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Abstract. Chemical and physical properties of individual clusters had limited chemical properties of other clusters,
ambient aerosol particles can vary greatly, so measuring theuggesting that all of the sampled organic particle types
chemical composition at the single-particle level is essen-were internally mixed to some degree; however, the inter-
tial for understanding atmospheric sources and transformanal mixing was never uniform and distinct particle types ex-
tions. Here we describe 46 days of single-particle measureisted throughout the study. Furthermore, the single-particle
ments of atmospheric particles using a time-of-flight aerosolmass spectra and time series of these clusters agreed well
mass spectrometer coupled with a light scattering modulenith mass-based components identified (using factor anal-
(LS-ToF-AMS). The light scattering module optically de- ysis) from simultaneous ensemble-averaged measurements,
tects particles larger than 180 nm vacuum aerodynamic disupporting the connection between ensemble-based factors
ameter (130 nm geometric diameter) before they arrive aaind atmospheric particle sources and processes. Measure-
the chemical mass spectrometer and then triggers the sawaents in this study illustrate that LS-ToF-AMS provides
ing of single-particle mass spectra. 271641 particles werainique information about organic particle types by number
detected and sampled during 237 h of sampling in single-as well as mass.
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 numbet  Introduction
fractions determined as follows: prompt vaporization (46 %),
delayed vaporization (6 %), and null (48 %), where null was Rapid measurements are needed to accurately quantify at-
operationally defined as less than 6 ions per particle. Prompmospheric particle sources and compositions and to study
and delayed vaporization particles with sufficient chemicaltheir transformations. The aerosol mass spectrometer (AMS)
information (i.e., more than 40 ions per particle) were clus-is one fast-developing and widely used technique for mon-
tered based on similarity of organic mass spectra (uking itoring size and composition of submicron particles in real
means algorithm) to result in three major clusters: highly ox-time (Jayne et al., 2000). Quantified species include non-
idized particles (dominated by/z 44), relatively less oxi-  refractory organic mass (OM), sulfate, nitrate, ammonium,
dized particles (dominated by/z 43), and particles associ- and chloride. Recent developments enable separation of ions
ated with fresh urban emissions. Each of the three organi¢hat are slightly different in mass and overlap in unit-mass
spectrum by replacing the quadrupole mass spectrometer (in
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Q-AMS) with a compact time-of-flight mass spectrometer 2 Measurements
(C-ToF-AMS), as described in Drewnick et al. (2005), and
a high-resolution time-of-flight mass spectrometer (HR-ToF-The LS-ToF-AMS (Aerodyne, Billerica, MA) was deployed
AMS), described in DeCarlo et al. (2006). The ToF-AMS from 15 May to 29 June 2010 at Bakersfield during the Cal-
collects signals from the composition of ensembles of parti-Nex (California Research at the Nexus of Air Quality and
cles in each chopper cycle. In the brute force single-particleClimate Change) field campaign. The instrument combines
(BFSP) mode of the ToOF-AMS operation, mass spectrum exthe well-characterized HR-ToF-AMS and a light scattering
tractions within a chopper cycle are saved, enabling acquimodule specifically developed for ToF-AMS applications.
sition of single-particle mass spectra. However, the BFSPThe ToF-AMS has been widely used in laboratory and field
mode is typically turned off during field measurements to studies and has been described in detail previously (DeCarlo
conserve data storage and processing time. The only pulet al., 2006; Drewnick et al., 2005; Jayne et al., 2000). The
lished analysis utilizing this mode came from field mea- use of the LS-ToF-AMS for single-particle detection was
surements made by Drewnick et al. (2005), whereby singlefirst reported by Cross et al. (2009) with a compact ToF-
particle mass spectra were acquired several times, each f&MS system. The work reported here is the first time the
a few minutes. These single-particle spectra were used t€.S module has been used to acquire single-particle data with
investigate internal and external mixing properties of sub-a high-resolution ToF system (HR-ToF-AMS). Adding the
micron particles. Cross et al. (2007, 2009) advanced thdight scattering module does not influence ToF-AMS perfor-
AMS by coupling a light scattering module (LS-ToF-AMS) mance but rather physically identifies all particles (both non-
in which particles are optically detected by a laser before theyrefractory and refractory) that reach the vaporizer and are
reach the vaporizer. In LS-ToF-AMS, single-particle masslarger than the detection limit of the light scattering mod-
spectra are recorded during the operation of the light scatterle, thereby providing substantially more information about
ing single-particle (LSSP) mode. The LSSP mode is similarsingle particles. During the entire campaign, the LS-ToF-
to the BFSP mode, except that particle light scattering sig-AMS was operated in the MS mode (measures ensemble av-
nals trigger the saving of single-particle mass spectra, whicterage chemical composition), PToF mode (particle time-of-
considerably enhances the data transfer and saving efficiendlight, provides size-resolved chemical composition for en-
compared to the BFSP mode operation, during which massemble average), and LSSP mode (acquires single-particle
spectra in each chopper cycle are saved individually regardmass spectrum) for 120, 120 and 80 s of approximately every
less of the existence of particles. The LS-ToF-AMS was suc-5 min.
cessfully deployed during the MILAGRO (Megacity Initia- Briefly, the LS-ToF-AMS has five major components:
tive: Local and Global Research Observations) 2006 fieldaerosol sampling inlet, particle time-of-flight chamber, light
campaign for a 75-h sampling period (Cross et al., 2009),scattering module for single-particle detection, particle va-
demonstrating its unique ability to provide insights into the porization and ionization chamber, and in this case a high-
atmospheric transformations of ambient particles. resolution time-of-flight mass spectrometer. Aerosols sam-
Compared to other single-particle measurement techpled through a 100-um critical orifice are focused by an
niques (Table 1), the LS-ToF-AMS has the advantage ofaerodynamic lens system, forming a narrow I(mm di-
providing simultaneously quantified single- and ensemble-ameter) and highly collimated particle beam. Focused parti-
particle mass spectra, although the single-particle detectioules are transmitted under high vacuum¥0~° Pa) through
limit of the LS-ToF-AMS is higher than most of the on- a laser beam for optical detection to the vaporization and
line single-particle mass spectrometers (using laser ablationpnization chamber, where they impact a heated surface
and refractory components are not measured by LS-ToF-MS(~ 600°C). The nonrefractory fractions of the particles are
Single-particle measurement statistics of LS-ToF-AMS areflash vaporized and ionized by electron impact. Orthogo-
comparable to other online single-particle mass spectromenally extracted ions are subsequently analyzed by a time-of-
ters and much greater than offline electron microscopy techflight mass spectrometer, which generates a complete mass
niques, although the latter provide additional information spectrum at each extraction. A rotating chopper placed at
about particle morphology and elemental composition. the front of the particle-sizing chamber chops the particle
This study expands the previous work of Cross et al. (2007beam and sets the starting time of particle flight. By mea-
2009) to identify three chemically distinguishable classes ofsuring particle flight time between the mechanical chop-
particles with a 46-day field measurement using the LS-ToFper and the thermal vaporizer, particle vacuum aerody-
AMS at a polluted urban site. We used the modified stan-namic diameterdy,) can be determined from a calibration
dard light scattering and single-particle mass spectra proeurve, which relates particle velocity (calculated using the
cessing algorithm Sparrow and describe single-particle postknown distance between the chopper and the vaporizer and
processing procedures. To interpret the organic compositiothe measured flight time) to particle size. The calibration
of the individual particles, we grouped single-particle masscurve was derived using polystyrene spheres (PSL of di-
spectra to reduce the large dataset into a few clusters, eacdmeter 200 nm, 350 nm, 500 nm, and 600 nm) and ammo-
with distinct characteristics. 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.

189

Measured Size DL (nm) Size Method for DL
Technique components dva dg  resolution determination Reference
LAMMA - 500 - Not specified Wieser et al. (1980)
ATOFMS 200 — 25-40nfh Smallest laboratory- Noble and Prather (1996);
calibrated particles Gard et al. (1997)
c UF-ATOFMS 100 - - Smallest particles
2 Refractory and that have non-zero Su et al. (2004)
3 nonrefractory detection efficiency
®  PALMS components, - 200 - Not specified Murphy and Thomson
& including (1995); Thomson et
S organics, salts, al. (2000)
RSMS-III metals, and dusts 50 - 5-20Bm 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
§ SEM-EDX Single-particle - 100 - Smallest particles
S  orESEM elemental tested in the Laskin and Cowin (2001)
g compositions and laboratory
= morphology
s STXM Organic functional - 100 - Smallest particles
2 groups, potassium, analyzed Takahama et al. (2007)
u;‘j carbonate in
single particles
LS-Q-AMS - 180 5-18 Smallest particles
that have non-zero Cross et al. (2007)
s detection efficiency
= LS-ToF-AMS  Nonrefractory 180 130 5-90 Smallest particles
N organics, sulfate, that produce
g nitrate, significant optical This study
e ammonium, signals (S/M 5)
TEU chloride of single (optical detection
5 and ensemble limit)
£ LS-ToF-AMS  particles 430 307 5-%0 Size at which 50 % of
particle numbers are This study

detected (compared
to DMA)

2 Calculated as the standard deviation of the size-calibration curve ff?tllngerred from reported size distributiorfsCalculated as d&¥d at FWHM (full width at half

maximum).

mobility analyzer (DMA). Comparison of nominal PSL size 2007). Light scattered by sampled patrticles is collected us-
and mobility-selected size showed good agreement. In thisng an ellipsoidal mirror and detected with a photomultiplier
study, geometric diameterlq) is calculated usingi, and  tube. The current system differs from the LS-ToF-AMS used
particle density dg = dva/p), assuming spherical particles. by Cross et al. (2009) in the mechanism used for detecting
The density (1.4 gcm?) was derived by comparing AMS-  single particles and saving the optical and chemical informa-
measured mass size distribution with SMPS (scanning motion for each detected particle. The key technical improve-
bility particle sizer)-measured volume size distributions de-ments include (1) adding the detected light scattering signal
tailed in Ahlm et al. (2012). to the chopper frequency signal for unambiguous correla-
The laser used for optical detection was a 405-nm con+ion in time, where the chopper frequency is the fundamental
tinuous wave 50-mW laser (CrystalLaser, LC BCL-050-405).clock for the PToF and LSSP mode ToF-AMS data acquisi-
In order to maximize the overlap of the laser and the par-tion, and (2) using an external comparator circuit to test for
ticle beams, the laser beam was not focused (Cross et althe presence of a single particle in the scattered light signal,
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using a user set threshold level. This test is performed with-data from the following 6 chopper cycles were not recorded.
out transferring data to the computer for software evaluation,The resulting duty cycle due to data storage processes ranged
a process that takes more time than an individual chopper cyfrom ~ 0.14 (i.e., 1/7 chopper cycles) to 1.0, depending upon
cle. The comparator circuit triggers the saving of the masghe sampled particle number concentration, with an average
spectral data. Once triggered, the DAQ reports individualof ~ 0.62 for this study. An additional duty cycle of 0.45 was
mass spectra for the entire chopper period in which the LSresent during this study due to an unusual noise spike (char-
event occurred (mass spectra obtained as a function of paacterized by near-zero light scattering signals and were fil-
ticle time-of-flight). This approach dramatically reduces the tered out in single-particle analysis) in the LS channel that
overhead associated with any data transfer for events whergiggered saves. Taken together, the LSSP mode data rates
there are no particles and eliminates the need to transfer thebtained during this study represent a single-particle detec-
data from the DAQ board to the computer for software detec-tion efficiency improvement of greater than a factor of 5 from
tion of particles. The light scattering particle counter, which the Cross et al. (2009) study.
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 for3 Results and discussion
which single-particle mass spectral data were not recorded
due to the transfer and saving times. This counter provides\e began by classifying single particles into vaporization
a measure of the particle number concentration for all opti-types based on timing of optically and chemically detected
cally detected particles and allows for the accurate evaluatioignals. We then clustered individual particle organic mass
of the true duty cycle obtained by the LSSP mode and direckpectra with significant signals into groups, each of which
comparisons with independent aerosol instruments that meds associated with distinct chemical signatures. Finally, we
sure particle number concentrations. In addition, the GZIPcompared these single-particle groups with components ex-
compression algorithm is applied to the single-particle files,tracted from ensemble measurements.
thereby reducing the data transfer time and enhancing the
sampling efficiency of the LS-ToF-AMS. 3.1 Classification of single particles into

The LSSP mode records full mass spectra as a function vaporization types
of time during each chopper cycle. In the current configu-
ration, there are 319 mass spectra obtained per chopper cyight scattering and single-particle measurements
cle. Each mass spectrum is baseline corrected to account favere processed using an updated version of the stan-
background signal at eaety z, using the average of two user dard AMS light scattering data processing software
selected “DC” regions at the start and end of the chopper cySparrow 1.04A (written by D. Sueper, Aerodyne Re-
cle. Single-particle spectra are obtained by adding together aearch Inc. and University of Colorado at Boulder;
subset { 5 spectra) of the total number of baseline-correctedavailable at http://cires.colorado.edu/jimenez-group/
mass spectra collected during a single chopper cycle. ToFAMSResources/ToFSoftware/index.html#Analysis4

The chopper used during this study had a 0.02 duty cy-which classifies the particles by their vaporization types and
cle, and the chopper frequency was set to 143 Hz during thgenerates the physical (particle sizedip, light scattering
measurement. With this frequency, there is typically par-  intensity) and chemical (unit-mass spectrum and mass of
ticle or less per chopper cycle on average (DeCarlo et al.prganics, sulfate, nitrate, and ammonium) data of single
2006), allowing correlated measurements of single-particleparticles. A total of 271 641 particles were measured during
light scattering and chemical compositions. Potential particlethe 46-day campaign. Figure la shows the time-integrated
coincidence events were investigated by examining the lightight scattering signals plotted versul, and dg for all
scattering profile (i.e., light scattering intensity as a func- of the saved patrticles. The optical detection limit, defined
tion particle time-of-flight) for each LS event. Particle coinci- as the size at which particles produce detectable optical
dence is identified as multiple crossing of thresholds, whichsignals (S/N>5), was 180 nmidy, (130 nmdjg). The optical
are defined as 5 times the standard deviation of the baselindetection efficiency, defined as the ratio of optically detected
of the light scattering profile. Using this criterion, the number particle number concentrations to SMPS-measured number
of particle coincidence events was 0.3 % of the total particleconcentrations (Fig. 2b), dropped below 100% at 550 nm
events, suggesting that particle coincidence events are negva (393 nmdg) and below 50 % at 430 nmh,, (307 nmdj).
ligible. Particles in the coincidence events were excluded inln comparison, the size that corresponds to 50 % optical de-
the analysis. tection efficiency, derived from LS-coupled Q-AMS system

The limiting issues with the LSSP mode include the typi- in the laboratory by Cross et al. (2007), was 240 dgn-
cally low duty cycles of the chopper and the overhead asso22 % lower than 307 nndy, suggesting that the alignment
ciated with transferring and saving the mass spectral data foof LS-ToF-AMS used in this study was less optimized than
single particles (Kimmel et al., 2011). During the transferring that of the Cross et al. laboratory study. A group of particles
and saving of mass spectral data for a single chopper cyclawith relatively high organic mass fractions- () is distinct
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8+ _ . - measure of the particle number-based sampling efficiency of
R ' 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 nmi, (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 600dym showed
good agreement between the LSSP mode and PToF mode
measurements, consistent with the agreement of number con-
centrations for particles larger than 550 rifyy (Fig. 2b).
Cross et al. (2009) demonstrated that the LSSP mode and
PToF mode measured ion signals agreed for particles larger
than~ 350 nmdy,, 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-

: R : : lap of the particle and laser beams or low detection efficiency
200 400 600 800 1000 for small particles passing through the edges of the laser

Time-integrated Light Scattering Signals

d,, (nm) beam and (ii) size detection limit of small particles by the
. . . . . laser. Comparison of LS-ToF-AMS- and SMPS-measured to-
200 400 600 800 1000 tal particle number concentration showed similar time series;
dg (nm) i.e., total number concentration of 560- to 1000-#(400-

to 715-nmdy) particles agreed reasonably well (Fig. S1) —
Fig. 1. Time-integrated light scattering signals of prompt and de- the linear fit has a slope of 0.89 (the SMPS-measured con-
layed particles as a function dfa (dg)- In (a), each particle is col-  centration was 11 % higher) and an intercept of 6.25, and the
ored by its organic mass fraction with colors shown in the color bar.number concentrations correlated withRof 0.7, while the

In (b), particles are colored by particle clusters derived from clusterigtg| concentration of 200- to 560-ndya (140- to 400-nm

analysi_s in Sect. 3.2._ Or_1|y particles that have more than 40 iqns argig) particles measured by LS-ToF-AMS was much lower.
shown in(b). Colors indicate cluster | (dark blue), cluster II (light

In order to determine the timing of the measured chemical

blue), and cluster Il (green). . - . L . . .

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
from the majority of the particles (Fig. 1a). This subset of the sum of profiles for all detected ion fragments (including
particles is dominated by hydrocarbon-like organic aerosolorganic and inorganic fragments) for each particle. Since the
(HOA) signals, has lower values @5 and higher integrated acquisition rate is faster than the particle vaporization time,
scattering signals compared to the rest of the particlesseveral mass spectra are obtained duringth&00 us) parti-
As these particles that are classified in cluster Il may cle vaporization event. These individual spectra are co-added
consist of substantial primary OM (Fig. 1b and Sect. 3.2),to accumulate the total measured ion intensity for the single
these particles may contain black carbon or other primaryparticle. However, adding fragments with low intensities can
refractory components that modified the shape, densitysignificantly lower the contrast between real and background
or the combined real refractive index of the particles. A signals. Additionally, background-related fragmemts 18
similar, externally mixed, HOA-dominated particle type was (H,O™"), 28 (\b™), 32 (O;™), and 39 (K") can greatly mask
observed in Mexico City and reported in Cross et al. (2009).real signals. Therefore, only the profiles of nonbackground
However, more work needs to be done to fully characterizehigh-intensity fragments were summed to construct a mass
these particle types. intensity profile for each particle.

Total saved particles were scaled by overall duty cycle Ensemble average concentrations (from the MS mode
to derive average particle number size distribution for thismeasurement) were used to estimate ion fragment abun-
study. The overall duty cycle accounted for the 0.02 chop-dance of single particles. Eleven high-intensity ion frag-
per duty cycle, data transfer and saving duty cycle (rangednents were selected for this campaign, including 15, 27,
from 0.2-1.0 with an average of 0.62), and noise spike duty30, 41, 43, 44, 46, 48, 55, 57, and 64. This list combined
cycle (0.45). Figure 2b represents the first direct in situorganic- and inorganic- (nitrate, sulfate, and ammonium)
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Fig. 2. (a) Number fractions for cluster | (dark blue), cluster Il (light blue), and cluster Il (gre@n)Particle number size distributions
measured by SMPS (red) and LS-ToF-AMS (solid blue). A density of 1.4tfcmas used to convert SMPS mobility diameterdig

(Ahlm et al., 2012). Dashed blue line represents number size distribution for sum of prompt and delayed particles. Particle size is binned
logarithmically. For each size bin, logarithmic ratio of upper size to lower size is @P3omparison of campaign-average mass distribution

as a function of particle time-of-flight of ensemble (dotted black line; PToF mode) and single-particle measurements (LSSP mode). The total
(red) represents the sum of the prompt (blue), delayed (green), and null (black) particle signals measured by the LSSP mode.

dominated fragments. Additionally, selected organic frag-Table 2. Particle number and number fraction for the three vapor-
ments were characteristics of specific particle types; for ex4zation types.
ample,m/z44 is a tracer for oxygenated organic aerosols

(OO0A), andm/z 57 typically represents HOA (Zhang et al., Particle Particle Number
2005). vaporization type  Number fraction (%)
Timing of th_e optical signglsT(Ls) and _chemigal signals Prompt 130361 46
(Tms) was retrieved by locating the maximum light scatter- Delayed 16996 6
ing intensity and mass intensity from the light scattering (i.e., Null 124284 48

light scattering intensity as a function of particle time-of-
flight) and mass intensity profiles, respectivdlys andTvs,
respectively, represent the particle flight time from the mid-  payiicle statistics associated with the three vaporization
point of chopper opening to the laser and to the mass SPeGypes (Table 2) show that prompt and null particles dom-
trometer (including the vaporization and ion transit time from inated, accounting for 46 % and 48 %, respectively, of the
the vaporizer to the time-of-flight mass spectrometer). Usingsayed particles, while delayed particles accounted for a 6 %
the particle velocity (calculated frofis and the chopper-  fraction. The null particle fraction was comparable to that
to-laser distance) and the chopper-to-vaporizer distance, thgf the 51 9% fraction identified from the Mexico City mea-
timing of particle chemical signals can be predict&gd p). surement (Cross et al., 2009), suggesting that the AMS va-
By comparing timing of the predicted particle chemical sig- porization/ionization may typically miss about 50 % of sam-
nals (livs_p) with the timing of the measured chemical sig- pjeqd particles (for particle diameters larger than 180dy
nals (us), the vaporization and ion flight timefigision)  or 130 nmdg), based on particle number. The prompt particle
can be estimated by the y-axis offset of th@sp versus (46 94) group points to a number-based collection efficiency
Tvs (scatter) plot. Usindlius and the sum offiusp and  (CE) of~ 0.5 for particles of 180-1000 nefy, (130715 nm
Tvs_oN, each single particle was classified as one of threedg), which is lower than the average mass-based CE of 0.8
discrete particle types: (1) “prompt,” for which the devia- tor particles smaller than 1000 nay in this study (Ahlm et
tion of Tws/(Tus P+ Tus.on) from 1 was less than 20% 41 2012). This discrepancy likely results from particles that
(i.e., particles optically and chemically detected at the ex-yaporize inside the AMS at rates too slow to be detected in
pected time offset); (2) “delayed,” for which the deviatiqn of the LSSP/PTOF modes-(6 ms), but fast enough to be ac-
Tus/(Tus P+ Tws o) from 1 was greater than 20% (i-e., counted for by the MS mode (10's). Further work is needed
Tws significantly laggediius p+ Tus 1on); and (3) “null,” 5 resolve this discrepancy. CE values ranged from 0.43 to
for which optical signals were detected, but no significant 5o or particles larger than 180 nik,, with peak values
chemical signals were observed. The criterion of insignifi- gssociated with 500-600 niy, particles (Fig. 3). Particles
cant chemical signals is a minimum sum of chemical sig-i, goo- to 1000-nmiy, had the lowest CE values, likely due
nals for the mass intensity profile of 6 ions. Using this crite- 15 enriched dust components in this size range (Silva et al.,
rion, the null particles had typically 2-4 ions (Fig. S2) that 2000) that were not vaporized by the AMS or because of the

are comparable to the number of ions generated in the nongpnanced mass fraction of sulfate and decreased mass frac-
particle events (chopper cycles that have no particles). tion of the organics (Fig. 1a).
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higher values representing smaller angles and higher similar-
. . . . ity. The cosine similarity between each single-particle spec-
3.2 Organic particle types identified from trum and the three major cluster centroids (the average spec-
cluster analysis tra) was calculated (Fig. 4). Spectra in cluster | had signifi-

. o cantly higher similarity (median value is 0.8) to cluster |
Prompt and delayed particles that had significant mass spesentroig than cluster Il and Il centroids (Fig. 4a). In other

trum signals (67985 particles) were used for cluster analyyyqys. the within-cluster similarity was far higher than the
sis. The significant mass spectrum signals were defined ag,,ss_clyster similarity for cluster | spectra. In addition, the
particle sgnals thai have more than 40 ians. Including the\/ariability of the within-cluster similarity was lower than
particles Wlth 6—-40 ions decieases_the robustness (_)f the Clu?hat of the cross-cluster similarity, suggesting good separa-
ter analysis. Therefore, particles ‘_N'th Ies; than.40 10NS Welion of cluster | spectra. Similar results were found for clus-
excluded from the cluster analysis. The identification of 40, | spectra (Fig. 4b). Compared to cluster | and cluster
ions as a threshold of chemically meaningful particles is de- e \yithin-cluster similarity for cluster Il spectra had
tailed in the Supplement. Themeans clustering algorithm 1, yer yajues (median value of 0.65) and greater variability
divides spectra inta clusters such that the sum of squares Fig. 4c). However, the within-cluster similarity was signifi-
,Of the distances Ibe.tweler.i t,he spectra and their correspon antly higher than the cross-cluster similarity at 99 % confi-
ing cluster centroid is minimized (Hartigan and Wong, 1979). yence level for cluster 11l spectra. The cosine similarity anal-
Spectra were normalized before clustering so that the SUm Qg 4154 suggests that each cluster may have limited chemi-
intensities for each mass spectrum was 1. In order to identify, | o perties of other clusters, indicating that particles were
organic particle types, only organic fragments were |ncluded|ike|y internally mixed but dominated by one type so they
in the cluster analysig.values of 2 to 12 (varying by 1) were .o ‘ha grouped by the dominant signatures.
tested. For each run, 20 sets of random cluster centroids were 14 effects of single-particle size and organic mass frac-
iterated. We have identified three major clusters termed ag5 on the derived single-particle clusters were examined.
cluster |, cluster I, and cluster Il (Supplement). The number of organic ions detected for each single-particle
Cosine_sn_mlarity |_sauseful tool for estimating mass spec-is 4 function of the organic mass fraction (for a given
trum similarity (Stein and Scott, 1994) and was thereforey, oqnaig of 40 ions) and particle size (larger particles pro-
used here as a metric to measure the within-cluster and crosgy, .e more ions). Sulfate and nitrate, the major inorganic
ciusfter. similarity of ;ingle-particle spectra. In brief, cosine ions, were found to be independent of organic cluster types
similarity is the cosine of the angle between two VECOrS iy ). j e sulfate and nitrate, respectively, accounted for
(where each vector represents a mass spectrum) and is &g o4 and 4 % of single-particle mass for each cluster (on av-

culated using the following equation: erage). To test the effects of organic mass fractions on the
) . . derived clusters, @&-means algorithm was applied to four

o AB _ Yaxsy| | @anzx [ Y B2| @) subsets of the total 67 985 particles, which were composed

AL NBIl - ; ; of particles with organic mass fractions greater than 10 %,
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Fig. 5. (a) Example single-particle spectra for (i) cluster |, (ii) clus-
ter Il, and (iii) cluster Ill. The particles in (i), (i), and (iii) were
collected on 16 Maydya = 507 nm,dg = 362 nm), 31 May dya =
402 nm,dg = 287 nm), and 16 Maydya = 492 nm,dg = 351 nm), T
respectively.(b) Variability of normalized single-particle spectra
for each cluster for this study (15 May to 29 June 2010). In eachFig. 6. (a) Cluster centroid (group-average mass spectrum) for (i)
panel, the black sticks show the average spectrum for the clustegluster I, (i) cluster I, and (iii) cluster 11l particlegb) Mass spec-
and the whiskers represent standard deviations (variability) at eackrum for (i) the high O/C alkane SOA factor, (ii) the low O/C alkane
m/z. Colors indicate organic (green), nitrate (blue), and sulfate (red)SOA factor, and (iii) mass-weighted average for the COA, PO SOA,
fragments. and nighttime OA factors identified from the ensemble measure-
ments using PMF analysi¢c) The difference between spectra in
(a) and(b).

Difference
°
°

20 %, 30 9%, 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 | tolower O/C than cluster | particles. The number fraction of
Ill, and the relative cluster sizes (number of particles in thecluster Il particles increased at night and showed the opposite
cluster) were comparable to the relative sizes of clusters Hiurnal cycle to temperature (Fig. 7b), which is consistent
to 111, indicating that the same single-particle clusters werewith the previous findings that the less processed component
identified. The effects of particle size on clustering resultsaccumulated and condensed onto preexisting particles during
were tested by applying &means analysis to three sub- nighttime hours (Lanz et al., 2007). However, the correlation
sets of the total particles, which were composed of particlef cluster Il particle number fraction with particle-phase ni-
larger than 300 nm, 400 nm, and 500 riy, respectively. trate, whose formation is strongly dependent on temperature,
The same clusters (as clusters | to Ill) were identified. Thatwas not found, suggesting that there might be other factors
the inorganic-to-organic mass ratio and particle size did notthat affected the formation of cluster Il particles. The aver-
affect the results of cluster analysis indicated that the singleage spectrum for cluster Il particles was characterized by
particle organic mass ions were sufficient for cluster analysisn/z 27, 29, 41, 43, 55, 57, and 69, which are characteristic of
and the identified clusters were robust. both HOA and cooking organic aerosol (COA) components
Examples of single-particle spectra for the three major(He etal., 2010; Mohr et al., 2009, 2012). However, the HOA
clusters are shown in Fig. 5a. While the single-particle specand COA components are not distinguishable due to the
tra exhibit large variability (Fig. 5b), the centroids for the high similarity of their unit-mass spectra (Mohr et al., 2009,
three particle types (Fig. 6a) show that the cluster | spectrun2012), although both the HOA-influenced component (the
was characterized by a dominant peakdt 44, compara-  nighttime OA factor) and the COA component were iden-
ble to that of LV-OOA (low-volatility OOA) components ex- tified from the PMF analysis of the high-resolution ensem-
tracted from the positive matrix factorization (PMF) analy- ble mass spectra measured by the same LS-ToF-AMS during
sis in a number of field measurements (Ulbrich et al., 2009) the CalNex campaign (Liu et al., 2012). The number fraction
This indicates that particles in this cluster were highly oxi- of cluster Ill particles peaked at night, anti-correlating with
dized and associated with high O/C, which is consistent withtemperature (Fig. 7¢). Thus particles in cluster 1l may be
the correlation of the number fraction of cluster | particles produced by a mixture of different sources, possibly includ-
with odd oxygen (Fig. 7a). It is suggested that cluster Il par-ing cooking oils and local unoxidized vehicular emissions at
ticles, which had strong:/z 43 signals and mass spectra night.
resembling those of SV-OOA (semi-volatile OOA) compo-  Size distributions of particle types (Fig. 2a) show an in-
nents identified by Lanz et al. (2007), Ng et al. (2010), andcreased number fraction of cluster | type for particles larger
Ulbrich et al. (2009), were relatively less oxidized secondarythan 300 nmdya (215nmdg). In contrast, cluster Ill type
organic aerosol (SOA) and, so, were likely associated withdominated particles smaller than 400 rafyy (285 nmdg).
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Fig. 7. Time series of the number fraction for (i) cluster | (dark _ o ) . )
blue), (ii) cluster Il (light blue), and cluster Il (green) particles. F19-8-Solid lines show time series of the mass fraction(égrcius-

Time series of odd oxygen (Qshown in panel i) and temperature ter | (dark blue)(b) cluster II (light blue), andc) cluster 11l (green)
(panel i and i) are shown for comparison. particles. Dashed lines represent time series of the mass fraction for

(a) the sum of high O/C alkane and aromatic SOA (dark bl(s),

the low O/C alkane SOA (light blue), ar{d) 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.

Compared to cluster | and cluster Il particle types, clus-
ter 1l 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 theyentroid for cluster Il particles correlated to that of the low
grew bigger, whereas cluster Il particles were associatedd/C alkane SOA component with aof 0.96. The cluster
with fresh emissions in which particles were smaller. 1l centroid correlated to the spectra for COA, PO SOA, and
nighttime OA components witlR values of 0.86, 0.76, and
0.70, respectively. Correlation of the cluster Il centroid to
the mass-weighted average spectrum for COA, PO SOA and
. nighttime OA (Fig. 6b-iii) showed amR of 0.88. The mass
Cluster 1, cluster II, and cluster lll particle types broadly ¢, tion of cluster IIl particles and the sum of ensemble-
matched t_he OM compongnts identified from ensemble fac'derived group Il components co-varied (Fig. 8= 0.60

tor analysis using PMF (Liu et al., 2012). Ensemble-basedy, v, in Table S1), with low fractions during daytime and

OM spectra were categorized into three'groups acpording ncreased abundance at night. There were some deviations
their O/C-values (calculated from the high-resolution mass;, magnitude and time series for single-particle clusters and

spectra using the method described by Aiken et al., 2007)ynsempje-derived components, especially for cluster Il par-
Group | consisted of high O/C alkane and aromatic SOAyjqjes that only poorly correlated with the low O/C alkane
components (O/C = 0.63-0.68); group Il consisted of loW goa tactor ® = 0.23). The differences were likely due to
o/C élkane and aromatllc SOA c_omponents (©/C = 0'27_(1) measurement and analysis (cluster, PMF, etc.) uncertain-
0.36); and group Il was likely a mixture of COA, petroleum o (2) internally mixed particles that were split between
operation (PO) SOA, and local traffic and biogenic nighttime ), o than one cluster, or (3) the low detection efficiency of

OA components (O/C = 0.00-0.20). The mass fractions ofgj,qje particles that were smaller than 550 g (Fig. 2b).
m/z 44 (fa4, an indicator of O/C; Aiken etal., 2008) for clus- yever, the broad match of single-particle clusters and en-

ter | (20.8 %), clus.ter I (5.0%), and cluster lil (3.0%) rea- semble factors confirmed that the factors reflected organic
sonably agreed with thgi for the ensemble-based group components of different origins and atmospheric processes.
| (19.6 %), group Il (2.4 %), and group Il (0.5%), respec-

tively. Specifically, the cluster | centroid correlated to the

mass spectra for high O/C alkane and aromatic SOA com4  Concluding remarks

ponents with anR of 0.96 and 0.92, respectively (Fig. 6).

The mass fraction of cluster | particles had similar magni- The LS-ToF-AMS was valuable for separating single parti-
tude and time series to that of the sum of high O/C alkanecles with different organic chemical compositions in a 46-
and aromatic SOA components (Fig. 8a; correlated in timeday field campaign. 271 641 single particles were optically
with R = 0.69 shown in Table S1), supporting the consis- detected and the chemical mass spectra saved and classified
tency of cluster | particles with high O/C components. The by comparison of the optical and chemical information, with

3.3 Comparison of single-patrticle types with
ensemble components
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