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Abstract. Mass concentrations of sulphate, nitrate, ammo-
nium, organic carbon (OC), elemental carbon (EC) were de-
termined from real time single particle data in the size range
0.1–3.0 µm measured by an Aerosol Time-of-Flight Mass
Spectrometer (ATOFMS) at urban and rural sites in Canada.
To quantify chemical species within individual particles mea-
sured by an ATOFMS, ion peak intensity ofm/z−97 for sul-
phate,−62 for nitrate, +18 for ammonium, +43 for OC, and
+36 for EC were scaled using the number and size distribu-
tion data by an Aerodynamic Particle Sizer (APS) and a Fast
Mobility Particle Sizer (FMPS). Hourly quantified chemical
species from ATOFMS single-particle analysis were com-
pared with collocated fine particulate matter (aerodynamic
diameter< 2.5 µm, PM2.5) chemical composition measure-
ments by an Aerosol Mass Spectrometer (AMS) at a rural
site, a Gas-Particle Ion Chromatograph (GPIC) at an urban
site, and a Sunset Lab field OCEC analyzer at both sites.
The highest correlation was found for nitrate, with correla-
tion coefficients (Pearsonr) of 0.89 (ATOFMS vs. GPIC)
and 0.85 (ATOFMS vs. AMS). ATOFMS mass calibration
factors, determined for the urban site, were used to calcu-
late mass concentrations of the major PM2.5 chemical com-
ponents at the rural site near the US border in southern On-
tario. Mass reconstruction using the ATOFMS mass calibra-
tion factors agreed very well with the PM2.5 mass concentra-
tions measured by a Tapered Element Oscillating Microbal-
ance (TEOM,r = 0.86) at the urban site and a light scattering
monitor (DustTrak,r = 0.87) at the rural site. In the urban
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area nitrate was the largest contributor to PM2.5 mass in the
winter, while organics and sulphate contributed∼64 % of the
summer PM2.5 in the rural area, suggesting a strong influence
of regional/trans-boundary pollution. The mass concentra-
tions of five major species in ten size-resolved particle-types
and aerosol acidity of each particle-type were determined for
the rural site. On a mass basis sulphate and OC rich particle-
types (OC-S and OC-S-N) accounted for up to 59 % of the
particles characterized and aerosols were weakly acidic in the
rural area. This is the first study to estimate hourly quantita-
tive data of sulphate, nitrate, ammonium, OC and EC in am-
bient particles from scaled ATOFMS single particle analysis;
these were closely comparable with collocated high time res-
olution data of sulphate, nitrate and ammonium detected by
AMS and GPIC.

1 Introduction

Numerous epidemiological studies have revealed significant
associations between adverse cardiorespiratory health and
exposure to atmospheric particulate matter (PM) with an
aerodynamic diameter less than 2.5 µm (PM2.5) (e.g. Dock-
ery et al., 1993; Burnett et al., 1995; Schwartz et al.,
1996; Janssen et al., 2003). There have been deviations
between the strength of the association identified by these
studies, reflecting that the use of PM mass concentration
is insensitive to heterogeneities in physical and chemical
PM characteristics (K̈unzli et al., 2006). Toxicology stud-
ies have documented that specific PM components contribute
to the observed toxicity: catalytic transition metals (Stohs
and Bagchi 1995), surface adsorbed organics (polycyclic

Published by Copernicus Publications on behalf of the European Geosciences Union.

http://creativecommons.org/licenses/by/3.0/


7028 C.-H. Jeong et al.: Quantification of aerosol chemical composition

aromatic hydrocarbons and quinones) (Squadrito et al., 2001)
and endotoxins (Thorne, 2000) are able to elicit oxidative
stress in the lung via their direct or indirect ability to gener-
ate reactive oxygen species (Pourazar et al., 2005).

A real-time, single particle instrument, such as an Aerosol
Time-of-Flight Mass Spectrometer (ATOFMS), can provide
size resolved chemical information on ambient PM in real
time. To characterize individual ambient particles, ATOFMS
instruments have been deployed in many sites in the US, the
UK, Greece, Mexico, Ireland, Switzerland, China, the coast
of India, and the coasts of Korea (e.g. Guazzotti et al., 2001;
Middlebrook et al., 2003; Beddows et al., 2004; Dall’Osto
and Harrison, 2006; Sullivan et al., 2007; Moffet et al.,
2008, Zhang et al., 2009; Healy et al., 2010; Kamphus et al.,
2010). Quantification of chemically resolved composition in
ambient particles from single particle analyses is problem-
atic mostly due to particle size, shape dependent transmis-
sion efficiency, chemical composition dependent ionization
efficiency, and variability in ion intensity for identical par-
ticles (Allen et al., 2000; Kane and Johnston, 2000; Reilly
et al., 2000; Wenzel and Prather, 2004). For quantitative
analysis of mass spectra, peak areas of ions from a parti-
cle mass spectrometer were corrected using relative sensi-
tivity factors for different ions determined from laboratory
measurements with known chemical compositions (Hinz et
al., 2005). However, the quantification method using relative
sensitivity factors was limited by specific compounds in spe-
cific particle types (Hinz et al., 2005). Several studies have
suggested procedures to scale ATOFMS measurements us-
ing collocated optical particle counters (Wenzel et al., 2003;
Qin et al., 2006; Dall’Osto and Harrison, 2006; Ault et al.,
2009). Scaled ATOFMS counts using APS data were found
to compare well with PM2.5 mass concentrations (Ault et
al., 2009). Size-resolved particle-types from single particle
analysis data were also scaled with number concentrations
measurements from a collocated Scanning Mobility Particle
Sizer (SMPS) (Reinard et al., 2007; Pratt and Prather, 2009).
The transmission bias was evaluated by comparing ATOFMS
data with size segregated mass concentrations measured by a
Micro-Orifice Uniform Deposit Impactor (MOUDI) (Allen
et al., 2000; Bhave et al., 2002; Qin et al., 2006). Qin et
al. (2006) and Dall’Osto et al. (2006) corrected for transmis-
sion losses by scaling with an Aerodynamic Particle Sizer
(APS) and the scaled values agreed well with total PM2.5
mass concentrations and 24-h sampled chemical species col-
lected by a MOUDI. Spencer and Prather (2006) compared
unscaled organic carbon (OC) and elemental carbon (EC)
fractions estimated from ATOFMS ion intensities with OC
and EC concentrations determined using semi-continuous
thermo-optical measurements. Ferge et al. (2006) reported
that the ratio of EC to total carbon (TC, OC + EC) for labo-
ratory generated particles derived from ATOFMS was com-
parable to the values determined by standard thermal tech-
niques. Mass concentrations of particle classes derived from
a clustering analysis of single particle data using another sin-

gle particle mass spectrometer, a Real-time Single particle
Mass Spectrometer (RSMS), were obtained by scaling size
and chemical composition dependent detection efficiencies
of RSMS (Tolocka et al., 2006; Bein et al., 2006; Reinard
et al., 2007). Tolocka et al. (2006) found that mass concen-
trations of particle-types from RSMS single particle analysis
did not always correlate well with continuous sulphate, ni-
trate, and carbon monitoring data. Specifically, during PM
episodic days, the RSMS was found to be offset by a con-
stant value as compared to the continuous monitors.

An ATOFMS was deployed in two winter/summer field
campaigns conducted in downtown Toronto and Harrow, a
metropolitan area and a rural area, respectively, in South-
ern Ontario, Canada. One of the objectives of these field
campaigns was to compare the chemical components mea-
sured by the ATOFMS with collocated high time resolu-
tion measurements of sulphate, nitrate, and ammonium de-
tected by an Aerodyne Aerosol Mass Spectrometer (AMS)
and a Dionex Gas-Particle Ion Chromatography (GPIC). In
the study, the quantitative measurements of particulate ni-
trate, sulphate, ammonium, OC, and EC ion markers in sin-
gle particle mass spectra were obtained by scaling peak in-
tensities (relative peak area and absolute peak area) of the
marker ions measured by the ATOFMS. An enhanced proce-
dure was developed to scale the ATOFMS transmission using
both a TSI 3321 APS and a TSI 3091 Fast Mobility Particle
Sizer (FMPS). The quantitative chemical information esti-
mated using ATOFMS ion intensity data was compared to
collocated high-time resolution chemical species concentra-
tions measured by an Aerodyne AMS, a Dionex GPIC, and a
Sunset Lab field thermal-optical OCEC (Sunset OCEC) ana-
lyzer in both the urban and rural locations.

Mass concentrations of major chemical species were esti-
mated using the ATOFMS, based on linear correlation anal-
ysis between the scaled ATOFMS and measurements by the
GPIC as well as the Sunset OCEC analyzer. Total PM2.5
mass concentrations were reconstructed from the ATOFMS
chemical species at the two sites and evaluated by compari-
son with measured PM2.5 mass concentrations.

2 Experimental methods

2.1 Sampling sites and measurements

An ATOFMS (TSI 3800-100) was deployed in downtown
Toronto, Ontario, Canada from 20 January 2007 to 5 Febru-
ary 2007 as a part of the Seasonal Particulate Observation in
Regional Toronto (SPORT) campaign (Fig. 1). The Toronto
site (43◦39′32.40′′ N, 79◦23′43.33′′ W), a roadside building
at the Southern Ontario Centre for Atmospheric Aerosol Re-
search (SOCAAR) of the University of Toronto, is located
at the intersection of high traffic local streets (∼33 000 vehi-
cles/weekday). Busy expressways were situated to the east
(∼3 km) and south (∼2 km) of the monitoring site. The
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Fig. 1. Locations of monitoring sites during the SPORT (Toronto) and BAQS-Met (Harrow) campaigns.

main sampling inlet of the SOCAAR laboratory was approx-
imately 15 m from the road and 6 m above ground level. The
diameter of the insulated sampling inlet was∼10 cm and the
length was∼8 m. The sampling flow rate was∼150 l min−1.
During the SPORT campaign, the ATOFMS was deployed
with other collocated chemical speciation instruments; a
GPIC and a Sunset OCEC analyzer.

The Border Air Quality and Meteorology Study (BAQS-
Met 2007) was a summer intensive field study conducted
in several locations across southern Ontario to investigate
the influence of local and trans-boundary transported pollu-
tants on local air quality. As part of the BAQS-Met 2007 an
ATOFMS was deployed in a rural area in Harrow, Ontario,
Canada (42◦1′58.95′′ N, 82◦53′35.61′′ W) ∼340 km south-
west of the Toronto site for the period 19 June to 11 July 2007
(Fig. 1). The Harrow site located near Lake Erie was influ-
enced by local industrial sites including the Detroit-Windsor
industrial area and long-range transported emissions from in-
dustrial areas in the midwestern US. Measurements were per-
formed in SOCAAR’s mobile lab (MAPLE) using a stainless
steel sampling tubing (2.5 cm in diameter, 5 m long) at a flow
rate of∼30 l min−1. During the BAQS-Met 2007 campaign,
a Time-of-Flight Aerodyne AMS was also simultaneously
deployed. Comparisons were made between the ATOFMS
quantitative measurements and corresponding chemical spe-
ciation data provided by the AMS and Sunset OCEC ana-
lyzer.

Basic instrumental descriptions of a TSI 3800 ATOFMS
are presented in detail elsewhere (e.g. Gard et al., 1997).
In brief, ambient particles (0.1 l min−1) are drawn through
an Aerodynamic Focusing Lens (AFL, TSI AFL-100) to the

ATOFMS sizing region. In this particle sampling region the
aerosols are accelerated to their terminal velocities depend-
ing on their aerodynamic diameters, which are then deter-
mined by measuring the transit time between two 50 mW
Nd:YAG lasers (532 nm) in the sizing region. Once the parti-
cles enter the mass spectrometer region, a UV laser (Nd:YAG
266 nm,∼108 W cm−2) desorbs and ionizes the particles to
produce positive and negative ions. These ions are acceler-
ated and dual-polarity mass spectra for individual particles
are measured. Polystyrene latex sphere (PSL, 0.2–2.1 µm)
and TSI metal solutions were used for particle size and mass
spectra calibration.

One hour averaged concentrations of sulphate, nitrate, am-
monium, and organics measured by the AMS were compared
to the corresponding PM speciation concentrations measured
by the ATOFMS. The AMS collection efficiencies (CE) were
determined from the AMS light scattering module at Har-
row (Quinn et al., 2006). The AMS data were corrected for
the CE, varying between 0.5 and 1. The transmission parti-
cle size range of the AMS was less than 1 µm, representing
PM1 chemical component measurements, with nearly 100 %
transmission efficiency for particles between 0.07–0.50 µm
(Jayne et al., 2000). A detailed description of an AMS is
provided elsewhere (Jayne et al., 2000; Jimenez et al., 2003).

The GPIC measured water soluble particulate compo-
nents (SO2−

4 , NO−

3 , NO−

2 , NH4, Cl−) and gaseous precur-
sors (SO2, HNO3, HNO2, NH3, HCl) every 15 min, while
the semi-continuous Sunset Lab field OCEC analyzer deter-
mined PM2.5 OC and EC using the thermal-optical transmis-
sion (TOT) method with 2-h time resolution. Detailed de-
scriptions of the GPIC and Sunset OCEC analyzer can be
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found elsewhere (Godri et al., 2009; Jeong et al., 2004).
Hourly PM2.5 data measured by a Tapered Element Oscillat-
ing Microbalance (TEOM) were obtained from the Toronto
downtown monitoring site operated by the Ontario Ministry
of the Environment, approximately 900 m northeast of the
SOCAAR site. Since the heated inlet of the TEOM was op-
erated at 40◦C, a negative artifact due to the loss of ammo-
nium nitrate and semivolatile organics was expected in the
TEOM PM2.5 mass data. During the BAQS-Met campaign,
continuous PM2.5 mass concentrations were measured by a
TSI 8520 DustTrak monitor and a Met One instrument 1020
Beta Attenuation Monitor (BAM) deployed by Environment
Canada.

2.2 Data analysis

During the SPORT and the BAQS-Met campaigns, 1 806 910
and 183 410 particles were sized, respectively, and both size
and positive/negative mass spectra data (hit particles) were
collected for 588 570 and 66 920 ambient particles by the
ATOFMS. The ion intensity for each mass to charge ratio
(m/z) within a particle mass spectrum was expressed as arbi-
trary units (AU), a measure of the number of ions of thism/z
detected. All individual particle mass spectra were converted
into a peak list using TSI MS-Analyze software with the fol-
lowing detection limit criteria: a peak had to contain at least
20 AU above the baseline, have at least 20 squared AU of
area, and represent more than 0.1 % of the total AU detected
for the particle.

Mass to charge ratio values within the positive and neg-
ative spectra were selected to estimate quantitative concen-
trations of the major chemical components in single parti-
cle mass spectra. The bestm/z candidates for the major
components were determined by comparing hourly particle
counts fromm/z−100 to +100 with relevant chemical con-
centrations obtained by the AMS and Sunset OCEC analyzer.
A short list of ATOFMSm/z values were initially selected
as candidate markers based on their strong correlation with
chemical composition measured by the collocated instru-
ments. The final ATOFMSm/zmarkers selected for sulphate,
nitrate, ammonium, OC, and EC werem/z−97 [HSO−

4 ], −62
[NO−

3 ], +18 [NH+

3 ], + 43 [C3 H+

7 /C2H3O+/CHNO+], and
+36 [C+

3 ]; the corresponding mass to charge peaks were in-
tegrated over±0.4 Daltons. It should be noted that the use of
multiple ions for a compound was also explored, (e.g. using
the sum ofm/z−97 [HSO−

4 ] and−80 [SO−

3 ] for sulphate).
However, there was no improvement in the correlation be-
tween the ATOFMS ions peaks and the other collocated mea-
surements. Hence a singlem/zwas selected as the marker for
each aerosol component.

The particle detection efficiency of the ATOFMS depends
on the ability of the instrument to transport particles though
the sizing region as well as to detect the particles with two
sizing lasers (the transmission efficiency) and the capacity
of the particle to then absorb ablation laser photons in order

to produce a measurable mass spectrum (the hit efficiency).
Thus the detection efficiency depends on particle size, shape
and composition (Allen et al., 2000; Kane and Johnston,
2000). The lower transmission efficiencies of smaller sizes
in the ATOFMS create a bias towards particles of a given
size range. In this work the number concentrations of parti-
cles hit by the ATOFMS for twelve size bins between 0.1 µm
and 3.0 µm were scaled by the particle number concentra-
tions simultaneously measured by an APS and an FMPS to
correct for the detection efficiency. The APS measured the
size distribution of particles from 0.5 µm to 20 µm in aerody-
namic diameter with 1 min resolution. The APS also detected
particles smaller than 0.5 µm using a light scattering mode.
However, these light scattering data were not used due to the
associated high uncertainty (Peters and Leith, 2003). Instead,
particle number size distributions in the 0.1 µm to 0.5 µm
range measured by the FMPS were selected for the ATOFMS
count correction. The FMPS provided particle size distribu-
tions from 0.06 µm to 0.56 µm (electronic mobility diameter)
with 1-s time resolution. The FMPS has been described in
detail elsewhere (Jeong and Evans, 2009). We should note
that calibrations with standard PSL particles of known size
indicated that the FMPS underestimates the size of particles
larger than 0.1 µm. Thus corrections factors were developed
and applied based on these PSL particles. Application of this
size correction was validated by comparing the size distri-
butions for ambient particles measured by the FMPS and a
SMPS (TSI 3936).

Since there is a difference between aerodynamic and the
electrical mobility diameter determined by the FMPS, parti-
cle diameters obtained by the FMPS were converted to aero-
dynamic diameter to allow a proper comparison. The con-
version given by Sioutas et al. (1999) and Hinds (1982) was
used:

da= dm

√
Cc,dm ·ρeff

Cc,da ·χ ·ρ0
(1)

whereρ0 is the standard density (1 g cm−3), ρeff is the ef-
fective density,da is the aerodynamic diameter,dm is the
electrical mobility equivalent diameter,Cc,dm is the Cunning-
ham slip correction factor for the mobility equivalent diam-
eter,Cc,da is the Cunningham slip correction factor for the
aerodynamic diameter, andχ is the dynamic shape factor.
The effective density depends on both material density and
shape of the particle. In this study,χ andρeff were assumed
to be 1 and 1.6 g cm−3, respectively. The effective den-
sity of 1.6 g cm−3 is comparable with the results from pre-
vious aerosol density studies (Hand and Kreidenweis, 2002;
Khlystov et al., 2004; Pitz et al., 2008). These values were
used in Eq. (1) to convert the FMPS mobility diameters in
the size range of 0.09 µm to 0.32 µm, to aerodynamic diam-
eters ranging from 0.11 µm to 0.50 µm. After transforming
the FMPS scale from the mobility to the aerodynamic diam-
eters, the APS and FMPS size distribution data were merged
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together in Fig. 2. Data for similar particle diameter at
∼0.5 µm were in reasonable agreement in general. However,
in the overlapping diameter range (0.3 µm–0.5 µm) the APS
concentration was lower than the FMPS data by a factor of
∼2 at both sites. This discrepancy might be due to the poorer
counting efficiency of the TSI 3321 APS for the smallest par-
ticle size (<0.5 µm) determined by only light scattering in-
tensity information (Armendariz and Leith, 2002; Peters and
Leith, 2003).

On average, the total number concentrations of particles in
the size range of 0.01 µm–2.50 µm were 32 600± 800 cm−3

(mean± standard error) and 16 000± 600 cm−3 for the win-
ter time in Toronto and for the summer time in Harrow, re-
spectively. This difference was evident for particles smaller
than 0.1 µm and mostly due to the seasonal difference be-
tween the two sampling campaigns. The particle number
concentrations in Toronto were∼34 % lower than those in
Harrow during the summer (Jeong et al., 2010). For par-
ticles in the 0.1 µm–0.5 µm range the number concentration
in Harrow was higher than the average in Toronto by a fac-
tor of 1.2, whereas the number concentration of the largest
mode particles (0.8 µm–2.5 µm) was higher in Toronto than
the average in Harrow by a factor of two. In order to es-
timate size-specific scaling factors for the ATOFMS mea-
surements, the number concentrations were converted into
volume concentrations. A descriptive summary of parti-
cle volume concentrations measured by the FMPS and APS
in Toronto and Harrow, respectively, is shown in Table 1.
As expected, the average volume concentrations of particles
in the size range of 0.1 µm–0.5 µm detected by the FMPS
were distinctly higher than the average volume concentra-
tions (0.3 µm–0.5 µm) measured by the APS.

A scaling factor (S) was defined as follows to correct for
the ATOFMS’ detection efficiency:

For da> 0.52 µm, Sda,j =
Vj(APS)

Vj(ATOFMS)

(2)

For da< 0.52 µm,Sda<0.52µm =
V0.1−0.5µm(FMPS)

Vda<0.52µm(ATOFMS)

(3)

where Vj (APS) and Vj (ATOFMS) are the hourly total par-
ticle volume concentrations measured by the APS and
ATOFMS measurements in the size bin (j), respectively;
V0.1−0.5µm(FMPS) is the hourly total volume concentration of
particles in the range from 0.1 µm to 0.5 µm (aerodynamic
diameter) measured by the FMPS; andVda<0.52µm(ATOFMS)

is the hourly total particle (da < 0.52 µm) volume concen-
tration obtained by the ATOFMS. To calculate the total vol-
ume concentrations of particles (da < 0.52 µm) measured by
the ATOFMS, an average diameter of 0.3 µm was assumed.
Even though number concentrations in the smaller size range
were available for both the FMPS and the ATOFMS, inte-
grated values were used for the quantification approach due
to the poor detection efficiencies of the two instruments for

Fig. 2. Average size distributions of particles measured by
the FMPS (0.01 µm–0.50 µm) and the APS (0.30 µm–2.50 µm) in
Toronto and Harrow.

this range. The midpoints of 11 size bins for the scaling fac-
tor with the APS were 0.56, 0.65, 0.75, 0.87, 1.00, 1.15, 1.33,
1.54, 1.78, 2.05, and 2.37 µm in this study.

We hypothesized that scaled ion intensities are linearly
correlated with the volume concentrations of corresponding
chemical components, and hence, relative peak areas (RPA)
would be representative of the relative proportion of these
chemical components in a single particle. Relative peak area
was defined as the numbers of ions collected for a specific
m/zdivided by the total number of ions produced from the
ionization of the particle. This was calculated as the peak
area (PA) of the specific ion intensity divided by the total
peak area of the positive or negative mass spectrum. Hourly
fractional volumes (vi,k, µm3) of individual particles (i) for
each ion marker (k) were estimated from:

vi,k =
RPAi,k

2
·

∑
i

π

6
d3

ai,k (4)

wheredai is the measured diameter (µm) of individual par-
ticle (i) for ion marker (k) and RPAi,k is the ATOFMS rel-
ative peak area ofm/z’s corresponding to chemical species,
i.e. sulphate, nitrate, ammonium, OC, and EC. The composi-
tion indicated by the RPA was scaled based on the volume of
the particle. Note that this approach may have potential bi-
ases when the aerosol is heterogeneous and/or only partially
ablated by the laser. A further bias can occur with the as-
sumption that the particles are composed of only sulphate,
nitrate, ammonium, OC, and EC. However, in terms of mass
fractions of PM2.5 these five species are predominant chem-
ical compositions. In five Canadian cities these five chemi-
cal species accounted for 66–85 % of total PM2.5 mass con-
centrations determined by a TEOM, whereas most of metal
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Table 1. Descriptive statistics for hourly averaged particle volumetric concentrations (µm3 cm−3) measured by the FMPS and APS during
the SPORT in Toronto and the BAQS-Met in Harrow.

da
a (µm) Mean Median StDevb Minc Maxd Lower Quartile Upper Quartile ne

Toronto
FMPS 0.1–0.5 8.23 6.60 4.95 1.84 29.0 4.40 11.1 375
APS 0.3–0.5 0.38 0.27 0.30 0.08 1.46 0.18 0.45 375
APS 0.5–2.5 3.49 3.03 2.63 0.58 22.0 2.12 4.09 375

Harrow
FMPS 0.1–0.5 10.5 8.37 8.41 0.18 34.1 3.12 15.8 520
APS 0.3–0.5 0.68 0.39 0.72 0.01 3.62 0.14 1.02 520
APS 0.5–2.5 2.88 1.92 2.75 0.21 15.5 1.06 3.55 520

a Aerodynamic diameter;b standard deviation;c minimum;d maximum;e number of samples.

elements contributed only 4–7 % of the fine mass concentra-
tions (Jeong et al., 2011).

Hourly scaled ATOFMS volume intensities (VS, µm3) of
chemical species were estimated using hourly size specific
scaling factors for the corresponding species as follows:

VS= vi,k ·Sdai,k (5)

whereSdai,k is the size-resolved hourly scaling factor cor-
responding to chemical species (k). Gross et al. (2000) re-
ported that variations in relative peak areas of the ATOFMS
ion intensity were smaller than absolute peak area variations
for particles of identical composition. However, RPA val-
ues of positive and negative ions may also be affected by
inherent variances of particle compositions due to matrix ef-
fects within particles and chemical specific ionization effi-
ciencies (Reilly et al., 2000; Reinard and Johnston, 2008).
The ionization efficiencies of alkali metals such as sodium
and potassium are higher than any other measureable species
because of their low ionization energies. The presence of
these species may result in different ion formation processes
than if they were absent, and as a result they may intro-
duce systematic biases in measuring relative ion intensities
(Reinard and Johnston, 2008).

Instead of using RPA, the hourly ATOFMS peak area (PA),
as given in Eq. (6), was used to quantify chemical compo-
nents.

PAs=

∑
i

PAi,k ·Sdai,k (6)

The scaled ATOFMS peak area was also compared with high
time resolution PM speciation data. Also implicit to this
method was the assumption that particles were fully ablated
and thus the ion intensity for a givenm/zwas proportional to
the total amount of the corresponding component within the
particle.

2.3 Clustering analysis

In order to group the mass spectra obtained by the ATOFMS
into a small number of classes, logarithmic scale ATOFMS
data were imported in a MATLAB-based software toolkit
known as YAADA (www.yaada.org). Once imported, a clus-
tering method based on the Adaptive Resonance Theory Arti-
ficial Neural Network (ART-2a) algorithm (Song et al., 1999;
Phares et al., 2001) was applied with a vigilance factor of
0.3 and a learning rate of 0.05. More details on the clus-
tering analysis in this study are presented by McGuire et
al. (2011). The 33 particle clusters obtained by running ART-
2a were manually re-grouped into 10 general particle-types
based on their similarities in mass spectra, size distributions,
and temporal trends. The manually re-grouped particle-types
accounted for 99 % of the total hit particles. In this study,
hourly size-specific scaling factors were applied to individual
particles to estimate the average mass composition of each
particle-type in terms of the major chemical components in
Harrow.

3 Results and discussion

3.1 Detection efficiency of the ATOFMS

The scaling factor as a function of particle size was estimated
during the SPORT campaign in downtown Toronto and the
BAQS-Met study at a rural site (Fig. S1 in Supplement).
This scaling factor represents the inverse of the detection
efficiency and accounts for losses due to transmission and
ionization or chemical detection. The largest scaling factor
(∼5.9× 103 for Toronto,∼1.5× 105 for Harrow) was found
for the smallest particle size bins (<0.5 µm), corresponding
to the lowest detection efficiency for particles smaller than
0.5 µm. The detection efficiency in Toronto, on average, was
higher than in Harrow by approximately an order of mag-
nitude for particles between 0.1 µm and 2.5 µm. The differ-
ence in the efficiency was attributed in part to degraded per-
formance of the sizing lasers and the photomultiplier of the

Atmos. Chem. Phys., 11, 7027–7044, 2011 www.atmos-chem-phys.net/11/7027/2011/

www.yaada.org


C.-H. Jeong et al.: Quantification of aerosol chemical composition 7033

ATOFMS at Harrow. The transmission, and hence detection,
efficiency improved dramatically when these were later re-
placed after the Harrow campaign.

With respect to the field measurements, the chemical bi-
ases of ATOFMS data were indirectly examined by compar-
ing the hit efficiency in a given size bin. The hit efficiency
is defined as the number of particles for which both size and
mass spectral data are obtained divided by the number of par-
ticles sized. Figure S2 presents the average hit efficiency as a
function of particle size during the two field campaigns. On
average, the hit efficiency was 29± 14 % in Toronto. During
the BAQS-Met study in Harrow, the average hit efficiency
for total particles was 27± 20 %. Note that the ATOFMS
laser pulse energy was kept at∼1 mJ/pulse during the two
campaigns. Overall, the highest hit efficiency was observed
for the smaller ambient particles (<0.5 µm) with an average
efficiency of 38± 11 % in Toronto and 57± 14 % in Harrow.

Figure 3 presents the hit efficiency of particles smaller than
0.52 µm at the two sites. In Toronto the hit efficiency on 23
January was very low, dropping sharply from approximately
55 % to 13 % as the concentrations of sulphate, nitrate and
ammonium increased. In addition, there were strong nega-
tive correlations between continuous measurements of sul-
phate, nitrate, and ammonium determined by the GPIC and
the hit efficiency in Toronto. A decrease in the hit efficiency
during PM episodic days was also observed on 1–2 Febru-
ary at the Toronto site and on 25–26 June at the Harrow
site (Fig. 3b). No correlation between relative humidity and
the hit efficiency was observed, while ambient temperature
was negatively correlated with the hit efficiency. It is likely
that the increase of photochemical formation of secondary
aerosol during the period of high temperature resulted in the
deceased hit efficiency during these episodes; it is postu-
lated that this reduced hit efficiency was due to coating of
the particles with high albedo compounds such as ammo-
nium sulphate and ammonium nitrate. In order to examine
the effect of particle mixing state on the ATOFMS hit effi-
ciency, the correlation between the hit efficiency and the ra-
tio of EC to the sum of sulphate, nitrate, ammonium, and OC
was analyzed. Pearson correlation coefficients (r) were 0.50
(p < 0.05) at Toronto and 0.32 (p < 0.05) at Harrow. These
positive correlations support the observation that reduced hit
efficiency is associated with lower EC fractions (and thus
higher fractions of coating constituents), indicating the influ-
ence of particle aging processes on the ATOFMS sensitivity.
This finding is consistent with a previous ATOFMS scaling
work, where particles composed of a significant amount of
ammonium sulphate were postulated to be present during pe-
riods of low hit efficiency in the size range of 0.35–0.54 µm
(Wenzel et al., 2003).

Fig. 3. ATOFMS hit efficiency for particle smaller than 0.52 µm in
Toronto(A) and Harrow(B).

3.2 Comparison between scaled ATOFMS and
collocated measurements

Comparison analyses between scaled total particle volume
obtained by the ATOFMS and collocated semi-continuous
measurements of chemical composition in Toronto and Har-
row are shown in Fig. 4 and Fig. 5. Table 2 provides a
summary of the comparison between the quantitative data
obtained using RPA and PA with the ATOFMS ion species
peaks and the chemical species concentrations measured at
the two sites. Unscaled total particle volume concentrations
without inclusion of RPA or PA were also compared, as pre-
sented in Table 2.

In Toronto, fifteen minute average concentrations of ni-
trate, sulphate, and ammonium were measured by the GPIC,
while two-hour-averaged OC and EC concentrations were
obtained by the Sunset OCEC analyzer. During the SPORT
campaign in Toronto, the highest correlation between the
ATOFMS and the GPIC was observed for nitrate followed
by ammonia and sulphate, as shown in Table 2. Note that
scaling based on transmission efficiency improved the cor-
relation; correlation coefficients (Pearsonr) between the
hourly-averaged ATOFMS relative peak areas scaled by both
the APS and FMPS for sulphate, nitrate, and ammonium
and hourly corresponding concentrations from the GPIC in
Toronto were 0.79, 0.89, and 0.85, respectively. Scaling
ATOFMS using the APS alone, rather than the APS and
FMPS together, lowered the Pearson correlation coefficients
for nitrate (r = 0.70,p < 0.05), while there was little change
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Table 2. Pearson correlation coefficients (r) between unscaled/scaled ATOFMS ion intensities and the hourly Sunset OCEC, GPIC (Toronto),
and AMS (Harrow) measurements.

Unscaled Scaled Scaled
ATOFMSa ATOFMSA

c ATOFMSAF
d

Volumeb RPA PA RPA PA RPA PA

Toronto

Sulphate (ne
= 306) 0.12 0.21 0.33 0.80 0.78 0.79 0.60

Nitrate (n = 304) 0.11 0.43 0.47 0.70 0.73 0.89 0.84
Ammonium (n = 225) 0.48 0.49 0.59 0.85 0.87 0.85 0.74
OC (n = 123) 0.40 0.50 0.66 0.21 0.25 0.45 0.55
EC (n = 123) 0.34 0.32 0.54 0.23 0.29 0.44 0.53

Harrow

Sulphate (n = 426) 0.19 0.30 0.30 0.58 0.59 0.79 0.80
Nitrate (n = 426) 0.57 0.59 0.65 0.70 0.65 0.85 0.70
Ammonium (n = 426) 0.22 0.22 0.25 0.44 0.57 0.70 0.76
OC (n = 227) 0.33 0.33 0.53 0.57 0.51 0.68 0.46
EC (n = 227) 0.35 0.35 0.68 0.33 0.38 0.41 0.45

a Raw ATOFMS intensities for sulphate (m/z−97), nitrate (m/z−62), ammonium (m/z18), OC (m/z43), and EC (m/z36).
b Total volume of particles corresponding ion intensities.
c ATOFMSA has corresponding ion intensities scaled by APS.
d ATOFMSAF has corresponding ion intensities scaled by APS and FMPS.
e Number of samples.

in the correlations for sulphate and ammonium. Comparable
correlation coefficients have been found when the GPIC has
been compared to other high time resolution measurements
at other urban and rural sites (Grover et al., 2006; Long and
McClenny, 2006; Godri et al., 2009). Grover et al. (2006)
found a correlation coefficient (Pearsonr) of 0.82 between
the GPIC and R&P 8400S sulphate instrument. For ni-
trate, the correlation coefficients between the GPIC and R&P
8400N nitrate measurements were 0.86 in Fresno (Grover et
al., 2006), 0.92 in Rubidoux (Long and McClenny, 2006),
and 0.86 in Toronto (Godri et al., 2009), all comparable with
the scaled ATOFMS value of 0.89 found in this study. How-
ever, discrepancies between the measurements occurred for
sulphate and ammonium on days with elevated levels of am-
monium sulphate and nitrate (23 January and 1 February) in
Toronto. There was no discernable association of relative
humidity with these discrepancies. As discussed in Fig. 3,
relatively poorer hit efficiencies of ATOFMS on these days
were already compensated by the scaling factors. During the
SPORT campaign in Toronto, Godri et al. (2009) found that
the GPIC sulphate on 23 January and the GPIC nitrate on
1 February were slightly higher than the AMS sulphate and
R&P 8400N nitrate measurements, respectively, suggesting
possible biases on the GPIC measurements on those days.

Continuous sulphate, nitrate, and ammonium concentra-
tions were obtained by the collocated AMS for the BAQS-
Met study at the rural site in Harrow. The correlation analy-
ses of the ATOFMS and AMS techniques showed that scaled
ATOFMS nitrate (r = 0.85), sulphate (r = 0.79), and am-
monium (r = 0.70) intensities were well correlated with the

corresponding AMS measurements, similar to the SPORT
campaign. Comparison of the ATOFMS and the AMS also
showed better correlations using scaling based on the APS
and FMPS rather than the APS alone. The stronger corre-
lations suggested that using both the FMPS and APS was a
more precise way of scaling the ATOFMS data.

The correlation analysis showed that the scaled ATOFMS
RPA method in Toronto was a better way than using PA to
quantify sulphate, nitrate, and ammonium, whereas there was
no consistent improvement of the scaling using RPA in Har-
row. The variability in the quantitative ATOFMS methods
using RPA and PA reflects that temporally and spatially in-
homogeneous particle compositions may influence the sensi-
tivity of the quantification method using single particle mass
spectrometry.

The thermal-optical EC concentrations measured by the
Sunset OCEC analyzer showed a lower correlation with the
scaled ATOFMS ion signal atm/z+36 Daltons (r = 0.41 to
0.44); using the sum of the scaled ATOFMS EC-related ions,
m/z+36, +48, and +60, instead did not improve the corre-
lation. It is noteworthy that the determinations of thermal-
optical OC and EC concentrations strongly rely on differ-
ences in temperature profiles and optical correction meth-
ods: thermal-optical transmission (TOT) and thermal-optical
reflectance (TOR) (Chow et al., 2001, 2005). The concen-
trations of EC and OC in this study were determined by the
TOT method using a Sunset Lab field OCEC analyzer. Chow
et al. (2001, 2005) found that EC concentrations using the
TOT protocol tend to be lower than the TOR method. Dur-
ing the SPORT campaign, Godri et al. (2009) reported that
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Fig. 4. Comparison between total ATOFMS relative peak area scaled by particle transmission efficiency and corresponding GPIC measure-
ments as well as Sunset Lab OC and EC concentrations during the SPORT campaign in Toronto.(A) sulphate,(B) nitrate,(C) ammonium,
(D) OC, and(E) EC.

a comparison of 2-h Sunset OCEC measurements and 24-
h filter-based analyses showed a weaker correlation for EC
than for OC. Another probable explanation for the weak cor-
relation of EC is the incomplete laser desorption and ioniza-
tion efficiencies of aged particles containing EC coated by
OC and inorganic species. Ferge et al. (2006) found that

ATOFMS derived EC and OC values of tunnel dust sam-
ples deviated more from the concentrations determined by
thermal-optical methods, as compared to EC and OC quan-
tifications for laboratory generated particles. To account for
this deviation, they suggested that the increasing fractions of
inorganic content in particles increased the uncertainty in the
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Fig. 5. Comparison between total ATOFMS relative peak area scaled by particle transmission efficiency and corresponding AMS mea-
surements as well as Sunset Lab OC and EC concentrations during the BAQS-Met campaign in Harrow.(A) Sulphate,(B) nitrate, (C)
ammonium,(D) OC, and(E) EC.

determination of EC and OC concentrations. Suppression
effects of low ionization energy alkali metals (e.g. Na+ and
K+) on the ion intensities of organic materials have been pre-
viously reported by Reilly et al. (2000). Crustal compounds
may be more prevalent in ambient particulate matter from
rural areas than from a road tunnel. As a result, the estima-

tion of carbonaceous material in ambient particles from the
ATOFMS single particle mass spectrum data may be biased
by the presence of inorganic components.
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Fig. 6. Stacked two hour resolution chemical species calculated by
using scaled ATOFMS RPA and measured PM2.5 mass concentra-
tions by the TEOM in Toronto(A) and the DustTrak in Harrow(B).

3.3 Mass reconstruction

Linear regression parameters between the scaled ATOFMS
RPA (Vs) and the GPIC/Sunset OCEC measurements for
each chemical species in Toronto were calculated as pre-
sented in Table 3. These mass calibration factors were ap-
plied to determine the mass concentrations (µg m−3) of cor-
responding PM2.5 chemical components at both sites. Fig-
ure 6 describes the result when the estimated chemical com-
ponents by the ATOFMS are plotted along with the total
PM2.5 mass concentrations measured by the TEOM and the
DustTrak in Toronto and Harrow, respectively. In order to
account for oxygen and hydrogen, organic matter (OM) was
estimated from OC by applying a factor of 1.4 as suggested
by Turpin and Lim (2001). Note that the elemental composi-
tion of dust was a part of the unaccounted particulate matter
mass in this mass reconstruction. On average, nitrate was the
largest contributor (36 %) of the total PM2.5 (sulphate + ni-
trate + ammonium + OM + EC) in the winter of Toronto,
followed by OM (33 %) and sulphate (18 %). In Harrow,
OM, sulphate, and nitrate accounted for approximately 41 %,
23 %, and 16 % of the PM2.5, respectively. As an agricultural
area, the high contributions of OM and sulphate indicated the
strong influence of secondary organic aerosols (SOA) from
regional/trans-boundary sources.

Table 3. Mass calibration factors derived from a correlation of the
scaled ATOFMS volumetric intensity (Vs, µm3) and GPIC/Sunset
OCEC measurements (µg m−3) for PM2.5 chemical components
during the SPORT campaign (parameter values± standard errors).

Slope (α) Intercept (β)

Sulphatea 8.14× 10−5
±3.19×10−6 5.86× 10−1

± 6.21× 10−2

(m/z−97)
Nitratea 2.28× 10−4

± 6.61× 10−6 3.47× 10−1
± 1.29× 10−1

(m/z−62)
Ammoniuma 6.47× 10−4

± 2.46× 10−5
−2.55× 10−1

± 7.90× 10−2

(m/z18)
OCb 3.83× 10−4

± 6.88× 10−5 1.80× 100
± 1.65× 10−1

(m/z43)
ECb 1.74× 10−5

± 3.21× 10−6 2.12× 10−1
± 3.18× 10−2

(m/z36)

a [GPIC] = α·VS+β.
b [Sunset OCEC] =α·VS+β.

The reconstructed mass (sulphate + nitrate + ammonium
+ OM + EC) from the scaled ATOFMS data correlated well
with the total PM2.5 mass (r = 0.86 for Toronto,r = 0.87
for Harrow). In Toronto, the regression between the total
ATOFMS (y) and TEOM (x) measurements indicated a slope
of 1.33 with an intercept of 3.81. Much of this difference was
due to the loss of semi-volatile material in the TEOM mon-
itor. Due to a strong winter-high seasonality of nitrate for-
mation, the heated TEOM monitor volatilizes a significant
portion of the PM mass (i.e. ammonium nitrate and semi-
volatile organics) in wintertime (Schwab et al., 2004, 2006).
As shown in Fig. 6a, on the days of high ammonium ni-
trate, i.e. 23 January and 1 February 2007, the discrepancy
tended to increase. Further, 68 % of the PM2.5 was on aver-
age present as organic mass or nitrate, components that could
potentially volatilize in the TEOM. The negative bias in the
TEOM were also previously reported during winter at this
Toronto site, using reconstructed mass concentrations based
on 24-h filter measurements or 2-h GPIC plus OCEC data
(Godri et al., 2009).

For Harrow comparison of the reconstructed ATOFMS
data (y) and the DustTrak PM2.5 measurements (x) yielded
a slope of 0.52 with an intercept of 4.62. At the
lower PM2.5 concentration range (<10 µg m−3) the DustTrak
PM2.5 tended to be lower than the reconstructed ATOFMS,
whereas the DustTrak data exceeded the ATOFMS data as
the PM2.5 mass increased at the higher concentration range
above 10 µg m−3. As shown in Fig. 6b, the largest dis-
crepancy was observed during 9–10 July. Particle size dis-
tribution data from the FMPS and APS indicated this dif-
ference was associated with an increase in particles larger
than 0.6 µm. During 9–10 July, there was a distinct differ-
ence between the AMS sulphate, nitrate, ammonium, and or-
ganic mass concentrations and the DustTrak PM2.5 mass con-
centrations (Fig. S3). The presence of refractory materials
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(elemental carbon and soil dust) could be a possible reason
for the absence of AMS mass measurements, since the AMS
is unable to detect those PM components. In addition, the
comparison between the DustTrak measurements and scaled
volume concentrations measured by ATOFMS under the as-
sumption of RPA of 1 showed excellent agreement, suggest-
ing that obtaining scaling factors in this study using two par-
ticle number concentration measurements was effective. The
average values of RPA for sulphate, nitrate, ammonium, and
OC during 9–10 July were 15–35 % lower than these av-
erages during the entire measurement period, whereas the
RPA for EC was approximately 70 % higher than the aver-
age value. However, the presence of EC could not substan-
tially contribute to the total PM2.5 mass concentrations due
to the relatively smaller mass calibration factor as shown in
Table 3. In addition to the increase of the RPA values for EC
(m/z±12, ±24, ±36, ±48, ±60) in the positive and nega-
tive mass spectra, more dust related ion spectra from phos-
phate (m/z−47,−63,−79,−95), sodium (m/z23), calcium
(m/z 40, 56), and iron (m/z 54, 56) were detected in large
particles (>0.6 µm) (Fig. S4). These results imply that the
most likely factor causing disagreement in mass concentra-
tions from the DustTrak and ATOFMS during the 9–10 July
event would be the presence of crustal materials, which the
mass reconstruction of ATOMFS did not include. Moder-
ately high relative humidity (∼88 %) was observed at the
peak time (04:00 a.m. LT, 10 July) of the event with a mean
RH of 65± 15 % during the event. The high relative humid-
ity over the night would be another factor that introduces the
maximum differences at night. Significant amounts of water
on the particle surface may lead to decreasing ion intensities
of sulphate and nitrate due to the deliquescence of ammo-
nium nitrate/ammonium sulphate (Ge et al., 1998). Some
uncertainties to this comparison may result from the strong
effect of RH on aerosol light scattering (Carrico et al. 1998).
The high RH during the nighttime can cause PM2.5 readings
of DustTrak using a light scattering technology to be biased.

Excluding 9–10 July, the averages of the two measure-
ments agreed almost perfectly, however, a recovery of 0.86
(i.e. slope with the intercept= 0) was obtained due to differ-
ences at low and high concentrations. This agreement must
be emphasized as the Harrow ATOFMS mass reconstruction
was calculated based on calibration factors derived from the
Toronto data, collected in winter not summer and at an ur-
ban instead of a rural site. Thus it appears that it may be
possible to extend calibration factors from one site to an-
other such that mass concentrations can be estimated from
ATOFMS data even when no other co-located speciation in-
strumentation is available.

It is recommended that this approach to mass reconstruc-
tion, based on ATOFMS data, be further explored using
data from additional sites, in order to better establish if or
when calibration factors can in general be applied to mul-
tiple sites. In addition, more work is required in the esti-
mation of the carbonaceous species. The correlation of the

scaled ATOFMS and the Sunset OCEC measurements were
poorer than the other three chemical species, sulphate, ni-
trate, and ammonium, thus the estimated OM and EC masses
had higher uncertainties.

3.4 Scaling ATOFMS particle-types

The size-scaling and mass-calibration-factor methodology
was also used in order to estimate the mass composition
of different types of particles. The contribution of the 10
particle-types to the total detected particles and the most rep-
resentative ions for each particle-type are presented in Ta-
ble 4. A more detailed explanation for the particle-types is
provided elsewhere (McGuire et al., 2011). Figure 7 exhibits
the number fraction of these particle-types as a function of
particle diameter. In this clustering analysis, the number and
size distributions of particles smaller than 0.5 µm were com-
bined into one size bin. The 10 particle-types were scaled
by the hourly size-specific scaling factors. Equation (5) was
applied to each individual particle of a given particle-type,
to estimate hourly scaled volumetric intensities of the five
major chemical components for that particle-type. In this
quantification method, the mass calibration factors in Table 3
were used to convert the scaled volume intensities into mass
concentrations (µg m−3). The average mass concentration of
the five chemical species and their contributions to the 10
particle-types are depicted in Fig. 8. It should be noted that,
the mass concentrations and compositions in Fig. 8 are with
respect to the five major chemical components. These five
components represented the majority of the overall PM2.5
mass, and thus presumably the majority of the mass for each
particle-type. However, not all particle components detected
by the ATOFMS were used for the mass closure, thus Fig. 8
does not necessarily represent a complete mass reconstruc-
tion. Most of the particle-types contain at least some of all
five components, indicating a high degree of internal mixing
of these components. This is not surprising given that four of
the five components were presumably secondary in nature,
with EC representing the only primary component. In terms
of these five components, the particle-types differed mostly
in their relative ratios of sulphate or nitrate to ammonium,
and organic to elemental carbon. The degree of external mix-
ing of the minor components, not shown here, was greater.

The mass concentrations (Fig. 8) of the particle-types
was also used to estimate their acidity ratio, the molar ra-
tio of ammonium to nitrate + sulphate: ([NH+4 ]/18)/(2 ×

[SO2−

4 ]/96 + [NO−

3 ]/62). On average, particle acidity anal-
ysis using the scaled mass concentrations showed that more
than half (61 %) of total particle mass concentration in Har-
row were neutralized or slightly acidic with an acidity ratio
of 0.75± 0.29 (mean± standard deviation). The acidity ra-
tios were generally within the expected range of 0.5 to 1.0,
providing a further measure of the accuracy of the composi-
tion estimated for these particles. A previous aerosol acidity
study using 5-yr data from filter samples reported that the
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Table 4. Major ion markers of the 10 major particle types in Harrow.

Particle Types Major Ions

OC-S 18NH+

3 , 43C3H+

7 /C2H3O+/CHNO+, 97HSO−

4
OC-S-N 18NH+

3 , 43C3H+

7 /C2H3O+/CHNO+, 26CN−, 46NO−

2 , 62NO−

3 , 97HSO−

4
OC 27C2H+

3 , 39K+, 43C3H+

7 / C2H3O+/CHNO+, 97HSO−

4
EC-OC 12C+

2 , 36C+

3 , 97HSO−

4
Amines 59C3H9N+

Fireworks 39K+, 154BaOH+,46NO−

2 , 62NO−

3 , 163K(NO3)−2 , 125H(NO3)−2
EC (I) 12nC±

n , 23Na+

EC (II) 12nC±
n , 39K+, 46NO−

2 , 62NO−

3 , 97HSO−

4
Dust 23Na+, 39K+,40Ca+, 56CaO+, 16O−, 17OH−, 46NO−

2 , 62NO−

3
Dust-Na 23Na+,16O−, 17OH−, 46NO−

2 , 62NO−

3 , 131NaNO2NO−

3

Fig. 7. The proportion of particles of each type, based on particle
number, as a function of particle size.

aerosol molar ratio ranged from 0.75 to 0.98 during sum-
mer months while more than 97 % of samples had a ratio
between 0.5 and 1.0 at a rural site in the northeastern United
States (Ziemba et al., 2007). However, acidity ratios above
1.0 were found for some particle types, suggesting that er-
rors remained in the estimation of some of the associated
components. Thus the trends in the acidity ratios rather than
their absolute values were used to compare the acidity of the
particle-types.

The OC-S was the largest contributor (30 %) to the total
mass concentration measured by the ATOFMS, followed by
the OC-S-N (29 %). In addition, these two particle-types ex-
plained the majority (54–63 %) of the sulphate, nitrate, am-
monium, and OC in Harrow (Table 5). The OC-S particles
were composed of similar amounts of organic and inorganic
components, with sulphate and ammonium making up most
of the inorganic mass. This corresponded to the strong sul-
phate (m/z−97) and ammonium (m/z18) in the mass spectra
of the OC-S particles peaks, with the presence of highm/z
organic peaks. The OC-S-N particles had similar composi-
tion but with more nitrate. Their spectra contained strong
organic fragment peaks (i.e.m/z27 and 43) mixed with load-

ings of organic nitrogen compounds (m/z −26 [CN−] and
−42 [CNO−]).

The acidity ratios for the OC-S-N and OC-S particle-types
were 0.91 and 1.42, respectively, indicating that the OC-S-N
particles were more acidic than the OC-S. This is consistent
with the presence of more nitrate in the OC-S-N particle-
type. While the OC-S-N types were observed throughout the
whole campaign, the OC-S particles were mostly detected
during the later period of the campaign (5 to 6 July), when
more organic mass was present.

The OC-rich particle-type contained a large amount of or-
ganic mass and contributed∼16 % of the total mass, mea-
sured by the ATOFMS at the Harrow site. The OC-rich par-
ticles were similar in composition to the OC-S particles ex-
cept that their mass spectra contained a much larger K+ peak.
The presence of potassium in particle mass spectra has pre-
viously been found to be a good marker of biomass burning
(Bein et al., 2008). Further these particles had a relatively
small mode in their size distribution at∼0.45 µm, suggesting
that this potassium did not originate from soil road dust. The
OC-rich particles had an acidity ratio of 0.87 and thus were
more acidic than the other OC particle-types.

The EC-OC particles contained much (42 %) of the ele-
mental carbon and had a high ratio of elemental to organic
carbon (Table 5). The spectra of the EC-OC particles had
clear EC peaks atm/z±12 and±36 and organic fragments
with m/z−97 ion peaks. This type contributed 11 % of the
total mass detected by the ATOFMS. The EC-OC was the
most abundant particle-type on a particle number basis.

The amine and fireworks particle-types were only ob-
served on certain days. For example, a large number of fire-
works particles were observed on 5 July, the day after the
4 July celebration. The fireworks particles contained large
amounts of nitrate, possibly as residue from the KNO3 used
in the gun powder. The mass spectra of the fireworks particle-
type were characterized by strong Mg+, K+, and nitrate
with the presence ofm/z88[Sr+], m/z154[BaOH+], andm/z
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Table 5. Contribution (%) of the 10 particle types to PM2.5 major
chemical components in Harrow.

Particle Types Sulphate Nitrate Ammonium OM∗ EC

OC-S 33 21 36 31 15
OC-S-N 29 34 24 30 15
OC 15 15 11 19 8
EC-OC 16 10 11 6 43
Amines 3 7 11 8 3
Fireworks 0 2 0 0 0
EC (I) 1 0 5 2 13
EC (II) 1 1 1 1 3
Dust 1 9 1 4 1
Dust-Na 0 1 0 0 0

∗ OM = 1.4× OC.

Estimates presented are subject to rounding errors.

−163[K(NO3)
−

2 ]. Previous studies also found K, Al, Mg,
Ba, and Sr are key elements of fireworks (e.g. Liu et al., 1997;
Moreno et al., 2007). Although the mass contribution of the
fireworks particle type was negligible, this type had a very
low acidity ratio of 0.2. This low ratio was consistent with
the nitrate being associated with alkaline earth compounds
(e.g. KNO3) rather than ammonium and thus was likely not
indicative of high acidity. The amine type contained a high
abundance of organic matter and more nitrate than sulphate.
The presence of amine was identified by a peak atm/z 59
[C3H9N]. OC fragments and low negative ion peaks were
also observed in the mass spectra. While the amine particle-
type accounted for 7 % of the total mass measured by the
ATOFMS, the type was only observed during periods of high
relative humidity (Rehbein et al., 2011). Amines in ambient
aerosols have been identified at a variety of locations using
single particle mass spectrometers (e.g. Ge et al., 2011). An-
gelino et al. (2001) found that amine particles characterized
by m/z86 increased with increasing RH and decreasing tem-
perature in urban areas.

The EC (I) and EC (II) particles contained high propor-
tions of elemental carbon. The mass spectra of the EC (I)
particles had clear C±12n fragment peaks (e.g.m/z±12,±24,
±36) and a strong Na+ peak atm/z23 while those for the
EC (II) type also had higher sulphate and nitrate intensi-
ties with the C±12n fragment peaks. The size distribution of
the EC (I) type exhibited the small mode at∼0.25 µm. The
small size and low sulphate to elemental carbon ratio sug-
gested that these particle types were associated with fresh
emissions from fossil combustion processes. The EC (I) type
was observed in other ATOFMS studies at different locations
(Dall’Osto et al., 2006; Moffet et al., 2008). These single
particle analysis studies found that the early morning peak of
an EC particle type with high intensities of Na+ was asso-
ciated with freshly emitted vehicle particles. The larger size
mode (0.84 µm) of the EC (II) type and the presences of sul-

Fig. 8. Average mass concentration(A) and composition(B) of the
five PM2.5 chemical components in the 10 particle types.

phate and nitrate peaks suggested that this particle-type was
associated with aging. The EC (II) particles may have been
a more processed version of the EC (I) particles.

Two dust-related types (Dust, Dust-Na) were found with
relatively larger modes (>0.8 µm) in their size distributions
with the common presence ofm/z −16 and−17 as well
as peaks atm/z −46 and 23. The Dust type was char-
acterized by strong crustal element peaks atm/z 24[Mg+],
27[Al+], 39[K+], 56[CaO+] mixed with more organic frag-
ments, whereas the Dust-Na type was more clearly as-
sociated with Na+ and fragments (e.g. 131[NaNO2NO−

3 ],
147[Na(NO3)

−

2 ]) of sodium nitrate. Of the five compounds
quantified, nitrate was the most important contributor to the
mass of the dust related particle-types (Fig. 8b); other com-
pounds not quantified from the ATOFMS data, such as min-
eral oxides, likely also contributed. The contribution of these
compounds is not reflected in Fig. 8. The low content of am-
monium indicated an internal mixture of nitrate and mineral
dust components, possibly CaNO3 and NaNO3. The reac-
tions of HNO3 with NaCl or CaCO3 are well-known deple-
tion mechanisms of HNO3 in the atmosphere (Myhre et al.,
2006). The dust group particles were mostly larger in size;
the Dust-Na cluster showed the largest size distribution with
a mode of 1.8 µm.
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It should be emphasized that the reported compositions
are estimates and the methodology still requires refinement.
Specifically, implicit in the approach was the assumption
that compounds exhibited similar sensitivities within differ-
ent particle-types. This assumption needs to be further inves-
tigated.

4 Conclusions

Mass concentrations of PM2.5 chemical components were
determined from ATOFMS data collected at urban and ru-
ral sites during the SPORT and BAQS-Met field campaigns.
In order to account for the temporal changes in the parti-
cle detection efficiency of the ATOFMS, the ATOFMS data
were scaled using particle number concentrations measured
simultaneously by an APS and an FMPS. Hourly scaled vol-
ume concentrations of the five chemical species were esti-
mated using the ATOFMS relative peak area (RPA) and these
hourly size-specific scaling factors. This approach allowed
sulphate, nitrate, ammonium, OC, and EC mass concentra-
tions to be derived for the first time based on real-time single
particle ATOFMS measurements. Sensitivity analysis was
performed by comparing this approach to results obtained
using peak area (PA) instead (i.e. PA vs. RPA), as well as re-
sults obtained using only the APS for scaling (i.e. APS alone
vs. APS + FMPS). This sensitivity analysis further validated
the approach selected.

During the SPORT campaign in Toronto, nitrate (r = 0.89)
showed the strongest correlation between the ATOFMS and
parallel GPIC measurements. Good correlations were also
observed for ammonia (r = 0.85) and sulphate (r = 0.79) in
the urban area. The correlation analyses for the BAQS-Met
study in Harrow also showed good correlations between the
ATOFMS measurements and continuous nitrate (r = 0.85),
sulphate (r = 0.79), and ammonium (r = 0.70) measured by
a collocated AMS. Comparisons of OC and EC derived from
the ATOFMS and a Sunset OCEC analyzer showed weaker
correlations at the two sites.

Linear regression coefficients derived from the Toronto
site were applied to both the Toronto and Harrow ATOFMS
data in order to estimate the mass concentrations of the cor-
responding PM2.5 chemical components. The reconstructed
mass concentrations from the scaled ATOFMS were well
correlated with continuous PM2.5 measurements in the urban
area (Toronto,r = 0.86, p < 0.05) and the rural area (Har-
row, r = 0.87, p < 0.05). In the urban area nitrate was the
largest contributor (∼36 %) to the total PM2.5 in the winter,
followed by OM (∼33 %) and sulphate (∼18 %). During the
summertime, PM2.5 in the rural area near the US border in
southern Ontario was strongly influenced by regional/trans-
boundary pollution resulting in a greater abundance of OM
(∼41 %) and sulphate (∼23 %). The ATOFMS reconstructed
mass for Harrow was based on regression parameters derived
from Toronto data yet still agreed reasonably well with total

mass measurements made at the Harrow site. Thus it appears
that it may be possible to extend regression parameters from
one site to another such that mass concentrations can be es-
timated from ATOFMS data even when no other co-located
speciation instrumentation is available.

Ten major particle-types: OC-S, OC-S-N, OC-rich, EC-
OC, Amines, Fireworks, EC (I), EC (II), Dust, Dust-Na were
identified by applying the ART-2a clustering algorithm to
ATOFMS ion mass spectra data collected from Harrow. The
number and size distributions of the 10 particle-types were
scaled by the hourly size-specific scaling factors. The scaling
significantly altered the size distributions and contributions
of the particle-types. The quantification approach was also
applied to scaled mass spectra of each particle-type so as to
calculate the mass composition of each particle-type in terms
of their major components. This approach provided new in-
sight into the contribution made by different particle-types to
the overall mass composition.

Supplementary material related to this
article is available online at:
http://www.atmos-chem-phys.net/11/7027/2011/
acp-11-7027-2011-supplement.pdf.
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