 3.1 3.4 2.8 4.1 7.2 6.0 3.2 4.2 6.5 4.2 3.3 2.9 4.4 4.4 6.9
WD 308 283 336 331 255 261 260 247 334 162 341 346 355 151 161 270 347 262

Solar 722 724 748 774 757 744 719 594 709 786 641 499 682 669 499 682 669 70
SO2 0 1 0 0 4 5 4 1 0 0 0 0 0 1 1 1 0 0

Temp: ambient temperature (◦C), RH: relative humidity (%), WS: wind speed (m s−1), WD: vector averaged wind
direction, Solar: solar irradiance (310–2800 nm, W m−2), SO2: ppb, n/a denotes missing data.
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Table 4. The ratio (RL) of 30-min average particle number concentrations during lake breezes
to averages prior to the events.

Number of a Percentage b Percentage Mean±St. Dev
observations (RL >1.1) (RL <0.9) (Median) RL

Harrow 25 54 33 1.6±1.4 (1.1)
Ridgetown 16 67 11 3.2±5.0 (1.4)
Bear Creek 21 57 29 5.9±14.0 (1.2)

a Observation percentage above the increase by a factor of 1.1; b Observation percentage
below the decrease by a factor of 0.9.
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Table 5. Characteristics of nucleation events observed at the five sites on 2 July 2007.

Formation rate a GR a CSi
a CSaveg

(cm−3 s−1) (nm h−1) (10−3 s−1) (10−3 s−1)

Harrow 4.4 6.4 0.96±0.06 3.22±1.66
Ridgetown 3.3 4.7 0.53±0.02 1.14±0.69
Bear Creek 3.6 2.9 0.67±0.01 2.59±1.56
Egbert 4.7 5.1 0.83±0.03 0.71±0.53
Toronto 1.1 6.7 1.22±0.26 1.86±0.96

a GR: growth rate, CSi : 1-h average condensation sink prior to the nucleation event, CSaveg:
24-h average condensation sink.
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Fig. 1. Locations of the five monitoring sites in southern Ontario, Canada.
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Fig. 2. Wind rose plots for the five monitoring sites with 36 compass directions along with wind
speed distribution: Harrow (a), Ridgetown (b), Bear Creek (c), Egbert (d), and Toronto (e).

11649

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/11615/2010/acpd-10-11615-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/11615/2010/acpd-10-11615-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
10, 11615–11657, 2010

Particle formation
and growth at five

rural and urban sites

C.-H. Jeong et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Fig. 3. Average particle size distributions at the five sites. Error bars represent standard errors.
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Fig. 4. CPF plots for particle number concentrations in the size range 14 nm–100 nm at the five
sites: Harrow (a), Ridgetown (b), Bear Creek (c), Egbert (d), and Toronto (e). All time periods
having a wind speed less than 1 m s−1 were excluded from the analysis.
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Fig. 5. Evolution of particle number and size distributions at the five sites: Harrow (a),
Ridgetown (b), Bear Creek (c), Egbert (d), and Toronto (e).
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Fig. 6. Examples of the variations in the number concentration of particles (PN, <25 nm) and
geometric median diameter for particles smaller than 100 nm during particle nucleation and
growth events measured at Harrow on 23 June (Class I, a) and 25 June (Class II, b), respec-
tively.
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Fig. 7. Back trajectories at the five monitoring sites obtained by HYSPLIT on 2 July (Class I,
a), 25 June (Class II, b), and 26 June (non-event, c).
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Fig. 8. Number concentrations of particles in the size range 14 nm–25 nm (a), geometric mean
diameters of nucleated particles in the size range of 14 nm–100 nm (b), and condensation sink
(c) during the regional nucleation event observed on 2 July 2007.
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Fig. 9. Variation of CODs (a) and Spearman correlation coefficients (b) as a function of parti-
cle size for the five (Harrow, Ridgetown, Bear Creek, Egbert, and Toronto) and three (Harrow,
Ridgetown, and Bear Creek) sites during the measurement period. Box-whisker plots demon-
strate the median (line), quartile (box), mean (dots), 90% percentile (whiskers), and 95% per-
centile (dots).
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Fig. 10. Average variation of CODs (a) and Spearman correlation coefficients (b) for the five
sites during the non-event day (26 June) and the nucleation event day (2 July).
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