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Abstract. Chemical and physical properties of individual
ambient aerosol particles can vary greatly, so measuring the
chemical composition at the single-particle level is essen-
tial for understanding atmospheric sources and transforma-
tions. Here we describe 46 days of single-particle measure-
ments of atmospheric particles using a time-of-flight aerosol
mass spectrometer coupled with a light scattering module
(LS-ToF-AMS). The light scattering module optically de-
tects particles larger than 180 nm vacuum aerodynamic di-
ameter (130 nm geometric diameter) before they arrive at
the chemical mass spectrometer and then triggers the sav-
ing of single-particle mass spectra. 271 641 particles were
detected and sampled during 237 h of sampling in single-
particle mode. By comparing timing of the predicted chemi-
cal ion signals from the light scattering measurement with the
measured chemical ion signals by the mass spectrometer for
each particle, particle types were classified and their number
fractions determined as follows: prompt vaporization (46 %),
delayed vaporization (6 %), and null (48 %), where null was
operationally defined as less than 6 ions per particle. Prompt
and delayed vaporization particles with sufficient chemical
information (i.e., more than 40 ions per particle) were clus-
tered based on similarity of organic mass spectra (usingk-
means algorithm) to result in three major clusters: highly ox-
idized particles (dominated bym/z 44), relatively less oxi-
dized particles (dominated bym/z 43), and particles associ-
ated with fresh urban emissions. Each of the three organic

clusters had limited chemical properties of other clusters,
suggesting that all of the sampled organic particle types
were internally mixed to some degree; however, the inter-
nal mixing was never uniform and distinct particle types ex-
isted throughout the study. Furthermore, the single-particle
mass spectra and time series of these clusters agreed well
with mass-based components identified (using factor anal-
ysis) from simultaneous ensemble-averaged measurements,
supporting the connection between ensemble-based factors
and atmospheric particle sources and processes. Measure-
ments in this study illustrate that LS-ToF-AMS provides
unique information about organic particle types by number
as well as mass.

1 Introduction

Rapid measurements are needed to accurately quantify at-
mospheric particle sources and compositions and to study
their transformations. The aerosol mass spectrometer (AMS)
is one fast-developing and widely used technique for mon-
itoring size and composition of submicron particles in real
time (Jayne et al., 2000). Quantified species include non-
refractory organic mass (OM), sulfate, nitrate, ammonium,
and chloride. Recent developments enable separation of ions
that are slightly different in mass and overlap in unit-mass
spectrum by replacing the quadrupole mass spectrometer (in
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188 S. Liu et al.: Organics typed by single-particle measurements

Q-AMS) with a compact time-of-flight mass spectrometer
(C-ToF-AMS), as described in Drewnick et al. (2005), and
a high-resolution time-of-flight mass spectrometer (HR-ToF-
AMS), described in DeCarlo et al. (2006). The ToF-AMS
collects signals from the composition of ensembles of parti-
cles in each chopper cycle. In the brute force single-particle
(BFSP) mode of the ToF-AMS operation, mass spectrum ex-
tractions within a chopper cycle are saved, enabling acqui-
sition of single-particle mass spectra. However, the BFSP
mode is typically turned off during field measurements to
conserve data storage and processing time. The only pub-
lished analysis utilizing this mode came from field mea-
surements made by Drewnick et al. (2005), whereby single-
particle mass spectra were acquired several times, each for
a few minutes. These single-particle spectra were used to
investigate internal and external mixing properties of sub-
micron particles. Cross et al. (2007, 2009) advanced the
AMS by coupling a light scattering module (LS-ToF-AMS)
in which particles are optically detected by a laser before they
reach the vaporizer. In LS-ToF-AMS, single-particle mass
spectra are recorded during the operation of the light scatter-
ing single-particle (LSSP) mode. The LSSP mode is similar
to the BFSP mode, except that particle light scattering sig-
nals trigger the saving of single-particle mass spectra, which
considerably enhances the data transfer and saving efficiency
compared to the BFSP mode operation, during which mass
spectra in each chopper cycle are saved individually regard-
less of the existence of particles. The LS-ToF-AMS was suc-
cessfully deployed during the MILAGRO (Megacity Initia-
tive: Local and Global Research Observations) 2006 field
campaign for a 75-h sampling period (Cross et al., 2009),
demonstrating its unique ability to provide insights into the
atmospheric transformations of ambient particles.

Compared to other single-particle measurement tech-
niques (Table 1), the LS-ToF-AMS has the advantage of
providing simultaneously quantified single- and ensemble-
particle mass spectra, although the single-particle detection
limit of the LS-ToF-AMS is higher than most of the on-
line single-particle mass spectrometers (using laser ablation)
and refractory components are not measured by LS-ToF-MS.
Single-particle measurement statistics of LS-ToF-AMS are
comparable to other online single-particle mass spectrome-
ters and much greater than offline electron microscopy tech-
niques, although the latter provide additional information
about particle morphology and elemental composition.

This study expands the previous work of Cross et al. (2007,
2009) to identify three chemically distinguishable classes of
particles with a 46-day field measurement using the LS-ToF-
AMS at a polluted urban site. We used the modified stan-
dard light scattering and single-particle mass spectra pro-
cessing algorithm Sparrow and describe single-particle post-
processing procedures. To interpret the organic composition
of the individual particles, we grouped single-particle mass
spectra to reduce the large dataset into a few clusters, each
with distinct characteristics.

2 Measurements

The LS-ToF-AMS (Aerodyne, Billerica, MA) was deployed
from 15 May to 29 June 2010 at Bakersfield during the Cal-
Nex (California Research at the Nexus of Air Quality and
Climate Change) field campaign. The instrument combines
the well-characterized HR-ToF-AMS and a light scattering
module specifically developed for ToF-AMS applications.
The ToF-AMS has been widely used in laboratory and field
studies and has been described in detail previously (DeCarlo
et al., 2006; Drewnick et al., 2005; Jayne et al., 2000). The
use of the LS-ToF-AMS for single-particle detection was
first reported by Cross et al. (2009) with a compact ToF-
AMS system. The work reported here is the first time the
LS module has been used to acquire single-particle data with
a high-resolution ToF system (HR-ToF-AMS). Adding the
light scattering module does not influence ToF-AMS perfor-
mance but rather physically identifies all particles (both non-
refractory and refractory) that reach the vaporizer and are
larger than the detection limit of the light scattering mod-
ule, thereby providing substantially more information about
single particles. During the entire campaign, the LS-ToF-
AMS was operated in the MS mode (measures ensemble av-
erage chemical composition), PToF mode (particle time-of-
flight, provides size-resolved chemical composition for en-
semble average), and LSSP mode (acquires single-particle
mass spectrum) for 120, 120 and 80 s of approximately every
5 min.

Briefly, the LS-ToF-AMS has five major components:
aerosol sampling inlet, particle time-of-flight chamber, light
scattering module for single-particle detection, particle va-
porization and ionization chamber, and in this case a high-
resolution time-of-flight mass spectrometer. Aerosols sam-
pled through a 100-µm critical orifice are focused by an
aerodynamic lens system, forming a narrow (∼ 1 mm di-
ameter) and highly collimated particle beam. Focused parti-
cles are transmitted under high vacuum (∼ 10−5 Pa) through
a laser beam for optical detection to the vaporization and
ionization chamber, where they impact a heated surface
(∼ 600◦C). The nonrefractory fractions of the particles are
flash vaporized and ionized by electron impact. Orthogo-
nally extracted ions are subsequently analyzed by a time-of-
flight mass spectrometer, which generates a complete mass
spectrum at each extraction. A rotating chopper placed at
the front of the particle-sizing chamber chops the particle
beam and sets the starting time of particle flight. By mea-
suring particle flight time between the mechanical chop-
per and the thermal vaporizer, particle vacuum aerody-
namic diameter (dva) can be determined from a calibration
curve, which relates particle velocity (calculated using the
known distance between the chopper and the vaporizer and
the measured flight time) to particle size. The calibration
curve was derived using polystyrene spheres (PSL of di-
ameter 200 nm, 350 nm, 500 nm, and 600 nm) and ammo-
nium nitrate particles that were size-selected by a differential
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Table 1.Comparison of single-particle measurement techniques and their detection limits.

Measured Size DL (nm) Size Method for DL
Technique components dva dg resolution determination Reference

La
se

r
ab

la
tio

n

LAMMA – 500 – Not specified Wieser et al. (1980)
ATOFMS 200 – 25–40 nma Smallest laboratory- Noble and Prather (1996);

calibrated particles Gard et al. (1997)
UF-ATOFMS 100 – – Smallest particles

Refractory and that have non-zero Su et al. (2004)
nonrefractory detection efficiency

PALMS components, – 200 – Not specified Murphy and Thomson
including (1995); Thomson et
organics, salts, al. (2000)

RSMS-III metals, and dusts 50 – 5–20 nmb Smallest particles Lake et al. (2003);
in single particles that have non-zero Johnston and Wexler (1995);

detection efficiency Phares et al. (2002)
SPLAT-II 50 – – Smallest particles

that have non-zero Zelenyuk et al. (2009)
detection efficiency

E
le

ct
ro

n
m

ic
ro

sc
op

y SEM-EDX Single-particle – 100 – Smallest particles
or ESEM elemental tested in the Laskin and Cowin (2001)

compositions and laboratory
morphology

STXM Organic functional – 100 – Smallest particles
groups, potassium, analyzed Takahama et al. (2007)
carbonate in
single particles

T
he

rm
al

vo
la

til
iz

at
io

n

LS-Q-AMS – 180 5–10c Smallest particles
that have non-zero Cross et al. (2007)
detection efficiency

LS-ToF-AMS Nonrefractory 180 130 5–10c Smallest particles
organics, sulfate, that produce
nitrate, significant optical This study
ammonium, signals (S/N> 5)
chloride of single (optical detection
and ensemble limit)

LS-ToF-AMS particles 430 307 5–10c Size at which 50 % of
particle numbers are This study
detected (compared
to DMA)

a Calculated as the standard deviation of the size-calibration curve fitting.b Inferred from reported size distributions.c Calculated as d/1d at FWHM (full width at half
maximum).

mobility analyzer (DMA). Comparison of nominal PSL size
and mobility-selected size showed good agreement. In this
study, geometric diameter (dg) is calculated usingdva and
particle density (dg = dva/ρ), assuming spherical particles.
The density (1.4 g cm−3) was derived by comparing AMS-
measured mass size distribution with SMPS (scanning mo-
bility particle sizer)-measured volume size distributions de-
tailed in Ahlm et al. (2012).

The laser used for optical detection was a 405-nm con-
tinuous wave 50-mW laser (CrystaLaser, LC BCL-050-405).
In order to maximize the overlap of the laser and the par-
ticle beams, the laser beam was not focused (Cross et al.,

2007). Light scattered by sampled particles is collected us-
ing an ellipsoidal mirror and detected with a photomultiplier
tube. The current system differs from the LS-ToF-AMS used
by Cross et al. (2009) in the mechanism used for detecting
single particles and saving the optical and chemical informa-
tion for each detected particle. The key technical improve-
ments include (1) adding the detected light scattering signal
to the chopper frequency signal for unambiguous correla-
tion in time, where the chopper frequency is the fundamental
clock for the PToF and LSSP mode ToF-AMS data acquisi-
tion, and (2) using an external comparator circuit to test for
the presence of a single particle in the scattered light signal,
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190 S. Liu et al.: Organics typed by single-particle measurements

using a user set threshold level. This test is performed with-
out transferring data to the computer for software evaluation,
a process that takes more time than an individual chopper cy-
cle. The comparator circuit triggers the saving of the mass
spectral data. Once triggered, the DAQ reports individual
mass spectra for the entire chopper period in which the LS
event occurred (mass spectra obtained as a function of par-
ticle time-of-flight). This approach dramatically reduces the
overhead associated with any data transfer for events where
there are no particles and eliminates the need to transfer the
data from the DAQ board to the computer for software detec-
tion of particles. The light scattering particle counter, which
is part of the comparator circuit, counts all of the threshold
crossers observed by the external comparator circuit in the
LSSP, PToF, and MS modes. This includes LS pulses for
which single-particle mass spectral data were not recorded
due to the transfer and saving times. This counter provides
a measure of the particle number concentration for all opti-
cally detected particles and allows for the accurate evaluation
of the true duty cycle obtained by the LSSP mode and direct
comparisons with independent aerosol instruments that mea-
sure particle number concentrations. In addition, the GZIP
compression algorithm is applied to the single-particle files,
thereby reducing the data transfer time and enhancing the
sampling efficiency of the LS-ToF-AMS.

The LSSP mode records full mass spectra as a function
of time during each chopper cycle. In the current configu-
ration, there are 319 mass spectra obtained per chopper cy-
cle. Each mass spectrum is baseline corrected to account for
background signal at eachm/z, using the average of two user
selected “DC” regions at the start and end of the chopper cy-
cle. Single-particle spectra are obtained by adding together a
subset (∼ 5 spectra) of the total number of baseline-corrected
mass spectra collected during a single chopper cycle.

The chopper used during this study had a 0.02 duty cy-
cle, and the chopper frequency was set to 143 Hz during the
measurement. With this frequency, there is typically∼ 1 par-
ticle or less per chopper cycle on average (DeCarlo et al.,
2006), allowing correlated measurements of single-particle
light scattering and chemical compositions. Potential particle
coincidence events were investigated by examining the light
scattering profile (i.e., light scattering intensity as a func-
tion particle time-of-flight) for each LS event. Particle coinci-
dence is identified as multiple crossing of thresholds, which
are defined as 5 times the standard deviation of the baseline
of the light scattering profile. Using this criterion, the number
of particle coincidence events was 0.3 % of the total particle
events, suggesting that particle coincidence events are neg-
ligible. Particles in the coincidence events were excluded in
the analysis.

The limiting issues with the LSSP mode include the typi-
cally low duty cycles of the chopper and the overhead asso-
ciated with transferring and saving the mass spectral data for
single particles (Kimmel et al., 2011). During the transferring
and saving of mass spectral data for a single chopper cycle,

data from the following 6 chopper cycles were not recorded.
The resulting duty cycle due to data storage processes ranged
from ∼ 0.14 (i.e., 1/7 chopper cycles) to 1.0, depending upon
the sampled particle number concentration, with an average
of ∼ 0.62 for this study. An additional duty cycle of 0.45 was
present during this study due to an unusual noise spike (char-
acterized by near-zero light scattering signals and were fil-
tered out in single-particle analysis) in the LS channel that
triggered saves. Taken together, the LSSP mode data rates
obtained during this study represent a single-particle detec-
tion efficiency improvement of greater than a factor of 5 from
the Cross et al. (2009) study.

3 Results and discussion

We began by classifying single particles into vaporization
types based on timing of optically and chemically detected
signals. We then clustered individual particle organic mass
spectra with significant signals into groups, each of which
is associated with distinct chemical signatures. Finally, we
compared these single-particle groups with components ex-
tracted from ensemble measurements.

3.1 Classification of single particles into
vaporization types

Light scattering and single-particle measurements
were processed using an updated version of the stan-
dard AMS light scattering data processing software
Sparrow 1.04A (written by D. Sueper, Aerodyne Re-
search Inc. and University of Colorado at Boulder;
available at http://cires.colorado.edu/jimenez-group/
ToFAMSResources/ToFSoftware/index.html#Analysis4),
which classifies the particles by their vaporization types and
generates the physical (particle size indva, light scattering
intensity) and chemical (unit-mass spectrum and mass of
organics, sulfate, nitrate, and ammonium) data of single
particles. A total of 271 641 particles were measured during
the 46-day campaign. Figure 1a shows the time-integrated
light scattering signals plotted versusdva and dg for all
of the saved particles. The optical detection limit, defined
as the size at which particles produce detectable optical
signals (S/N> 5), was 180 nmdva (130 nmdg). The optical
detection efficiency, defined as the ratio of optically detected
particle number concentrations to SMPS-measured number
concentrations (Fig. 2b), dropped below 100 % at 550 nm
dva (393 nmdg) and below 50 % at 430 nmdva (307 nmdg).
In comparison, the size that corresponds to 50 % optical de-
tection efficiency, derived from LS-coupled Q-AMS system
in the laboratory by Cross et al. (2007), was 240 nmdg –
22 % lower than 307 nmdg, suggesting that the alignment
of LS-ToF-AMS used in this study was less optimized than
that of the Cross et al. laboratory study. A group of particles
with relatively high organic mass fractions (∼ 1) is distinct
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Fig. 1. Time-integrated light scattering signals of prompt and de-
layed particles as a function ofdva (dg). In (a), each particle is col-
ored by its organic mass fraction with colors shown in the color bar.
In (b), particles are colored by particle clusters derived from cluster
analysis in Sect. 3.2. Only particles that have more than 40 ions are
shown in(b). Colors indicate cluster I (dark blue), cluster II (light
blue), and cluster III (green).

from the majority of the particles (Fig. 1a). This subset of
particles is dominated by hydrocarbon-like organic aerosol
(HOA) signals, has lower values ofdva and higher integrated
scattering signals compared to the rest of the particles.
As these particles that are classified in cluster III may
consist of substantial primary OM (Fig. 1b and Sect. 3.2),
these particles may contain black carbon or other primary
refractory components that modified the shape, density,
or the combined real refractive index of the particles. A
similar, externally mixed, HOA-dominated particle type was
observed in Mexico City and reported in Cross et al. (2009).
However, more work needs to be done to fully characterize
these particle types.

Total saved particles were scaled by overall duty cycle
to derive average particle number size distribution for this
study. The overall duty cycle accounted for the 0.02 chop-
per duty cycle, data transfer and saving duty cycle (ranged
from 0.2–1.0 with an average of 0.62), and noise spike duty
cycle (0.45). Figure 2b represents the first direct in situ

measure of the particle number-based sampling efficiency of
an AMS and comparison with simultaneous SMPS number-
based measurements. The light scattering signals indicate
that particle sampling efficiency for particle sizes greater
than 550 nmdva (393 nmdg) is similar to the laboratory mea-
surements for the aerodynamic inlet lens system, with de-
creasing transmission efficiency at larger particle sizes (Liu
et al., 2007). Figure 2c shows the comparison of campaign-
average ion signals measured by the LSSP and PToF modes
of the LS-ToF-AMS operation. Particles with time-of-flight
greater than 0.0035 s, corresponding to 600 nmdva, showed
good agreement between the LSSP mode and PToF mode
measurements, consistent with the agreement of number con-
centrations for particles larger than 550 nmdva (Fig. 2b).
Cross et al. (2009) demonstrated that the LSSP mode and
PToF mode measured ion signals agreed for particles larger
than∼ 350 nmdva, indicating that the LS system in that work
was more optimized.

Low detection efficiency for small particles likely resulted
from (i) widening of particle beam beyond the region of over-
lap of the particle and laser beams or low detection efficiency
for small particles passing through the edges of the laser
beam and (ii) size detection limit of small particles by the
laser. Comparison of LS-ToF-AMS- and SMPS-measured to-
tal particle number concentration showed similar time series;
i.e., total number concentration of 560- to 1000-nmdva (400-
to 715-nmdg) particles agreed reasonably well (Fig. S1) –
the linear fit has a slope of 0.89 (the SMPS-measured con-
centration was 11 % higher) and an intercept of 6.25, and the
number concentrations correlated with anR of 0.7, while the
total concentration of 200- to 560-nmdva (140- to 400-nm
dg) particles measured by LS-ToF-AMS was much lower.

In order to determine the timing of the measured chemical
signals, a mass intensity profile (i.e., mass intensity quanti-
fied by the ToF-MS mass spectrometer as a function of par-
ticle time-of-flight) is needed for each particle. The profile is
the sum of profiles for all detected ion fragments (including
organic and inorganic fragments) for each particle. Since the
acquisition rate is faster than the particle vaporization time,
several mass spectra are obtained during the (∼ 100 µs) parti-
cle vaporization event. These individual spectra are co-added
to accumulate the total measured ion intensity for the single
particle. However, adding fragments with low intensities can
significantly lower the contrast between real and background
signals. Additionally, background-related fragmentsm/z 18
(H2O+), 28 (N2

+), 32 (O2
+), and 39 (K+) can greatly mask

real signals. Therefore, only the profiles of nonbackground
high-intensity fragments were summed to construct a mass
intensity profile for each particle.

Ensemble average concentrations (from the MS mode
measurement) were used to estimate ion fragment abun-
dance of single particles. Eleven high-intensity ion frag-
ments were selected for this campaign, includingm/z 15, 27,
30, 41, 43, 44, 46, 48, 55, 57, and 64. This list combined
organic- and inorganic- (nitrate, sulfate, and ammonium)

www.atmos-meas-tech.net/6/187/2013/ Atmos. Meas. Tech., 6, 187–197, 2013
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Fig. 2. (a) Number fractions for cluster I (dark blue), cluster II (light blue), and cluster III (green).(b) Particle number size distributions
measured by SMPS (red) and LS-ToF-AMS (solid blue). A density of 1.4 g cm−3 was used to convert SMPS mobility diameter todva
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dominated fragments. Additionally, selected organic frag-
ments were characteristics of specific particle types; for ex-
ample,m/z 44 is a tracer for oxygenated organic aerosols
(OOA), andm/z 57 typically represents HOA (Zhang et al.,
2005).

Timing of the optical signals (TLS) and chemical signals
(TMS) was retrieved by locating the maximum light scatter-
ing intensity and mass intensity from the light scattering (i.e.,
light scattering intensity as a function of particle time-of-
flight) and mass intensity profiles, respectively.TLS andTMS,
respectively, represent the particle flight time from the mid-
point of chopper opening to the laser and to the mass spec-
trometer (including the vaporization and ion transit time from
the vaporizer to the time-of-flight mass spectrometer). Using
the particle velocity (calculated fromTLS and the chopper-
to-laser distance) and the chopper-to-vaporizer distance, the
timing of particle chemical signals can be predicted (TMS P).
By comparing timing of the predicted particle chemical sig-
nals (TMS P) with the timing of the measured chemical sig-
nals (TMS), the vaporization and ion flight time (TMS ION)
can be estimated by the y-axis offset of theTMS P versus
TMS (scatter) plot. UsingTMS and the sum ofTMS P and
TMS ION, each single particle was classified as one of three
discrete particle types: (1) “prompt,” for which the devia-
tion of TMS/(TMS P+ TMS ION) from 1 was less than 20 %
(i.e., particles optically and chemically detected at the ex-
pected time offset); (2) “delayed,” for which the deviation of
TMS/(TMS P+ TMS ION) from 1 was greater than 20 % (i.e.,
TMS significantly laggedTMS P+ TMS ION); and (3) “null,”
for which optical signals were detected, but no significant
chemical signals were observed. The criterion of insignifi-
cant chemical signals is a minimum sum of chemical sig-
nals for the mass intensity profile of 6 ions. Using this crite-
rion, the null particles had typically 2–4 ions (Fig. S2) that
are comparable to the number of ions generated in the non-
particle events (chopper cycles that have no particles).

Table 2. Particle number and number fraction for the three vapor-
ization types.

Particle Particle Number
vaporization type Number fraction (%)

Prompt 130 361 46
Delayed 16 996 6
Null 124 284 48

Particle statistics associated with the three vaporization
types (Table 2) show that prompt and null particles dom-
inated, accounting for 46 % and 48 %, respectively, of the
saved particles, while delayed particles accounted for a 6 %
fraction. The null particle fraction was comparable to that
of the 51 % fraction identified from the Mexico City mea-
surement (Cross et al., 2009), suggesting that the AMS va-
porization/ionization may typically miss about 50 % of sam-
pled particles (for particle diameters larger than 180 nmdva
or 130 nmdg), based on particle number. The prompt particle
(46 %) group points to a number-based collection efficiency
(CE) of∼ 0.5 for particles of 180–1000 nmdva (130–715 nm
dg), which is lower than the average mass-based CE of 0.8
for particles smaller than 1000 nmdva in this study (Ahlm et
al., 2012). This discrepancy likely results from particles that
vaporize inside the AMS at rates too slow to be detected in
the LSSP/PToF modes (∼ 6 ms), but fast enough to be ac-
counted for by the MS mode (10 s). Further work is needed
to resolve this discrepancy. CE values ranged from 0.43 to
0.52 for particles larger than 180 nmdva, with peak values
associated with 500–600 nmdva particles (Fig. 3). Particles
in 800- to 1000-nmdva had the lowest CE values, likely due
to enriched dust components in this size range (Silva et al.,
2000) that were not vaporized by the AMS or because of the
enhanced mass fraction of sulfate and decreased mass frac-
tion of the organics (Fig. 1a).
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Fig. 3.LS-based collection efficiency versus particle size. Point col-
ors indicate number of particles measured in the corresponding size,
with color scale shown by the vertical bar.

3.2 Organic particle types identified from
cluster analysis

Prompt and delayed particles that had significant mass spec-
trum signals (67 985 particles) were used for cluster analy-
sis. The significant mass spectrum signals were defined as
particle signals that have more than 40 ions. Including the
particles with 6–40 ions decreases the robustness of the clus-
ter analysis. Therefore, particles with less than 40 ions were
excluded from the cluster analysis. The identification of 40
ions as a threshold of chemically meaningful particles is de-
tailed in the Supplement. Thek-means clustering algorithm
divides spectra intok clusters such that the sum of squares
of the distances between the spectra and their correspond-
ing cluster centroid is minimized (Hartigan and Wong, 1979).
Spectra were normalized before clustering so that the sum of
intensities for each mass spectrum was 1. In order to identify
organic particle types, only organic fragments were included
in the cluster analysis.k values of 2 to 12 (varying by 1) were
tested. For each run, 20 sets of random cluster centroids were
iterated. We have identified three major clusters termed as
cluster I, cluster II, and cluster III (Supplement).

Cosine similarity is a useful tool for estimating mass spec-
trum similarity (Stein and Scott, 1994) and was therefore
used here as a metric to measure the within-cluster and cross-
cluster similarity of single-particle spectra. In brief, cosine
similarity is the cosine of the angle between two vectors
(where each vector represents a mass spectrum) and is cal-
culated using the following equation:

cosθ =
A · B

‖A‖ · ‖B‖
=

n∑
i

Ai × Bi/

√√√√ n∑
i
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i
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Fig. 4. Spectrum similarity to cluster I centroid (dark blue), cluster
II centroid (light blue), and cluster III centroid (green) for(a) clus-
ter I spectra,(b) cluster II spectra, and(c) cluster III spectra. The
horizontal bar in each box represents the median value. Each box’s
upper and lower bounds represent the 25th and the 75th percentiles,
respectively; the whiskers extend to 1.5 interquartile ranges.

where‖ A ‖ and ‖ B ‖, respectively, represent the magni-
tudes of vectorsA andB, andA · B denotes the dot prod-
uct of A andB. Cosine similarity ranges from 0 to 1, with
higher values representing smaller angles and higher similar-
ity. The cosine similarity between each single-particle spec-
trum and the three major cluster centroids (the average spec-
tra) was calculated (Fig. 4). Spectra in cluster I had signifi-
cantly higher similarity (median value is> 0.8) to cluster I
centroid than cluster II and III centroids (Fig. 4a). In other
words, the within-cluster similarity was far higher than the
cross-cluster similarity for cluster I spectra. In addition, the
variability of the within-cluster similarity was lower than
that of the cross-cluster similarity, suggesting good separa-
tion of cluster I spectra. Similar results were found for clus-
ter II spectra (Fig. 4b). Compared to cluster I and cluster
II, the within-cluster similarity for cluster III spectra had
lower values (median value of∼ 0.65) and greater variability
(Fig. 4c). However, the within-cluster similarity was signifi-
cantly higher than the cross-cluster similarity at 99 % confi-
dence level for cluster III spectra. The cosine similarity anal-
ysis also suggests that each cluster may have limited chemi-
cal properties of other clusters, indicating that particles were
likely internally mixed but dominated by one type so they
can be grouped by the dominant signatures.

The effects of single-particle size and organic mass frac-
tion on the derived single-particle clusters were examined.
The number of organic ions detected for each single-particle
is a function of the organic mass fraction (for a given
threshold of 40 ions) and particle size (larger particles pro-
duce more ions). Sulfate and nitrate, the major inorganic
ions, were found to be independent of organic cluster types
(Fig. 5); i.e., sulfate and nitrate, respectively, accounted for
16 % and 4 % of single-particle mass for each cluster (on av-
erage). To test the effects of organic mass fractions on the
derived clusters, ak-means algorithm was applied to four
subsets of the total 67 985 particles, which were composed
of particles with organic mass fractions greater than 10 %,
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Fig. 5. (a)Example single-particle spectra for (i) cluster I, (ii) clus-
ter II, and (iii) cluster III. The particles in (i), (ii), and (iii) were
collected on 16 May (dva = 507 nm,dg = 362 nm), 31 May (dva =

402 nm,dg = 287 nm), and 16 May (dva = 492 nm,dg = 351 nm),
respectively.(b) Variability of normalized single-particle spectra
for each cluster for this study (15 May to 29 June 2010). In each
panel, the black sticks show the average spectrum for the cluster,
and the whiskers represent standard deviations (variability) at each
m/z. Colors indicate organic (green), nitrate (blue), and sulfate (red)
fragments.

20 %, 30 %, and 40 % of the total particle mass, respectively.
Three major clusters were identified in each case. The clus-
ter centroids were identical to the centroids of clusters I to
III, and the relative cluster sizes (number of particles in the
cluster) were comparable to the relative sizes of clusters I
to III, indicating that the same single-particle clusters were
identified. The effects of particle size on clustering results
were tested by applying ak-means analysis to three sub-
sets of the total particles, which were composed of particles
larger than 300 nm, 400 nm, and 500 nmdva, respectively.
The same clusters (as clusters I to III) were identified. That
the inorganic-to-organic mass ratio and particle size did not
affect the results of cluster analysis indicated that the single-
particle organic mass ions were sufficient for cluster analysis
and the identified clusters were robust.

Examples of single-particle spectra for the three major
clusters are shown in Fig. 5a. While the single-particle spec-
tra exhibit large variability (Fig. 5b), the centroids for the
three particle types (Fig. 6a) show that the cluster I spectrum
was characterized by a dominant peak atm/z 44, compara-
ble to that of LV-OOA (low-volatility OOA) components ex-
tracted from the positive matrix factorization (PMF) analy-
sis in a number of field measurements (Ulbrich et al., 2009).
This indicates that particles in this cluster were highly oxi-
dized and associated with high O/C, which is consistent with
the correlation of the number fraction of cluster I particles
with odd oxygen (Fig. 7a). It is suggested that cluster II par-
ticles, which had strongm/z 43 signals and mass spectra
resembling those of SV-OOA (semi-volatile OOA) compo-
nents identified by Lanz et al. (2007), Ng et al. (2010), and
Ulbrich et al. (2009), were relatively less oxidized secondary
organic aerosol (SOA) and, so, were likely associated with
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cluster I, (ii) cluster II, and (iii) cluster III particles.(b) Mass spec-
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SOA factor, and (iii) mass-weighted average for the COA, PO SOA,
and nighttime OA factors identified from the ensemble measure-
ments using PMF analysis.(c) The difference between spectra in
(a) and(b).

lower O/C than cluster I particles. The number fraction of
cluster II particles increased at night and showed the opposite
diurnal cycle to temperature (Fig. 7b), which is consistent
with the previous findings that the less processed component
accumulated and condensed onto preexisting particles during
nighttime hours (Lanz et al., 2007). However, the correlation
of cluster II particle number fraction with particle-phase ni-
trate, whose formation is strongly dependent on temperature,
was not found, suggesting that there might be other factors
that affected the formation of cluster II particles. The aver-
age spectrum for cluster III particles was characterized by
m/z 27, 29, 41, 43, 55, 57, and 69, which are characteristic of
both HOA and cooking organic aerosol (COA) components
(He et al., 2010; Mohr et al., 2009, 2012). However, the HOA
and COA components are not distinguishable due to the
high similarity of their unit-mass spectra (Mohr et al., 2009,
2012), although both the HOA-influenced component (the
nighttime OA factor) and the COA component were iden-
tified from the PMF analysis of the high-resolution ensem-
ble mass spectra measured by the same LS-ToF-AMS during
the CalNex campaign (Liu et al., 2012). The number fraction
of cluster III particles peaked at night, anti-correlating with
temperature (Fig. 7c). Thus particles in cluster III may be
produced by a mixture of different sources, possibly includ-
ing cooking oils and local unoxidized vehicular emissions at
night.

Size distributions of particle types (Fig. 2a) show an in-
creased number fraction of cluster I type for particles larger
than 300 nmdva (215 nmdg). In contrast, cluster III type
dominated particles smaller than 400 nmdva (285 nmdg).
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(panel ii and iii) are shown for comparison.

Compared to cluster I and cluster III particle types, clus-
ter II type was more evenly distributed across particle size.
A likely explanation of size dependence of particle types is
that oxidized particles (in cluster I) formed by condensation
of secondary vapors onto preexisting particles so that they
grew bigger, whereas cluster III particles were associated
with fresh emissions in which particles were smaller.

3.3 Comparison of single-particle types with
ensemble components

Cluster I, cluster II, and cluster III particle types broadly
matched the OM components identified from ensemble fac-
tor analysis using PMF (Liu et al., 2012). Ensemble-based
OM spectra were categorized into three groups according to
their O/C-values (calculated from the high-resolution mass
spectra using the method described by Aiken et al., 2007):
Group I consisted of high O/C alkane and aromatic SOA
components (O/C = 0.63–0.68); group II consisted of low
O/C alkane and aromatic SOA components (O/C = 0.27–
0.36); and group III was likely a mixture of COA, petroleum
operation (PO) SOA, and local traffic and biogenic nighttime
OA components (O/C = 0.00–0.20). The mass fractions of
m/z 44 (f44; an indicator of O/C; Aiken et al., 2008) for clus-
ter I (20.8 %), cluster II (5.0 %), and cluster III (3.0 %) rea-
sonably agreed with thef44 for the ensemble-based group
I (19.6 %), group II (2.4 %), and group III (0.5 %), respec-
tively. Specifically, the cluster I centroid correlated to the
mass spectra for high O/C alkane and aromatic SOA com-
ponents with anR of 0.96 and 0.92, respectively (Fig. 6).
The mass fraction of cluster I particles had similar magni-
tude and time series to that of the sum of high O/C alkane
and aromatic SOA components (Fig. 8a; correlated in time
with R = 0.69 shown in Table S1), supporting the consis-
tency of cluster I particles with high O/C components. The
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Fig. 8.Solid lines show time series of the mass fraction for(a) clus-
ter I (dark blue),(b) cluster II (light blue), and(c) cluster III (green)
particles. Dashed lines represent time series of the mass fraction for
(a) the sum of high O/C alkane and aromatic SOA (dark blue),(b)
the low O/C alkane SOA (light blue), and(c) the sum of COA, PO
SOA, and nighttime OA factors (green) identified from ensemble
measurements using PMF analysis (Liu et al., 2012). Measurements
were averaged to 4-h intervals.

centroid for cluster II particles correlated to that of the low
O/C alkane SOA component with anR of 0.96. The cluster
III centroid correlated to the spectra for COA, PO SOA, and
nighttime OA components withR values of 0.86, 0.76, and
0.70, respectively. Correlation of the cluster III centroid to
the mass-weighted average spectrum for COA, PO SOA and
nighttime OA (Fig. 6b-iii) showed anR of 0.88. The mass
fraction of cluster III particles and the sum of ensemble-
derived group III components co-varied (Fig. 8c;R = 0.60
shown in Table S1), with low fractions during daytime and
increased abundance at night. There were some deviations
in magnitude and time series for single-particle clusters and
ensemble-derived components, especially for cluster II par-
ticles that only poorly correlated with the low O/C alkane
SOA factor (R = 0.23). The differences were likely due to
(1) measurement and analysis (cluster, PMF, etc.) uncertain-
ties, (2) internally mixed particles that were split between
more than one cluster, or (3) the low detection efficiency of
single particles that were smaller than 550 nmdva (Fig. 2b).
However, the broad match of single-particle clusters and en-
semble factors confirmed that the factors reflected organic
components of different origins and atmospheric processes.

4 Concluding remarks

The LS-ToF-AMS was valuable for separating single parti-
cles with different organic chemical compositions in a 46-
day field campaign. 271 641 single particles were optically
detected and the chemical mass spectra saved and classified
by comparison of the optical and chemical information, with
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a 46 % prompt fraction, a 48 % null fraction, and a 6 % de-
layed particle fraction. Thus, the LS-ToF-AMS provided a
direct measure of the collection efficiency of ambient parti-
cles, resulting in an approximate 50 % number-based CE for
particles larger than 180 nmdva (130 nmdg).

Single particles can be consistently represented by sev-
eral particle types, each of which has distinct chemical com-
positions formed via different processes. Ak-means clus-
tering algorithm was applied to the organic mass spectra
for prompt and delayed single particles that have sufficient
chemical ions. We found that the single particles were domi-
nated by chemical characteristics of one of the three clusters:
Cluster I and II particles appeared to be formed from sec-
ondary organic components, while cluster III particles sug-
gested a primary origin from fresh urban emissions. Addi-
tionally, cluster I particles likely were more oxidized than
particles in cluster II due to the large contribution ofm/z 44
in the cluster I centroid. Mass spectra and time series of the
three particle types broadly matched the organic factors iden-
tified from the ensemble-averaged measurements using the
LS-ToF-AMS, providing evidence that the factors could rep-
resent organic components originating from different sources
and processes.

Continual developments of LS-ToF-AMS, such as enhanc-
ing its ability to detect smaller particles and data transfer
and saving efficiency, will result in more detailed informa-
tion about the origin, transformation, and fate of atmospheric
organic particles.

Supplementary material related to this article is
available online at:http://www.atmos-meas-tech.net/6/
187/2013/amt-6-187-2013-supplement.pdf.
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