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Abstract

We present the first single particle results obtained using an Aerodyne time-of-flight
aerosol mass spectrometer coupled with a light scattering module (LS-ToF-AMS). The
instrument was deployed at the T1 ground site approximately 40 km northeast of the
Mexico City Metropolitan Area (MCMA) as part of the MILAGRO field study in March of5

2006. The instrument was operated as a standard AMS from 12–30 March, acquiring
average chemical composition and size distributions for the ambient aerosol, and in
single particle mode from 27–30 March. Over a 75-h sampling period, 12 853 single
particle mass spectra were optically triggered, saved, and analyzed. The correlated
optical and chemical detection allowed detailed examination of single particle collection10

and quantification within the LS-ToF-AMS. The single particle data enabled the mixing
states of the ambient aerosol to be characterized within the context of the size-resolved
ensemble chemical information.

The particulate mixing states were examined as a function of sampling time and most
of the particles were found to be internal mixtures containing many of the organic and15

inorganic species identified in the ensemble analysis. The single particle mass spec-
tra were deconvolved, using techniques developed for ensemble AMS data analysis,
into HOA, OOA, NH4NO3, (NH4)2SO4, and NH4Cl fractions. Average single particle
mass and chemistry measurements are shown to be in agreement with ensemble MS
and PTOF measurements. While a significant fraction of ambient particles were inter-20

nal mixtures of varying degrees, single particle measurements of chemical composition
allowed the identification of time periods during which the ambient ensemble was exter-
nally mixed. In some cases the chemical composition of the particles suggested a likely
source. Throughout the full sampling period, the ambient ensemble was an external
mixture of combustion-generated HOA particles from local sources (e.g. traffic), with25

number concentrations peaking during morning rush hour (04:00–08:00 LT) each day,
and more processed particles of mixed composition from nonspecific sources. From
09:00–12:00 LT all particles within the ambient ensemble, including the locally pro-
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duced HOA particles, became coated with NH4NO3 due to photochemical production
of HNO3. The number concentration of externally mixed HOA particles remained low
during daylight hours. Throughout the afternoon the OOA component dominated the
organic fraction of the single particles, likely due to secondary organic aerosol forma-
tion and condensation. Single particle mass fractions of (NH4)2SO4 were lowest during5

the day and highest during the night. In one instance, gas-to-particle condensation of
(NH4)2SO4 was observed on all measured particles within a strong SO2 plume arriv-
ing at T1 from the northwest. Particles with high NH4Cl mass fractions were identified
during early morning periods. A limited number of particles (∼5% of the total number)
with mass spectral features characteristic of biomass burning were also identified.10

1 Introduction

To accurately model the radiative forcing of aerosol particles, one must measure in
real-time the size, shape, density, chemical composition, and mixing state of ambient
particles. This is a formidable challenge because the chemical and physical properties
of the aerosol particles are highly complex, dependent on the emission sources, the15

geography and meteorology of the surroundings, and the gas phase composition of
the regional atmosphere. As a result, aerosol particles continually change as they are
transported through the atmosphere. Without a detailed understanding of the sources
and atmospheric processes that control the chemical and physical transformations of
the particles, the influence of aerosol particles on climate remains highly uncertain.20

Currently, uncertainties in the evaluation of aerosol direct and indirect radiative effects
are the source of the largest uncertainty in estimating the overall radiative forcing of
the climate (IPCC, 2007).

Urban areas produce large quantities of aerosol particles together with gas phase
precursors that influence secondary aerosol formation. Emissions from the numer-25

ous sources within an urban environment cause adverse health effects, reduction
in visibility, deposition of chemicals to the ecosystem, and direct and indirect ra-
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diative forcing that are evident on local, regional, and global scales (Molina et al.,
2007). The MILAGRO (Megacity Initiative: Local and Global Research Observa-
tions) field study was conducted in and around Mexico City during March of 2006
(http://www.eol.ucar.edu/projects/milagro/). The aim of the study was to obtain a more
complete understanding of the atmospheric transformations that occur within the urban5

plume as it is transported away from the city. The part of the MILAGRO study described
in this manuscript focused on the chemical transformations and source apportionment
of the aerosol particles.

Until recently, available real-time quantitative instrumentation could provide only an
average chemical composition for the ambient aerosol particle ensemble. To evaluate10

the radiative effects of the aerosol particles and to begin to identify their sources, av-
erage data are not necessarily adequate. Consider for example two aerosol particles,
one composed of purely carbonaceous material (organic carbon and elemental car-
bon or soot), and the other composed of purely inorganic material. The hygroscopity,
cloud condensation nuclei (CCN) activity, and optical properties of these two (externally15

mixed) aerosol particles may be significantly different than the hygroscopic, CCN and
optical properties of two similar size aerosol particles that are internally mixed (i.e. each
particle composed of 50% carbonaceous and 50% inorganic material). Measuring the
single particle chemical composition provides the information necessary to determine
the ensemble mixing state and analyze the chemical transformations taking place as20

the particles undergo atmospheric processing. Some of the complexities of particle
CCN properties due to coating and mixing are discussed in Sun and Ariya (2006), Pet-
ters et al. (2006), and Shilling et al. (2007). The effects on optical properties of parti-
cles due to coating, mixing, and aging processes are discussed in Chylek et al. (1995),
Fuller et al. (1999), Lesins et al. (2002), Quinn et al. (2005), Baynard et al. (2006),25

Barnard et al. (2007) and Bond et al. (2006).
A key advance in atmospheric science has been the development of aerosol mass

spectrometers that, with on-going improvements and design modifications, can now
measure size and chemical composition for individual particles within the ambient en-
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semble. (For recent reviews see McMurry et al., 2002; Sullivan and Prather, 2005;
Murphy, 2007a; Nash et al., 2006; Canagaratna et al., 2007.) we do not use double
parenthesis. One example of such an instrument, featured in this manuscript, is the
aerosol mass spectrometer (AMS) developed by Aerodyne Research Inc. (Jayne et al.,
2000).5

The AMS instrument measures ensemble average chemical composition and size of
submicron particles. Recently, the AMS has been redesigned to incorporate two new
features that significantly expand the capability of the instrument to provide single par-
ticle information. First, the quadrupole mass spectrometer was replaced by a time-of-
flight mass spectrometer (TOFMS) (Drewnick et al., 2005; DeCarlo et al., 2006). With10

the TOFMS coupled to the AMS, single particle mass spectra can be obtained. (This
combined instrument is known as a ToF-AMS.) The ToF-AMS can quantitatively mea-
sure particle-by-particle, non-refractory aerosol composition as a function of particle
aerodynamic diameter. Drewnick et al. (2005) demonstrated the ability of the ToF-AMS
to measure single particle mass spectra.15

In the second modification, a light scattering module was integrated into the AMS
instrument. This version of the instrument is referred to as the LS-AMS (Cross et al.,
2007). The light scattering module provides a single particle measurement of scattered
light intensity (RLS ) for all particles above dp∼250 nm that enter the AMS and impact
on the heated vaporizer. A single calibration curve converts RLS to an optical diame-20

ter (do). Using the relationship between do and the simultaneously measured vacuum
aerodynamic diameter (dva), the LS-AMS provides a real-time, per particle measure-
ment of the density of the sampled aerosol particles. Further, the LS-AMS provides
a quantitative measure of the internal collection efficiency of the AMS by comparing
the number of chemically detected particles to the total number of optically detected25

particles.
The light scattering module has now been added to the ToF-AMS. In this new in-

strument combination, the acquisition of mass spectra for each particle is triggered
by a light pulse scattered by the particle. This instrument is designated as the LS-
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ToF-AMS. The LS-ToF-AMS uses thermal desorption and continuous electron impact
ionization of single particles, enabling the detection, quantification, and classification
of non-refractory, especially organic, fractions of ambient particles. This new approach
is unique among current field deployable single particle mass spectrometers, which
typically consist of laser-based desorption/ionization instruments that detect refractory5

material best (e.g. sodium chloride, soot, and dust) (Murphy, 2007a; Nash et al., 2006).
The optical triggering improves the effectiveness and efficiency of the AMS as a

single particle mass spectrometer by minimizing the number of data files saved and
post-processing steps required to identify individual particles. The presence of the light
scattering module does not influence the instrument’s ability to measure the ensemble10

average chemical composition and size distribution. Therefore, the LS-ToF-AMS can
measure both ensemble average and single particle properties (e.g. mixing state) of
the ambient aerosol by alternating data acquisition modes.

In this article, we present results obtained with the LS-ToF-AMS during the MILA-
GRO field study in Mexico City in March 2006. The LS-TOF-AMS was located at the T115

sampling site ∼40 km NE of the city center. (See the MILAGRO/INTEX-B 2006 special
issue of Atmospheric Chemistry and Physics for other results from the MILAGRO field
experiment). Typical AMS measurements of submicron, non-refractory aerosol chem-
istry and chemically-speciated size distributions were obtained from 12–30 March 2006
with several interruptions due to power failures and instrument calibrations. The LS-20

ToF-AMS successfully characterized the size, chemical composition, and mixing state
of individual particles over a 75-h period from 04:27 LT on 27 March to 07:24 LT on
30 March 2006. The ensemble average size and chemical composition were also ob-
tained for this period using the same AMS instrument. This manuscript highlights the
results of the single particle measurements made with the new LS-ToF-AMS instrument25

combination.
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1.1 Brief survey of single particle mass spectrometry

Most current, successful single particle mass spectrometers use lasers for particle va-
porization and ionization. Among these instruments are the Aerosol Time-of-Flight
Mass Spectrometer or ATOFMS (Gard et al., 1997; Su et al., 2004), the Particle Anal-
ysis by Laser Mass Spectrometry or PALMS instrument (Murphy and Thomson, 1995;5

Thomson et al., 2000), the Single Particle Laser Ablation Time-of-flight Mass Spec-
trometer or SPLAT-MS (Zelenyuk and Imre, 2005) and the Rapid Single Particle Mass
Spectrometer or RSMS-II (Phares et al., 2002). While several instruments employ
techniques to separate the vaporization and ionization of single particles (e.g. infrared
laser pulse for particle desorption prior to ionizing laser pulse for gas phase ionization),10

most field deployed single particle instruments use either a single excimer or Nd-YAG
laser pulse to both vaporize and ionize single particles. This study represents a new
approach to single particle mass spectrometery using the AMS thermal vaporization
and electron impact ionization techniques.

Single particle mass spectrometers using laser desorption/ionization methods are15

difficult to quantitatively calibrate (Murphy et al., 2007a, b). Because the high powered
laser has to be tightly focused, the detection and ionization efficiency is highly depen-
dent on the shape and size of the particle. Particles with aspherical shapes tend to
generate broad particle beams when sampled into vacuum, even with current aerody-
namic lensing technology, and thus laser spot size and distance from inlet can control20

detection efficiency (Huffman et al., 2005). Further, the wavelength and power of the
laser used to vaporize and ionize the particles can bias chemical detection (Nash et
al., 2006; Murphy, 2007a). For example, species with relatively low ionization potentials
(such as potassium) are preferentially ionized and detected. Difficult to ionize species
(such as sulfuric or nitric acid) often evade detection. Perhaps even more importantly,25

the organic ions generated from most laser-based aerosol mass spectrometers are
highly fragmented, in many cases to the point of formation of carbon cluster ions. Such
fragmentation limits obtainable chemical information (e.g. C:O ratio, organic species
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classifications, and elemental carbon versus organic carbon). The measured mass
spectrum signal is often non-linear with the mass content of the aerosol particle.

On the other hand, laser ionization single particle mass spectrometers can detect
refractory components such as metals, minerals and dust, whereas thermal desorp-
tion instruments such as the AMS detect the non-refractory fraction of the sampled5

particles. Further, some laser-based systems provide high precision vacuum aero-
dynamic diameter measurements, through the use of two light scattering lasers, and
detect significantly smaller particles (>80 nm) by focusing both the light scattering and
vaporization/ionization lasers.

The amount of data routinely acquired by any single particle mass spectrometer10

presents a formidable analytical challenge. For example, Moffet et al. (2008a) acquired
1 million single particle mass spectra over 3.5 weeks of continuous sampling with the
laser ablation ATOFMS instrument during the MILAGRO campaign. During the present
75-h study, the LS-TOFAMS sampled ∼13 000 single particles and collected 46 GB
of single particle data, while simultaneously measuring the average size, chemical15

composition, and mass of the ambient aerosol ensemble.
In experiments using laser ablation mass spectrometers, hierarchical cluster analy-

sis programs are used to interpret the data. Such programs interrogate the chemical
composition, and sort the particles into similar and dissimilar clusters with respect to
the mass spectral signals (Song et al., 1999; Murphy et al., 2003; Phares et al., 2001).20

This methodology simplifies the data set so that a small number of measurable pa-
rameters, usually the relative intensity of specific ion signals, can characterize a given
cluster. For example, Moffet el al. (2008a) characterized the single particle data set
obtained with the ATOFMS instrument at the T0 site using the ART-2a clustering algo-
rithm (Song et al., 1999). For this data analysis, a subset of 24 000 sub-micron and25

24 000 super-micron particles were analyzed with ART-2a. The resulting clusters were
then matched to the rest of the single particle data set (total of 1 million particles). The
clustering algorithm generated 60 sub-micron clusters and 200 super-micron clusters
that effectively described 88% of the chemically analyzed single particles. Based on
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similarities in the major ion peaks for different clusters, Moffet then generated 15 gen-
eral particle types by hand from the original 260 clusters and characterized the single
particles with respect to this smaller list. While clustering techniques have proven use-
ful at identifying trace components that may point to particle sources (e.g. metals), it
has yet to be shown that laser-based instruments and their clustering analysis tech-5

niques can provide quantitative measurements of the composition and mixing state
of ambient submicron aerosol particles, which are composed mainly of non-refractory
organic, sulfate, and nitrate species.

This manuscript describes the first field deployment of a new approach – single par-
ticle thermal vaporization mass spectrometry – that may provide useful information on10

particle chemical compositions, mixing states, and source characteristics that currently
cannot be obtained through ensemble measurements or laser-based single particle in-
struments. Further, the combined LS-ToF-AMS instrument provides a practical method
for obtaining to simultaneous ensemble and single particle measurements.

In the AMS instrument, particles impact a heated surface (600◦C) and the vaporized15

components are ionized by electron impact (70 eV). The AMS measures ion signals
that are proportional to the total non-refractory particulate mass and thus, the mea-
sured signals can be quantified and apportioned into chemical species. Because the
single particle mass spectra are analogous to AMS ensemble mass spectra, they are
amenable to the same mass spectral deconvolution techniques currently in use for20

standard, ensemble AMS data. In particular, the single particle mass spectra can be
readily analyzed using the standard AMS fragmentation patterns allowing for the classi-
fication and calculation of single particle organic and inorganic mass fractions (Jimenez
et al., 2003; Allan et al., 2004). Further, the organic fractions can potentially be ana-
lyzed using more complicated, and rich, mass spectral deconvolution techniques, such25

as Positve Matrix Factorization (PMF) (Lanz et al., 2007a).
The current challenges and limitations the LS-ToF-AMS, as deployed in this initial

study, are (1) low duty cycle for single particle detection, (2) relatively low signal-to-
noise due to high background ion signals in the AMS ionization cage, and (3) the effects
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of particle bounce prior to complete vaporization of all non-refractory components. De-
spite these challenges, meaningful single particle chemical and size information was
obtained. The results are presented in the context of the contemporary ensemble
measurements using standard AMS operational modes. Specifically, information is
presented about source characterization, ensemble mixing state and atmospheric pro-5

cessing.

2 Experimental methods

2.1 Instrumentation

2.1.1 LS-ToF-AMS

A schematic of the ToF-AMS equipped with the light scattering module is shown in10

Fig. 1. Individual components of the instrument have been described in other publi-
cations (Cross et al., 2007; Jayne et al., 2000; Jiménez et al., 2003; DeCarlo et al.,
2006; Drewnick et al., 2005). Here we provide a brief overview of the instrument. The
LS-ToF-AMS consists of three main sections: (1) aerodynamic lens, (2) particle time-
of-flight region, and (3) particle vaporizer together with the TOFMS. As shown in Fig. 1,15

the light scattering module is located in the particle time-of-flight region between the
aerodynamic lens and the vaporizer surface.

In the AMS, particles are sampled from ambient pressure (590 torr at T1 in Mexico
City) into an aerodynamic lens through a 130µm orifice. In their passage through
the lens, particles are accelerated by the pressure drop, ∼2 torr inside the lens and20

<10−4 torr in the time-of-flight region. The aerodynamic lens focuses particles towards
a rotating mechanical chopper, which modulates the particle beam. The chopper is
mounted at the front of the particle time-of-flight chamber. The alignment of the 1%
chopper slit opening with the particle beam defines t0 for the particle time-of-flight. At
the end of the time-of-flight region, particles impact a heated surface (∼600◦C) and the25
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non-refractory species are flash vaporized. The resulting plume of vapor is ionized by
electron impact (70 eV) and the ions are transferred to the TOFMS. Mass spectra are
acquired and stored in a manner that depends on the mode of operation of the AMS
as discussed in Sect. 2.2.

The light scattering module consists of a diode-pumped 405 nm continuous wave5

50 mW laser (CrystaLaser, LC BCL-050-405), external mirrors for alignment of the light
beam, an ellipsoidal mirror for scattered light collection (Opti-Forms E103-2-01), a ra-
zor blade beam stop for quenching the throughput laser light, and a photomultiplier tube
(PMT) for scattered light detection (Hamamatsu H6779-00). An optical scattering sig-
nal (RLS ) is obtained for nearly every particle that impacts the surface of the vaporizer10

(3.8 mm in diameter) if the particle is larger than the optical size detection limit, in this
case dp∼250 nm. As detailed in Cross et al. (2007), this purposeful defocusing of the
light scattering laser beam allows for the near complete optical detection of spherical
and aspherical particles that impact the vaporizer.

2.2 Data acquisition15

Without the light scattering unit, the C-ToF-AMS can operate in three data acquisi-
tion modes: Mass Spectrum (MS) mode, Particle Time-of-Flight (PToF) mode, and
“Brute Force” Single Particle (BFSP) mode. These modes of operation are described
in detail by Drewnick et al. (2005) and DeCarlo et al. (2006). The addition of the
light scattering module provides a fourth mode of operation designated as the Light20

Scattering-Single Particle mode (LSSP). The first two modes are ensemble aerosol
measurements, whereas the latter two are single particle modes of operation. The
first three modes of operation will be discussed here briefly, the fourth mode will be
discussed in greater detail.

During MILAGRO study, the LS-TOF-AMS instrument was sequentially operated in25

the three modes; MS, PTOF, and LSSP. The sampling time periods for each mode
were set corresponding approximately to their duty cycles. The aerosol mass spec-
trometer measurements presented in this manuscript were saved in 5 min intervals. At
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the conclusion of each saving interval, one PToF file, one MS file, and one LSSP file
was saved. During the first 150 s of the saving interval, the instrument was alternated
every 10 s between MS and PToF modes. During the second 150 s, the instrument was
operated in LSSP mode. During each LSSP saving interval, 15 to 30 single particles
were sampled (data transferred and saved) depending on the ambient particle concen-5

tration. By comparison, in the PToF mode, chemical signals from ∼2000 particles were
averaged during each 75 s PToF sampling period and ∼50 000 particles were averaged
in MS mode.

2.2.1 Mass Spectrum (MS) and Particle Time of Flight (PTOF) Modes

As described previously, the TOFMS in the ToF-AMS instruments is a pulsed, orthog-10

onal extraction time-of-flight mass spectrometer. The pulsers were operated at 56 kHz
during the MILAGRO study. Thus, the measure of ion signals (i.e. molecules or mass)
is determined as a flux of ions in time, similar to the quadrupole aerosol mass spec-
trometer, rather than the integral of ions from a single event, such as the ablation
and ionization of a single particle in a laser-based aerosol mass spectrometer. In the15

MS mode, the chopper is alternately closed (blocking the particle beam) and opened
(typically on a time scale of a few seconds) and full mass spectra are acquired and
averaged for each time period. The difference in the ion signals acquired at each m/z
in the open and closed periods provides the difference mass spectrum for the particle
ensemble.20

In the PTOF mode, the chopper wheel rotates at a frequency of 130 Hz. During each
chopper cycle (i.e. slit to slit), particles enter the time-of-flight chamber through one of
two slits in the chopper wheel. The two slits together comprised 1% of the total chopper
area. Thus the sampling duty cycle in the PTOF mode is 10−2. A single PTOF data
file consists of 300 mass spectra acquired during the ∼6 ms of sampling time during25

a given chopper cycle (each mass spectrum is acquired in 18µs). Particle velocity is
obtained from the measured time interval between the chopper slit opening (t0) and
chemical ion signal (tf ) provided by the vaporized and ionized particle. The vacuum
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aerodynamic diameter is calibrated using techniques described in Jayne et al. (2000).
In the PTOF mode, particles impact the vaporizer surface individually; however, signals
are averaged over many chopper cycles so that average, size-resolved, chemically-
speciated mass distributions are obtained.

2.2.2 Brute Force Single Particle (BFSP) Mode5

The BFSP mode of ToF-AMS operation is similar to the PTOF mode, except that in-
stead of averaging mass spectra from multiple chopper cycles, the series of 300 mass
spectra for each chopper cycle are saved individually. Because the size of the data files
saved during BFSP mode (dependent upon # of chopper cycles saved) are significantly
larger than the files saved in MS and PTOF modes, it is important to review the mech-10

anism of filtering and saving particle information during single particle experiments.
Without a light scattering module, single particle data be can saved in one of two

ways: 1) mass spectra are saved for all chopper cycles regardless of whether a particle
entered the AMS during the chopper period or 2) mass spectra are saved only for single
particles producing a pre-set sufficiently high chemical ion signal. The former method15

requires extensive post-processing of large data sets that are mainly zeros. Because
the second method depends on setting a threshold for specific m/z signals, chemical
detection biases can be introduced if the composition of the particles is unknown.

The BFSP mode has been used for instrument calibrations and other laboratory
experiments with well-defined particles such as ammonium nitrate particles. The prac-20

tical application of the AMS as a true single particle instrument for measuring ambient
particles required the development of a LSSP mode.

2.2.3 Light Scattering Single Particle Mode (LSSP)

The LSSP mode offers three distinct advantages over the BFSP mode in measuring
the mass spectra of single particles. First, instead of saving mass spectra for every25

chopper cycle (as in the BFSP mode, option 1), the LSSP mode saves mass spectra
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only if a light scattering pulse is observed during that chopper cycle. Second, the op-
tical diameter and the vacuum aerodynamic diameter of each particle are measured
and from these two parameters, the effective density and total particle mass can be
calculated for each particle, independent of the mass spectrometer measurements.
Third, the arrival time of the particle at the vaporizer surface can be calculated from5

the measured particle time-of-flight between the chopper slit and scattered light pulse.
This measurement provides information about the efficiency and time-scale of the va-
porization/ionization process for each sampled particle.

The two disadvantages of the early version of the LSSP mode used during MILA-
GRO were (1) only particles larger then a optical detection limit of dp∼250 nm were10

detected and (2) the actual duty cycle of the LSSP mode as deployed in Mexico was
very low, only about 10−4 (see below). The first issue was not significant because the
LS-ToF-AMS instrument deployed at T1 in Mexico City had a chamber background that
limited single particle chemical detection (for an adequate number of m/z signals) to
approximately the same dp∼250 nm optical diameter threshold (See Fig. 5 in Sect. 3.2).15

The low duty cycle was due to the fact that the light scattering signal was collected
in the second 2 GHz DAQ channel to ensure direct correlation with the mass spectral
signal for each particle. Thus, a significant fraction of the LSSP mode duty cycle was
due to transferring and saving the data. This is evident from the following quantitative
considerations. The time required to transfer and save the large amount of data ob-20

tained for a single particle in the LSSP mode during MILAGRO was about 800 ms. One
chopper cycle was about 7 ms. Therefore, the sampling duty cycle of the PToF mode
was reduced by about 10−2 yielding a LSSP duty cycle of about 10−4. As a conse-
quence, the LSSP data obtained during the 75 h sampling period contains 104 fewer
particles than the MS mode data (∼3000 particles compared to 3×107 particles). The25

efficiency of the LSSP mode of operation is being improved in the second generation
of the LS-ToF-AMS.

The optical detection limit, as deployed in Mexico City, was a single value that was
conservatively chosen to ensure that all saved data represented real particles. Each
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time the light scattering signal triggered a save, 300 mass spectra and the correspond-
ing light scattering signal were transferred from the DAQ board and saved to the hard
drive in binary format. Post-processing algorithms were developed to correlate in time
the light scattering pulse and chemical ion pulse and to integrate the total ion signal
at each m/z for the ions produced by the vaporization-ionization of each single par-5

ticle. Each m/z signal of each single particle mass spectrum had separate baseline
and signal-to-noise levels that required attention; m/z-specific thresholds were derived
from signal levels prior to the particle’s vaporization and ionization event to identify real
particle ion signal from background noise levels. To ensure single particle data quality,
multiple consistency checks were done as described in Sect. 3.10

Although this preliminary deployment of the LS-ToF-AMS was hindered by low duty
cycles and thus low number of single particle recorded events, the data obtained is
shown to be useful in determining the mixing state, monitoring the chemical transforma-
tions due to atmospheric processing and identifying sources of the particulate matter
in Mexico City during the 75 h of single particle data collection. Future implementations15

of the LS-ToF-AMS DAQ hardware and software are planned that will increase the duty
cycle of the LSSP mode by about a factor of 10.

3 Single particle analysis

In our current study, about 13 000 single particle mass spectra were recorded and an-
alyzed during the 75-h sampling period. The following information was obtained for20

the individual particles: vacuum aerodynamic diameter (dva), optical diameter (do),
and chemical composition. Multiple internal consistency checks were performed on
the single particle data to ensure the data acquisition and processing quality. The
correlated single particle measurements of dva, do and chemical ion signals provided
comparison between two independent measures of total particle mass. The chemical25

compositions of the single particles were analyzed using standard AMS analysis tech-
niques. Knowing the sampling duty cycles for the LSSP and PTOF modes allowed a
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direct comparison between the average LSSP and PTOF mass distributions and tested
the capability to measure single particle chemical compositions (i.e. mass fractions).
In a few cases two particles of distinct composition and size entered the AMS during
a single slit opening. The observation of particle coincidence in the system demon-
strated the capability and power of the LS-ToF-AMS to determine the mixing state of5

ambient aerosol.

3.1 Single particle collection and detection

It has been demonstarted that the AMS does not detect all non-refractory particles that
impact the vaporizer surface most likely because the particles bounce off the heated
surface without vaporizing (Matthew et al., 2008). Laboratory experiments show that10

the collection efficiency is a function of the particle composition and phase. For exam-
ple, laboratory-generated particles composed of liquid organics or ammonium nitrate
are detected with 100% efficiency. On the other hand, laboratory generated dry ammo-
nium sulfate particles are collected with only ∼25% efficiency. The collection efficiency
of the AMS in sampling ambient aerosol particles has been reported to be ∼0.5 (Al-15

farra, 2004; Drewnick et al., 2004; Hogrefe et al., 2004; Takegawa et al., 2005; Zhang
et al., 2005a). This mass-based collection efficiency was obtained by comparing the
non-refractory mass (typically sulfate) measured by the AMS to the mass collected by
co-located instruments such as a Particle-into-Liquid-Sampler (PILS). The collection
efficiency of the LS-TOF-AMS used during the MILAGRO campaign was also deter-20

mined to be ∼0.5 by comparisons with co-located SMPS-derived mass distributions
and black carbon measurements, and with direct comparison with Aerodyne’s C-ToF-
AMS on the mobile laboratory during a two day T1 visit (Herndon et al., 2008).

The light scattering module counts and optically sizes all particles of diameter greater
than dp∼250 nm whether they produce a chemical ion signal or not. By comparing the25

total number of chemically detected particles to the total number of optically detected
particles, a count-based, self-contained collection efficiency for the AMS is obtained.

During the 75-h of single particle sampling, ∼49% of all optically detected particles
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produced a measurable chemical ion signal while the remaining ∼51% did not produce
a clearly detectable chemical signal. This count-based collection efficiency is close to
the mass-based collection efficiency of ∼0.5. However, we note that the count-based
and mass-based collection efficiencies do not provide identical mesurements. The
optical module detects both refractory and non-refractory particles (dp>250 nm) while5

the mass-based measurement detects only the non-refractory material within ambient
particles (30–1000 nm dva).

Because the time-of-flight between the chopper opening and the optical scattering
signal is measured in the LSSP mode of operation, additional important information
about the nature of the particle vaporization-collection process is obtained. Specifi-10

cally, this measurement allows one to calculate the arrival time of each particle at the
vaporizer surface. In this way, the calculated arrival time of the particle at the vaporizer
and the observed time of the chemical ion signal can be compared. Based on this
comparison, particle vaporization can be separated into three categories: prompt, de-
layed, and null vaporization events. Prompt particle events are those that produced a15

chemical ion signal within 200µs of impacting the vaporizer surface. The 200µs limit
was chosen based on the timing uncertainty due to the chopper slit width (∼70µs) and
the possibility that particles may strike the inverted cone shaped vaporizer more than
once prior to full vaporization. Delayed particle events produce a chemical ion signal
peak >200µs after the calculated arrival time at the vaporizer. Clearly, these delayed20

particles do not vaporize upon initial impact with the heater, but most likely bounce
and then vaporize upon secondary impacts with hot ionizer cage surfaces. In the null
events, particles strike the vaporizer surface but do not produce a clear chemical ion
signal. On a particle by particle basis, the chemical ion signals produced by null par-
ticle events are nearly indistinguishable from the mass spectrometer noise. However,25

when averaged, the total ion signal contribution from the null events is a few percent
of the total. In the Milagro study the number fractions of the prompt, delayed, and null
particle events were 0.23, 0.26, and 0.51, respectively. The prompt particles contained
59% of the total measured single particle mass, whereas the delayed and null particles
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contained 38% and 3%, respectively.
The chemical detection collection efficiency results show a slight particle size de-

pendency. Figure 2 shows the number-based collection efficiencies as a function of
particle time-of-flight (proportional to dva) for all the particles detected. The fraction
of prompt particles detected decreases with increasing particle size (dva), while the5

fraction of delayed particles increases with increasing particle size. These inversely
related results appear to indicate that larger particles are more prone to bounce prior
to full vaporization, likely due to greater momentum of the larger particles. The null par-
ticles constituted the largest fraction of the total particles detected and also exhibited
a size-dependency similar to the delayed fraction, with greater number of null particle10

events for larger particles.
The percentage of the total particle mass (from chemical ion signals) detected from

the prompt particle events was, on average, higher than that from particles with de-
layed vaporization. This is illustrated in Fig. 3a and 3b that show the measured single
particle mass obtained via calibration from the sum of all ion signals measured with15

the mass spectrometer for prompt and delayed particles, respectively. In each plot, the
mass obtained from the chemical measurement is plotted against the single particle
mass (mp) derived from the measured dva and do: mp=π/6×d2

o×dva. The HOA mass
fraction of each particle is shown by the color of the data points in each figure.

The data displayed in Fig. 3a and 3b show considerable scatter due to measure-20

ment uncertainties discussed below in Sect. 3.1.1. Still, certain features are clearly
evident. As is shown in Fig. 3a for the prompt vaporization events, the two indepen-
dent measures of single particle mass are clustered near the 1:1 line. A linear fit of
the data yields slope of 0.81 (intercept <2 femtograms; R2=0.5). The data in Fig. 3a
exhibit a significant scatter that is correlated with the HOA mass fraction in the parti-25

cle. The ensemble HOA mass fraction (discussed further in Sect. 4.2) is correlated in
time with particulate elemental carbon and gas phase CO measurements. These cor-
relations, together with other published observations (Canagaratna et al., 2004; Zhang
et al., 2005b, 2005c), indicate that HOA containing particles typically contain fractal-
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like elemental carbon cores. This nonspherical, refractory material does not produce
a chemical ion signal in the AMS and reduces the reliability of the do measurement
due to shape and light absorption. Removing the particles with HOA content (>10%),
increases the slope (0.88) and R2 (0.57) of the linear fit.

The data obtained from the delayed vaporization events are shown in Fig. 3b. This5

set of data exhibits significantly larger scatter and lower overall chemical ion signals
than obtained from the prompt vaporization events. A linear fit to the data in Fig. 3b
has a slope of 0.41 (R2=0.12), suggesting that the measured chemical ion signals rep-
resent only about ∼40% of the total particle mass. It is likely that particles with delayed
vaporization have struck at least two heated surfaces inside the AMS detection region10

(the vaporizer being the first) and in most cases were not completely vaporized within
the 6 ms particle time-of-flight detection window. Speculations can be put forth why
some particles vaporize promptly and fully while others do not. At this point however,
the phenomenon remains unexplained. Partial vaporization makes chemical identifica-
tion of such particles uncertain. Therefore, in Sect. 4 we will focus only on the particles15

that had prompt vaporization.

3.1.1 Uncertainty in single particle mass measurements

Figure 3a and 3b exhibit significant scatter that is attributed to uncertainty in the mea-
surements of chemical ion signal, dva and do. The standard deviations determined
from the binned data are approximately 43%. Uncertainty in the chemical ion mea-20

surement was determined by analyzing the single particle response of the instrument
to known size ammonium nitrate and di-octyl sebacate particles. In laboratory cali-
bration experiments, the variance in single particle ion signal (sum of nitrate ions and
organic ions for each particle) for the two different particle types was found to be ±10%.
The signal-to-noise from the single particle chemical ion signals made during the MILA-25

GRO study were further limited by rather high chamber background signals during the
field deployment (single particle chemical ion signals are difference measurements).

The diameter-derived particle mass is influenced by uncertainties in the dva and
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do measurements. Uncertainty in the dva is due to the timing uncertainty from the
1% chopper. With a 1% chopper slit and a chopper frequency of 130 Hz, the timing
uncertainty is ∼70µs which corresponds to a maximum uncertainty in dva of 13%.
Uncertainty in the do determination is caused by two factors. First, the spread in the
light scattering signals caused by some particles passing through the center and oth-5

ers through the edges of the laser beam (laboratory studies have shown that spherical
particles exhibit 11% uncertainty in scattered light signal; nonspherical particles will
exhibit a higher uncertainty). Second, the calibration curve used to convert scattered
light into an optical diameter is based on NH4NO3 particles. For particles with a re-
fractive index that is different from the refractive index of NH4NO3, an uncertainty in10

do is introduced. For the range of refractive indices expected in the MCMA (real re-
fractive indices of 1.4–1.6, Seinfeld and Pandis, 2006), the uncertainty in do is ∼10%
(Cross et al., 2007). The uncertainties in do due to refractive index and particle po-
sition in the laser each get doubled in the conversion to particle mass, causing the
overall uncertainty in optical diameter derived mass to be ∼40%. This uncertainty is15

an underestimate due to the known presence of black carbon particles, which absorb
light at λ=405 nm (the λ of the detection laser in the LS-ToF-AMS). The uncertainty in
the diameter-derived mass likely accounts for much of the variance in Fig. 3a and 3b.
Variations in the diameter-derived single particle mass will not affect the measurement
of single particle chemical composition.20

3.2 Single particle chemical composition

Single particle mass spectra were analyzed using the standard AMS approach based
on a priori information of the fragmentation patterns of inorganic and organic species
(Allan et al., 2003). This technique identifies inorganic species (ammonium, nitrate, sul-
fate, and chlorides) and separates their mass spectral signals from particulate organic25

signals.
The mass spectra of the organic fraction are more complex and require more rig-

orous deconvolution techniques. Because the single particle mass spectra are analo-
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gous to AMS ensemble mass spectra, they are in principle amenable to more compli-
cated mass spectral deconvolution techniques currently being developed and applied
to standard AMS mass spectra. These techniques include principle component anal-
ysis (PCA) (Zhang et al., 2005b) and positive matrix factorization (PMF) (Lanz et al.,
2007a, 2007b; Ulbrich et al., 2008). Two of the major types of organic species identi-5

fied through the use of these multivariate analysis techniques are oxygenated organic
aerosol (OOA) and hydrocarbon-like organic aerosol (HOA). HOA particles are strongly
correlated with primary aerosol originating from fossil fuel combustion sources. The
OOA particles are most likely secondary organic aerosol (SOA) formed in the atmo-
sphere through the condensation of oxidized low vapor pressure organic gases. These10

techniques are currently being extended to refine and identify other important mass
spectral markers for organic species; for example, biomass burning spectral markers.

The first AMS measurements that separated OOA and HOA were preformed by
Zhang et al. (2005b) in the Pittsburgh, PA field study. In those experiments, Zhang
and co-workers found a simplified two-component analysis wherein the total mass con-15

centration of organics could be reproduced by a linear combination of mass signals at
mass-to-charge ratios m/z= 44 (mostly CO+

2 ) and m/z= 57 (mostly C3H+
9 ). The m/z

44 signal is associated with OOA compounds and the m/z 57 is associated with HOA
compounds. An expanded multi-component version of this technique has been ap-
plied to more than 30 AMS data sets obtained throughout the Northern Hemisphere20

midlatitudes (Zhang et al., 2007). More recently, using Positive Matrix Factorization
(PMF), Lanz et al. (2007b) and Ulbrich et al. (2008) extended the 2-factorial approach
to apportion ambient organic aerosol matter into two classes of oxygenated organics.

Our initial chemical analysis approach was to conduct PMF analysis on the ensem-
ble aerosol mass spectra (MS Mode), ensemble PTOF distribution mass spectra, and25

single particle mass spectra. However, due to low S/N for signal at each m/z and low
single particle counting statistics for the single particle data and PTOF size distribu-
tion data we have settled on the simple and published method for apportioning the
organic fractions into two dominant components using the high S/N m/z ’s 44 and 57
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which have been shown to be the predominant signatures of distinct types of organics,
labeled OOA and HOA, respectively (Zhang et al., 2005b). For the ensemble aver-
age mass spectra obtained in MS Mode, PMF analysis is used to identify the different
organic components.

Comparisons between the 2-factor PMF and 2-component PCA results indicate the5

both of these methods derive very similar HOA and OOA factors from the ensemble or-
ganic aerosol mass spectra, which account for >90% of the variance in the data. Thus,
comparisons between the PCA and PMF derived HOA and OOA factors in aerosol
loading, size distribution, and single particle measurements are meaningful. Compar-
isons between two and three factor results for PMF analysis of the ensemble aerosol10

mass spectra show that a third identified PMF factor is essentially split from the exist-
ing HOA component. This third identifiable factor is distinct from the HOA and OOA
mass spectra in that it contains significant signal at m/z ’s 60 and 73. As described in
DeCarlo et al. (2008), m/z 60 and 73 are good markers for biomass burning aerosol in
Mexico City. Thus, for the purpose of this paper, this third factor will be labeled BBOA15

(biomass burning organic aerosol). The filter used to identify BBOA single particles is
described in Sect. 4.3.1.

Figure 4 shows the average single particle mass spectra for the HOA and OOA
components (top panels; 4a and b, respectively) and the corresponding PMF factors
for HOA and OOA (bottom panels; 4c and d, respectively) from the ensemble analysis.20

Visual comparison shows a good correlation between the average HOA and OOA mass
spectra obtained with the two different deconvolution methods.

A comparison of three OOA and three HOA single particle mass spectra is shown
in Fig. 5. The particles were randomly chosen from the sampled particles with the
criterion that the particle contains a high organic mass fraction consisting of either25

OOA or HOA. This figure demonstrates the following features: a). Single particles
with do∼350 nm (300<dva<700 nm; note, dva is a function of particle density) exhibit
relatively high S/N for all m/z signals <100 amu. b). HOA and OOA particles are
readily distinguishable and exhibit characteristic peaks for HOA (m/z 57) and OOA
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(m/z 44 and 18). c) Single particles with do∼200 nm (or smaller) (250<dva<350 nm)
have low S/N at most m/z ’s and the single particle mass spectra exhibit only a few
characteristic m/z ion signals. Thus, the size detection limit for single particle chemical
ion and optical measurements was approximately the same for the instrument in the
present MILAGRO study.5

3.3 Comparison of single particle and ensemble measurements

In Fig. 6a we show mass spectrometer ion signals (Hz) as a function of particle time of
flight. The ensemble averaged signal (PTOF mode) is shown as a dashed line and the
averaged single particle signal (LSSP mode) is shown in red. The size detection limits
are evident in Fig. 6a. In the MILAGRO study the LSSP mode detected particles with10

diameters larger than dp∼250 nm (dva∼350 nm or ∼3.1×10−3 s), whereas the ensem-
ble averaged PTOF signal measured particles down to dva∼30 nm (with arrival times at
the vaporizer ∼1.5×10−3 s or greater). This lower size limit is determined by the trans-
mission cut-off for the aerodynamic lens inlet. The single particle signal is subdivided
into ions counts obtained from prompt (blue), delayed (green), and null (black) parti-15

cles. For particles larger than ∼dva=350 nm (3.1 ms time-of-flight) the signal measured
in the PToF mode is in good agreement with the total signal measured in the LSSP
mode. This agreement is shown quantitatively in Fig. 6b which displays the correlation
between the LSSP and PTOF signals for arrival times between 3.1–5.5 ms (data be-
tween arrows in Fig. 6a). The correlation is linear with a slope of 0.85, indicating that20

the LSSP mode collected 85% of the PTOF signal.
We note from Fig. 6a and 6b that the LSSP signal is about 15% smaller than the

than the signal obtained in the PTOF mode. The missing 15% is likely due to delayed
vaporization of particles smaller than the optical size detection limit and therefore are
not detected in the LSSP mode. This interpretation is further supported by the fact25

that at longer times-of-flight (>4.8 ms in Fig. 6a), the average LSSP and PTOF modes
agree fully.

The results in Fig. 6a suggest that the PTOF mode provides an accurate measure
21335
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of the rising edge of ambient particle mass distributions (i.e. at small particle sizes);
however, the PTOF mode broadens ambient mass distributions to larger particle sizes
due to delayed particle vaporization events.

A consistency check on the measured single particle chemical compositions was
done by comparing the averaged single particle chemical compositions with the chem-5

ical compositions measured in PTOF mode (for signal with dva>300 nm). The com-
parison was performed for organic, nitrate, sulfate, and chloride mass fractions. In all
cases, the average chemical composition of the single particle and ensemble PTOF
data were the same within experimental uncertainty (±10%).

3.4 Mixing state determination10

To illustrate the physical and chemical information obtained with the LS-ToF-AMS, we
examine a case when two particles entered the AMS during one chopper opening,
recorded at 05:35 LT on 27th March – during the morning rush hour. (Under the am-
bient particle concentrations observed during the experiment, we expect such a two-
particle coincidence to occur ∼1% of the time). The top panel of Fig. 7 shows the15

scattered light pulses from the two particles as a function of time-of-flight, with t0 de-
fined by the opening of the chopper slit. The middle panel shows the corresponding
chemical ion signals. The lower panel displays the mass spectrum for each of the
sampled particles

The single particle mass spectra in bottom of Fig. 7 clearly show that the chemical20

compositions of the two sampled particles are distinct. Particle 1 is composed of 100%
organic material. The largest mass spectrum component is at m/z=57 characteristic
of an HOA particle. Particle 2 is a mixture of oxygenated organics, ammonium nitrate,
and ammonium sulfate approximately in equal amounts. The observation of two dis-
tinct particle types within the same chopper cycle indicates that the ambient ensemble25

was externally mixed during this sampling period. Table 1 summarizes the measured
chemical and physical properties for these two particles.

The chemical ion pulses in the middle panel of Fig. 7 are separated in time because
21336
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the particle exit velocities out of the aerodynamic lens are substantially different due to
the difference in effective densities of the two particles. Particle 1 exits the lens with a
velocity of 106 m/s and particle 2 with a velocity of 94 m/s. The time separation between
the chemical pulses is greater than the time separation between the optical pulses
(324µs versus 198µs). This difference is due to the additional distance between the5

laser and vaporizer surface traveled by the two particles. Differences in the vaporization
times of the two particles may also influence this time separation (Cross et al., 2007).
The ion extraction time is negligible.

The single particle data also provide information about the mass and density of each
particle. The mass of particles 1 and 2, as measured by the calibrated mass spec-10

trometer, is 18.2 fg, and 13.0 fg, respectively. The mass composition of particles 1
and 2 (using average densities for the components) yields densities of 0.9 g/cm3 and
1.5 g/cm3, respectively. Assuming that the particles are spherical and that all the ma-
terial in the particles is detected by the mass spectrometer, we calculate the physical
diameter of the particle 1 and 2 to be 326 nm and 211 nm, respectively.15

The amplitudes of the optical scattering pulses shown in the top panel of Fig. 7
can be used as an independent measure of the particle diameter (denoted as optical
diameter do). Using the calibration procedure described in Cross et al. (2007) the
optical diameters for particle 1 and 2 are 301 nm and 263 nm, respectively. This is
within 8% and 20% of the diameters obtained via the mass-density calculations.20

An independent calculation of the particle density is obtained from the ratio of the
vacuum aerodynamic diameter (dva) and the optical diameter (do). That is, ρeff=dva/do.
The dva is a function of the physical diameter, the material density, and the shape of
the particle. The dva values for particles 1 and 2 are 287 nm and 446 nm, respectively,
obtained from the measured particle velocity via a four parameter empirical fit function25

as described in Bahreini et al. (2003). The densities derived for particles 1 and 2 using
the relationship ρeff=dva/do are 0.95 g/cm3 and 1.7 g/cm3, respectively, in reasonable
agreement with the chemically-derived densities.

Combining the chemical and physical information collected by the LS-ToF-AMS
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from these two particles tells a self-consistent story. Particle 1 was composed of
hydrocarbon-like organic matter and exhibited a low effective density. The low effective
particle density is consistent with hydrocarbon-like organic (e.g. lubricating oil) densi-
ties as well as possibly indicating that Particle 1 was aspherical due to an underlying
fractal-like black carbon core. Thus, particle 1 can be identified as a pure HOA particle5

likely generated from a local combustion source. In contrast, Particle 2 was composed
of highly oxidized inorganic and organic matter and exhibited a relatively high effec-
tive density consistent with the particle’s significant inorganic composition. Particle 2
was an internally mixed accumulation mode particle that likely had undergone signifi-
cant atmospheric processing prior to detection with the LS-ToF-AMS. The simultane-10

ous observation of these two externally mixed particles illustrates the capabilities of
the LS-ToF-AMS technique to provide a measure of the mixing state and atmospheric
processing of ambient submicron aerosol particles.

4 Results and discussion

A unique feature of the LS-ToF-AMS is that it provides ensemble as well as single15

particle measurements. In this section, the composition of the ensemble and single
particles measured during the MILAGRO field study are presented and discussed. In-
formation from the two data sets are combined to provide a more complete description
of the size, chemical composition, transformations, and mixing state of the ambient
aerosol in the Mexico City Metropolitan Area.20

4.1 Sampling site and meteorology

The T1 sampling site was located at Tecamac University (19.703 N Latitude and
98.982 W Longitude) at an elevation of 2273 m, ∼40 km NE of the Mexico City
metropolitan area (MCMA). T0 was the site within city center and T2 was located 35 km
N-NE of T1. The location of these three field sites was chosen such that each would25
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intercept the MCMA plume as it is transported away from the city center to the North
(Doran et al., 2008). The area surrounding T1 consists of built up, highly populated
residential neighborhoods and less developed regions with open fields. The residential
regions are to the south and east of T1. The less developed areas are toward the north
and west. A major commuting highway between Mexico City and Pachuca is ∼1 km5

to the east of the site. The LS-ToF-AMS operated in combined single particle and en-
semble aerosol modes from 27 to 30 March 2006. The meteorology in the Mexico City
basin during these three days was influenced by a “cold-surge” or “Norte” event on 23
March 2006 that brought higher humidities and westerly winds to the Mexico City basin.
The mornings at T1 were clear, the afternoons partly cloudy with isolated convection10

and precipitation events, and the ground level winds favorable for transport from the
city center to T1 (Fast et al., 2007 and de Foy et al., 2008).

4.2 Aerosol ensemble properties

The time series of average ensemble mass concentrations separated into organic, ni-
trate, sulfate, ammonium, and chloride components are plotted in Fig. 8a. As discussed15

in Sect. 3.2, the measured organic mass was further separated into HOA, OOA, and
BBOA components using PMF. The time series for each PMF component is plotted in
Fig. 8b. Diurnal plots each species are provided in Fig. 8c and 8d.

The particulate chemical composition and size distribution reflect both the influence
of local sources and intense secondary aerosol production. During the day, the en-20

semble data show three broad features in the organic particulate matter. The first peak
occurs during the early morning (04:00–09:00 LT) and is characterized by HOA and
BBOA organic compositions. The second peak occurs between 09:00–12:00 LT and
consists of a strong particulate nitrate signal combined with HOA, BBOA, and OOA
organic contributions. During this time the HOA signal was declining rapidly while the25

BBOA and OOA signals were increasing. The third broad feature occurs throughout
the afternoon and is characterized predominately by OOA organics.

In addition to the ensemble average mass concentrations measured in MS mode, av-
21339
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erage size distributions for the major chemical species were obtained while operating
the instrument in PTOF mode. The average vacuum aerodynamic diameter size dis-
tributions of all the significant non-refractory components are shown in Fig. 9a. These
components are: organics, nitrate, sulfate, ammonium, and chloride. The inorganic
distributions overlap and appear within the accumulation mode size range, centered at5

dva∼350 nm. The organic size distribution is broader than the inorganic distributions.
This difference is attributed to the multiple components of the organic mass. To show
this more clearly, in Fig. 9b we plot the HOA and OOA organic components separately
(see Sect. 3.2). The HOA distribution is shifted toward smaller dva values compared
to the distributions of all other components. This is likely due to the low material den-10

sity (∼0.9 g/cm3) and potentially non-spherical shape of HOA particles. (Recalldva is
proportional to particle density.) By contrast, the density of OOA particles is typically
higher (1.3–1.5 g/cm3) and these particles tend to be more spherical resulting in larger
dva values. These two size modes have been classified previously as the “traffic” and
“accumulation” modes, respectively (Canagaratna et al., 2007). Because of the overlap15

between their respective size distributions, it is often assumed that the OOA particles
are internally mixed with the inorganic species. On the other hand, based on the differ-
ence in their size distribution, the HOA particles are usually assumed to be externally
mixed with respect to the inorganic and OOA species.

It is important to note that with only ensemble average size distributions available,20

the mixing state of the ambient ensemble is assumed, not directly measured. For the
particle size-range detected in the LSSP mode (particles with dp>250 nm) the single
particle data unambiguously show whether the ambient ensemble is externally or in-
ternally mixed. Section 4.4 describes the mixing state of the ensemble based on the
measurements of single particle compositions.25

4.3 Single particle chemical compositions

The AMS measures only the non-refractory chemical composition of submicron aerosol
particles. In order to limit any potential effects of particle bounce, prior to full vapor-
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ization of the non-refractory component of single particles, we have chosen to analyze
only the prompt vaporization single particle events (refer to Sect. 3.1). Comparing the
single particle mass measured by chemical ion signals with the mass derived from dva
and do measurements indicates that approximately 88% of the single particle mass is
accounted for by the chemical ion signals (Fig. 3a). The remaining ∼12% may be due5

to refractory material (dust, metals, black carbon, etc.) that the AMS does not measure.
While inter-particle variations in this analysis are large, the results are consistent with
the total PM composition measurements in the MCMA. Salcedo et al. (2006) reported
∼20% of the PM2.5 measured near the center of Mexico City in 2003 was refractory ma-
terial (black carbon and soil). Stone et al. (2008) reported that ∼25% of the measured10

PM2.5 carbonaceous material at the T1 site was EC during the period of single particle
sampling. Stone (2008) also noted that wind-blown dust and soil were present at T1 as
potential sources of particles. Typically, dust and soil particles fall into the super-micron
size range, which is not detected with the AMS due to transmission efficiency losses
for larger particles (Lui et al., 2007).15

As was mentioned in Sect. 3.2, several techniques have been developed to obtain the
chemical composition of the aerosol particles from their mass spectral measurements.
In the current analysis the mass spectra of the non-refractory aerosol composition
were initially separated into organic and inorganic species using the method of Allan et
al. (2003). The organic fraction was separated into HOA and OOA components using20

the simple two component PCA algorithm of Zhang et al. (2005b).
In addition to the HOA and OOA anlysis, we explored other single particle filters

based on specific m/z signals in the mass spectra that identify unique particle types.
For example, several organic particles were observed that were dominated by unique
organic m/z signals at m/z=69, 119, and 169. The spectra, not shown, matched pre-25

vious examples of high temperature lubricating oil (such as Fomblin pump oil), likely
from an instrument pump used at the T1 site for sampling purposes. Fifteen Fomblin
particles (0.5% of the particles) were identified. These particles were removed from
further analysis. An additional single particle filter was used to identify single particles
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characteristic of biomass burning organic aerosol (BBOA).

4.3.1 Biomass Burning Organic Aerosol (BBOA) Particles

Specific attention was paid to the identification of biomass burning particles. Several
published accounts of strong biomass burning influence in the Mexico City basin during
the MILAGRO study suggest that biomass burning is an important source of particles5

in this region (DeCarlo et al., 2007; Yokleson et al., 2007; Moffet et al., 2008a). To
investigate potential signatures of biomass burning in the single particle mass spectra,
a single particle filter based on m/z marker peaks at 39 (potassium) and 60 and 73
(levoglucosan) was used (DeCarlo et al., 2008; Alfarra et al., 2007; Schneider et al.,
2006). Levoglucosan (1,6-anhydro-β-D-glucopyranose), the pyrolysis product of cellu-10

lose, is a well-established marker for the combustion of biomass materials (Simoneit,
2002). Once partitioned into the particle phase, levoglucosan does not degrade, mak-
ing it a useful tracer for long-range transport of biomass burning aerosol (Fraser and
Lakshmanan, 2000). In total, 139 single particles were identified as having significant
BBOA content (∼5% of the particles).15

The BBOA factor obtained from the average ensemble measurements shown in
Fig. 8 suggests that more than 5% of the nonrefractory aerosol mass could be con-
tributed to biomass burning sources (the BBOA factor has yet to be established as a
quantitative measure of biomass burning particulate matter). The number of detected
single particles with significant BBOA content may have been suppressed relative to20

other accumulation mode particles because the markers for biomass burning are (1)
potassium ions at m/z=39, which are formed via a different ionziation process (i.e. sur-
face ionization) and (2) levoglucosan markers at m/z=60 and 73, which exhibited low
S/N for smaller particles as discussed in Sect. 3.2. While the absolute magnitude of
biomass burning sources may not be adequately represented in the current data set,25

our single particle measurements indicate that biomass burning was a relatively minor
source for particluate matter at T1 during the sampling period under discussion.

The meteorological conditions and co-located measurements of biomass burning
21342
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markers at T1 (Stone et al., 2008) are consistent with lower BBOA concentrations dur-
ing the period of single particle sampling. BBOA particles observed at T1 could have
been produced by wildfires and/or urban biomass burning sources. During the period
of single particle sampling (27–30 March), the regional meteorology was character-
ized in the afternoon by increased cloudiness and precipitation over the central plateau5

(Fast et al., 2007 and de Foy et al., 2008). As a result, the intensity and number of
wildfires influencing the area were significantly lower than the previous three weeks
(see Fig. 14b, Fast et al., 2007). Stone et al. (2008) measured average levoglucosan
concentrations from 18–22 March and 23–30 March at the T1 site. During the earlier
time period the levoglucosan concentration was found to be 217 ng/m3 while in the later10

time period (coinciding with our single particle sampling) the concentration decreased
to 55 ng/m3.

The 139 single particles with significant BBOA composition were not included in
the HOA and OOA analysis. With these particles removed, the reconstructed organic
(HOA+OOA) accounted for 93% (R2=0.84) of the measured single particle organic15

mass, suggesting that HOA and OOA give a reasonable, but not complete, description
of the organics at T1. Since the BBOA SP filter removed organic particles with sig-
nificant BBOA character, it is possible that some BBOA organic mass remains within
the internally mixed single particles detected. This would prevent the HOA and OOA
deconvolution technique from describing 100% of the of measured organic mass.20

4.3.2 Inorganics

Single particle measurements of ammonium with the AMS were subject to high noise
due to interference from background water vapor within the AMS chamber. Despite
this challenge, ammonium was measured with reasonable accuracy for single particles
with large amounts of ammonium nitrate, sulfate, and/or chloride (∼50% by mass). For25

smaller levels, the NH4 content of the single particles can be systematically underesti-
mated. As a result, in most cases the uncertainty in NH4 is the largest source of scatter
in the calculation of the single particle mass fractions. Full neutralization of inorganic
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species has been previously observed during the dry season in the MCMA (Moya et
al., 2003). The ensemble average measurements at T1 indicate that the inorganics
present were fully neutralized. Based on this observation and on mass balance, we
will assume that the inorganics were in the form of NH4NO3, (NH4)2SO4, and NH4Cl.
The NH4 content of each single particle is therefore calculated from the measured5

single particle mass of nitrate, sulfate, and chloride, unless otherwise stated.

4.4 Mixing state of the ambient aerosol

The fractional compositions of all single particles measured during the 75 h of sam-
pling are plotted in Fig. 10. The data are presented in five panels showing the mass
fraction of HOA, OOA, NH4NO3, (NH4)2SO4, and NH4Cl for each particle, plotted as10

a function of the local sampling time. Each panel shows the measured single particle
mass fraction of the designated chemical component. That is, every particle is plotted
in each panel. The solid black trace plotted in each panel is the 30 min average of the
corresponding single particle mass fraction. The vertical black lines denote midnight
on each of the sample days.15

The majority of the single particles sampled at T1 were internal mixtures of more
than one chemical component. This is evident from the lack of substantial numbers
of particles in Fig. 10 with mass fractions of any single component equal to 1. This
observation is important as it provides insights into the rate of atmospheric processing
of particles in the Mexico City basin and has implications for better understanding the20

ultimate fate and atmospheric effects of primary particles. The single particle data di-
rectly confirm assumptions that are typically drawn from ambient, ensemble sampling
of size-resolved aerosol chemistry where the average chemical compositions of parti-
cles appear to be relatively constant as a function of particle size (Salcedo et al., 2006).
This observation also has implications for the classification of single particles by single25

particle techniques.
For example, Fig. 10 shows that most of the ambient particles measured at T1

contained ammonium nitrate. The range of single particle NH4NO3 mass fractions
21344
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was ∼0.2–0.3 throughout the day and nighttime periods with the exception of higher
NH4NO3 fractions observed in the late morning. This observation is strongly supported
by the single particle mass spectra reported by Moffet et al. (2008a) for ATOFMS re-
sults obtained at the T0 site. Nearly all classified single particle types reported exhibit
both NO2 and NO3 ions (see Fig. 2 in Moffet et al., 2008a). A slightly larger mass5

fraction range is observed for the OOA and (NH4)2SO4 content of the single particles
compared to the NH4NO3 content. Due to limited signal-to-noise levels in this prelimi-
nary version of the LS-ToF-AMS, we will not attempt to interpret whether the observed
range in chemical compositions is real or artifact. Instead, we will focus on (1) the
atmospheric processes that are apparent from the changing chemical compositions of10

single particles as a function of time of day and (2) the externally mixed particles that
are apparent as their chemical compositions lie outside of this rather narrow range of
internally mixed particles.

Figure 10 shows that the chemical compositions (highlighted by the 30 min averages)
of ambient particles were dominated by different chemical components throughout the15

day. During the morning (∼1 h after sunrise), the NH4NO3 fraction of all single par-
ticles rapidly increased, peaking between 10:00–11:00 LT before rapidly declining in
the early afternoon; The OOA mass fraction of the single particles increased gradually
during the daylight hours, reaching a peak in the middle of the afternoon. The single
particle (NH4)2SO4 fractions were highest during the evening and overnight and in-20

cluded one instance of a peak in (NH4)2SO4 during a strong plume event. In addition
to these internally mixed chemical compositional changes, Fig. 10 also shows evidence
for externally mixed single particle chloride events occurring between 00:00–10:00 LT
each day.

The most obvious exception to the observed internal mixing (in addition to the chlo-25

ride particles) is the subset of single particles in Fig. 10 with high HOA mass fractions.
These particles were observed in highest number concentrations each day during the
early morning rush hour with a secondary peak in number concentration apparent dur-
ing the late evenings. The HOA component measured by the AMS has been shown to
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be correlated with primary emissions (Zhang et al., 2005b; Canagaratna et al., 2007).
Ensemble HOA data at T1, obtained while operating the instrument in MS-Mode, show
that the HOA factor was strongly correlated with measurements of CO and elemental
carbon (EC). In agreement with our observations, the results from Moffet et al. (2008a)
indicate that the only class of particles observed by the ATOFMS that did not contain5

nitrate was classified as “EC” particles. The “EC” particles observed at T0 were likely
the same type of local, traffic-related combustion-generated particles as the HOA par-
ticles described here, as primary traffic-related particles typically contain black carbon
and hydrocarbon-like organic matter due to unburned lubricating oil, the major non-
refractory component of diesel emissions (Canagaratna et al., 2007; Sakurai et al.,10

2003). These correlations confirm that the ensemble HOA measurements were as-
sociated with primary emissions in Mexico City. In the case of single particles with
significant HOA compositions, these particles can be classified as primary emission
particles which were likely emitted into the atmosphere as HOA and EC containing par-
ticles and subsequently may have undergone atmospheric processing (gas-to-particle15

condensation or particle coagulation). An important aspect of urban air pollution is the
processing and ultimate fate of primary emissions. A specific example is the fate of
primary combustion particles that contain black carbon. With increased residence time
in the atmosphere, black carbon particles are coated with secondary inorganic and
organic condensates that dramatically change the optical, hygroscopic and CCN prop-20

erties of the original particle (Bond et al., 2006; Ramanathan and Carmichael, 2008).
The morphology and relative composition (i.e. black carbon core+unburnt lubricating
oil) of combustion particles will depend on the condition of the engine as well as atmo-
spheric variables such as temperature and pressure. Since Mexico City is located at
a high altitude, combustion sources will burn more fuel-rich, resulting in elevated con-25

tributions from non-refractory chemical components in the emissions from vehicles.
Thus, tracking particles with measurable HOA content provides a new method for clas-
sifying and characterizing primary, combustion-related particles and their subsequent
atmospheric processing.
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The color scheme for the points in all panels of Fig. 10 was chosen with this in mind
and indicates the HOA content of each particle. Thus, particles colored blue have high-
HOA content, particles colored red have low-to-zero-HOA content, and particles col-
ored purple (i.e. red+blue) have intermediate-HOA content with mass fractions. While
the total number of measured particles was rather small in the current sample, Fig. 105

explicitly shows that the high-HOA content particles were observed from ∼20:00 to
09:00 LT every day. After 09:00 and before ∼20:00 LT, the high-HOA particles were
not measured, indicating that the “fresh” HOA combustion particles were not observed
during day-light hours. This observation is consistent with rapid photochemical activ-
ity coating the “fresh” HOA particles during the day with photochemical products (or10

through particle coagulation). In the following section, we investigate the evolution of
these primary particles’ number, number fraction, and chemical composition as a func-
tion of the time-of-day.

4.4.1 Primary HOA particles and their processing

All of the single particles measured and analyzed were separated into the following cat-15

egories in accord with the color scheme shown in Fig. 10: (1) High-HOA – considered
unprocessed primary particles, (2) Intermediate-HOA – considered processed primary
particles, and (3) Low-HOA – considered accumulation particles, not definitively linked
to primary (e.g. local combustion) sources. Figure 11 (lower panel) shows the number
of single particles as a function of their HOA mass fraction and exhibits a bi-modal dis-20

tribution with a small mode peaking at HOA mass fraction of ∼1.0 and a larger mode
centered at HOA mass fraction ∼0.05. Single particles with HOA mass fractions equal
to zero were not included in the figure or the subsequent analysis under the assumption
that they were not primary, traffic-related particles. Figure 11 (upper panel) shows the
average mass fractions of NH4NO3, (NH4)2SO4, NH4Cl and OOA. The NH4Cl content25

remained low, less than 0.10 across the full range of HOA mass fractions reflecting
the relatively minor contribution of this compound to the total primary particle chemi-
cal composition and mass. On the other hand, the average NH4NO3, (NH4)2SO4 and
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OOA content of the particles increased with decreasing HOA mass fraction implying
that these species did influence the primary particle composition.

Combining the information in the top and bottom of Fig. 11 and the uncertainty mea-
surements from Sect. 3.1.1, the “fresh” HOA, combustion-generated particles are de-
fined as particles with mass fractions greater than ∼0.90 HOA. The larger mode at5

low HOA mass fractions represents HOA particles that have undergone significant at-
mospheric processing (i.e. internally mixed accumulation mode particles). Due to the
limited number of total single particles sampled, we have chosen to characterize the
processing of “fresh” HOA particles by tracking the number and chemical composition
of primary particles with HOA mass fractions between 0.10–0.90. This chosen range10

may contain particles influenced by more regional (i.e. slower) atmospheric process-
ing, complicating our interpretation of localized processing of primary particles with
time frames from minutes to hours.

The diurnal trends of the number of high-HOA, intermediate-HOA and low-HOA
particles are displayed in Fig. 12a as a stacked plot. The number of particles in all15

categories decreased between 11:00–13:00 LT due to dilution caused by the rising
boundary layer. The single particle data show that the numbers of high-HOA and
intermediate-HOA particles were largest in the early morning (04:30–07:30 LT). The
single particle data explicitly show that the number of high-HOA particles decreased
to zero during the late morning while the number of intermediate-HOA particles re-20

mained relatively constant. As mentioned previously, the high-HOA particles originate
from local combustion sources and build up in the atmosphere during the early morn-
ing hours. This is consistent with the meteorological conditions: low boundary layer
(inhibiting dilution of local emissions) and low photochemical activity (i.e. low produc-
tion of secondary condensable species). The disappearance of high-HOA particles25

in the late morning (while the boundary layer was still relatively low, but after the sun
had risen) suggests that the high-HOA particles were coated with secondary nitrate.
This description of primary particle processing is not possible with ensemble HOA data
alone and is consistent with ATOFMS measurements at the T0 site that show sec-
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ondary nitrate species on traffic particles between 09:00–15:00 while pure traffic (EC)
particles are detected prior to 09:00 (see Fig. 8 in Moffet et al., 2008a). Rapid pro-
cessing of primary particles in the MCMA has also been reported from single particle
microscopy methods (Johnson et al., 2005; Adachi and Buseck, 2008).

To illustrate the connection between primary, HOA single particles and ensemble5

HOA measurements, we include the diurnal trend for ensemble HOA mass as the
dashed grey line in Fig. 12a (µg/m3 plotted on the right-hand axis). The sum of the
high-HOA and intermediate-HOA single particles follows a diurnal trend that is similar
to ensemble HOA data. The fact that the HOA factor in the ensemble data has a similar
trend and does not go to zero, as does the “fresh” HOA single particles, supports the10

claim that the primary, HOA single particles and the ensemble HOA factors are related.
To quantify the mixing state of the ambient ensemble, the data in Fig. 12a are re-

plotted in Fig. 12b in terms of the number fraction of each particle type. The data show
that during the early morning rush hour ∼30–40% of the particles are high-HOA or
intermediate-HOA (light and dark blue traces). Prior to sunrise, ∼10% of the particles15

are high-HOA. Once the sun has risen (∼09:00 LT), the high-HOA particles disappear
while ∼20% of the particles remain as intermediate-HOA (coated or processed HOA).
During the evening rush hour, a second peak in the fraction of intermediate-HOA par-
ticles is observed comprising ∼25% of the particles. After the sun has gone down
(∼20:00), the high-HOA particles reappear making up 5–10% of the particles. The ma-20

jority (70–80%) of the particles detected are classified as low-to-zero-HOA particles,
characteristic of internally mixed (e.g. processed) accumulation mode particles.

Influence of atmospheric processing on particle composition

To track the chemical transformations of the single particles as a function of the time-of-
day we show the number fraction of particles containing NH4NO3, (NH4)2SO4, NH4Cl,25

and OOA in Fig. 13a and 13b. Figure 13a displays the diurnal trends for intermediate-
HOA particles while Fig. 13b shows the diurnal trends for the low-to-zero-HOA parti-
cles. Particles with component mass fractions greater than 0.10 are counted as parti-
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cles that contain that chemical component.
The upper panel of Fig. 13a and b is a replot of the data in Fig. 12a. The solid line

shows the total number of intermediate-HOA particles (a) or low-to-zero-HOA particles
(b). The broken line (same in both Fig. 13a and 13b) is the number of high-HOA
particles plotted with respect to the right-hand axis. This plot is presented to remind5

the reader that the high-HOA particles disappeared in the late morning after ∼09:00 LT.
With the onset of photochemical activity (09:00–12:00 LT), the number of

intermediate-HOA particles that contain NH4NO3 increases from 80% to 100%. Like-
wise, an increase from 95% to 100% of the low-to-zero-HOA particles that contain
NH4NO3 is observed between 09:00–12:00 LT. The fact that all single particles mea-10

sured between 09:00–12:00 LT contained NH4NO3 suggests rapid condensation of
secondary nitrate onto all pre-exisiting particles. Given the distance of likely high-
HOA particle source from T1 (the highway ∼1 km away) and the average wind speed
and direction, we calculate that the primary HOA particles were coated with NH4NO3
in ∼15–30 min during this time period. We note that the fraction of intermediate-HOA15

particles containing NH4NO3 decreased back to ∼80% after 12:00. The rise and fall
in fraction of particles with ntirate was due to the temperature-dependent equilibrium
constant in the reaction: NH3(g)+HNO3(g)↔ NH4NO3(s). The MCMA atmosphere con-
tains high concentrations of gas phase NH3. Nitric acid is formed from reaction of NO2
and photochemically-produced OH radicals. Therefore, with sufficient sunlight to pro-20

duce OH radicals, HNO3 will be form in a single oxidation step. In the early morning
at T1, the temperature was low, resulting in conversion of the HNO3 to NH4NO3 which
subsequently condensed onto all pre-existing particles. As the temperature increased
in the late morning and early afternoon, the dissociation of NH4NO3 back to NH3 and
HNO3 was favored. These results are consistent with the results of Zheng et al. (2008)25

who monitored the particulate NO3 and gas phase HNO3 concentrations at T0.
During the afternoon hours, the number of intermediate-HOA particles infuenced by

OOA steadily increases from ∼30% (prior to 12:00) to ∼55% (12:00–15:00 LT) to ∼73%
(15:00–18:00 LT). For the low-to-zero-HOA particles, ∼90% of the particles contained
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OOA in the morning and 100% contained OOA in the afternoon. Rapid formation of
secondary organic aerosol in the MCMA region has been previously reported (Volka-
mer et al., 2006). The single particle data presented here indicate that OOA condenses
onto nearly all single particles measured between 15:00–18:00 LT. Unlike the secon-
day nitrate, secondary organic species typically require multiple oxidation steps prior5

to forming oxygenated organic aerosol or condensing organic material on pre-existing
particles (Kroll and Seinfeld, 2008). During the early morning time period when sec-
ondary nitrate formation dominates the single particle composition, the production rate
of OOA is slower than in the mid afternoon (Volkamer et al., 2006). The single partice
data presented here suggest important temporal differences between secondary inor-10

ganic and organic processes that have implications for optical, hygroscopic, and CCN
treatments of primary particle processing in urban environments.

Particles that contain (NH4)2SO4 were most prevalent during the evening and
overnight time periods (18:00–24:00 LT). For the intermediate-HOA particles, ∼65%
of the particles contained (NH4)2SO4 in the late evening and overnight compared to15

∼36% during the middle of the day. A similar increase was observed for the low-to-
zero-HOA particles from ∼69% during the middle of the day to ∼93% in the evening
and overnight. Sulfate has been reported to be a major component of PM2.5 in the
MCMA (Salcedo et al., 2006; Johnson et al., 2005, 2006; Querol et al., 2008; DeCarlo
et al., 2008; Kleinman et al., 2008). The major formation pathway of particulate sulfate20

is aqueous phase SO2 oxidation (Salcedo et al., 2006). In the MCMA, SO2 has signif-
icant anthropogenic (the Tula refinery complex and industrial regions concentrated in
the northwest) and natural (the active Popocatepetl volcano in the southwest) sources.
Given the general lack of spatial variability in sulfate concentrations, sulfate is typically
attributed to regional-scale atmospheric processing (Querol et al., 2008; DeCarlo et25

al., 2008). The single particle observations of a broad range of measured (NH4)2SO4
mass fractions and diurnal pattern that peaked in the late evening and overnight are
consistent with regional-scale production and accumulation of particulate sulfate. A de-
tailed examination of the single particle (NH4)2SO4 content during a SO2 plume event
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at T1 is provided in Sect. 4.4.2.
The fraction of particles containing NH4Cl was highest for intermediate-HOA and

low-to-zero-HOA particles during the early morning hours (00:00–10:00 LT). At this
time, ∼15–20% of the intermediate-HOA particles and ∼30–40% of the low-to-zero-
HOA particles contained NH4Cl. Since the fraction of particles with NH4Cl was highest5

during the overnight period it is unlikely that the chloride was formed via photochem-
ical reactions. The lower fraction of particles influenced by chloride suggests that the
chloride may have come from a unique source. A detailed discussion of the potential
sources of the high chloride containing particles is provided in Sect. 4.4.3.

4.4.2 SO2 plume event10

Returning to Fig. 10 we note that a brief period of high single particle (NH4)2SO4 was
observed on 28 March at 19:00 LT. Back trajectories for the time period during high
single particle (NH4)2SO4 indicate that the air was arriving at T1 directly from the north-
west. The Tula power plant refinery complex is located ∼50 km to the northwest of T1
and has been shown to emit high concentrations of SO2 into the MCMA region (John-15

son et al., 2006; Kleinman et al., 2008; DeCarlo et al., 2008; Fast et al., 2007, Querol et
al., 2008). Co-located gas phase measurements at T1 confirmed that the plume mea-
sured at this time contained elevated levels of SO2 (∼8 ppb). During the SO2 plume,
100% of the single particles measured at T1 had (NH4)2SO4 mass fractions of 0.60 or
greater. The fact that all the particles measured at this time contained elevated levels20

of (NH4)2SO4 suggests that gas phase SO2 oxidation followed by gas-to-particle con-
densation or heterogeneous oxidation of SO2 to SO4 occurred within the SO2 plume
as it was advected from Tula to the T1 site.

As the conversion from SO2 to SO4 is a slow gas phase process (Seinfeld and Pan-
dis, 2006; Stockwell and Calvert, 1983) and its heterogeneous conversion is depen-25

dent upon particle chemical compositions, particulate sulfate is often associated with
slower, regional-scale atmospheric processing, but this instance of high single particle
sulfate was the result of point source emissions rather than regional-scale processing.
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Anthropogenic SO2 emissions, such as the observed Tula plume, have direct effects
on the processing or aging of all of the entrained particles and may provide a source
for much of the increased sulfate mass fractions during the late evening and overnight
time periods.

4.4.3 High chloride content single particles5

A second feature in Fig. 10 was the presence of a subset of single particles with high
chloride content observed between 00:00–10:00 LT each day. During these times,
∼10% of the total single particles sampled had NH4Cl mass fractions >0.10. The
presence of these high chloride particles indicates that these externally mixed particles
may have a specific, identifiable source.10

During the MILAGRO study, Moffet el al. (2008a, b) used an ATOFMS located at
the T0 site to measure the chemical composition of single particles. Results from
the ATOFMS show that a large fraction of the total particles sampled between 02:00–
05:00 LT each morning were internally mixed Pb-Zn-Cl particles (Moffet et al., 2008b).
Given this mixed composition, and the spatial and temporal distribution of PbZnCl par-15

ticles, Moffet concluded that the early morning chloride particles originated at industrial
sites located in the northern region of the city. In addition to industrial sources, poten-
tial sources of chloride in the MCMA region include emissions from biomass and trash
burning, drinking water, and waste-water treatment facilities (Tanaka et al., 2003).

The single particle measurements made with the LS-ToF-AMS are not chemically20

sensitive to heavy metal species such as Zn and Pb because the time scale for va-
porization of such species is longer than the 6 ms PTOF saving interval. On the other
hand, ensemble measurements in MS mode can be examined over longer time scales
(minutes) and can help determine if heavy metals are present in the aerosol particles.
Close examination of the ensemble data acquired during time periods of high chloride25

signal indicate that Pb was present in about half of the instances of high particulate
chloride. In such cases, the Pb signal was approximately 100 times smaller than the
chloride signal. Care must be taken when interpreting AMS measurements of heavy

21353

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/8/21313/2008/acpd-8-21313-2008-print.pdf
http://www.atmos-chem-phys-discuss.net/8/21313/2008/acpd-8-21313-2008-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
8, 21313–21381, 2008

The AMS as a single
particle mass
spectrometer

E. S. Cross et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

metals and further characterization of the ionization efficiency of metal species must be
done before quantitative information is reported. Nevertheless, on a qualitative basis,
these observations suggest that only some of the chloride events at T1 were correlated
with Pb, and that when present, lead constituted a relatively minor component of the to-
tal particle mass. Lower concentrations of Pb containing particles were also measured5

at the T1 site relative to the T0 site by Moreno et al. (2008).
Although the single particle detection is not chemically sensitive to metal species, the

size information obtained with the LS-ToF-AMS can be used to gain additional insight
into the presence of heavy metals in the single particles. The densities of PbCl2 and
ZnCl2 are 5.85 g/cm3 and 2.90 g/cm3, respectively. If a single particle were predomi-10

nately composed of these species it would have a significantly higher density than the
majority of other submicron ambient aerosol particles (typically ρ=0.9–1.8 g/cm3). The
simultaneous measure of dva and do provides a per particle measure of the effective
density of all single particles, independent of chemical detection. Examination of all sin-
gle particles measured during the high chloride particle events show that no particles15

had effective densities greater than 1.8 g/cm3. This evidence suggests that if PbCl2
and ZnCl2 were present in the particles, it comprised a relatively minor amount of the
total single particle mass. Our results are consistent with the observations of Murphy et
al. (2007b) who studied the Pb content of single particles throughout the United States
with the PALMS, ATOFMS, and RSMS single particle mass spectrometers. Murphy20

emphasizes the importance of understanding the chemical detection sensitivity of sin-
gle particle mass spectrometers. Calibration experiments indicate that the PALMS and
ATOFMS instruments are ∼12 times more sensitive to metal species than detection of
NH4NO3 or HNO3. Therefore, when measuring single particles with any Pb content,
it is possible to over-estimate the mass contribution of the metal species to the total25

particle composition with laser-ablation single particle mass spectrometers.
Our single particle measurements at T1 suggest that the predominant form of chlo-

ride in the single particles was ammonium chloride. This is consistent with the mete-
orological conditions. During the early morning, when the high chloride particles were
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observed, the temperature was low and the relative humidity was high, conditions that
favor the formation and condensation of more volatile ammonium chloride from reaction
of HCl(g) and NH3(g) (San Martini et al., 2006a, b; Salcedo et al., 2006).

Further, a mass balance examination of the NH4 content of the high chloride particles
is consistent with the composition of the particles being NH4Cl. The identification of5

the chloride component as NH4Cl is supported by the data displayed in Fig. 14a. This
figure plots the “real” NH4 mass, measured by the mass spectrometer as a function
of the amount of calculated NH4 required to fully neutralize the per particle inorganic
content (i.e. neutralized to (NH4)2SO4, NH4NO3, and NH4Cl). The correlation is rea-
sonable (R2=0.75; slope=0.95). The particles displayed in Fig. 14a have NH4Cl mass10

fractions of 0.40 or greater and most were internally mixed with NH4NO3. The NH4NO3
mass fraction of each particle is indicated by the color of the data points as indicated in
the legend. In Fig. 14b we show the mass spectrum for the single particle denoted with
an arrow in Fig. 14a. The mass spectrum shows that this particle was predominately
NH4Cl combined with some NH4NO3 and very little organic. Based on these observa-15

tions, we conclude that a significant fraction of the particulate chloride measured with
the LS-ToF-AMS at T1 was in the form of NH4Cl.

5 Summary

We report on the first single particle application of the Aerodyne time-of-flight aerosol
mass spectrometer equipped with a light scattering module (LS-ToF-AMS). The LS-20

ToF-AMS was deployed during the MILAGRO 2006 campaign at the T1 ground site
∼40 km northeast of Mexico City. With the LS-ToF-AMS single particle and ensemble
average aerosol properties were measured from the same operating platform. While
operating in the single particle mode, 12 853 optically-triggered single particle mass
spectra were saved and analyzed during 75 h of continuous sampling. Analysis of the25

mass composition of the single particles allowed the LS-ToF-AMS to provide insights
about the mixing state, source contributions and chemical transformations of the ambi-
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ent aerosol particles in the MCMA. The following results were obtained in this study:

1. Using the single particle detection capabilities of this instrument, the detection
efficiency of the AMS was quantitatively determined.

2. Based on the time required for the particles to be vaporized, ionized and detected,
particles were categorized into three types: prompt vaporization, delayed vapor-5

ization, and “null” vaporization. Null particles are those detected optically but do
not produce a measurable chemical ion signal. Prompt particles made up 23% of
the total number and 59% of the total mass. Delayed particles made up 26% of
the total number and 38% of the total mass. Null particles made up 51% of the
total number and 3% of the total mass. The study shows that the mass content of10

particles undergoing prompt vaporization is reliably measured. Detailed analysis
was preformed for this class of particles.

3. The single particle mass measurement was shown to be in quantitative agreement
with average ensemble mass measurements.

4. The single particle mass components were categorized into HOA, OOA, NH4NO3,15

(NH4)2SO4, and NH4Cl fractions and were displayed as a function of sampling
time.

5. The measurement of chemical composition allowed the identification of time peri-
ods during which the ambient ensemble was externally mixed. In some cases the
chemical composition of the particles suggested a likely source.20

6. During morning rush hour (04:00–09:00 LT) each day the ambient ensemble was
an external mixture of combustion-generated unprocessed HOA particles from
local traffic and other particles of mixed composition.

7. From 09:00–12:00 LT all particles within the ambient ensemble, including HOA
particles originating from local traffic sources, were coated with NH4NO3 due to25
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photochemical production HNO3. NH4NO3 condensation was more rapid than
OOA condensation during the late morning hours.

8. During the afternoon hours (12:00–18:00 LT), OOA condensation occurred, caus-
ing an increase in the average single particle OOA mass fraction of the majority
of the single particles.5

9. During a single time period, gas-to-particle condensation of (NH4)2SO4 was ob-
served within a strong SO2(g) plume arriving at T1 from the northwest.

10. Particles with high NH4Cl mass fractions were identified during early morning
periods.

11. Particles with mass spectral features characterized by biomass burning were also10

identified.
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Table 1. Single particle properties of two externally mixed particles shown in Fig. 7.

Particle Velocity dva do Total Mass Chemical Optical Predicted Calculated
Property (m/s) (nm) (nm) Measured by Physical Density Density Total

Mass Diameter (g/cm3) (g/cm3) Mass
Spectrometer (fg) (nm) (fg)

Particle #1 106 287 301 18.2 0.9 0.95 326 13.64

Particle #2 94 446 263 13.0 1.48 1.70 211 16.14
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Figure 1.  Schematic of the LS-ToF-AMS. 

 

 

 

Fig. 1. Schematic of the LS-ToF-AMS.
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Figure 2.  Total particle counts (in grey) and number fractions of prompt (blue), delayed 

(green) and null (black) particles as a function of time-of-flight (i.e. dva). 

 

 

Fig. 2. Total particle counts (in grey) and number fractions of prompt (blue), delayed (green)
and null (black) particles as a function of time-of-flight (i.e. dva).
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Figure 3.  Measured single particle mass obtained from chemical ion signals plotted versus 

single particle mass obtained from optical diameter (do) and vacuum aerodynamic diameter 

(dva) measurements for (a) particles with prompt vaporization and (b) particles with delayed 

vaporization. 

Fig. 3. Measured single particle mass obtained from chemical ion signals plotted versus sin-
gle particle mass obtained from optical diameter (do) and vacuum aerodynamic diameter (dva)
measurements for (a) particles with prompt vaporization and (b) particles with delayed vapor-
ization.
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Figure 4. Average HOA and OOA organic mass spectra obtained from ambient ensemble 

measurements using PMF analysis (upper region, plots a and c) and two-component PCA 

analysis (lower region plots b and d).  

 

 

Fig. 4. Average HOA and OOA organic mass spectra obtained from ambient ensemble mea-
surements using PMF analysis (upper region, plots a and c) and two-component PCA analysis
(lower region plots b and d).
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Figure 5.  Six single particle mass spectra obtained for three different sized organic particles 

(do ~ 200, 250, and 350 nm) predominately composed of HOA (a-c) and OOA (d-f) 

components.  Particle dva, do, and mass are shown in the insert. 

 

 

Fig. 5. Six single particle mass spectra obtained for three different sized organic particles (do∼
200, 250, and 350 nm) predominately composed of HOA (a–c) and OOA (d–f) components.
Particle dva, do, and mass are shown in the insert.
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Figure 6.  (a) Average mass distributions as a function of particle time-of-flight for ensemble 

data (dashed black line) and total single particle data (red line).  Distributions for prompt 

(blue), delayed (green) and null (black) particles are also shown.  (b)  Correlation plot 

between the average PToF and total single particle mass measurements for times-of-flight 

between 3.1-5.5 ms, denoted with arrows in (a). 

 

 

 

 

Fig. 6. (a) Average mass distributions as a function of particle time-of-flight for ensemble data
(dashed black line) and total single particle data (red line). Distributions for prompt (blue),
delayed (green) and null (black) particles are also shown. (b) Correlation plot between the
average PToF and total single particle mass measurements for times-of-flight between 3.1–
5.5 ms, denoted with arrows in (a).
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Figure 7.  Light scattering signals (upper panel) and chemical ion signals (middle panel) as a 

function of particle time-of-flight for a single chopper cycle in which two particles entered the 

LS-ToF-AMS.  The lower panel displays the mass spectrum of each particle. 

 

Fig. 7. Light scattering signals (upper panel) and chemical ion signals (middle panel) as a
function of particle time-of-flight for a single chopper cycle in which two particles entered the
LS-ToF-AMS. The lower panel displays the mass spectrum of each particle.
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Figure 8.  Average ensemble mass concentrations (measured in MS mode) as a function of 

sampling time.  (a) Organic components obtained from PMF analysis – OOA, BBOA, and 

HOA.  (b) Chemical components obtained from traditional AMS fragmentation patterns – 

organic, nitrate, sulfate, ammonium, and chloride.   Average diurnal cycles, for the full 75 

sampling period, of each chemical component are displayed in plots (c) and (d). 

 

 

Fig. 8. Average ensemble mass concentrations (measured in MS mode) as a function of sam-
pling time. (a) Organic components obtained from PMF analysis – OOA, BBOA, and HOA. (b)
Chemical components obtained from traditional AMS fragmentation patterns – organic, nitrate,
sulfate, ammonium, and chloride. Average diurnal cycles, for the full 75 sampling period, of
each chemical component are displayed in plots (c) and (d).
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Figure 9.  Average ensemble mass distributions (measured in PTOF mode) as a function of 

vacuum aerodynamic diameter (dva) for (a) HOA and OOA components and (b) organic, 

nitrate, sulfate, ammonium, and chloride.  

Fig. 9. Average ensemble mass distributions (measured in PTOF mode) as a function of vac-
uum aerodynamic diameter (dva) for (a) HOA and OOA components and (b) organic, nitrate,
sulfate, ammonium, and chloride.
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Figure 10.  Time series of NH4Cl, (NH4)2SO4, NH4NO3, OOA, and HOA single particle mass 

fractions.  Data points are colored by HOA mass fraction as indicated in the upper left.  

 

Fig. 10. Time series of NH4Cl, (NH4)2SO4, NH4NO3, OOA, and HOA single particle mass
fractions. Data points are colored by HOA mass fraction as indicated in the upper left.
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Figure 11.  Particle counts (lower panel) and average single particle composition (upper 

panel) as a function of HOA mass fraction.   

Fig. 11. Particle counts (lower panel) and average single particle composition (upper panel) as
a function of HOA mass fraction.
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Figure 12.  Time trends in the (a) measured number and (b) number fraction of high-HOA, 

intermediate-HOA, and low-to-zero-HOA particles.   

 

 

Fig. 12. Time trends in the (a) measured number and (b) number fraction of high-HOA,
intermediate-HOA, and low-to-zero-HOA particles.
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Figure 13.  Time trends in the number (upper panel) and number fraction of ‘coated’ particles 

for (a) intermediate-HOA particles and (b) low-to-zero-HOA particles. 

 

 

Fig. 13. Time trends in the number (upper panel) and number fraction of “coated” particles for
(a) intermediate-HOA particles and (b) low-to-zero-HOA particles.
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Figure 14.  (a) Measured (i.e. real) single particle NH4 mass plotted versus calculated single 

particle NH4 mass for the subset of single particles with high chloride content.  (b)  Single 

particle mass spectrum for a typical high chloride content particle (identified in (a) with the 

arrow).   

 

 

 

 

 

 

 

 

 

Fig. 14. (a) Measured (i.e. real) single particle NH4 mass plotted versus calculated single
particle NH4 mass for the subset of single particles with high chloride content. (b) Single
particle mass spectrum for a typical high chloride content particle (identified in (a) with the
arrow).
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