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Abstract

Size-segregated water-soluble inorganic ions, including particulate sulphate (SOE‘), ni-

trate (NO3), ammonium (NH}), chloride (CI”) and base cations (K*, Na*, Mg?*, Ca?*),
were measured using a Micro-Orifice Uniform Deposit Impactor (MOUDI) during four-
teen short-term field campaigns at eight locations in both polluted and remote regions
of eastern and central Canada. The size distributions of SOi‘ and NH; were unimodal,
peaking at 0.3—0.6 um in diameter, during most of the campaigns, although a bimodal
distribution was found during one campaign and a trimodal distribution during another
campaign made at a coastal site. The size distributions of NO; were unimodal, peak-
ing at 4.0-7.0 um, during the warm-season campaigns and bimodal, with one peak at
0.3—-0.6 um and another at 4-7 um, during the cold-season campaigns. A unimodal
size distribution, peaking at 4—6 um, was found for CI~, Na*, Mg®* and Ca®* during
approximately half of the campaigns and a bimodal distribution, with one peak at 2 um
and the other at 6 um, was found during the rest of the campaigns. For K*, a bimodal
distribution, with one peak at 0.3 um and the other at 4 um, was observed during most
of the campaigns. The measured ion concentrations varied by one order of magni-
tude across the various sites. The air-mass origins and meteorological conditions both
played important roles in formulating the observed geographical and seasonal patterns
of these ion species concentration levels, size distributions and fine particle acidity.

1 Introduction

In order to address the impacts of atmospheric aerosols on air-quality, ecosystem
heath, and climate change, it is essential to gain a thorough knowledge of their chemi-
cal composition and size distributions at high temporal resolution and at local, regional,
and global scales (Andreae and Crutzen, 1997; McMurry, 2000; Kaufman et al., 2002;
IPCC, 2007). Acid deposition is one of the many atmospheric problems involving at-
mospheric aerosols. Acid deposition that exceeds the critical load of an ecological
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system will cause long-term harmful effects. Different ecosystems have different crit-
ical loads due to their different buffering capacities or sensitivities to acid deposition.
Sulphur and nitrogen species contribute to acid deposition (Whepdale et al., 1997)
while the deposition of base cations (Ca®*, Mg®*, K* and Na*) increases the alkalinity
of the surface and thus the ecosystems’ buffering capacity (Watmough et al., 2005;
Skeffington, 2006; McNaulty et al., 2007). To assess the effects of acid deposition
on sensitive ecosystems, the atmospheric deposition of both acidic species and base
cations needs to be estimated with sufficient accuracy (Environment Canada, 2005).
This requires knowledge of the size distributions of the relevant particle species due to
the strong dependence of particle deposition on particle size (Pryor et al., 2008).
Substantial knowledge has been gained on the size distributions of the major water-
soluble inorganic ions during the past four decades. Non-sea salt sulphate (SOi_)
and ammonium (NHZ) were found to be predominantly in the fine particle mode while

sea spray SOi', Cl™, Na", Mgz+ and Ca®* were more abundant in the coarse fraction
(Milford and Davidson, 1987; Hillamo et al., 1998; Heintzenberg et al., 2000; Parmar et
al., 2001; Lestari et al., 2003; Park and Kim, 2004; Xiu et al., 2004; Tsai et al., 2005).
Nitrate (NO;) was found to be predominantly in the fine particle mode in some cases
and in the coarse particle mode in many other cases. The fine/coarse NO; fractions
are determined by the processes through which they are formed, i.e., by the reaction of
gaseous HNO3; with ammonia (fine) or with alkaline species in large particles (coarse)
(Kadawaki, 1977; Wolff, 1984; Wall et al., 1988; Zhuang et al., 1999; Parmar et al.,
2001; Lee et al., 2008). Many studies have found K* to be mostly in fine particles
(Park and Kim, 2004; Park et al., 2004; Chen et al., 2005), although at some locations
coarse K* can be substantial (Krivaicsy and Molnair, 1998). In some cases, a bimodal
or trimodal distribution is needed to describe the size distribution of inorganic ions
(Milford and Davidson, 1987; Zhuang et al., 1999; Lestari et al., 2003). Apparently, the
particle size distributions vary greatly with season, location, and air mass origin (Birmili
et al., 2001; Hazi et al., 2003; Tunved et al., 2003; Park et al., 2004; Trebs et al., 2004;
Van Dingenen et al., 2005; Abdalmogith and Harrison, 2006; Fisseha et al., 2006).
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Despite some field studies conducted at various locations in eastern North America
measuring the chemical composition of size-resolved particles (e.g., Hazi et al., 2003;
Rupakheti et al., 2005; Lee et al., 2008), there is still a lack of understanding of the
concentration levels and size distributions of many particle species in these regions,
especially at remote locations in northern Canada where there are no major nearby
emission sources. During 2001-2005, fourteen short-term field campaigns were con-
ducted by Environment Canada to measure the size-segregated water-soluble inor-
ganic ions at eight rural and remote sites, which are thought to represent the regional
background air in their respective locations. The study covered both the cold and the
warm seasons, and was conducted at sites located in both populated and remote re-
gions. The primary goal of this paper is to characterize the size distributions of the
background inorganic ions over eastern Canada so that the information can be used
to improve future acid deposition, air-quality, and climate modelling studies. Back tra-
jectory analysis has been conducted to identify the effects of air-mass origins on the
seasonal and geographical patterns of the measured ion mass concentrations and
size-distribution profiles. A brief discussion on the acidity of fine particles based on the
molar ratio of NH; to the sum of SOi' and NO; is also given here.

2 Experimental design and method
2.1 Emission sources and measurement sites

The ion species measured in the 14 campaigns included SOi', NO;, NHZ, Cl, K*,
Na*, Mg®* and Ca®*. The majority of SO?, NO; and NHy in this region exists in
secondary particles, i.e., formed from their gaseous precursors (SO,, NO, and NHs,
respectively) through various chemical reactions (Vet et al., 2001). Mg2+ and Ca®* are
mainly from soil dust emissions, CI~ and Na* from sea salt and road salt emissions,
and K* from soil dust emissions and from biomass burning and vegetation. In order
to understand the geographical patterns of the observed ion distributions, emission
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distributions of the precursors have to be known. Emissions of SO,, NO,, NH5 and
PM,, (particles with aerodynamic diameter smaller than 10 um) combining year 2000
Canadian sources and year 2001 USA sources have been aggregated into the Cana-
dian air-quality model grids (~42 km by 42km) and are shown in Fig. 1. In Canada,
southern Ontario and southern Quebec have high emissions of SO,, NO,, NH; and
PM,, since these areas have a high population density, many industries, and intense
agricultural activities. The southern Prairies of western Canada also have quite high
emissions of SO,, NO,, NH; and PM,, due to downstream oil and gas production and
agricultural activities. In the USA, most parts of the eastern half of the USA have high
emissions of SO,, NO,, NH; and PM,,; however, the highest emissions of SO, and
NO, are located in the eastern half of the US Midwest and the Mid-Atlantic, the highest
NH3; emissions are located in the central area of the US Midwest (the Great Plains)
and the highest PM,, emissions are located in most parts of the US Midwest. Sea-
sonal variations of emissions cannot be shown in Fig. 1 and they are briefly discussed
wherever needed in Sect. 3.

Eight sites were selected to conduct the field studies, seven of which were located
in eastern Canada and one in central Canada (see the top-left map in Fig. 2). All
these sites are ground level Canadian Air and Precipitation Monitoring Network sites
(CAPMoN). The selected sites covered a large area of eastern Canada, including both
polluted and relatively remote regions. Comparing Fig. 2 with Fig. 1, three sites (EGB,
FRS and BRL) can be defined as located in polluted regions, three (ALG, CHA and
SPR) in less polluted regions, and two (KEJ and LED) in relatively clean regions. How-
ever, long-range transport is known to transport pollutants from polluted regions to the
remote locations, as will be discussed in Sect. 3.

2.2 Measurement periods

Table 1 lists the time periods when the field campaigns were conducted. Since different
sites are located at different latitudes and some sites are affected by ocean air masses,
the traditionally-defined seasons (based on the month of the year) might not be consis-
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tent from site to site. Thus, the average daytime (09:00-17:00 local time) air temper-
ature (see Table 1) was used to define the cold-, warm- and hot-season campaigns.
Seven campaigns (FRS1, EGB1, ALG1, LED2, CHA2, SPR2, BRL1) were defined as
cold-season campaigns, two campaigns (FRS2, KEJ2) were defined as warm-season
campaigns, and five campaigns (KEJ1, ALG2, LED1, CHA2, SPR1) were defined as
hot-season campaigns. Note that at the three polluted sites, three campaigns were
carried out during the cold season (FRS1, EGB1, BRL1) and one during the warm
season (FRS2); at the three less polluted sites, three campaigns were carried out dur-
ing the cold season (ALG1, CHA1, SPR2) and three during the hot season (ALG2,
CHA2, SPR1); and at the two clean sites, one campaign was carried out during the
cold season (LED2), one during the warm season (KEJ2), and two during the hot sea-
sons (LED1, KEJ1).

2.3 Sample and analysis

Air samples were collected using a Micro-Orifice Uniform Deposit Impactor sampler
(MOUDI Model 110, MSN Minneapolis, MN, USA) at a mass flow rate of 30 L/min at
0°C and 1atm. The sampler was run with 11 fractionation stages with the following
50% cut-off points for the particle aerodynamic diameters: 18, 9.9, 6.2, 3.1, 1.8, 1.0,
0.54, 0.32, 0.18, 0.093 and 0.048 um, followed by a backup filter. The MOUDI sampler
was located 5 m above ground level under a rain shelter that allowed for free ventilation.
Teflon® filters of 47 mm diameter and 0.1 mm thickness (PTFE, Savillex Corporation,
Minnetonka, Minnesota) were used in all stages. After sampling, the filters were stored
in pre-washed 10 mL plastic vials at 5-10°C.

Blank values were determined from filters that were loaded into a MOUDI sampler
and then unloaded after 24 h of inactive sampling near the same location as the active
sampling. This duplicated all handling procedures for both the active and blank filters.
Standard ion chromatography (Dionex Corporation, Sunnyvale, California) was used
for analyses of all filters after extraction in deionized water. Average field blank values
were calculated by replacing all negative and “no response” values from the laboratory
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with 2/3 of their reported analytical detection limit (BDL). The BDL was described as 3
standard deviations of repeated measurements of a quality control solution at about 40
parts per trillion (ppt). Air concentrations for each aerosol species were then calculated
as: C;=(M;-BV;)/(MFR*Et), where C;, M; and BV, are concentration, collected mass
and blank value, respectively, of species / during one sample period (Ef) and MFR is
the mass flow rate (so MFR*E¢ represents sampled air volume). The sampling duration
(Et) ranged from 6 to 152 h (Table 1) depending on the perceived concentration levels
at the time of sampling. The number of samples during each campaign is listed in
Table 1.

2.4 Quality of MOUDI data

All samples were plotted for data quality control purposes (see Fig. 3 for two exam-
ples). It was not uncommon that concentrations were lower than the 3-times standard
deviation of all blanks divided by the mean air volume sampled (3SDB) (e.g., Fig. 3b).
Under such circumstances, the data were not quantitative due to a large noise-to-signal
problem. For each ion species and for every campaign, the percentage of samples hav-
ing a concentration lower than blank values (3SDB) was calculated. When calculating
these percentages, only samples from stages 3—10 (mid-point size 6.2 to 0.093 um)
were used for SOi‘, NO;, NH; and K™ because the other stages, i.e., the first two and
the last two, had very low concentrations of these species; similarly only samples from
stages 1-8 (sizes larger than 0.32 um) were used for the other four species. The data
were grouped into four data-quality categories based on these percentage numbers
and based on scrutiny of the size-distribution plots as shown in Fig. 3. This is because,
under certain circumstances, a clear peak in the size distribution was evident from all
samples, yet the percentage of samples having concentrations higher than blank val-
ues (3SDB) was very low due to the extremely low concentrations in the stages not
corresponding to the peak sizes (e.g., Fig. 3b). Under this scenario, the data were be-
lieved to represent the real size distribution profiles. The percentage numbers (using
samples from MOUDI stages 3—10 for SOi', NO;, NH; and K* and stages 1-8 for the
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other four species) and the defined data quality category are all shown in Table 2.

For SOi', NO; and NHZ, 90-100%, 80-90% and <80% of data from categories
1, 2 and 3, respectively, had concentrations higher than their respective blank val-
ues (3SDB). No category 4 data were identified for these three ion species. For the
other five species, 85—100% and 50-85% of categories 1 and 2 data, respectively, had
concentrations higher than their respective blank values (3SDB) values; the rest of the
data were identified as categories 3 and 4, based mainly on the plotted size-distribution
profiles. Data belonging to categories 1 and 2 were thought to be reliable while data
belonging to categories 3 and 4 were less reliable. Note that errors caused by chemical
transformation (e.g., NH,NOj volatility) during sampling process were not considered
in this approach. As a short summary, data for SOi' and NH, during all fourteen
campaigns and data for NO; during most of the campaigns were of good quality in
categories 1 and 2. For the rest of the species, the data quality ranged from relatively
good (category 2) to very poor (category 4) depending on the nature of the site and the
time of the year.

2.5 Back trajectory cluster analysis

In order to identify the source regions of the sampled aerosols and to better explain the
geographical and seasonal patterns of the observed concentrations and size distribu-
tions, back trajectory cluster analyses, similar to the approach used in many previous
studies (Abdalmogith and Harrison, 2005 and references therein), were conducted.
Cluster analysis can account for variations in transport speed and direction simultane-
ously, yielding clusters of trajectories having similar length and curvature. Three-day
back trajectories (every six hour) created by the Canadian Meteorological Centre for
the period of 2001-2005 were run through a K-means clustering technique for each
site. They were organized into six common clusters based on the commonality of Eu-
clidian distance from trajectory to trajectory (Dorling, 1982). Figure 2 shows the six
clusters at the eight sites where the 14 campaigns were conducted.
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The correlations between the ion concentrations and the pre-defined trajectory-
clusters can be explored by comparing the distributions of ion concentrations associ-
ated with different trajectory clusters. Since the samples collected in this study had vari-
able durations and some samples had a very long duration (up to 6 days, see Table 1),
and the campaigns covered only short periods of several weeks, it is difficult to as-
sign the measured concentrations of individual samples to different trajectory clusters.
Thus, we used 5 years of CAPMoN 24-hour bulk (not size-resolved) concentrations to
identify the dependence of the ion concentrations on the defined trajectory-clusters.
Note that there were 4 trajectories every day and CAPMoN monitored concentrations
daily. Thus, each and every daily concentration was assigned to whatever clusters
were associated with the 4 daily trajectories. The mean and median concentrations of
the eight ion species for each trajectory cluster were generated from the 2001-2005
CAPMOoN data (Table 3).

It can be seen from Table 3 that the highest concentrations of SOZ‘;‘, NO; and NH;
were associated with clusters SSW at Algoma, SSE and WNW_L at Bratt’s Lake, WSW
at Chalk River, SSE and WSW at Egbert, WSW at Frelighsburg, WNW at Kejimku-
jik, WSW at Lac Edouard and WSW Sprucedale. Air masses associated with NNE
and NNW had lowest concentrations of SOi', NO; and NHZ at Algoma, Chalk River,
Egbert, Kejimkujik, Lac Edouard and Sprucedale. At many locations (e.g., ALG, BRL,
CHA, KEJ, LED and SPR), the clusters associated with highest concentrations of SOi’,

NO; and NH, also associated with highest concentrations of K*, Mg?* and Ca®*due
to the similar geographical patterns of the emissions of SO,, NO,, NH; and PM,, at
these locations.

The 5-year average concentrations showed clear geographical patterns for most
species. For example, EGB, FRS, SPR and ALG had higher SOi‘ concentrations
compared to the rest of the sites, while EGB, FRS and BRL had higher concentra-
tions of NO3, NH} and Ca*, and KEJ and FRS had higher concentrations of CI~ and

Na*. Geographical patterns of K* and Mg®* were not apparent due to the very low
concentrations of these two species, although BRL showed highest concentrations.
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It is known that the slowest (i.e., shortest) trajectory clusters passing over high emis-
sion areas will have the highest pollutant concentrations and the fastest clusters from
clean areas will have the lowest concentrations (Hazi et al., 2003). Results shown in
Table 3 support this theory when comparing the defined trajectory clusters shown in
Fig. 3 with the emission distributions shown in Fig. 2. The information provided above
will be used to support the discussions presented in Sect. 3.

3 Results

Short and long range transport of emissions, meteorological conditions (temperature,
precipitation, solar radiation/cloudiness, mixing layer height, etc.), and physical and
chemical mechanisms from which aerosols are produced are important factors relating
to aerosol concentration levels and size distributions. In this section, we discuss in
detail the seasonal and geographical patterns of the observed aerosol concentrations
and size distributions and the possible causes of these patterns. For every ion species
(Sects. 3.1-3.5), the following discussions are presented in sequence: (1) the produc-
tion mechanism for each ion, (2) the seasonal contrast and associated causes of the
campaign-average concentrations (each sample was weighted by its duration) at the
six sites that each had two campaigns, (3) the geographical patterns of the campaign-
average concentrations, (4) the fine and coarse fractions of the ion mass concentra-
tions, and (5) the characterization of size distributions including the size-distribution
profiles and related parameters. Two campaigns made at Algoma are discussed in
more detail in Section 3.6 considering the strong effects of local sources (road salt)
and the unusual seasonal pattern of several observed species (e.g., SOi‘, NHZ). Fine
particle acidities are explored in Section 3.7 based on the molar ratio of NHZ to the
sum of SOi_ and NO;.

Fine particles were defined as the particles having an aerodynamic diameter smaller
than 2.5 um (PM, 5); however, MOUDI stages do not have a size cut at 2.5 um. Thus,
the measured MOUDI sizes were inverted to give continuous size-distribution profiles
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using a modified Twomey inversion technique (Winklmyr et al., 1990) and kernel func-
tions from Marple et al. (1991), as was done in previous studies (e.g., Li et al., 1998).
Fine fractions of the total mass were then obtained by integrating the profiles from 0-
2.5 um. Also, for future applications of the particle size distributions, the mass mean
diameter (MMD) and associated geometric standard deviation (GSD) were calculated
for the total mass and for the fine and coarse fractions of the total mass. The discus-
sions presented in this section are based on results shown in Tables 4 and 5 and in
Figs. 4-8. Information presented in Table 1, Figs. 1 and 2, and Sect. 2.5 is needed to
explain the observed phenomena.

3.1 Sulphate

Fine particle SOi' is commonly generated by the oxidation of SO, through a slow gas-
phase (homogeneous) oxidation and/or gas/particle phase (heterogeneous) oxidation.
The rate of SOi‘ production is expected to be higher in the warm and hot seasons
when compared to the cold seasons (see some detailed discussions in Hazi et al.,
2003 and references therein). Coarse SOi‘ is produced by reactions of SO, or sulfuric
acid on the wet surface of sea salt or soil particles (Wall et al., 1988).

At Frelighsburg, the average SOi' concentration during FRS1 was slightly higher
than during FRS2 (Table 4). By looking at the back trajectories shown in Fig. 2, it can
be seen that 59% of the air masses during FRS1 (clusters SSW and WSW) were from
the high SO, emission regions of eastern USA and the industrial areas of southern
Ontario and southern Quebec, while only 25% of the air masses during FRS2 were
from these same regions. Thus, despite the slightly colder weather during FRS1, the
SOi‘ concentrations were higher because of the more polluted air masses.

At Chalk River, Sprucedale, and Lac Edouard, the hot-season campaigns generally
had a higher percentage of polluted air masses (e.g., clusters WSW and ESE clus-
ters were the most polluted and clusters NNW and NNE were the least polluted at all
three locations). The campaign-average SOi' concentrations were higher during the
hot-season campaigns at all three locations due to a combination of the effects of tem-
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perature differences and air-mass origins. The campaign-average SOi‘ concentration
was 50% higher in the hot season compared to the cold season at Chalk River, >100%
higher at Lac Edouard and ~400% higher at Sprucedale.

At Kejimkujik, the campaign-average SOi‘ concentration was three times higher dur-
ing the hot-season campaign (KEJ1) compared to the warm-season campaign (KEJ2).
This was likely due to a combination of the effects of temperature differences and differ-
ent air-mass origins. During KEJ1, 28% of the air masses were from the high emission
region (cluster WNW) and 13% were from the Atlantic Ocean (clusters SSW and ESE)
while during KEJ2, these numbers were about the reverse, i.e., 14% and 25%, respec-
tively. Because of the differences in the air-mass origins during these two campaigns,
the concentrations of coarse SOi' during KEJ1 were slightly lower than during KEJ2

(0.15vs. 0.23 ug m‘s) while concentrations of fine SOi‘ during KEJ1 were much higher

than during KEJ2 (3.3 vs. 0.9 ug m~3).

At Algoma, the campaign-average SOi' concentration was higher during ALG1 than
during ALG2. The air-mass origins shown in Figure 2 cannot explain this phenomena
since ALG1 had a lower percentage of air masses from clusters SSW and ESE (pass-
ing over high emission regions) and a higher percentage of air masses from NNW and
NNE (passing over clean regions) when compared to ALG2. The phenomena is also
in contradiction to the theory that SOi' production was higher during the hot seasons
since ALG1 was a cold-season campaign and ALG2 was a hot-season campaign. The
causes of higher campaign-average concentration during the cold-season campaign at
this location will be discussed in Sect. 3.6.

In comparing campaign-average concentrations conducted during the same season,
higher SOi‘ concentrations were observed at locations close to high SO,emission
areas and/or with air masses from high emission sources. For example, SOi' con-
centrations were higher at locations close to the industrial areas of southern Ontario
and southern Quebec (e.g., Sprucedale, Egbert and Frelighsberg) compared to remote
locations (e.g., Lac Edouard). The average SOi‘ concentrations varied by >5 times
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from site to site during any season.

The fine fraction of SOi' mass concentrations made up >95% of the total SOi'
mass in ten campaigns (FRS1, FRS2, EGB1, KEJ1, ALG2, LED1, LED2, CHA1, CHA2,
SPR1), around 90% in three campaigns (ALG1, SPR2, BRL1) and 79% in one cam-
paign at a coastal site (KEJ2) in late fall. Note that another campaign at the same
coastal site (KEJ1) showed different concentrations (>3times higher) and fine/total
fractions (96%) from those of KEJ2. The differences were caused by different air-mass
origins as shown in Fig. 2. Since fine SOi' particles dominated the total SOi' mass
concentrations, their geographical distributions and seasonal variations were similar to
the total SOi_ mass concentrations (Table 4). Coarse SOi_ particle concentrations (to-

tal minus fine particles) were generally very low, ranging from 0.03-0.32 ug m™3 during
the fourteen campaigns.

Because of the very small fraction of coarse soi‘ during most campaigns, SOi'
size distribution was dominated by a single mode peaking at 0.3-0.6 um (Fig. 4). A
campaign-average trimodal size distribution was apparent at KEJ2 due to the non-
negligible coarse SOi_ fraction. A very small second peak in the coarse particle size
range of 2-5um was also observed in several campaigns (e.g., ALG1, SPR2). In
general, the SOi_ size distribution profiles were similar at different locations and during

different seasons; however, there was a tendency for SOi' concentrations to peak at
slightly larger sizes in the cold season (0.5-0.6 um) compared to the hot season (0.3—
0.4 um). As mentioned above, the rate of SOi’ production is probably higher in the
warm and hot seasons and the removal rate through dry deposition process is also
expected to be higher; thus, SOi' in the cold season probably had a longer life time
and was able to grow to larger sizes.

The MMD for soi‘ over all campaigns except KEJ2 ranged from 0.28 to 0.56 um
with GSDs around 2.3 to 2.8 (Table 5). The KEJ2 campaign exhibited a higher MMD
and GSD due to the contribution of sea salt sulphate particles. By fitting fine and
coarse SOi’ particles separately into lognormal distributions, the MMD ranged from
0.26 to 0.49 um for fine particles and 4.0 to 4.6 um for coarse particles, with the GSD
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ranging from 2.1 to 2.4 for fine particles and from 1.4 to 1.5 for coarse particles. Most

previous studies showed the MMD values ranged from 0.3—0.5 um (Milford and David-

son, 1987). Results shown above confirm that the variations in the MMD and GSD

values of SOi' were caused by different air mass origins (which control the emissions

of the gaseous precursor) and by meteorological conditions (which control physical and
. o .

chemical processes that produce SO, and remove it from the atmosphere).

3.2 Nitrate

Fine NO; is produced by the gas-phase reaction of HNO5 with NH; while coarse NO,
is formed by the heterogeneous reaction of HNO5 gas with sea salt or soil dust particles
(Yoshizumi and Hoshi, 1985). The chemistry favors the production of NH,NO; at high
humidity and low temperature (Allen et al., 1989).

Unlike SOi', whose concentrations are usually higher in the hot season, NO; con-
centrations are much higher during the cold season due to its favoured low temperature
reaction thermodynamics and its volatility in hot weather. This was found to be the case
for the campaign-average NO; concentrations at Frelighsberg, Algoma, Chalk River,
and Lac Edouard. It is noted that the NO; concentrations during FRS1 (November,
2001) were more than ten times higher than during FRS2 (may, 2002) despite the fact
that the temperature difference during these two campaigns was small (a few degrees).
The very large difference in the campaign-average NO, concentrations was caused
by a combination of the different air-mass origins and different temperatures since a
larger percentage of air mass trajectories were from the high emission regions and the
temperature was lower during FRS1 compared to FRS2. At Sprucedale, no apparent
seasonal difference was found, suggesting that the effects of different air-mass origins
and the effects of different temperatures during the two campaigns cancelled each
other out. At Kejimkuijik, the hot season campaign had a slightly higher average NO;
concentration than the warm season campaign, but the hot season was determined
by coarse particle NO;, consistent with considerably higher Ca®*concentrations and
more frequent trajectories over the high NO, emission areas of eastern North America.
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Similar to SOi‘, higher NO; concentrations were found in general at locations close
to the high NO, and NH; emission areas and/or with higher frequencies of air masses
over the high emission areas. The campaign-average mass concentrations of NO;

ranged from 0.1-3.6 ug m=3 depending on location and season (Table 4).

The fraction NO, mass concentrations in the fine mode were 78-90% during the
seven cold-season campaigns (FRS1, EGB1, ALG1, LED2, CHA1, SPR2 and BRL1)
and 23-36% during the seven warm-season campaigns (FRS2, KEJ1, KEJ2, ALG2,
LED1, CHA2 and SPR1). Thus, as expected from reaction kinetics, coarse particle
NO; dominated in the warm seasons while fine particle NO; dominated in the cold
seasons (except at Kejimkujik and Sprucedale). This also explains the much higher
NO; concentrations during the cold seasons compared to the warm seasons. These
results agree with previous studies at different locations (e.g., Kadowaki, 1976; Fisseha
et al., 2006). Note that the fine fraction of the total NO; mass concentrations also
depends on the amount of available NH; as discussed below in Sect. 3.7. The coarse
nitrate fractions in the hot seasons discussed above should be treated as an upper-
end estimation due to the possibility of the loss of fine particle NH,;NO5 collected by
MOUDI which could have exaggerated the relative importance of coarse versus fine
mode nitrate (Lee et al., 2008).

During the seven cold-season campaigns, the campaign-average NO; size distribu-
tions showed a bimodal distribution with one peak located in the 0.3—0.6 um range and
another in the 4.0-7.0 um range (Fig. 4). During the seven warm or hot-season cam-
paigns, NO; showed only one coarse mode peak at 4.0-7.0 um. The size distribution
profiles varied significantly with location and season.

The MMD for fine NO; ranged from 0.38 to 0.66 um at non-coastal sites, with GSD
ranging from 2.0 to 2.3 (Table 5). At the coastal site (KEJ1, KEJ2), the MMD and GSD
were around 1.0 um and 3.0, respectively, larger than at other rural sites. The MMD
and GSD for coarse NO, were 4.4-5.4 um and 1.4-1.47, respectively. The MMD and
GSD values for both fine and coarse NO, are quite close to previous measurements
at different locations (e.g., Ruijgrok et al., 1997).
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3.3 Ammonium

NH:[ is formed from its gaseous precursor NH; through gas-phase and aqueous-phase
reactions with acidic species (e.g., H,SO,, HNO3; and HCI). Among the reaction prod-
ucts, (NH,),SO, is preferentially formed and the least volatile; NH,NOj is relatively
volatile and NH,Cl is the most volatile. Volatility increases with increasing air temper-
ature and decreasing humidity (Pio et al., 1987; Mozurkewich, 1993). Note that NH5
emissions are considerably higher during the warm/hot seasons than during the cold
seasons due to increased agricultural activity and temperature-related emissions.

It was noted above that SOi’ production is higher in the warm/hot seasons. NH,
production is also expected to be higher in the warm/hot seasons due to higher NH;
emissions and the preference of the formation of (NH,),SO,. Thus, the seasonal cy-
cles of NH; concentrations should be similar to SOi' at the same locations. This is

consistent with the campaign-average SOi‘ and NH:{ concentrations shown in Table 4.

Higher NH; concentrations were found at locations close to high NH; emission ar-
eas and/or with a higher frequency of air masses that traveled over high NHzemission
areas. For example, very high concentrations of NHZ were observed at Egbert and
Bratt’s Lake in the cold season. At Egbert, only 6% of the air masses were from the
low NH4 emissions clusters (NNW and NNE). At Bratt’s Lake, Clusters SSE, WNW_L,
WNW, NNW all passed over high NH; areas. Thus, these two campaigns had the
highest NH; concentrations. Both local sources and long range transport played im-
portant roles in the observed high NHZ concentrations. The campaign-average mass
concentrations of NHZ ranged from 0.2-2.0 ug m~2 across the region.

The fine fraction of NH, mass concentrations constituted 92-99% of the total NH}
during thirteen of the fourteen campaigns. The only exception was during KEJ2 when
the fine fraction was 80% of the total. The dominance of the fine NH} fractions shown
in Table 4 and in Fig. 4 suggests that most NHZ was created by homogeneous reac-
tions with a unimodal size distribution peaking at 0.3-0.6 um over most campaigns. A
small second mode, with a peak at 6 um, was found during ALG1 and a trimodal distri-
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bution was found during KEJ2 at a coastal site. Such trimodal distributions have been
observed at other coastal locations and are likely caused by a combination of differ-
ent physical and chemical processes (e.g., aqueous phase chemistry, condensational
growth, droplet evaporation, see discussions in Zhuang et al., 1999). The MMD and
GSD for fine NHZ were in the range of 0.25-0.48 um and 2.0-2.5, respectively, and
for coarse NHZ, in the range of 3.6—4.6 um and 1.3—1.5, respectively. Not surprisingly,

these values are very close to those of SOi'. These two species also had very similar
geographical distributions and size distributions.

3.4 Chloride and sodium

Most CI~ and Na* measured during the campaigns are thought to be due to sea salt
(KEJ1 and KEJ2) and road salt (other campaigns). Note that salt is spread on roads in
the wintertime in many areas of Canada to melt ice and snow. The campaign-average
concentrations for both CI~ and Na* were very low during most campaigns, but as
expected, relatively high during KEJ1 and KEJ2 (coastal site). The KEJ2 campaign had
much higher concentrations of CI~ and Na™ compared to KEJ1 (0.42 vs. 0.16 ug m=3
for CI” and 0.34vs. 0.24 ug m~° for Na™). On the other hand, KEJ2 had much lower
concentrations of the rest of the species, e.g., the concentrations of Ca’* andK* during
KEJ2 were only ~15% of those during KEJ1. The different air mass origins shown in
Fig. 2 certainly played the major role in the concentration differences of all ion species.
By comparing wind speed observed during these two campaigns and the length of 1-
day back trajectories (figure not provided), it was found that the trajectory speeds from
the Atlantic Ocean were stronger during KEJ2 than during KEJ1. This also caused
higher sea salt emissions during KEJ1. During a cold-season campaign at Algoma,
very high concentrations of CI~ and Na* were observed, which was identified to be
caused by a local source of road salt as will be discussed in Sect. 3.6.

At the coastal site (KEJ1, KEJ2), only around 10% of the CI” mass and 15-30% of
the Na™ mass were found in the fine fraction. At other locations, the fine fraction of CI~
and Na* mass ranged from 35-70%. This is because of limited sea salt penetration
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from coastal areas.

Size distributions of CI~ and Na™ were very similar during most campaigns, except for
KEJ1, which exhibited different modes for Na* and CI~ (Fig. 5). For the campaigns with
very low concentrations, the size distributions shown in Fig. 5 will be highly uncertain
due to large measurement uncertainties. For those campaigns with relatively high
concentrations, the size distributions were either unimodal at ~6 um for both CI™ and
Na* during EGB1 and KEJ2 or bimodal, with one mode at 2 um and the other at 6 um,
during ALG1 and CHA1. The size distributions of CI~ and Na* were also unimodal
during KEJ1, although at a different mode size. Note that during ALG1, the first mode
(~2 um) had higher concentrations than the second mode (~6 um) while during CHA1,
the first mode had lower concentrations compared to the second mode.

The MMD for CI~ and Na™ are only presented in Table 5 for those campaigns in which
the concentrations were not too low and the data was of relatively good quality. MMD
for both CI~ and Na* were around 4-5 um for the coarse fractions and 0.4—0.7 um for
the fine fractions. GSD for the coarse and fine fractions were around 1.5 and 3.5-6,
respectively.

3.5 Potassium, magnesium and calcium

K™ has additional sources than the other cations, which are mainly soil-derived, that is,
biomass burning and vegetation. M92+ and Ca®* are generally from soil particles with
a small component from sea salt. Very low concentrations were observed for K™ and
Mg2+ at all rural sites. Ca®* had the highest concentrations among all cations during
most campaigns at non-coastal sites.

Fine particle K* concentrations and coarse particle Mg2+ and Ca®* concentrations
dominated their respective total mass concentrations during most campaigns. The al-
most equal amounts of K* in the fine and coarse fractions during KEJ1 and a few other
campaigns suggest that emissions from soil dust and emissions from biomass burn-
ing and vegetation were equally important. Enhanced K™ concentrations in submicron
particles were also found in previous studies (Andreae, 1983; Gaudichet et al., 1995;
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Jaffrezo et al., 1998). The size distribution of K* was bimodal, with one mode peaking
at 0.3—0.5 um and the other at 4—6 um. Mgz+ and Ca®* also had bimodal distributions
(one at 2.5 um and the other at 6 um) during several campaigns. In a few campaigns,
an extra fine mode was also observed (e.g., Ca®* in CHA1 and CHA2); however, the
concentrations were extremely low and thus, the size distributions shown in Fig. 5 might
not represent the real situation. The size distribution of Mg2+ shown for ALG1 seems
to be real since it also had two modes similar to other cation species. The MMD for fine
and coarse K™ were 0.4-1.4 um and 5 um, respectively. The MMD for Mgz”were 0.8—
1.4 um for fine fractions and around 5 um for coarse fractions, and the corresponding
GSD were 2-3 and 5, respectively. MMD and GSD for coarse Ca?* were around 5um
and 1.5, respectively.

3.6 Comparison of campaigns ALG1 and ALG2

ALG1 (cold season) had higher campaign-average concentrations than ALG2 (hot sea-
son) for all the species (Table 4). Individual samples collected during ALG1 and ALG2
and associated trajectory clusters and local meteorology were studied in detail. It was
found that the majority of samples from ALG1 had much higher CI~ and Na* concentra-
tions than in ALG2, in particular three samples in ALG1. The Trans-Canada Highway,
a major transport route, is located 12 km southwest of this site at its closest. During
the winter season, road salt was heavily used to help melt the ice and snow on this
highway. Winds coming from any direction between the south and northwest (150-
315°) would have brought the air to this site that passed over the highway. Thus, the
much higher CI~ and Na* concentrations in ALG1 (>0.4 ug m’a) compared to ALG2
(<0.02 ug m_3) was thought to be caused by the local source of the road salt. The five
year (2001-2005) CAPMoN daily concentration also showed that the average concen-
trations of CI~ and Na™in winter (December, January, February) were ~5 times higher
than the rest of the seasons.

As mentioned in Sect. 3.1, ALG1 had a lower percentage of air masses from clus-
ters SSW and ESE (passing over high emission regions) and a higher percentage
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of air masses from NNW and NNE (passing over clean regions) when compared to
ALG2. The SOi' production rate was also expected to be higher during ALG2 (the hot

season campaign). By looking at the median and mean SOi' concentrations associ-
ated with the different trajectory clusters from the five year (2001—-2005) CAPMoN daily
data, it was found that clusters associated with high emission areas had higher SOi_
concentrations in summer than in winter while clusters associated with clean areas
had lower SOi_ concentrations in summer than in winter (Fig. 6a, only median values
were shown here, mean values have similar seasonal patterns). For example, clus-
ters SSW, ESE and WNW._L had higher SOi_ concentration in summer while clusters

NNE, NNW and WNW had lower SOi' concentrations in summer compared to winter.
The higher soi‘ concentrations in summer from polluted-clusters were caused by the

higher SOi‘ production rate. One cause of the lower SOi‘ concentration in summer
compared to winter from clean-clusters was probably due to the fast removal rate (e.qg.,
by dry deposition). However, further studies are needed to identify all possible causes.
It is noted that many samples in ALG1 associated with clean-clusters had a concen-
tration of ~2 ug m~2 while many samples in ALG2 had a concentration of <0.5 ug m™2
(Fig. 6b and c). This partially explains the higher SOi' concentration in ALG1 than in
ALG2.

Another reason for the higher SOi_ mass concentration in ALG1 is that there was
one 24-h sample (starting at 11:30 of 19 February) that had very a very high concentra-
tion (~20 ug m_3). The sample was associated with clusters SSW and WNW_L and the
wind speed during the period of 19 February was extremely low. As noted in Sect. 2.5,
the slow-moving air-mass passing over high emission areas causes high pollutant con-
centrations, which likely explains the very high concentration of the sample collected
on 19 February. It is worth mentioning that the very low mixing heights in the winter
will likely have also played a role in the high pollutant concentrations associated with
polluted air masses. As a comparison, ALG2 had seven samples during the three-day
period (23-25 June) associated with cluster SSW. The concentrations of these seven
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samples were much higher than the rest of the samples (e.g., 6-12 ug m~° versus 0.5—

3ug m‘3), but substantially lower than the extreme sample collected on 19 February
in ALG1. Thus, despite the higher percentage of air-masses associated with polluted
trajectory clusters in ALG2, the campaign-average concentration was 30% lower com-
pared to ALG1. Several other species (NO3, NH;, K™ and Ca®*) had similar day to

day variations as SOi_ shown in Fig. 6b and c. Thus, these species also had higher
campaign-average concentrations in ALG1 than in ALG2, although the magnitudes of
the differences between the two campaigns were different for different species due to
their different chemical mechanisms and emission sources.

3.7 Acidity of fine particles

Fine particles are known to be responsible for many adverse health effects for which
aerosol acidity seems to play a role (see discussions and references in Haze et al.,
2003 and Moya et al., 2003). NHZ, SOi' and NO, frequently dominate the mass con-
centrations of total fine particles. These ions, and to some extent ClI™, are formed by
gas-to-particle conversion processes through reactions among the gases NH3, H,SO,,
HNO; and HCI. In this chemical system, the formation of nonvolatile (NH,),SO, is pre-
ferred and the formation of semivolatile compounds (NH,NO5 and NH,CI) only occurs
when NHjs is in excess of H,SO, and when favorable meteorological conditions prevail
(e.g., low temperature and high humidity). Since NHsis the major neutralizer of fine
particles (considering the fine particle concentrations of other cation species are very
low, as can be seen in Table 4), the equivalent ratio of NH:{ to the sum of SOi' and
NO; can be a measure of the acidity of fine particles.

Figure 7 shows the ratio of the campaign-average mole-equivalent concentrations of
NHZ to (2*802‘) and NHZ to (2*SO§‘+NO;) using the fine fractions of their respective
total mass concentrations. Values of the latter less than unity strongly suggest that the
particles are acidic. In general, NHZ appears to be in excess of SOi' during most of the

cold-season campaigns (except SPR2) and barely neutralizes SOi' during most of the
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hot-season campaigns. This was caused by higher production of SOi‘ in the warm/hot
seasons compared to the cold seasons (as discussed in section 3.1), despite the fact
that the NH; emissions were also higher in the hot/warm seasons. The lowest ratio
of NH:{ to (2*SO§‘) appeared in the KEJ2, likely due to the low NH; emission in the
area as well as the low frequency of trajectories that traveled over the high ammonia
emission areas of the US Midwest, Southern Ontario and Southern Quebec. This is
consistent with previous reported high incidences of acidic particles in Atlantic Canada
(Brook et al., 1997). Locations close to high NH; emissions (e.g., Bratt’s Lake, Egbert
and Frelighsberg) had the highest ratios of NHZ to (2*SO§‘). The mole-concentration

ratio of NHZ to (2*SOi‘+NO§) was around 1.0 during five campaigns (BRL1, EGB1,
FRS1, FRS2 and ALG2), between 0.8-0.9 during five campaigns (ALG1, CHA1, CHA2,
SPR1 and KEJ1) and <0.8 during the other four campaigns. The ratio was much
higher at locations close to high NH; emissions than at other locations and slightly
higher during the warm/hot seasons than during the cold seasons due a combination
of higher NH; emissions and the very low concentrations of fine NO, particles.

To further investigate the details of NHZ-SOi' and NH; -NOj association, the mole-

equivalent concentration of NH:{ Versus SOi' and NHZ Versus (2*SOi_+NO; ) were
plotted using collected samples from all of the fine particle stages. Based on the scat-
ter plots, the 14 campaigns were grouped into four categories of fine-particle-acidity
(Fig. 8a, b ¢ and d, respectively) and are discussed in details below.

In category 1 (see campaigns KEJ1, KEJ2, LED1 SPR1 shown in Fig. 8a), the ratio
of NHZ/SOi_ is consistently smaller than 2 (Fig. 8a), but mostly larger than 1. This

suggests that NH; was insufficient in neutralizing soi‘ to (NH,),SO,. Thus, NH}
existed as a mix of (NH,),SO4and NH4HSO, (or H,SO, if too little NH,, is available). At
the coastal site (KEJ1, KEJ2), there were also cases having the mole ratio of NHZ/SOi‘
smaller than 1. This suggests that there was an excess of fine SOZ~, which was likely
in the form of H,SO, or associated with base cations. Since no excess NH; was left
to associate with fine NOj, the fine NO; concentrations during these four campaigns
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(KEJ1, KEJ2 LED1 and SPR1) were much lower compared to SOi‘ or NH:{, as was
confirmed by the values shown in Table 4.

In category 2 (FRS2, ALG2 and CHAZ2 in Fig. 8b), the mole ratio of NH:{/SOi_ es-
sentially lies on the line of 2:1 (Fig. 8b). This implies that all fine NH:{ and fine SOi'
existed as (NH,),SO, and the fine NO, concentrations were low since no NH; was
left. This is confirmed in Table 4 where one can see that the fine NO; concentrations
during these three campaigns were 1-2 orders of magnitude lower than soi‘ or NH:{.
Note that there were a few samples from ALG2 and CHA2 belonging to category 1,
although most samples from these two campaigns belonged to category 2.

In category 3 (FRS1, EGB1 and BRL1 in Fig. 8c), the mole ratio of NHZ/SOi' is
larger than 2 (Fig. 8c, upper row), but the mole ratio of NHZ/(Z*SOi'+NO;) lies on the
line of 1:1 (Fig. 8c, lower row). The average mole ratio of NHZ/(2*802’+NO;) were
0.96, 0.96 and 0.94, respectively, during FRS1, EGB1 and BRL1 (Fig. 7). This implies
that fine NH, basically existed as (NH,),SO, and NH,NO;. Table 4 shows that fine
NO; concentrations were on the same order of magnitude as SOi‘ and NH; . Note that
these three studies took place in cold months of the year in areas near high agricultural
emissions sources of NH.

In category 4 (ALG1, LED2, CHA1 and SPR2 in Fig. 8d), the mole ratio of
NHZ/SOi' lies on both sides of the 2:1 line (Fig. 8d, upper row), but the mole ra-

tios of NHZ/(Z*SOi‘+NOg) were equal to or smaller than 1:1 (Fig. 8d, lower row). This
category is actually a mix of the cases of the above three categories plus the situa-
tion when the mole ratios of NHZ/(2*802’+NO;) were smaller than 1:1. Under these

ammonia-limited situations, there was not enough NH:.rr to neutralize both SOi_+NO;
and sometimes not enough just to neutralize SOi'.

It is noted that campaigns belonging to the SOi_-onIy categories 1 and 2 were made
during the warm/hot seasons while SOi'+NO§ categories 3 and 4 were during the
cold seasons. Figures 7 and 8 indicate that the acidity of fine particles depends on
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location and season. The air-mass origins certainly also play an important role as
can be seen from the differences between KEJ1 and KEJ2 shown in Fig. 7. A recent
study at several USA locations also suggested that the relationship between NH:{ and

SO§‘+NO; strong depend on location (different emission sources) and season (differ-
ent meteorological conditions) (Lee et al., 2008).

4 Conclusions

Fourteen short-term field campaigns were conducted at eight selected Canadian rural
sites to measure size distributions of SOi', NO;, NHy, CI™, K*, Na™, Mg®* and Ca®*

using a micro-orifice uniform deposit impactor. Measurement data show that SOi' and
NHZ were predominately in the fine particle mode at most sites. Fine mode NO, domi-
nated its concentrations during the cold seasons while coarse mode dominated during
the warm/hot seasons. Fine mode K* and coarse mode Mg®* and Ca®* dominated
their respective mass concentrations. Coarse particles of CI~ and Na™ dominated their
total concentrations at a coastal site, although substantial amounts of fine particles
were also observed at locations far from the seashore.

A bimodal distribution of SOi‘ and NH; was found during one campaign, a trimodal
distribution during another campaign made at a coastal site, and a unimodal distribu-
tion during the rest of the campaigns. A bimodal distribution, one fine mode and one
coarse mode, of NO; was found during the cold-season campaigns and a unimodal
distribution in the coarse mode during the rest of the campaigns. A unimodal size dis-
tribution in the coarse mode was found for CI~, Na™, M92+ and Ca®* during half of
the campaigns and a bimodal distribution, both in the coarse mode, was found during
the rest of the campaigns. A bimodal distribution, one in the fine mode and one in the
coarse mode, of K" was observed during most campaigns.

Campaign-average air concentrations of all ion species varied by one order of mag-
nitude with the highest concentrations observed at locations with polluted regions and
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the lowest concentrations at remote locations. The geographical and seasonal patterns
of the concentration levels, size distributions and the acidity of fine particles clearly de-
pend on location, season, air-mass origin, and sometimes, local sources. Information
presented in this study will be useful to improve future acid deposition, air-quality and
climate modelling studies.
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Campaign Site Lat N, longW  Campaign period Mean daytime No. of Samples Sample duration
temperature (hour)
(c)
FRS1 . 15-28 Nov 2001 7 17 6-25
FRS2 Frelighsberg, Quebec 45.05,73.06 4 qg May 2002 12 7 11-48
EGB1 Egbert, Ontario 44.23,79.78 6—13 Mar. 2002 2 8 6-16
KEJ1 " " . 29 Jun.—15 Jul. 2002 23 17 8-47
KEJ2 Kejimkuijik, Nova Scotia 44.43, 65.21 25 Oct—15 Nov. 2002 6 20 13-25
ALG1 . 8-27 Feb. 2003 -13 13 19-71
ALG2 Algoma, Ontario 47.04,84.38 5 26 Jun. 2003 22 24 10-50
::Eg; Lac Edouard, Quebec 47.68, 72.44 1; OZZt.égchz)\ao:oos ;9 ;2 ;t;'g
g:ﬁ; Chalk River, Ontario 4606, 77.40  22pan 21 Fen.2004 10 5 s
SPR1 . 17 Aug.—18 Sep. 2004 19 17 24-96
sprz  Sprucedale, Ontario 45.42,79.49 " 46 Nov.-12 Dec. 2004 0 12 13-152
BRL1 Bratt’s Lake, Saskatchewan 50.20, 104.20 11 Feb.—4 Mar. 2005 -8 11 21-106
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Table 2. Percentage of data from selected size stages (3—10 stages for SO?, NH;, NO;

and K* and 1-8 stages for CI”, Na*, Mg?* and Ca®*) having concentrations higher than their
respective 3SDB (3 times standard deviation of all blanks divided by the mean sample volume)
and defined data -quality categories for all particle species during 14 campaigns (1 represents
most reliable and 4 represents least reliable).
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FRS1 FRS2 EGB1 KEJ1 KEJ2 ALG1 ALG2 LED1 LED2 CHA1 CHA2 SPR1 SPR2 BRL1
Percent data completeness in Relevant Size Bins
so?i‘ 99 96 98 100 98 100 90 82 96 100 98 100 100 99
NH, 93 93 94 88 85 94 92 53 90 99 94 81 92 90
NO; 87 34 88 78 94 75 100 27 47 93 64 82 89 100
cI~ 7 0 31 10 46 60 6 16 28 68 20 1 19 80
Na* 20 4 31 20 49 83 15 21 43 93 17 16 49 88
K* 35 27 30 21 3 43 26 43 26 57 43 40 41 78
Mg2+ 1 2 31 69 64 85 49 9 24 63 77 41 32 86
ca®* 19 48 52 42 8 51 45 36 31 43 65 95 76 70
Data-Quality Category

802’ 1 1 1 1 1 1 1 2 1 1 1 1 1 1
NH, 1 1 1 2 2 1 1 3 1 1 1 2 1 1
NO; 2 3 2 2 1 2 1 3 3 1 3 2 2 1
CI~ 4 4 3 3 2 2 4 3 3 2 4 4 3 2
Na* 4 4 3 3 2 2 3 3 3 1 4 3 2 2
K* 3 3 3 3 4 3 3 3 3 3 3 3 3 2
Mg2+ 4 4 4 2 2 1 2 4 4 2 2 3 3 1
ca®* 3 3 3 3 4 2 3 3 3 3 2 1 3 2

13831

00


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/8/13801/2008/acpd-8-13801-2008-print.pdf
http://www.atmos-chem-phys-discuss.net/8/13801/2008/acpd-8-13801-2008-discussion.html
http://creativecommons.org/licenses/by/3.0/

Table 3. Mean and median (left and right column separated by “”) atmospheric concentra- ACPD
tions (ugm™2) of SOi', NO;, NHy, CI™, Na*, K7, Mg?* and Ca®* generated from CAPMoN

monitored data during the period of 2001-2005. 8, 13801-13845, 2008
Site  Cluster SOZ” NOj NH; cr Na* K* Mg®* ca®*
ALG ESE 229,119 033,011 070,034 001,000 004 002 004 003 003 001 0.2 0.04 Size distribution of
NNE 072,058 022010 022014 002001 005003 002 002 002 001 0.06 003 X .
NNW 076,066 030,011 023 013 004,001 007,004 002002 003 001 0.08 003 inorganic ions

SSW 4.04,2.60 1.32,041 1.54,1.12 0.02,0.01 0.05,0.02 0.07,0.06 0.05 0.02 0.25,0.11
WNW 1.10,0.91 0.70,0.17 0.47,0.27 0.02,0.00 0.05,0.02 0.03,0.02 0.03,0.02 0.12,0.06
WNW:L 1.69,1.20 0.61,0.16 0.61,0.34 0.02,0.01 0.04,0.02 0.04,0.03 0.03,0.02 0.15,0.06
NNE 1.23,1.05 0.83,0.56 0.56,0.47 0.04,0.01 0.050.03 0.07,0.05 0.12,0.07 0.44,0.23 L Zhang et al
NNW 0.85,0.74 0.74,0.49 0.40,0.29 0.06,0.02 0.06,0.04 0.10,0.05 0.11,0.06 0.40,0.21

SSE 165,129 1.22,0.70 0.71,0.50 0.03,0.02 0.08,0.03 0.12,0.07 0.17,0.10 0.67,0.40
BRL WNW 0.75,0.56 0.92,0.54 0.39,0.26 0.05,0.03 0.09,0.03 0.10,0.06 0.12,0.06 0.45,0.25
WNw:L 1.31,1.11 1.27,0.77 0.68,0.50 0.04,0.02 0.07,0.04 0.10,0.07 0.14,0.07 0.51,0.26
Wsw 0.92,0.63 1.30,0.68 0.55,0.29 0.05,0.03 0.10,0.04 0.09,0.06 0.10,0.06 0.41,0.24
ESE 2.30,1.48 041,0.13 072,043 0.02,0.01 0.07,0.03 0.06,0.05 0.02,0.02 0.12,0.05
NNE 0.85,0.63 0.25,0.10 0.24,0.13 0.04,0.01 0.08,0.06 0.03,0.02 0.02,0.01 0.08,0.03
NNW 0.87,0.73 0.36,0.14 0.27,0.15 0.08,0.01 0.11,0.05 0.03,0.02 0.03,0.02 0.09,0.04
CHA WNW 1.50,1.13 0.68,0.19 0.59,0.33 0.05,0.01 0.08,0.03 0.04,0.04 0.03,0.02 0.11,0.06
WNW:L 2.14,1.34 0.46,0.16 0.69,0.38 0.03,0.01 0.07,0.03 0.05,0.04 0.03,0.02 0.13,0.06
Wwsw 3.70,246 092,026 1.32,1.02 0.03,0.01 0.06,0.03 0.080.06 0.03,0.02 0.15,60.07
NNE 157,115 1.58,0.74 0.75,0.47 0.14,0.05 0.12,0.05 0.05,0.04 0.08,0.06 0.99, 0.46
NNW 1.37,1.11 1.84,0.90 0.77,0.47 0.32,0.08 0.24,0.07 0.04,0.04 0.09,0.07 1.04,0.54
SSE 5.31,342 274,186 226,167 0.12,0.04 0.10,0.05 0.08,0.07 0.10,0.06 1.08,0.52
EGB WNW 1.97,1.49 2.66,1.34 1.22,0.77 0.19,0.06 0.14,0.05 0.05,0.04 0.08,0.06 0.78,0.42
WNW:L 3.52,2.30 3.12,2.00 1.76,1.27 0.19,0.06 0.15,0.05 0.07,0.06 0.10,0.07 1.16,0.57
WSwW 4.91,3.60 345,205 237,183 0.12,0.05 0.10,0.06 0.09,0.08 0.10,0.06 0.87,0.48
ENE 1.40,1.05 0.73,0.39 0.61,0.46 0.06,0.02 0.10,0.04 0.04,0.04 0.03,0.02 0.22,0.13
NNW 1.17,0.89 0.93,0.65 0.55,0.39 0.24,0.05 0.22,0.09 0.04,0.04 0.04,0.04 0.41,0.30
NNW:L 1.39,1.07 0.97,0.64 0.66,0.50 0.15,0.03 0.15,0.06 0.05 0.04 0.04,0.03 0.35,0.28
FRE SSW 3.51,2.37 1.11,0.64 1.45,1.02 0.09,0.02 0.12,0.04 0.06,0.06 0.03,0.03 0.27,0.18
WNW 211,151 135,081 1.02,0.76 0.14,0.03 0.14,0.04 0.05,0.05 0.04,0.03 0.35,0.25
Wsw 4.12,2.91 184,099 187,148 0.09,0.03 0.11,0.05 0.08,0.07 0.04,0.03 0.37,0.25
ESE 1.33,1.00 0.30,0.12 0.26,0.15 0.40,0.08 0.39,0.19 0.04,0.03 0.05,0.03 0.05,0.02
NNE 0.82,0.73 0.24,0.19 0.15,0.11 0.42,0.26 0.40,0.31 0.03,0.02 0.05,0.04 0.04,0.03
NNW 1.16,0.82 0.36,0.20 0.25,0.15 0.44,0.28 0.45,0.34 0.04,0.03 0.06,0.04 0.05,0.04
KEJ SSW 2.68,1.60 0.27,0.12 0.51,0.31 0.31,0.04 0.40,0.22 0.06,0.04 0.05,0.03 0.04,0.03
WNW 2.86,1.92 0.54,0.28 0.69,60.47 0.32,0.09 047,033 0.06,0.05 0.06,0.04 0.08, 0.04
WNW:L 1.98,1.27 0.29,0.18 042,025 0.28,0.07 0.36,0.26 0.05,0.03 0.05,0.03 0.05,0.03
ESE 1.24,0.89 0.15,0.06 0.34,0.21 0.02,0.01 0.06,0.02 0.03,0.03 0.01,0.01 0.05,0.02
NNE 0.58,0.44 0.16,0.09 0.15,0.08 0.04,0.01 0.07,0.05 0.03,0.02 0.01,0.01 0.05,0.02
NNW 0.68,0.50 0.22,0.10 0.18,0.09 0.07,0.01 0.10,0.06 0.02,0.02 0.02,0.01 0.05,0.03
LED WNW 1.27,0.94 0.40,0.14 0.44,0.23 0.04,0.01 0.09,0.03 0.04,0.03 0.02,0.01 0.06,0.03
WNW:L 1.30,0.84 0.26,0.11 0.40,0.21 0.04,0.01 0.07,0.08 0.04,0.03 0.02,0.01 0.07,0.03
Wsw 3.11,1.98 0.46,0.14 1.01,0.68 0.02,0.01 0.06,0.03 0.06,0.05 0.02,0.01 0.09,0.04
SPR ESE 3.67,2.03 0.38,0.15 1.12,0.65 0.01,0.01 0.04,0.02 0.05,0.04 0.02,0.01 0.14,0.07
NNE 0.99,0.71 0.24,0.09 0.29,0.16 0.02,0.01 0.05,0.02 0.03,0.02 0.02,0.01 0.08,0.03
NNW 0.80,0.70 0.39,0.13 0.27,0.15 0.06,0.01 0.08,0.03 0.03,0.02 0.02,0.01 0.08,0.04
WNW 1.29,0.89 0.63,0.15 0.52,0.25 0.03,0.00 0.05,0.02 0.03,0.03 0.02,0.01 0.11,0.05
WNW:L 2.24,1.37 0.60,0.18 0.78,0.41 0.02,0.01 0.05,0.02 0.04,0.03 0.03,0.02 0.14,0.06
Wsw 442,274 092,032 1.59,1.06 0.02,0.01 0.04,002 0.07,0.06 0.04,0.02 0.19,0.09

13832


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/8/13801/2008/acpd-8-13801-2008-print.pdf
http://www.atmos-chem-phys-discuss.net/8/13801/2008/acpd-8-13801-2008-discussion.html
http://creativecommons.org/licenses/by/3.0/

Table 4. Campaign-average species mass concentrations (C, ug m‘3), fine fraction (PM, 5)
species concentrations (C;, ug m_3) and percentage of mass in the PM, ; fine fraction (P, %)
for soi‘, NOg, NH;, CI7, Na*, K7, Mg?* and Ca®". Standard deviations are shown after the
+. The mean value of 0 represents a value <0.005.

ACPD
8, 1380113845, 2008

Size distribution of
inorganic ions

L. Zhang et al.

FRS1 FRS2 EGB1 KEJ1 KEJ2 ALG1 ALG2 LED1 LED2 CHA1 CHA2 SPR1 SPR2 BRL1
C(SO27) 2464235 2.05+1.88 3.22+1.87 3.41%4.4 1.09+12 3984523 29124.37 1.46£3.76 0.65+0.79 1.63+1.69 244162 4.45:584 0.88+0.38 1.16£0.63
C/(SOZ) 2.34+2.31 24184  3.07+1.74 3.26:4.19 0.86£0.74 3.64+4.42 2.85+4.31 1.41+3.68 0.61+076 1.55+1.62 2.32+1.54 4.32+5.66 0.82+0.35 1.040.58
P(SO¥) 95 98 96 9% 79 91 98 97 95 95 95 97 93 2
C(NO;) 177422 0.13:0.18 3.13:+2.44 0.55:0.63 0.34:0.65 3.62+3.31 0.29:0.4 0.09+0.17 0.28+0.67 0.87+2.09 0.16+0.09 0.33:+0.46 0.33:04 2.36+1.9
C/(NO;) 1.5241.99 0.05£0.06 2.8+2.22 0.17£0.18 0.09+0.12 2.83+2.42 0.07+0.08 0.02+0.02 0.23+0.55 0.73+1.83 0.05+0.04 0.11£0.29 0.26+0.36 2.07+1.73
P(NO;) 86 37 90 31 25 78 24 23 83 84 28 33 79 88
C(NH])  1.37+135 0774073 24124 1054122 0254038 1944254 1.08+1.59 0.41+1.06 0.24+045 0.67+1.06 0784054 1424189 0.31+023 1.05+0.63
C/NH;) 1.32+41.32 0.76:0.73 196412 1.03£1.19 024024 1.8+21  1.06+157 0.41+1.04 0.23+043 0.65+1.04 0.76+0.53 1.39+1.84 0.29:0.22 0.99+0.59
P(NH;) 97 99 98 98 80 92 98 98 95 97 97 98 95 94
C(CI)  0.06+0.06 0.01+0.01 0.23:0.11 0.164£024 0.42+0.44 0.48£0.39 0.01£0.01 0.05+0.06 0.02+0.03 0.12£0.17 0.01£0.02 0.01£0.01 0.02+0.02 0.07+0.05
C/(CI")  0.04£0.06 0.01+0  0.1£0.06 0.02:0.03 004005 022402 0.01£0.01 0.02+0.03 0.01£0.02 0.04£0.04 0.01£0.01 00 0.01£0.01 0.04£0.03
Py 7 69 42 14 1 45 58 49 64 34 59 53 49 65
C(Na*)  0.06+0.04 0.02+0.01 0.19£0.07 0.24£0.33 0.34+0.44 043£029 0.02+0.02 0.05+0.04 0.02+0.02 0.15:0.16 0.02+0.02 0.03+0.02 0.04+0.01 0.04£0.02
C/(Na') 003002 0.01£0.01 0.07+£0.03 0.07+0.09 0.05+0.07 0.224£0.16 0.01+0.01 0.03+0.03 0.01£0.01 0.07+0.06 0.01£0.01 0.02+0.01 0.02+0.01 0.02+0.01
P(Na*) 55 67 35 28 16 51 70 64 69 49 53 64 65 55
C(K*Y) 0.06+0.04 0.03+0.01 0.11£0.05 0.0940.07 0.01£0.02 0.16£0.15 0.08+0.08 0.06+0.03 0.03+0.03 0.06+0.06 0.06+0.03 0.06+0.03 0.03+0.02 0.07+0.07
C/K')  0.05£0.03 0.03:0.01 0.08£0.03 0.07£0.07 0.01£0.01 0.12£0.13 0.06£0.07 0.03£0.02 0.02+0.02 0.05:0.05 0.03+0.02 0.04+0.03 0.02+0.01 0.06+0.06
P(KY) 82 80 78 83 36 77 72 55 68 88 50 66 77 81
C(Mg®")  0.01£0.01 0£0.01 0.02£0.01 0.05£0.05 0.04+£0.05 0.1240.07 0.07£0.22 0.01£0.01 00 0.02£0.03 0.0240.01 0.02£0.01 0.01£0  0.05:+0.04
C/(Mg?*) 00 040 0+0 0.01£0.01 0.01£0.01 0.06+0.05 0.02£0.09 0+0 0+0 0.01£0.01 00140 020 0+0 0.010.01
P(Mg**) 7 12 23 30 19 45 30 33 51 52 31 21 53 18
C(Ca®*) 0.14+02 014014 0.23+0.14 0124012 0024002 0414026 02+0.26 0.05+0.07 0.02+0.04 0.09+0.25 0.1+0.09 0.16+0.12 0.04+0.02 0.2140.14
C/(Ca®*) 0.02£0.02 0.03+0.03 0.08+0.06 0.04:0.04 0.01£0.02 0.12£0.12 0.05£0.09 0.02+0.02 0.01x0  0.03+0.07 0.03+0.06 0.03+0.03 0.02+0.01 0.03+0.02
P(Ca®*) 13 21 35 34 44 29 26 30 22 37 29 21 41 17
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Table 5. Mass median diameter (MMD) (in um) and geometric standard deviation (GSD) (sep-

arated by ;") for total, fine (F) and coarse (C) particles for 8 species measured.

ACPD
8, 1380113845, 2008

Size distribution of
inorganic ions

L. Zhang et al.

FRS1 FRS2 EGB1 KEJ1 KEJ2 ALG1 ALG2 LED1 LED2 CHA2 SPR1 SPR2 BRL1
S02” 0.45;2.47 028,269 0.44;24 038,265 067;374 0527 029,261 044,228 047;2.37 042,27 046,239 056;2.56 0.43;2.8
F(Sog’) 0.4;21 026,242 04;213 035237 04,238 041,217 027,244 042,212 043,21 0. 0.38;2.37 044,22 049,221 0.37;2.26
C(SOY) 4.4;145 445,147 416,141 414,145 463,147 439,146 425147 403,146 401,145 428,147 425148 404149 411,145 4.38;1.45
NO; 0.63;2.91 203,396 055,258 3.152.64 3.93;299 073,366 3.76;4.25 3.41;403 079;322 063,34 258522 241,504 098308 048292
F(NO;) 0.46;2.06 0.44;1.96 1.09;2.66 1.01;33 0.43;2.29 0.55;2.28 0.44;2.45 0.66;2.24 0.38;2.13
C(NO;) 4.37;1.42 457,1.41 438,14 458,144 485146 494,146 543,143 503,141 461,147 454145 529,143 511,143 444,146 455,1.46
NH; 0.43;2.25 026,258 0.41;2.16 035244 067,369 046,265 028267 042,217 0523 039,247 03825 045233 053252 0.39;2.43
F(NH; 04,204 025,242 04,205 034,234 042,242 039;2.17 026,248 0.4;2.05 047,209 0.36;2.26 0.36;2.3 043,221 048,226 0.352.14
C(NH]) 4.21;1.43 462,148 3.63;129 4.04;1.48 4.6,1.48 451,144 445151 412,146 3.88,1.44 429,148 4.6;1.52 376,148 3.93;1.43 4.18;1.43
cr- 4.38;1.88 5.64;2.07 1.87;5.48 1.77; 4.48 2.11;6.48 0.86; 5.63
F(Cr) 0.63; 5.06 0.74; 4.37 0.38; 3.59
c(cr) 5.3;1.42 489,141 513,143 4.59;1.49 4.15;1.43 5.13;1.47 4.84; 1.49
Na* 3.49;1.81 1.75; 4.7 1.28; 4.16 1.79; 4.89 1.16; 5.01
F(Na*) 0.67;3.79 0.69; 3.61 0.61; 4.06 0.51;3.53
C(Na*) 4.92;1.43 4.49;1.43 4.99;1.44 4.68;1.48 4.02;1.43 4.87;1.47 4.59;1.48
K* 0.55; 5.62 1.05; 6.22 0.42;4.12  1.38;6.03 0.61;3.17
F(KY)  028;32 02,46 034,287 0.31;3.77 0.26;3.55 0.35;4.19 0.31;3.01 0.37;3.91 0.45;2.35
C(K*) 477,15 4.53;1.44 477,152 5.05;1.46 4.49;1.45
Mg?* 348,231 47,251 256,326 227,7.78 3.11;3.55 225;2.88 2.91;4.99
F(Mg**) 0.86; 3.38 14,218 123,297 1,244 0.92;3.13 .18
C(Mg**) 4.95; 1.47 461,145 498,144 493,149 545,145 4.81;1.47 4.65;1.47 5.18;1.47
Ca** 2.79,5.65 3.43;4.95 2.63;4.04 3.17;4.66 4.98,2.6
F(Ca?*) 0.36;5.3 0.48;4.73 0.7;352  0.53;4.16 1.21;2.62
C(Ca®*) 527,147 53;146 4.96;1.44 5148 543,146 54;146 506,146 537,146 51;1.46 53,146 5.35 1.44 5.23;1.45
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244735

Size distribution of
inorganic ions

L. Zhang et al.

Fig. 1. Maps of emission sources of SO,, NO, (in the equivalent mass of NO,), NH; and PM,,
based on 2000 Canadian and 2001 US emission inventory (the unit is tonnes/grid/year with the

grid size of ~42 km by 42 km).
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=52, Oct25-Nov15, 2002

Fig. 2. Locations of the eight measurement sites and the six trajectory-clusters at these sites
defined from the average of 2001-2005 three-day six-hourly back trajectories. Number in the
bracket positioned at the end of each cluster represents the percentage of all trajectories asso-

ciated with that cluster during the specific campaign period.

13836

40


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/8/13801/2008/acpd-8-13801-2008-print.pdf
http://www.atmos-chem-phys-discuss.net/8/13801/2008/acpd-8-13801-2008-discussion.html
http://creativecommons.org/licenses/by/3.0/

Concentration (ug m3)

Fig. 3. Examples of measured data, each color/symbol represents one sample at all MOUDI
stages. Dashed blue line represents 3SDB (3 times standard deviation of all blank values
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Fig. 4. Average size distributions of SOi', NH;r and NO; during 14 field campaigns.
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Fig. 6. (a) Median SOi' concentration for 6 trajectory clusters from CAPMoN 2001-2005 daily
data, (b) and (c) SOi' concentrations from individual samples measured during ALG1 and

ALG2, respectively.
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Fig. 7. Average fine fraction mole-equivalent concentration ratios of NH; to SOi_ and NH, to
the sum of SOi‘ and NO; during 14 campaigns (left to right, from the coldest season to the

warmest season).
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Fig. 8c. Scatter plot of NH} vs. SO;~ (upper row) and NH; vs. (2*SO; + NO3) (lower row)
using all stage samples of fine particles. Solid lines represent 2:1 (upper row) or 1:1 (lower
row). See category 3 discussions in Sect. 3.7.
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