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Abstract. Understanding the impact of atmospheric black
carbon (BC)-containing particles on human health and radia-
tive forcing requires knowledge of the mixing state of BC, in-
cluding the characteristics of the materials with which it is in-
ternally mixed. In this study, we examine the mixing state of
refractory BC (rBC) and other aerosol components in an ur-
ban environment (downtown Toronto) utilizing the Aerodyne
soot particle aerosol mass spectrometer equipped with a light
scattering module (LS-SP-AMS). k-means cluster analysis
was used to classify single particle mass spectra into chem-
ically distinct groups. One resultant particle class is domi-
nated by rBC mass spectral signals (CIr to C;) while the or-
ganic signals fall into a few major particle classes identified
as hydrocarbon-like organic aerosol (HOA), oxygenated or-
ganic aerosol (OOA), and cooking emission organic aerosol
(COA). A gradual mixing is observed with small rBC parti-
cles only thinly coated by HOA (~ 28 % by mass on aver-
age), while over 90 % of the HOA-rich particles did not con-
tain detectable amounts of rBC. Most of the particles classi-
fied into other inorganic and organic particle classes were not
significantly associated with rBC. The single particle results
also suggest that HOA and COA emitted from anthropogenic
sources were likely major contributors to organic-rich parti-
cles with vacuum aerodynamic diameter (dya) ranging from
~ 200 to 400nm. The similar temporal profiles and mass
spectral features of the organic classes identified by cluster
analysis and the factors from a positive matrix factorization

(PMF) analysis of the ensemble aerosol data set validate the
interpretation of the PMF results.

1 Introduction

Atmospheric black carbon (BC) particles play an important
role in regional air quality and introduce large uncertainties
into radiative forcing estimates of Earth’s atmosphere (Bond
et al., 2013). Fossil fuel combustion and biomass burning are
the primary sources of ambient BC. Coatings on BC aerosol
surfaces with varying morphology (e.g., partly coated and
embedded) and thickness have been observed using elec-
tron microscopy (China et al., 2013, 2014). These coat-
ings can be formed through condensation and coagulation of
low-volatility materials co-emitted from combustion sources
(e.g., unburned organics) and produced via photochemical
processing during transport. Current research is evaluating
whether particle coatings can significantly enhance the light
absorption efficiency of ambient BC (Cappa et al., 2012; Ja-
cobson 2001; Lack et al., 2012; Metcalf et al., 2013). Also,
coating materials can madify the hygroscopicity and/or the
cloud activation of BC particles, thus, affecting their atmo-
spheric lifetime (McMeeking et al., 2011; Tritscher et al.,
2011; Wang et al., 2010; Zhang et al., 2008). Improving our
understanding of the mixing state of BC and the character-
istics of its associated coatings is crucial to evaluate the fate
and environmental impacts of ambient BC.
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Real-time quantitative single particle detection (i.e., num-
ber concentrations, size distributions and chemical compo-
sition by mass in a single particle basis) is necessary to de-
termine the mixing state of ambient particles. In particular,
the single particle soot photometer (SP2, DMT, Inc.) has
been developed to quantify refractory BC (rBC) using sin-
gle particle incandescence signals (Baumgardner et al., 2004;
Stephens et al., 2003). Combining both optical scattering and
incandescence signals, the SP2 has been used to evaluate the
degree of mixing (internal vs. external) and estimate the coat-
ing thickness of BC particles in both field and laboratory
studies (e.g., Metcalf et al., 2013; Moteki and Kondo 2007;
Schwarz et al., 2006; Shiraiwa et al., 2007, 2010). How-
ever, this instrument cannot characterize the chemical com-
position of the coating materials. Single particle mass spec-
trometry utilizing laser desorption/ionization methods such
as the aerosol time-of-flight mass spectrometer (ATOFMS,
TSI, Inc.) and particle analysis by laser mass spectrometry
(PALMS) are powerful techniques, which provide rich size-
resolved chemical information to examine the mixing state of
both refractory (e.g., dust and BC) and non-refractory com-
ponents in ambient particles (Pratt and Prather, 2012, and ref-
erences therein). In particular, Prather and co-workers have
undertaken a series of ATOFMS studies focused on vehic-
ular and carbonaceous particle measurements (Cahill et al.,
2012; Moffet and Prather, 2009; Shields et al., 2007, 2008;
Sodeman et al., 2005; Toner et al., 2006, 2008). However,
these single particle mass spectrometry techniques are num-
ber concentration-based methods and the associated pulsed
laser desorption and ionization process makes particle mass
quantification challenging (Pratt and Prather, 2012).

The Aerodyne aerosol mass spectrometer (AMS, Aero-
dyne Research Inc.) separates the particle vaporization and
ionization steps to make quantification of particulate mass
possible, with different versions of the AMS deployed to
measure mass concentrations and mass-size distributions
of non-refractory particulate matter (NR-PM) (e.g., Cana-
garatna et al., 2007; Drewnick et al., 2005; Jayne et al.,
2000; Jimenez et al., 2009; Ng et al., 2010; Zhang et al.,
2007). Specifically, the application of positive matrix fac-
torization (PMF) analysis to AMS measurements has been
developed to provide information on possible sources of or-
ganic aerosol and the extent of aerosol aging (Lanz et al.,
2007; Ng et al., 2010; Ulbrich et al., 2009; Zhang et al.,
2011). A few previous studies have demonstrated that a time-
of-flight AMS in conjunction with a light scattering module
(LS-ToF-AMS) can be used to characterize ambient particles
on asingle particle basis, which allows investigating the mix-
ing state of NR-PM in ambient (Cross et al., 2009; Freutel et
al., 2013; Liu et al., 2013). Different particle categorization
approaches have been developed to analyze single particle
data sets from the LS-ToF-AMS, including principle com-
ponent analysis (Cross et al., 2009), k-means cluster anal-
ysis (Liu et al., 2013) and a classification algorithm based
on comparison with reference mass spectra (Freutel et al.,
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2013). Robinson et al. (2013) recently deployed the LS-ToF-
AMS to determine the mixing state of laboratory-generated
organic aerosol in a smog chamber. However, the LS-ToF-
AMS is only able to detect non-refractory aerosol species
that flash vaporize at ~ 600 °C.

The utility of the AMS was recently extended by devel-
opment of the soot particle aerosol mass spectrometer (SP-
AMS), which is able to quantify and characterize rBC (i.e.,
Cx fragmentation pattern and surface functionality) and NR-
PM simultaneously (Cross et al., 2010, Onasch et al., 2012,
Corbin etal., 2014). An infrared (IR) laser vaporizer has been
incorporated into the standard high-resolution time-of-flight
AMS (HR-ToF-AMS) to facilitate the detection of rBC com-
ponents and associated coating materials. Incorporation of
the light scattering module into the SP-AMS (LS-SP-AMS)
allows the instrument to detect both rBC and NR-PM on a
single particle basis. Thus, this technique enables the charac-
terization of the mixing state of ambient carbonaceous par-
ticles, including rBC-containing, while simultaneously mea-
suring the average size-resolved chemical compositions and
mass loadings of the ensemble aerosol. However, the LS-
ToF-AMS typically measures individual particles in ambi-
ent air with vacuum aerodynamic diameters (dya) >350nm
due to the lower sizing limit of the light scattering module
(Cross et al., 2009; Freutel et al., 2013; Liu et al., 2013).
It is crucial to investigate whether the LS-SP-AMS can de-
tect fresh, less-coated rBC-containing particles derived from
vehicle combustion, which are generally emitted at d\, well
below the typical light scattering cutoff diameter (Massoli et
al., 2012).

The primary objective of this study is to investigate the
mixing state of ambient rBC-containing particles in an urban
environment utilizing the single particle capabilities of the
LS-SP-AMS. Cluster analysis using the k-means algorithm,
which has been widely applied to analyze ATOFMS data, is
performed to classify mass spectra from ambient single par-
ticles. Previous studies have shown that k-means clustering
can classify ambient particle types measured by ATOFMS
in good agreement with other clustering algorithms such as
ART-2a and hierarchical clustering (Rebotier and Prather,
2007; Giorio et al., 2012). The clustering results are used to
evaluate the mixing state of ambient particles measured in
downtown Toronto and to validate the interpretation of fac-
tors from PMF analysis of simultaneously obtained LS-SP-
AMS ensemble measurement data.

2 Experiment

2.1 Sampling location and instruments

An Aerodyne soot particle aerosol mass spectrometer (Aero-
dyne Research Inc.) equipped with a light scattering mod-

ule (LS-SP-AMS) was deployed to measure both NR-PM
(i.e., ammonium, nitrate, sulfate and organic) and rBC of
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the ensemble aerosol and for single particles. A co-located
scanning mobility particle sizer (SMPS; TSI Inc., model
3936L.76) was used to measure ambient particle number con-
centrations and size distributions. The SMPS was set to scan
every 4min. The sheath-to-aerosol flow ratio was held at
10:1.

The urban sampling site was located at the St. George
campus of the University of Toronto in downtown Toronto
and the sampling period occurred during 18-22 September
2012 (from Tuesday evening to Saturday afternoon). The in-
struments were located on the third floor of the Lash Miller
Chemical Laboratories (~10ma.g.l.). The building is lo-
cated near the intersection of St. George Street and Willcocks
Street (Fig. S1 in the Supplement). St. George Street has a
modest but steady traffic load during weekday rush hours.
The aerosol sampling inlet was a 3/8in. stainless steel tub-
ing with the total flow rate of ~4 L min—! and was pointing
towards Willcocks Street, which has been blocked to traffic.
There are a few catering facilities including a university can-
teen near the Lash Miller building and food carts along St.
George Street.

2.2 Soot particle aerosol mass spectrometer

The working principle of the SP-AMS has been reported in
detail previously (Onasch et al., 2012). In brief, the SP-AMS
is a standard HR-ToF-AMS (DeCarlo et al., 2006) coupled
with a diode-pumped Nd:YAG intracavity 1064 nm IR laser
vaporizer (see Fig. 1). In the standard AMS configuration, a
resistively heated tungsten vaporizer is operated at ~600°C
to vaporize the NR-PM (Canagaratna et al., 2007). The ad-
dition of the laser vaporizer expands the utility of the stan-
dard AMS to vaporize near-IR light absorbing aerosol parti-
cles, especially rBC. The rBC-containing particles are heated
by absorbing IR energy to ~4000K to facilitate their va-
porization. The resulting gas phase species from either the
laser or tungsten vaporizer are ionized with electron im-
pact (El) ionization (70eV). The ions are then detected by
a high-resolution time-of-flight mass spectrometer operated
in V mode, which provides a lower mass resolving power
(~2000) but a higher sensitivity compared to W mode (mass
resolving power ~ 4000) (DeCarlo et al., 2006).

The SP-AMS was operated with two vaporizer configu-
rations during sampling, laser-on and laser-off, to maximize
the information obtained and to enable comparisons and cor-
relations between the two different vaporizers. In particular,
previous work has shown vaporizer-dependent differences in
collection efficiencies and fragmentation patterns (Onasch et
al., 2012; Willis et al., 2014). When the IR laser was off, the
LS-SP-AMS was operated as a standard HR-ToF-AMS for
measuring NR-PM as described above, whereas the instru-
ment operated with the IR laser-on detected both rBC and
NR-PM. An aerodynamically focused particle beam overlaps
perpendicularly with the IR laser vaporizer before it hits the
tungsten vaporizer and, hence, the NR-PM that is internally
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mixed with rBC is vaporized by the IR laser (Onasch et al.,
2012). A single slit chopper with ~ 2 % throughput was used
in our LS-SP-AMS. In addition to the ensemble measure-
ments (i.e., mass spectrum (MS) and particle time-of-flight
(PToF) modes to measure bulk and size-resolved chemical
composition, respectively), a light scattering module was in-
tegrated into the SP-AMS for detecting single particle mass
spectra (LS mode, see Sect. 2.4 for details). The single par-
ticle data are particularly useful for determining the mix-
ing state of ambient aerosol particles. Information on menu
switching (90 s each) in the LS-SP-AMS is shown in Table 1.

2.3 Calibration and ensemble data analysis

Ammonium nitrate (NH4NOg3) particles generated by a
constant output atomizer (TSI Inc., Model 3076) were dried
using a diffusion dryer and subsequently size-selected at
300nm using a differential mobility analyzer (DMA, TSI
Inc., Model 3081) for determining the ionization efficiency
of the LS-SP-AMS when operated in the IR laser-off
mode. Similarly, a water suspension of Regal Black (Regal
400R Pigment Black, Cabot Corp., a calibration standard
recommended by Onasch et al., 2012) was atomized to
generate standard rBC particles. Dried 300 nm Regal Black
particles were used to determine the mass-based ionization
efficiency of rBC, for calculation of the ionization efficiency
relative to nitrate (RIE;gc) (Onasch et al., 2012). The
ensemble data were processed using the AMS data analysis
software (Squirrel, version 1.51H, for unit mass resolution
(UMR) data and Pika, version 1.10H, for high-resolution
peak  fitting,  http://cires.colorado.edu/jimenez-group/
ToFAMSResources/ToFSoftware/index.html) with the cor-
rected air fragment column of the standard fragmentation
table (Allan et al., 2004; DeCarlo et al., 2006).

Signals of rBC were quantified by the sum of carbon ion
clusters (C5) using high-resolution mass spectral data of up
to m/z 120. The product of density and shape factor of the
dried 300 nm Regal Black particles is ~ 0.8 gcm~2, which is
derived from the ratio of the vacuum aerodynamic diameter
(dva) measured by the PToF mode of the LS-SP-AMS to the
mobility diameter (dm,) determined by the DMA (DeCarlo et
al., 2004) as follows:

dva=p-S-dm/po, 1)

where p and S are the density and Jayne shape factor of Re-
gal Black particles, respectively, and pg is the unit density.
The RIEgc determined in this study was 0.4, and the default
RIE values of nitrate (1.1), sulfate (1.2), organics (1.4) and
ammonium (4) were used (Jimenez et al., 2003). The aver-
age C{ /C; ratio (0.61) obtained from Regal Black was used
to correct the interference in C; from the non-refractory or-
ganics in ambient aerosol. The size distribution of rBC was
calculated by adding an rBC column (C{-CZ fragments) to
the fragmentation table in Squirrel as shown Table S1 in the
Supplement. Note that Willis et al. (2014) reported that the
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Table 1. Summary of menu switching in the LS-SP-AMS and single particle categorization.

A. K. Y. Lee et al.: Mixing state of carbonaceous aerosol in an urban environment

Menu 1 2 3 4
IR laser mode On On Off Off
Data acquisition mode MS, PToF LS MS, PToF LS
Time intervals (s) 90 90 90 90
Total LS trigger events - 113120 - 112441
“Noise” events - 28513 - 28226
Particle LS trigger events - 84607 - 84218
Coincidence - 2190 (2.6 %) - 2242 (2.7 %)
Prompt — 35001 (41.4%) — 28322 (33.6%)
Early - 206 (0.2 %) - 83 (0.1%)
Delayed - 702 (0.8 %) - 340 (0.4 %)
Null — 46508 (55.0%) — 53231 (63.2%)
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Figure 1. A simplified schematic of the SP-AMS equipped with a light scattering module (LS-SP-AMS) for ensemble measurements and

single particle detection.

collection efficiency (CE) of bare Regal Black is about 0.6
for our instrument. Onasch et al. (2012) reported that the 3o
detection limit for rBC mass concentration measurements is
0.03 ug m—2 for 1 min collection.

2.4 Light scattering module for single particle
detection

The design and working principles of the light scattering
module have been previously described in detail (Cross et
al., 2009; Freutel et al., 2013; Liu et al., 2013). Briefly, the
light scattering module consists of a 50 mW diode-pumped
405 nm continuous-wave laser (CrystalLaser, LC BCL-050-
405) that overlaps perpendicularly with the particle beam
~0.265m downstream of the chopper and ~0.130 m up-
stream of the tungsten vaporizer as shown in Fig. 1. Note
that the laser beam is not focused and diverges in order to en-
sure a complete overlap between the laser and particle beams
(Cross et al., 2007). Scattered light from sampled particles is
collected using an ellipsoidal mirror and detected with a pho-
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tomultiplier tube (PMT). A light scattering signal can be ob-
tained if a sampled particle is larger than the optical detection
limit. The 50 % cutoff mobility diameter (dm) (i.e., a diam-
eter that represents a 50 % counting efficiency of a particle
number when compared to a condensation particle counter)
of our light scattering module determined using dry NH4NO3
particles is ~250nm, which is approximately equal to a
vacuum aerodynamic diameter (dyy) of ~340nm (the den-
sity and shape factor of NH;NO3 particles are 1.72gcm—3
and 0.8, respectively). Note that some ambient particles with
lower particle densities may have a lower cutoff dy, than that
determined for the dried NH4NOj3 particles. For example,
a hydrocarbon oil droplet (i.e., shape factor=~ 1 and den-
sity=~1gcm~2) likely has a light scattering cutoff in the
range of 225-250 nm dy;.

2.5 Single particle categorization

Once a light scattering signal is detected, the computer is
triggered to save the whole PToF trace, from which the sin-
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gle particle mass spectrum is subsequently obtained. The
PToF data (i.e., particle flight time between the running chop-
per and the light scattering laser or laser/tungsten vaporizer)
can be used to calculate the dy, of all recorded single par-
ticles so that a size distribution of the entire single parti-
cle data set can be obtained. There are two major timing
uncertainties for particle sizing measurement: (1) the initial
time of the chopper cycle due to the slit width of the spin-
ning chopper (~2%), and (2) the extra time required for
vaporization, ionization and detection. Light scattering and
single particle mass spectral measurements were processed
using the AMS light scattering data processing software
(Sparrow, 1.04E, http://cires.colorado.edu/jimenez-group/
ToFAMSResources/ToFSoftware/index.html), which is de-
signed for analyzing mass spectra with UMR only.

Weak scattering trigger events (i.e., a total scattering sig-
nal of less than 0.2V or a signal-to-noise ratio less than 5)
were classified as “noise” events and were not included in the
subsequent particle categorization. For particles that gave a
sufficiently strong LS trigger event (i.e., those are not clas-
sified as “noise”) and a total number of ions >6 in their
mass spectra (calculated by integrating the ion signals in the
single particle mass spectrum), they were categorized as ei-
ther “prompt”, “early” or “delayed” particle types based on
their PToF information (see supplementary information for
information on setting the LS signal and total number of
ion thresholds). When the PToF recorded by the light scat-
tering signal (LSptor) can accurately predict the particle ar-
rival time to the mass spectrometer (MSptor) the particle is
categorized as prompt. The Gaussian fit of the difference be-
tween LSptor and MSptor (i.€., LSpror — MSpToF) Was used
to define the prompt particle boundaries (i.e., particles falling
outside the Gaussian fit boundaries (30) were assigned as ei-
ther “early” or “delayed” particle types) (Fig. S2). The de-
layed particle type can be due to the phenomenon of particle
bounce upon impact with the thermal vaporizer surface (i.e.,
delayed vaporization) (Cross et al., 2009) but the physical
meaning of early particle type remains unclear.

The calculation of total ion signals of an individual par-
ticle was modified in the standard software. Instead of us-
ing the default output from the fragmentation table, the to-
tal number of ions was calculated as the sum of all ion sig-
nals except m/z 14 (NT), 15 (NHT), 16 (NH), 17 (NHJ),
18 (H20T), 28 (N3), 32 (OF) and 39 (K™) due to either
the strong interferences from air and instrument background
(i.e., surface ionization on the tungsten vaporizer for KT)
or the noisy baseline of ammonium fragment ions. Multiple
scattering signals observed in a trigger event and weak total
ion signal (<6 ions) were recognized as “coincidence” and
“null” particle types, respectively. A summary of the particle
categorization in different LS-SP-AMS modes is presented
in Table 1. The size distributions of prompt particles in terms
of light scattering signal intensity and total number of ions in
an individual particle spectrum are shown in Fig. S3. It is ap-
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parent that the particle categorization procedure effectively
separates the prompt particles from the full collected single
particle data set.

2.6 Cluster analysis of single particle data

Cluster analysis was performed to investigate the mixing
state of prompt particles based on the k-means algorithm
in IGOR Pro (WaveMetrics Inc., version 6.2.2.2). Including
other particle types with a lower confidence on their PToF dy,
(i.e., early and delayed) to the cluster analysis would not af-
fect the major observations, as they contributed only ~ 1 % of
the particle LS trigger events (Table 1). k-means cluster anal-
ysis has been extensively applied to analyze single particle
data measured from the TSI ATOFMS (Rebotier and Prather,
2007; Friedman et al., 2009; Giorio et al., 2012; Gross et
al., 2010; Healy et al., 2010, 2013; Pagels et al., 2013) and
more recently a standard HR-ToF-AMS with a light scat-
tering module (Liu et al., 2013). It is worth noting that k-
means clustering can classify ambient particles measured by
ATOFMS into particle types that are highly consistent with
other clustering algorithms such as ART-2a and hierarchical
clustering (Rebotier and Prather, 2007; Giorio et al., 2012).
Similar to the calculation of total ion signals in a single par-
ticle mass spectrum, m/z 14, 15, 16, 17, 18, 28, 32 and 39
were excluded in the cluster analysis. All single particle mass
spectra were normalized by their total ion signal, and solu-
tions with up to 25 clusters were tested. Euclidian distance
(the square root of the sum of the squares of the differences
between corresponding values) was used to evaluate the total
distance between the cluster centers and each single particle.
In general, increasing the number of clusters can better rep-
resent the data set mathematically (i.e., reduce the total dis-
tance) as shown in Fig. S4. However, a very large number of
clusters compromises the physical meaning of each cluster.

A cluster analysis panel (CAP) recently developed by our
group was used to perform the built-in k-means clustering
algorithm in IGOR Pro. The following information for each
cluster can be directly generated by CAP: (1) number of par-
ticles, (2) normalized ion-weighted average unit mass reso-
lution mass spectrum, (3) normalized histogram of the fre-
quency of occurrence for each m/z ion signal for each single
particle, and (4) average, time- and size-resolved chemical
composition (nitrate, sulfate, organics and rBC) in terms of
ion counts. Note that the CAP can also merge multiple clus-
ters into a single particle class if they have similar mass spec-
tral features and size distributions, whereas other clusters re-
main unchanged. To avoid generating negative ion signals
from the default fragmentation table in Sparrow, a simplified
version of the fragmentation table was applied for calculating
the chemical composition as shown in Table S2.
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3 Results and discussion

This section is divided into two main parts. The first part
(Sect. 3.1-3.3) presents the observations from SP-AMS en-
semble aerosol measurements and PMF analysis of the or-
ganic components. The second part (Sect. 3.4-3.9) focuses
on identification of particle types and characterizing the mix-
ing state of carbonaceous aerosols based on cluster analy-
sis of LS-SP-AMS single particle measurements. Note that
the ensemble measurements detect particles with dy, starting
from ~ 50 nm and up to ~ 1 um, whereas the single particle
measurements only detect particles greater than 200 nm dy,
(the LS cutoff diameter for different particle types will the
discussed in Sect. 3.4).

3.1 Overview of ensemble measurements

Figure 2a shows the time series of NR-PM, measured by the
IR laser-off mode (i.e., the standard HR-ToF-AMS configu-
ration), and rBC, measured in IR laser-on mode, of the whole
sampling period in downtown Toronto. In general, organics
dominated the particulate mass, whereas rBC contributed 4—
9% of the average particle mass, assuming the CE for ambi-
ent rBC varies between 0.6 and 1 (i.e., CE range for bare and
heavily coated Regal Black particles, respectively) (Willis et
al., 2014) and the CE for all NR-PM evaporated from the
tungsten vaporizer varies between 0.5 and 1 depending on
chemical composition (Middlebrook et al., 2012) (see Fig. S5
and calculation details based on single particle data in the
Supplement). Willis et al. (2014) reported that the particle
beam width (i.e., a primary parameter that governs the CE of
rBC in SP-AMS) of ambient rBC particles measured at the
same location of downtown Toronto is similar to that of heav-
ily coated Regal Black particles generated in the laboratory.
The total particle mass loading measured by the LS-SP-AMS
is similar to that inferred from a simultaneous measurement
using a scanning mobility particle sizer (SMPS, TSI Inc.)
(slope ~1.02, R? = 0.76), suggesting that the estimated CEs
for NR-PM, vaporized from the heated tungsten vaporizer,
and rBC, vaporized from the laser vaporizer, are within rea-
sonable ranges (see Fig. S5).

The average mass spectrum of rBC was dominated by car-
bon ion clusters from C; to CZ" (~ 95 %), with the strongest
rBC signal at C}“ (Fig. 2b). These spectral characteristics
are similar to previous SP-AMS measurements (Massoli et
al., 2012; Onasch et al., 2012) and the calibration standard
used in the current study (Regal Black, see insert in Fig. 2b).
Fullerene-type rBC spectral features (i.e., C; fragments with
carbon number >32) cannot be evaluated because their C;
peaks are out of the m/z range (up to ~ 300) investigated in
this study. Onasch et al. (2012) observed carbon cluster ions
of up to ng in laboratory-generated ethylene flame soot par-
ticles and detected C3,—C7,, which accounted for about 4 %
of the total rBC signals at an urban roadside environment.
Furthermore, Dallmann et al. (2014) have demonstrated the
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capability of the SP-AMS to detect trace metals such as zinc
in on-road gasoline and diesel vehicles emissions. However,
no trace metals were clearly observed in this study.

Figure 2c displays the average ensemble size distributions
(PTOF dyq) of NR-PM and rBC. Secondary inorganic species,
nitrate and sulfate, peaked at ~ 300-400 nm with much less
contribution to the mass of smaller size particles. In contrast,
the rBC signals peaked at ~ 100 nm. Since ambient rBC is
only emitted from primary sources, this suggests that a sig-
nificant portion of the sampled rBC was freshly emitted or
only slightly aged particles. This is consistent with the fact
that vehicle emissions are a major local source of rBC in the
downtown area of Toronto. Organic species covered a wide
range of particle sizes, indicating that they may be internally
mixed with rBC and inorganic species. The organic fragment
at m/z 44 (Org44, Cog) that can be used as a tracer of
oxygenated organic aerosol (OOA) (e.g., organic acids) ex-
hibited a bimodal distribution with the larger particle mode
comparable to sulfate and nitrate (Fig. 2c). Nevertheless, ad-
ditional information such as single particle characterization
is required to confirm the mixing state of ambient particles.
The average O / C and H / C ratios of total organics obtained
from elemental analysis of high-resolution mass spectral data
are 0.28 (ranging from 0.05 to 0.57) and 1.65 (ranging from
1.47 to 1.82), respectively (see the Van Krevelen diagram in
Fig. S6). The relatively low fraction of oxygenated organic
aerosol indicates that the sampling site was strongly influ-
enced by local anthropogenic sources, such as vehicle- and
cooking-related emissions, matching well with the site char-
acteristics (see Sect. 2.1).

3.2 PMF analysis of ensemble measurements

PMF has been widely applied to analyze ambient AMS data
sets to identify the potential sources of organic aerosol (Ul-
brich et al., 2009; Zhang et al., 2011). PMF analysis sep-
arates the total organics measured in this study (Fig. 3a—c)
into factors that have been commonly observed in AMS mea-
surements: hydrocarbon-like organic aerosol (HOA), cook-
ing emission organic aerosol (COA), and OOA (Zhang et al.,
2011, and references therein). In brief, the HOA spectrum
exhibits fragmentation patterns associated with hydrocarbon
structures (e.g., m/z 57 (C4Hg ) and 69 (CsHg)), and is com-
parable to those of gasoline/diesel vehicle exhaust and lu-
bricating oil (Canagaratna et al., 2004; Massoli et al., 2012;
Mohr et al., 2009). The COA and HOA spectra are similar to
each other; however, the COA factor tends to have a higher
m/z 55/57 ratio (Allan et al., 2010; Mohr et al., 2009, 2012).
Lastly, the OOA spectrum is composed of a relatively high
fraction of m/z 44 (Coj), indicating that the OOA material
has a higher photochemical age (Jimenez et al., 2009; Ng et
al., 2010). The O /C and H/ C ratios of the laser-off-mode
PMF factors and their coordinates in the Van Krevelen dia-
gram are shown in Figs. 3a—c and S6, respectively.
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Figure 4 shows the time series of the three-factor PMF
solution obtained with the IR laser-off. Significant contri-
butions of HOA and COA to the total organic mass (av-
erage =+ standard deviation =52 % + 20 %) indicate that the
sampling site was strongly influenced by anthropogenic
emissions (Fig. S7). In particular, the temporal variations in
rBC and the laser-off HOA factor showed a significant cor-
relation (Fig. 4a), demonstrating that the HOA was primar-
ily emitted from combustion sources such as engine exhaust.
The substantial COA mass loading is consistent with the fact
that many catering facilities are close to the sampling site
(Fig. 4b). The strong diurnal cycle of the COA factor was
likely due to the active cooking activities from noontime to
nighttime every day. The OOA factor represents the ambient
level of oxygenated organic aerosol that originated from sec-
ondary sources and/or was produced by photochemical aging
(e.g., transported/regional emissions from outside the city)
(Fig. 4c). Similar PMF results were obtained for the IR laser-
on measurements (excluding rBC signals in the PMF anal-
ysis) and are shown in Figs. S8 and S9. Including the rBC
signals only slightly modified the PMF results of the laser-
on measurements as displayed in Figs. 3d—f and S8. Based
on the PMF analysis, the rBC mass in HOA, COA and OOA
factors accounted for about 51 % (420 %), 9% (£11 %) and
40 % (18 %), respectively, of the total rBC mass loading, on
average (=4 standard deviation). The temporal variations of
the rBC mass fractions contributed by each factor are shown
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in Fig. 3g. The comparison between PMF and single particle
cluster analysis (Fig. 4, line vs. filled area) will be discussed
in Sect. 3.9.

3.3 Comparison of laser-on and off ensemble
measurements

The IR laser-on mode exhibited a higher sensitivity to all NR-
PM components than the IR laser-off mode by ~ 10-20 %,
depending on the chemical species (Fig. S10). There are two
likely explanations for these observations, both of which may
account for all or part of the discrepancies. (1) The observed
discrepancies may be due to different CE issues for the two
vaporizers (i.e., incomplete particle-laser beam overlap for
laser vaporizer (Willis et al., 2014) and particle bounce is-
sues for tungsten vaporizers, Matthew et al., 2008). For ex-
ample, the instrument operated in the laser-off mode might
have a lower CE for rBC-containing particles due to particles
bouncing off the tungsten vaporizer, an effect which would
depend on the coating thickness, morphology and proper-
ties. As a result, some NR-PM components that are internally
mixed with rBC may not be detected in the laser-off mode.
In particular, it is well known that solid/semi-solid particles
have a more pronounced bouncing effect than liquid particles
(Docherty et al., 2013; Matthew et al., 2008). (2) Particle va-
porization by the IR laser and the tungsten vaporizer do not
occur at exactly the same location inside the ion chamber,
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possibly resulting in different ionization rates and ion trans-
mission efficiencies (i.e., from the ion chamber to the ion fo-
cusing optics) between the two operational modes. This dif-
ference may also be a reason for the observed enhancements
in the RIE of NR-PM evaporated from rBC particles.

Although the main driver of the observed sensitivity en-
hancement remains unclear, a larger difference between the
two modes would imply that a higher mass fraction of a par-
ticular aerosol component coexists with rBC, because rBC-
containing ambient particles are evaporated by the IR laser
before they can reach the tungsten surface. Compared to the
standard AMS measurements, in the laser-on mode the HOA,
COA and OOA mass loadings are higher by about 40, 10,
and 23 %, respectively (Fig. S11a—c). Figure S11d explic-
itly demonstrates that the percentage difference of each PMF
factor between the laser-on and off operational modes is pos-
itively correlated with the mass fraction of the rBC signal
in each factor (mass fraction of rBC in laser-on HOA =0.15,
COA =0.02, and OOA =0.06). This is indirect evidence that
a larger fraction of HOA material was internally mixed with
rBC compared to the COA and OOA components. Further-
more, we note that HOA and COA (oil-like droplets) dom-
inated the organic aerosol mass and, as indicated earlier
(see Sect. 3.1, and Fig. S5 and description in the Supple-
ment), these chemical components have CEs from the heated
tungsten vaporizer close to unity, which would minimize
the effects of the first argument. Therefore, the second ar-
gument is likely more appropriate to explain our observa-
tions for organic aerosol. For inorganic species, the enhance-
ment of NHI mass between the two operational modes is
smaller than those observed in the cases of NO; and SO2~
(Fig. S10). The reason of this observation is unclear but one
of the possibilities is that some refractory nitrate and sulfate
(e.g., NapSQy) coexisted with rBC. The direct measurements
of mixing state from the single particle data will be discussed
in the following sections.

3.4 Overview of single particle data set

The single particle statistics of the LS measurements are
summarized in Table 1. The IR laser-on and off modes had
113120 and 112 441 total LS trigger events, respectively, and
75 % of them in both laser-on and laser-off modes were rec-
ognized as particle LS trigger events. Approximately 41 %
(35001) and 34 % (28 322) of the particle LS trigger events
were categorized as prompt particles in the laser-on and off
modes, respectively. Figure 5 shows the prompt single parti-
cle results for laser-on and off modes, and the difference, as
a function of the measured particle sizes (dya nm). A higher
fraction of prompt particles observed in the IR laser-on mode
could be due to (1) the extra ions generated from rBC, (2) the
different CE for laser and tungsten vaporizers especially for
inorganic particles in the accumulation mode (see Fig. S5 and
description in supplementary information), and (3) a higher
mass spectral sensitivity (i.e., a higher RIE of NR-PM) in the
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laser-on mode as described in Sect. 3.3. Cross et al. (2009)
and Liu et al. (2013) reported that null particles accounted for
~ 50 % of the particle LS trigger events, which is somewhat
lower than those determined in this study (Table 1). This may
arise from the fact that all ammonium fragments (m /z 14, 15,
16) were excluded in our calculation of total ion signals in
the particle categorization procedure. It is also worth noting
that Cross et al. (2009) deployed a more sensitive compact
ToF-AMS (CToF-AMS) in their measurements.

Figure 6 shows some representative examples of single
particle mass spectra of rBC-containing particles. Using the
ensemble spectrum of rBC as a reference (Fig. 2b), it is
clear that ambient rBC can exist as nearly externally mixed
(Fig. 6a) or can be associated with various types of coat-
ing materials such as HOA (Fig. 6b), OOA and inorganics
(Fig. 6¢). Figure 7 shows the chemically speciated size dis-
tributions of all prompt particles. A comparison between the
single particle size distributions (Fig. 7) and the ensemble
PToF data (Fig. 2c) illustrates the effect of the light scattering
cutoff, showing that a significant portion of small particles
cannot be detected in the LS measurements. A light scatter-
ing cutoff dy, of ambient nitrate and sulfate match well with
that calibrated by the dried NH4NO3 particles, whereas am-
bient organic particles that are mainly composed of HOA and
COA materials (see Sect. 3.5) have a cutoff dy4 similar to that
estimated for spherical hydrocarbon oil droplets (~ 250 nm,
the pink dashed line in Figs. 5 and 7). Furthermore, the LS
mode can detect rBC-containing particles and the associated
coating materials down to ~100nm dy,. This is because
ambient BC/soot agglomerates can have low effective par-
ticle densities due to their fractal morphologies (China et al.,
2013, 2014; Slowik et al., 2004). In other words, the ambi-
ent rBC particles that have small dy, can be physically large
enough to be detected by the light scattering module (see
Eg. 1) and can produce a sufficient signal for mass spectro-
metric detection.

The differences in overall and chemically speciated
size distributions of ion signals between the laser-on
and off modes are shown in Figs. 5 and 7c, respec-
tively. Accumulation-mode particles peaked at ~400nm
dva (mainly composed of secondary aerosol components
such as nitrate, sulfate and oxygenated organic species) and
exhibited the largest differences between the two opera-
tional modes. Organics with mid-range dy, (i.e., peak at
~ 300 nm) show a relatively small difference compared to
accumulation-mode organics, suggesting that those organic
particles are likely less sensitive to the types of particle va-
porization (i.e., no rBC core). Note that those mid-range dya,
organic particles are dominated by HOA and COA materials
with a relatively small mass fraction of rBC (see Sect. 3.5).
Similar observations are also obtained from particle num-
ber size distributions as shown in Fig. S12a. The laser-on-
to-laser-off ratios in terms of total ion signals and particle
number are biased higher in the large and small particle size
ranges. The former is suggestive of potential bounce effects
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on the tungsten vaporizer and/or better ion transmission ef-
ficiency in the laser-on mode as discussed in Sect. 3.3; the
latter, for particles smaller than 200 nm, is likely due to rBC
particles dominating the ion signals (Fig. S12b).

3.5 Cluster analysis of single particle data sets

The k-means clustering algorithm was used to separately
classify all the prompt particle mass spectra into chemically
distinct groups for both laser-on and laser-off data sets. The
overall cluster analysis results for NR-PM are similar for
both the IR laser-on and off data sets, with the primary excep-
tion being an additional particle class, rBC, obtained from the
laser-on-mode single particle data. The major NR-PM parti-
cle classes obtained via independent cluster analysis for both
data sets included nitrate, sulfate, HOA, COA, and two types
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of OOA (Fig. 8). These particle classes represented similar
particle number fractions and time series, and differed only
slightly in average mass spectra (not shown).

To demonstrate the capability of the LS-SP-AMS to in-
vestigate the mixing state of ambient aerosol particles, the
12-cluster solution from the laser-on mode measurements is
presented here. The number of particles and the ion fractions
of nitrate, sulfate, organics and rBC in each cluster are shown
in Fig. S13. Increasing the number of clusters from 12 to 25
only gradually reduces the total Euclidian distance between
the cluster centers and each single particle mass spectrum
(Fig. S4), and does not generate any new particles classes
with significant physical meaning (i.e., determined by clus-
ter re-combinations as discussed in the next paragraph). Note
that an rBC-rich particle class (see Sect. 3.5.2) can be clearly
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Figure 5. Size distributions of total ion counts from the ambient sin-
gle particle measurements (black: laser-on mode, orange: laser-off
mode, blue: difference between laser-on and laser-off modes). The
grey square (data) and grey dashed line (fitting) represent the count-
ing efficiency (the ratio of light scattering counts and condensation
particle counter signals (LS/CPC), left axis) of the light scattering
module for ammonium nitrate particles. The pink dashed line indi-
cates an estimated light scattering cutoff dy, for spherical hydrocar-
bon oil droplets (i.e., shape factor = 1 and density = 1gcm™—3).

identified starting from the nine-cluster solution (up to 25-
cluster solution). However, for the 11-cluster solution, the
rBC-rich particle class cannot be separated from OOA in the
accumulation mode (i.e., dya peak at ~400nm). Therefore,
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Figure 6. Examples of single particle mass spectra of rBC-
containing particles in ambient air: (a) black carbon, (b) black car-
bon internally mixed with HOA, and (c) black carbon internally
mixed with OOA and sulfate. Particles (a) and (b) are sorted into
the rBC cluster, and particle (c) is classified into the OOA cluster 2
identified in this study (see Sect. 3.5).

the 12-cluster solution is considered as the optimal clustering
solution.

By comparing the mass spectra, time series, and size dis-
tributions of the 12 clusters, it is clear that some clusters must
be re-combined into a single particle class to provide physi-
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Figure 7. Integrated size distributions of nitrate, sulfate, organics
and rBC from the single particle ion signal measurements with IR
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represents the counting efficiency (LS/CPC) of the light scattering
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cates an estimated light scattering cutoff dy, for spherical hydrocar-
bon oil droplets.

cally meaningful results. For example, four preliminary clus-
ters obtained from the k-means clustering (clusters 1, 6, 8
and 11 in Fig. S13) are rich in nitrate signatures with sim-
ilar temporal variations and/or size distributions (Fig. S14)
and, hence, they were merged to produce a single nitrate-
rich class. Merging preliminary clusters into a single final
particle class has been widely applied to cluster analysis of
ATOFMS data (e.g., Healy et al., 2013). A tracer for rBC
(Cg“ at m/z 36) is used to examine the mixing state of ambi-
ent rBC. The potential isobaric interference from HCI+ was
evaluated based on the cluster analysis of the IR laser-off data
set (Table 2, see discussion below).

3.5.1 Inorganic classes

Figure 8 summarizes the UMR spectra, mass spectral his-
tograms and size distributions of the seven final particle

www.atmos-chem-phys.net/15/1823/2015/

1833

classes. Figure 8a shows a nitrate-rich class that consists of
significant ion signals at m/z 30 (NO*) and m/z 46 (NO;)
with comparable intensities, and a sulfate-rich class with
a mass spectrum dominated by m/z 48 (SOV), 64 (SO}),
80 (SO3), 81 (HSO3) and 98 (H,SOj). These inorganic
classes have narrow size distributions and peak at ~ 400 nm
(Fig. 8p, g), which is consistent with the PToF ensemble data.
A significant fraction of the particles in these two classes are
internally mixed with a substantial amount of organic mate-
rial (see Sect. 3.6 for the discussion of mixing state of sec-
ondary species in an accumulation mode particle). The mass
spectra of these organics are similar to the OOA class 1 iden-
tified in this work (i.e., strong signals at m/z 29 and 43;
Fig. 8f). In particular, approximately 60—70 % of the nitrate-
and sulfate-rich particles exhibit organic signals at m/z 43
(Fig. 8h, i). Furthermore, the tracer of rBC (C§ atm/z 36) in-
dicates that rBC has only a minor contribution to the nitrate-
and sulfate-rich particles (i.e., a similar percentage of parti-
cles contributed to m/z 36 between laser-on and off modes
(<2 %) in these clusters) as shown in Table 2.

3.5.2 HOA and rBC classes

A cluster with mass spectral fragmentation patterns for hy-
drocarbons (i.e., CXH;r ions) is assigned as a HOA-rich class
(Fig. 8c). Most of the HOA-rich particles do not contain any
inorganic species (Fig. 8c, j). About 6% of the HOA-rich
particles were composed of a detectable signal at 2 /z 36 that
originates from rBC (Table 2), and the mass contribution of
rBC to this cluster was about 3% on average (RIEog=1.4
and RIE;gc = 0.4). Instead, the cluster analysis yields a sep-
arate rBC class without substantial organic coating (Fig. 8d).
Although the mass fraction contribution of organics to this
particle type is only 0.28, ~60-80% of the particles con-
sist of detectable organic signals at m/z 41, 43, 55, and 57
(Fig. 8k). The rBC-rich class has a C /CJ ratio of about
0.53, which is slightly smaller than the ratio obtained from
the calibration standard (Regal Black). The mass spectral
character of the organic coating is similar to the spectrum
of PMF-HOA in general, but with a slightly higher fraction
of m/z 44 and lower fraction of m/z 55 and 57 compared to
the HOA-rich class (insert of Fig. 8d). We emphasize that
while PMF analysis showed that rBC and HOA materials
likely have the same emission sources, this approach does not
provide direct information about the ambient particle mixing
state. In contrast, the cluster analysis clearly suggests that
two major types of particles, which have different size dis-
tributions (Fig. 8r, s) and extents of internal mixing of HOA
and rBC (see Sect. 3.7), contributed to the PMF-HOA factor.

3.5.3 COA and OOA classes
The mass spectrum of a COA class is shown in Fig. 8e. The

COA cluster covers a range of particles with dy, peaking at
~ 300 nm (Fig. 8t). Similar to the PMF-COA factor, the COA
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Figure 8. Normalized mass spectra (left column), normalized histograms displaying the relative frequency of each m/z (middle column),
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oxygenated, (g, o, v) OOA class 2 — more oxygenated. The insert in (d) shows the organic mass spectrum associated with rBC-rich particle

class.

class is dominated by fragments at m /z 41 and m /z 55 with a
relatively high m /z 55/57 ratio compared to the HOA. Two
OOA classes were also identified (Fig. 8f, g). These parti-
cle types likely represent aged organic aerosol components
because a large fraction of the particles (>50 %) are associ-
ated with secondary nitrate and sulfate (see Sect. 3.6). While
OOA class 1 represents the less oxygenated organics (i.e.,
strong signal from less oxygenated fragments such as CHO™
at m/z 29 and CoH3O™ at m/z 43), OOA class 2 has the
distinct spectral feature of highly oxygenated organics pro-
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duced via photochemical aging (i.e., intense signal at m /z 44
(C02+ ) from organic acids). Both OOA classes have size dis-
tributions similar to the inorganic classes (see Sect. 3.6 for
the discussion of mixing state of secondary species in an ac-
cumulation mode particle). The major exception is that the
OOA class 1 has another peak with a smaller mean parti-
cle diameter, suggesting that this particle type may consist of
ambient particles with a different degree of aging (e.g., fewer
condensed materials such as inorganic species on the smaller
particles). The majority of the particles in the COA and OOA
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Table 2. Summary of the rBC contribution to each cluster.

Cluster % of particles with measurable m /z 362 signal (no. of particles) Mass fraction
type Laser on Laser off  Difference of rBC

(laser on minus off) (IR laser on)P
NO3 11.4% (1063) 10.2% (652) 1.2% 0.035
SOy 4.4% (130) 28% (67) 16% 0.019
HOA 8.4% (347) 2.0% (65) 6.4% 0.024
rBC 97.1% (867) n/a 0.722
COA 6.5 9% (548) 2.9% (205) 3.6% 0.020
OOA1 82%(587) 4.1%(291) 4.1% 0.027
OO0OA 2 7.4% (153) 3.9% (80) 35% 0.028

a Any signal larger than zero, IR laser-on mode: m/z 36 = C3+ and HCIt, IR laser-off mode: m/z 36 = HCIt only; n/a =
not applicable. P The fragmentation table shown in TableS2 was used for quantification of rBC.

classes (96-97 %) were not associated with rBC signals (Ta-
ble 2).

3.6 Mixing of secondary species in accumulation mode
particles (dya ~ 400 nm)

Although seven particle classes with their distinct mass spec-
tral features are identified based on cluster analysis, atmo-
spheric aerosol particles are likely internal mixtures with
varying relative compositions of the different chemical com-
ponents. As shown in Sect. 3.5, a few particle classes dom-
inated by secondary species, including nitrate, sulfate, and
OOA, are predominately measured by size to be in the ac-
cumulation mode (Fig. 8). To understand the mixing state of
these secondary components, the relative mass contributions
of nitrate, sulfate and organics (i.e., OOA) in each particle
type are examined using ternary diagrams as shown in Fig. 9.
The input parameters of ternary diagrams are converted from
ion counts to mass-based data using default RIE of nitrate,
sulfate and organics (see Sect. 2.3). Overall, all these parti-
cle types are internal mixtures of nitrate, sulfate and organ-
ics to different degrees. Most of the classified as nitrate-rich
are composed of nitrate and organics, though some particles
have significant sulfate content (up to ~ 50 wt % of these sec-
ondary species) (Fig. 9a). Figure 9b shows that the sulfate-
rich class is dominated by internal mixtures of sulfate and
organics with relatively low nitrate mass (up to ~ 30 wt %).
OOAL and OOA2 classes are dominated by organic-rich par-
ticles with a variable degree of internal mixing with sulfate
and nitrate (up to ~ 40 and ~ 30 wt %, respectively) (Fig. 9¢).
In contrast, a very low degree of internal mixing of inorganic
components with COA, HOA and rBC classes are observed
(see ternary diagrams shown in Fig. S15), which is consistent
with the COA, HOA and rBC particle types being predom-
inantly externally mixed primary particles with little gas-to-
particle condensation (or coagulation) of secondary particu-
late material prior to sampling (see Fig. 8).
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3.7 Mixing of rBC-containing particles

Ternary diagrams that show the relative mass contributions
of inorganic (nitrate and sulfate), organic and rBC in each
particle class are used to evaluate the mixing states of rBC-
containing particles in the sampled urban environment (see
Fig. S16). According to Fig. S16 and Table 2, rBC is only a
minor contributor to all particle types except the rBC class.
The normalized number fraction of single particles, for each
particle class, is shown in Fig. 10a as a function of the rBC
mass fraction per single particle, demonstrating that only a
small portion of particles from each class (except for the rBC
class) is internally mixed with rBC (up to 60wt %). Note
that the total mass of each particle presented in Fig. 10a—c
is calculated as the sum of organic, rBC, ammonium nitrate,
and ammonium sulfate, assuming that all particles are com-
pletely neutralized (i.e., all nitrate and sulfate are in the form
of ammonium salts; see Fig. S5c). Although the nitrate-rich
class has an apparent relatively high rBC content compared
to other classes, it is possibly due to the interference from the
HCI™ signal as discussed previously (Sect. 3.5 and Table 2).

Figure 10b and c further show the number distributions of
particles categorized to the rBC and HOA classes, respec-
tively, as a function of rBC mass fraction and particle dy;.
Apparently, most of the HOA-rich particles contain very lit-
tle (i.e., below detection limits) rBC mass as shown in the
bar graph in Fig. 10c. A tail of the number distribution in-
dicates that some small particles (~200nm) are internally
mixed with rBC by up to ~ 50 % by mass. On the other hand,
Figure 10b suggests that rBC-rich particles are more gradu-
ally mixed with HOA materials with the average rBC mass
fraction of ~0.7. Some nearly pure rBC particles are also
observed in this study (i.e., mass fraction of rBC ~1). The
number distributions of particles classified to other classes as
a function of rBC mass fraction and particle dy, are shown
in Fig. S17. The rBC content in the accumulation-mode par-
ticles is mainly associated with the secondary components,
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Figure 9. Ternary plot of nitrate, sulfate and organics mass fraction for those particles types identified by cluster analysis: (a) NO3, (b) SOg,
(c) OOAL, and (d) OOA2. All these particle classes are the major contributors in the accumulation-mode particles. The black solid circles
indicate the coordinates of average compositions of each particle classes.

indicating that those rBC-containing particles are chemically
aged.

3.8 Low to mid-range dy, (~ 200-400 nm), organic-rich
particles

The results provide a valuable, new perspective into the
chemical composition and potential sources for low to mid-
range dya (~200-400 nm), organic-rich particles (i.e., dom-
inated by particles in the HOA and COA clusters) using
both ensemble and single particle techniques. Specifically,
we made two sets of observations. (a) LS-SP-AMS ensem-
ble data suggest that HOA and rBC were highly correlated
in several ways: (1) time traces in Fig. 4a, (2) PToF size dis-
tributions in Fig. 2c, and (3) laser-on-to-laser-off ratios for
PMF factors in Figs. S10 and S11. (b) LS-SP-AMS single
particle results suggest that HOA- and COA-rich particles
were nearly externally mixed with rBC. The strong correla-
tion between HOA and rBC has, for the most part, been noted
previously (Zhang et al., 2011, and references therein). The
new observations obtained with the LS-SP-AMS single par-
ticle data and k-means cluster analysis suggest that the low

Atmos. Chem. Phys., 15, 1823-1841, 2015

to mid-range dya, organic-rich particles in a typical urban en-
vironment largely arise from low-density organic materials,
such as nearly pure HOA and COA particles (> 95 wt % of or-
ganics) emitted from primary sources (e.g., vehicle exhaust
and cooking emissions).

Even though the HOA-rich particles exhibit near external
mixing with rBC, we note that HOA materials are neverthe-
less still more closely associated with rBC than are other par-
ticle constituents. As noted above, the laser-on-to-laser-off
ratio increases by organic PMF factor in the following man-
ner: HOA>OOA >COA (Fig. S11). This trend correlates
well with the observed ensemble rBC mass fractions for each
PMF factor. Hence, the difference between the PMF-HOA
mass loadings from the laser-on and off modes suggests that
HOA materials were more associated with rBC-containing
particles than were OOA and COA. Furthermore, the HOA
coating on rBC-rich particles alone is likely insufficient to
explain the PMF-HOA difference between laser-on and off
modes, at least for the current single particle size range. This
suggests that some HOA-rich particles were likely associated
with small rBC cores.

www.atmos-chem-phys.net/15/1823/2015/
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axis). The while circle markers represent the total number of particles (right axis) in each bin. Distributions of particle size and black carbon
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Quantitatively, the single particle data analysis demon-
strates that (1) a significant portion of HOA- and COA-rich
particles (>90 %) with particle dy, larger than ~ 200 nm did
not contain a detectable amount of rBC, e.g., organic-rich
particles containing a small rBC core or no rBC (with a mass
contribution of rBC to the HOA- and COA-rich classes of
about 3% on average); and (2) the rBC-rich particles were
mixed with ~ 28wt % HOA-like material on average, e.g.,
a thinly HOA coated rBC particle, assuming uniform coat-
ing thickness. For example, applying a simple core-shell
spherical structure (i.e., rBC core plus uniform HOA coat-
ing), a 200 nm dy, rBC-rich particle has a coating thickness
of ~10nm with HOA and rBC densities equal to 0.9 and
0.8gcm—3, respectively. rBC was mixed to a minor extent
with other inorganic and organic materials. The total organic-
to-rBC ratios are relatively constant across the size range of
the rBC-rich cluster. However, whether this fact allows us
to extend our mixing state conclusions to particles that are
smaller than the nominal detection limit of the light scatter-
ing module is unknown.

The number fraction of rBC-containing particles to total
prompt particles determined in the current study is about 7—
11 % using m/z 36 as an rBC tracer and considering the po-
tential interference from HCI* (Table 2). Willis et al. (2014)
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showed that the SP-AMS could measure rBC mass fractions
down to at least 5% by mass for laboratory-generated par-
ticle ensembles. The current data suggest that, per particle,
rBC mass fractions for many of the HOA- and COA-rich sin-
gle particles are less than 5% (Table 2). We cannot rule out
that the LS-SP-AMS is missing ion signals from small rBC
cores in these particle types. The fact that the RIE,g¢ (usually
from 0.2 to 0.4) is smaller than the RIE of other major NR-
PM species indicates that we are getting fewer ion signals
per mass from rBC compared to other NR-PM components,
making it harder to determine if rBC is in any given particle.
Using six ions as a detection limit of a single particle (i.e., a
criteria for “prompt” particle type) and a mass-based ioniza-
tion efficiency of Regal Black determined by calibration, it
can be estimated that the detection limit of a pure rBC single
particle is ~ 25 fg of rBC per particle. Therefore, the single
particle mixing state measurements here may underrepresent
the rBC-containing particle number (and mass) not only for
low to mid-range dv,, organic-rich particles but also for all
identified clusters.

Atmos. Chem. Phys., 15, 1823-1841, 2015
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3.9 Comparison of clustering observations with PMF
factors

In addition to the mass spectral comparison provided in the
previous section, Fig. 4 displays a comparison between the
time series of organic classes (HOA, COA, and OOA classes,
in ion signals) and PMF factors (in mass loadings). The total
signals of the OOA classes shown in Fig. 4c were determined
by the sum of organic signals from the nitrate, sulfate, OOA
1 and OOA 2 classes as they all contain oxygenated organic
aerosol materials. The COA class completely captures the di-
urnal cycle of the PMF-COA (Fig. 4b), and the PMF-OOA
agrees well with the OOA classes (Fig. 4c). The PMF-HOA
factor exhibited three major peaks during the sampling pe-
riod indicated by red dashed rectangles in Fig. 4a. However,
the HOA class only captures the first two periods and not the
last one. It is possible that most of the HOA material in this
final period was associated with extremely small particles,
which could not be detected by the light scattering module.
The HOA-class organic signals displayed in Fig. 4a are not
significantly altered by the addition of organic signals from
the rBC class. Overall, the temporal variations of these or-
ganic particle classes and PMF factors correlate very well
indicating that this single particle approach is able to largely
capture the variability in the major aerosol components ob-
served by LS-SP-AMS ensemble measurements.

4 Summary and concluding remarks

This work represents the first report of single particle charac-
terization of rBC particles with the LS-SP-AMS. PMF anal-
ysis of ensemble data is a standard approach used to investi-
gate the sources of ambient organic aerosol. Noting that the
single particle data are direct measurements of aerosol com-
position whereas PMF analysis is a statistical tool, one of
the major results from this paper is the temporal and compo-
sitional agreement between k-means single particle clusters
and the PMF factors, which validate the PMF result and their
relation to particulate matter sources. That being said, it is
important to note that because the LS-SP-AMS may not be
able to detect certain primary aerosol components, such as
mineral dust, and non-IR absorbing refractory PM, the mix-
ing state measurements obtained may not reflect the mixing
state of the entire aerosol population.

Additional information regarding the mixing state of am-
bient particles and their size distributions (down to the de-
tection limit of the light scattering module) is important for
improving our understanding of the environmental impacts
of atmospheric aerosol particles. While Liu et al. (2013) first
applied the k-means clustering algorithm to LS-ToF-AMS
data, this work successfully extends the application of the
k-means clustering approach to analyze LS-SP-AMS data to
evaluate the mixing state of ambient rBC particles and other
non-refractory aerosol components. The approach presented
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here can be applied to assess the magnitude of the contribu-
tions of different sources when performing source—receptor
analysis.

PMF analysis of ensemble measurements can provide in-
formation to evaluate the potential sources and aging of or-
ganic aerosol. While it is recognized that HOA factors, iden-
tified by PMF analysis of standard HR-ToF-AMS data, and
rBC originate from combustion sources, the mixing states of
these primary aerosol species cannot be easily characterized
in this manner without the support of single particle measure-
ments. Within the constraints of the instrumentation that may
underrepresent the number of rBC-containing particles (see
Sects. 3.3 and 3.8), the single particle data analysis demon-
strates quantitatively that there were two types of particles
associated with HOA materials: (1) HOA-rich particles as-
sociated with ~ 3wt % of rBC (e.g., a small rBC core with
a high HOA content), and (2) rBC-rich particles mixed with
~ 28wt % of HOA-like material on average (e.g., a rBC par-
ticle with a thin, uniform HOA content). Other inorganic and
organic materials were mixed to a lesser extent with rBC.
The single particle data also provide insight into the sources
of low to mid-range dys organics (~200-400 nm) in a typ-
ical urban environment. According to our cluster analysis,
those organics are mainly composed of HOA- and COA-rich
particles (with rBC content about 3% on average) emitted
from primary sources such as vehicle exhaust and kitchen
emissions instead of processed particles associated with con-
densed secondary materials.

During our study, most of the rBC was likely freshly emit-
ted from nearby vehicle exhaust and therefore we did not
observe significant mixing, even though missing ion signals
from small rBC cores in the aged particle types is possible.
Further deployment of the LS-SP-AMS in remote environ-
ments will provide insight into the mixing state of aged am-
bient rBC. Freutel et al. (2013) recently developed a new
particle categorization algorithm based on reference spectra
comparison, which is potentially useful to identify unknown
rBC particle types from LS-SP-AMS measurements.

The Supplement related to this article is available online
at doi:10.5194/acp-15-1823-2015-supplement.
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