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ABSTRACT

The development of aerosol time-of-flight mass spectrometry (ATOFMYS) as a
source apportionment tool for atmospheric particulate matter using California Air
Resources Board funding has focused on the differentiation of sources by identifying the
unique mass spectra of single particles produced in source tests and the atmosphere. By
acquiring both the positive and negative spectra of each particle, significant progress has
been made in quantifying the contributions from both natural and anthropogenic particles
that impact California air quality. Specifically, studies have shown how heavy duty
diesel vehicles, gasoline vehicles, biomass burning, ships, sea spray, and dust impact air
quality in many regions. This report details efforts to expand the boundaries for on-line
chemical analysis methods, such as ATOFMS, that will alow their general
implementation in many areas in an effort to increase our understanding of particle
sources and processes in the atmosphere. A major focus of one project in this report
involves investigating the sources of sulfate and the interplay between anthropogenic and
biogenic sources of SO,, sulfate, and particle mass concentrations. To investigate the
primary sources of PM, the results of tandem thermal denuder-ATOFMS measurements
are described that give information on the volatility and fractions of secondary
components within the aerosol including sulfate, nitrate, and organic carbon species.
Lastly, the application of the source library that has been developed to match studies to
specific sources is tested in two urban areas outside of California to show the broad
applicability of this method for source apportionment. Taken together the results of this
report demonstrate the level of new information on particle sources that on-line mass
spectrometry can provide when applied in new and innovative ways.
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EXECUTIVE SUMMARY

Background:

Aerosol time-of-flight mass spectrometry data provide a complex picture of
particle mixing state providing new insights into the maor sources and processes
impacting particulate matter concentrations. Herein, we focus on unraveling the impact of
biogenic contributions to California’s sulfate loading that has been difficult to isolate
from anthropogenic contributions. One unique finding involves the detection of
methanesulfonic acid (MSA), sulfate, and the highlighted the catalytic role of metals on
enhanced sulfate formation. Surprisingly, MSA was shown to be a dominant component
of aerosols at an inland urban location in Riverside, CA, showing biogenic sources of
sulfate can contribute significantly to PM mass concentrations particularly during periods
with large oceanic blooms. The relative contributions from secondary species, such as
sulfate, are difficult to study due to their transient nature, but results presented herein
explore secondary species such as ammonium sulfate, ammonium nitrate, and organic
carbon. This was achieved through thermal denuder/ATOFMS measurements. Lastly,
improving our ability to accurately apportion ATOFMS data is an ongoing goal of our
research and study data from Mexico City, Mexico and Athens, Greece were used to
validate source matching software developed in source and ambient studies conducted in
Cdlifornia

Methods:

ATOFMS was the primary instrument utilized in the studies discussed below.
Additional techniques utilized in these studies include gas phase instrumentation (SO,
NOy, CO, O3) and particle phase instrumentation (SMPS, APS, CPC, aethalometer, and
TEOM). In addition, data were used from CARB monitoring stations, mostly from the
Rubidoux site. One portion of this report focuses on results from tandem measurements
with athermal denuder interfaced with an ATOFMS.

Results and Conclusions:

Applying the ATOFMS technique to new research topics was a focus of this project.
Methanesulfonic acid (MSA) is formed from the oxidation of dimethylsulfide (DMS).
DMSisan ideal tracer for ocean-derived biogenic sulfur. MSA was observed at an inland
location (Riverside) and the high levels observed may have been due, in part, to
vanadium in mixed particles emitted from ships burning bunker oil catalyzing MSA
formation. In Riverside, organic carbon often represents a significant fraction of the
particles observed by ATOFM S measurements and secondary species such as ammonium
nitrate, ammonium sulfate, and amines account for >50% by of these particles. Analysis
of thermal denuder — ATOFMS measurements shows that at 230 °C particle spectra
resemble those of freshly emitted primary particles as secondary species are vaporized.
This thermal denuder approach allows sources to be determined even in highly aged
environments. Using the ATOFMS source library shows that in two urban areas outside
of California (Athens, Greece and Mexico City, Mexico), dust and biomass burning
represent significant sources of atmospheric particles. In Mexico City, the particles are
observed to be more aged, containing large fractions of secondary species. The research
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shown in this report displays the broad applicability of ATOFMS studies to address many
different areas of interest in air quality and climate studies. Given the recent emphasis on
long range transport of pollutants through our atmosphere, understanding different
sources on amore global scale is an area of increasing importance.
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BODY OF REPORT

A. Introduction

1. Resear ch Objectives

This project focused on a number of data analysis tasks that were identified as
ways to gain as much value out of the investment in aerosol time-of-flight mass
spectrometer (ATOFMS) field study data that the Air Resources Board has made over the
past decade. One task involved investigating methanesulfonic acid (MSA), sulfate, and
the potential catalytic effects of metals on formation processes. A second objective was to
explore secondary species such as ammonium sulfate, ammonium nitrate, and organic
carbon. This was achieved through therma denuder/ATOFMS measurements. Lastly, to
test the general applicability of the source data, field data from Mexico City, Mexico and
Athens, Greece were used to validate the source matching script to allow for quick and
accurate apportionment of field study datain a non-Californialocation.

2. Summary of Chapters

i. Introduction

Chapter 1 introduces the goals of the project and motivation behind them, as well
as the objectives and deliverables provided within the report. The aerosol time-of-flight
mass spectrometer is then introduced as well as the trailer that was developed to transport
it during this project. Previously developed as well as novel data analysis techniques are
then described. Lastly, a brief summary of each chapter of the report isincluded.

iil. Materials and M ethods

The aerosol time-of-flight mass spectrometer is introduced. The application of
previously developed data analysis techniques is described.

ili. Results and Conclusions

Chapter 1 discusses methanesulfonic acid (MSA). Dimethyl sulfide (DMS),
produced by oceanic phytoplankton, is oxidized to form methanesulfonic acid (MSA) and
sulfate, which influence particle chemistry and hygroscopicity. Unlike sulfate, MSA has
no known anthropogenic sources making it a useful tracer for ocean-derived biogenic
sulfur. Despite numerous observations of MSA, predominately in marine environments,
the production pathways of MSA have remained elusive highlighting the need for
additional measurements, particularly at inland locations. During the Study of Organic
Aerosols in Riverside, CA from July-August 2005 (SOAR-1), MSA was detected in
submicron and supermicron particles using real-time, single-particle mass spectrometry.
MSA was detected due to blooms of DMS-producing organisms along the California
coast. The detection of MSA depended on both the origin of the sampled air mass as well
as the concentration of oceanic chlorophyll present. MSA was mainly mixed with
coastally emitted particle types implying that partitioning of MSA occurred before
transport to Riverside. Importantly, particles containing vanadium had elevated levels of
MSA compared to particles not containing vanadium, suggesting a possible catalytic role
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of vanadium in MSA formation. This study demonstrates how anthropogenic, metal-
containing aerosols can enhance the atmospheric processing of biogenic emissions, which
need to be considered when modeling coastal as well as urban locations.

Chapter 2 described how aerosol particles undergo significant atmospheric
processing within the Los Angeles basin. To assess the major sources and extent of
aging, ambient particle volatility, size, and chemica composition were measured
concurrently in rea-time during the Study of Organic Aerosols conducted in Riverside,
CA in November 2005. A thermal denuder (TD) was coupled to an aerosol time-of-flight
mass spectrometer (ATOFMYS) to characterize the chemistry of the individual submicron
particle cores remaining after heating. At 230°C, aged organic carbon (OC) particles had
smaller particle cores (mode <100 nm) compared to biomass burning particles (~180
nm). Aged OC particles contained >50% by volume secondary species, primarily
ammonium nitrate, ammonium sulfate, and amines. At 230°C, the chemistry of the
remaining cores at 100-150 nm were elemental carbon (29% by number), OC (27%), and
biomass burning (15%). Sea salt (47%) and dust (15%) were the major contributors at
the larger sizes (750-800 nm). Many particle cores at 230°C possessed similar signatures
to fresh vehicle emissions, biomass burning, sea salt, and dust particles, showing that the
TD-ATOFMS method can be used to apportion particles in highly aged environments to
their original sources, while providing insight into the relative contributions of primary
and secondary species.

Chapter 3 discusses how using a variation of the ART-2a algorithm along with an
aerosol time-of-flight mass spectrometry (ATOFMS) derived mass spectra source
library, source apportionment of ambient aerosols for two major global cities (Athens,
Greece and Mexico City, Mexico) was carried out. From these results, it was found that
the ambient primary aerosols at both locations show a strong influence from biomass
burning and dust. The Athens site also shows strong contributions from both diesel and
gasoline powered vehicle emissions, sea salt, and a combination of elemental carbon and
vanadium particles that could be due to ship emissions. While the aerosols at both sites
show signs of aging and associations with secondary organic carbon, nitrate, sulfate, and
ammonium, the Mexico City site was found to have more aged aerosols than Athens, and
(along with biomass burning and dust) shows contributions from diesel and gasoline
vehicle emissions, industrial emissions, meat cooking, and non-source specific amines,
PAH’'s, aged organic and elementa carbon. The results obtained with the source
signature matching technique are compared to general particle classification results and
show that the source signature matching technique is applicable to worldwide ambient
ATOFMS data.

B. Materials and Methods

1. Instrumentation

The principal sampling technique for ambient particles used throughout this
dissertation is aerosol time-of-flight mass spectrometry (ATOFMS). ATOFMS
simultaneously acquires positive and negative ion spectra, as well as size information, for
single particles in real-time. A detailed description of operation and performance of the
transportable version of this instrument has been provided previously (1), though a brief
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explanation is included here. A schematic diagram of the standard inlet ATOFMS is
given in Figure 1. The inlet region consists of a converging nozzle, followed by two
skimmers. Similar to the APS, the particles undergo supersonic expansion upon
introduction into vacuum and are accelerated to velocities dependent on their
aerodynamic sizes. The different regions separated by skimmers fulfill two primary
functions: to permit differential pumping from atmospheric pressures to the pressures
necessary to operate the mass spectrometer and to collimate the particle beam by
removing those particles which do not follow a straight trajectory. The particle beam next
enters the light-scattering region, which includes two continuous-wave 532 nm diode
pumped Nd:Y AG lasers. These lasers are positioned orthogonally to the particle beam, so
that when a particle passes through the laser beam, its scattered light is focused onto
PMTs by means of elipsoidal mirrors. The PMTs send pulses to an electronic timing
circuit that measures the time the particle takes to travel the known distance (6 cm)
between the two laser beams. The velocity of the particle is calculated with the particle
time of flight and the distance and is converted to a physical aerodynamic diameter viaan
external size caibration with particles of known size. With the determined particle
velocity, the timing circuit counts down to when the tracked particle will reach the center
of the ion source region of the mass spectrometer and sends a signal to apulsed Nd:YAG
laser (frequency quadrupled to 266 nm) to fire. Through direct laser desorption/ionization
(LDI), the laser pulse produces ions, which are then mass analyzed in a dual-ion
reflectron time-of-flight mass spectrometer. The dual polarity permits simultaneous
acquisition of positive and negative ion spectrafor an individual particle, which is unique
as most SPM S techniques can only obtain spectra of single polarity at a given time. The
standard ATOFMS instrument can analyze single particles with aerodynamic diameters
over abroad size range from approximately 200 to 3000 nm.
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Figure 1. Instrument schematic diagrams of the (a) ATOFM Sand (b) UF-ATOFMS.

Ultrafine aerosol time-of-flight mass spectrometry (UF-ATOFMS) has improved
detection efficiency for small particles (< 300 nm) over the standard ATOFMS by
replacing the converging nozzle inlet with an aerodynamic lens inlet (2). Figure 1b
shows the schematic diagram of the UF-ATOFMS instrument. The lens system tightly
collimates the particle beam, so that smaller ultrafine particles will be more efficiently
transmitted in the instrument (3-4). Upon exiting the aerodynamic lens, the gas
molecules undergo supersonic expansion, accelerating the particles to terminal velocities
based on their aerodynamic diameter — just as with standard inlet ATOFMS. UF-
ATOFMS also has enhanced light-scattering detection by incorporating afocusing lens to
tighten the continuous laser beams, increasing the laser beam power density, and by
employing a fast amplifier to improve the signal-to-noise ratio. All of these
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enhancements, in addition to the aerodynamic lens systems, are necessary to improve the
minimum optical detection size of ~100 nm down to 50 nm. Together, standard
ATOFMS and UF-ATOFMS cover an aerodynamic size range of ~50 to 3000 nm when
sampling side-by-side.

To gain further insight into the size-resolved chemistry of individual atmospheric
particles, a smaller aerosol time-of-flight mass spectrometer (ATOFMS) with increased
data acquisition capabilities was developed for aircraft-based studies (5). Compared to
previous ATOFMS systems, the new instrument has a faster data acquisition rate with
improved ion transmission and mass resolution, as well as reduced physica size and
power consumption (Figure 2). In addition, real-time source apportionment software
alows the immediate identification and classification of individual particles to guide
sampling decisions while in the field. The aircraft (A)-ATOFMS was field-tested on the
ground during the Study of Organic Aerosolsin Riverside, CA (SOAR).
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Figure 2: (a) Schematic of the A-ATOFMS illustrating the dometop alignment interface, aerodynamic
sizing region, desorption/ ionization laser alignment, and dual-polarity Z-TOF mass spectrometer. (b)
Schematic of dual polarity Z-TOF mass spectrometer illustrating ion extraction region and ion trgjectory.

3. Data Analysis Methods

ATOFMS generates large quantities of data; the instrumentation is capable of
collecting size and chemical information on greater than 500 individual particles per
minute, depending upon the atmospheric concentrations. While simple |aboratory
experiments may run for only a few hours, ambient monitoring studies with ATOFMS
may operate for weeks. Therefore, continuous sampling during a single ambient study
can yield tens of millions of individua spectra — far too many to analyze by hand. For
efficient analysis of such avolume of data, an ideal data analysis technique must perform
automatic sorting and classification of individual particles. There are a number of
available mathematical algorithms that have been adapted to cluster mass spectral data,
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such as fuzzy c-means clustering, k-means clustering, hierarchical clustering, and
artificial neural networks (6-10). The two main data analysis methods used in this
dissertation are described in the next sections. Any adjustments to these methods or
alternative approaches will be discussed in subsequent chapters. The adaptive resonance
theory-based neural network algorithm, ART-2a, has been used to analyze ATOFMS data
for severa years. In abenchmark test against other clustering methods, ART-2a has been
shown to yield comparable results (9). A modification of ART-2a analysis involves
matching to predefined seeds, such as a source signature library described below.

Though more detailed descriptions of the ART-2a agorithm have been provided
elsewhere (11-13), a brief description is included here. Using the mass spectral ion
patterns and peak intensities, ART-2a separates particles into distinct classes (clusters) of
chemically similar particles within large ATOFMS data sets and generates new clusters
whenever a data point (mass spectrum) falls outside the proximity to all existing classes.
Thereby, ART-2a provides the advantage of determining the contributions from
previously detected particle classes while also introducing information on new particle
types. For each particle, ART-2a combines al of the ion peak patterns and intensitiesin
the positive and negative spectra to form an n-dimensiona weight vector (normally 350
m/z units for each polarity, making 700 units total), in which the ion intensity at each m/z
ratio is normalized with respect to the maximum peak intensity present in the vector. In
the classification process, particles are selected randomly and their spectral information is
compared to each particle cluster (weight vector) by calculating the dot product of the
particle vector and cluster weight vector. The dot product value ranges from 0O to 1,
where 1 represents identical vectors. If the dot product value between the particle vector
and any of the existing weight vectors is above the user-defined threshold (vigilance
factor - VF), that particle is added to the cluster with the highest dot product value. If a
learning rate is defined, that cluster will slightly weight its vector toward the newly added
particle. If the dot product value is below the VF, the particle defines a new cluster.
Once all of the particles have been assigned, ART-2a then compares each particle against
the entire set of created clusters to ensure proper placement. This fina step is repeated
for anumber of set iterations (usually 20).

Upon completion of the ART-2a analysis, there may be hundreds to thousands of
resulting clusters based on the complexity of the data and the VF used. For example, a
low VF (£ 0.5) will yield a low number of clusters with limited homogeneity, whereas a
high VF & 0.7) will yield a large number of clusters with high homogeneity. The user
then visually inspects the ART-2a clusters to manually classify and label them based on
their spectral characteristics. Some clusters may be combined by hand if they have
similar spectral characteristics or key class features, in order to reduce the total number of
clusters to a more manageable size.

One of the features of ART-2ais that it can compare the ambient particle vectors
to a set of predefined weight vectors, known as seeds. In direct analogy to the procedure
described in the previous section, the dot product of each particle vector is crossed with
each seed weight vector. The particle is placed into the seed cluster that produces the
highest dot product, assuming it is above the user-defined VF. The main difference
between this matching method and the normal ART-2a procedure isthat if no dot product
value exceeds the VF, the particle is placed into an “unmatched” category, rather than
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initiating a new particle class. In addition, this method has no learning rate parameter, so
the vectors of the seeds remain constant as particles are matched to them.

The matching function is ideal for apportioning individua ambient particles to
specific sources using a source signature library. The recently developed source
signature library is described in detail elsewhere (14), but a brief description is given
here. The size-segregated library combines the carefully identified mass spectral source
signatures from a series of source (such as vehicle dynamometer studies) and ambient
characterization studies to serve as the predefined cluster seeds. Designed to expand as
the ATOFMS signatures for particles from new sources are obtained, the library presently
contains source fingerprints for heavy duty diesel vehicle (HDDV) and light duty
gasoline vehicle (LDV) exhaust emissions, dust, sea salt, biomass, and meat cooking. It
also has non-source specific signatures acquired in ambient studies, including aged
elemental carbon (EC), aged organic carbon (OC), amine-containing particles,
ammonium-rich particles, vanadium-rich particles, EC, and polycyclic aromatic
hydrocarbon (PAH)-containing particles. The major advantages of using this data
analysis technique are the elimination of user bias in labeling and the speed in which it
can apportion particles.
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is important to distinguish between these species to understand their formation and
evolution in atmospheric aerosols.

Previous measurements of DMS oxidation products, primarily sulfate and MSA,
typically used off-line bulk analysis techniques. These measurements revealed that
particle mass concentrations of both sulfate and MSA peak during the summer, and the
ratio of the two species depend on factors such as temperature, presence of clouds,
presence of NOy, and contribution of anthropogenic sulfate (21,25-27). Because sulfate
has anthropogenic and biogenic sources, MSA is also measured alone as an indicator of
biogenic sulfur. Using on-line instrumentation, Phinney et al. (2006) and Zorn et al.
(2008) quantified MSA at sea using an aerosol mass spectrometer (AMS) showing
diurnal trends in particulate MSA concentrations and correlations with oceanic biological
activity demonstrating the importance of real-time measurements (28-29). Single particle
observations of the mixing state of M SA-containing particles have primarily shown MSA
to bein the form of sodium and ammonium salts (21,30). While each of these studies has
contributed significantly to our understanding of the conditions when MSA formation
occurs, the impacts of intense oceanic blooms on MSA and sulfate concentrations at
inland locations remains unexplored. A number of important questions exist with regards
to MSA in inland urban locations: (i) how much of a contribution does biogenic sulfur
make to urban aerosols during periods of high biological oceanic activity?, (ii) what
degree of interaction occurs between ocean-derived biogenic emissions and
anthropogenic aerosols?, and (iii) how is MSA distributed within individual particles?
The god of this study is to shed further light on these questions by performing real-time,
single-particle measurements of MSA-containing aerosols at an inland, urban
environment.

During the summer of 2005 as part of the Study of Organic Aerosolsin Riverside,
CA (SOAR-1), real-time mass spectrometry measurements detected individual ambient
aerosols with MSA.  Furthermore, co-located AMS measurements corroborated the
presence of organosulfur species (MSA) during SOAR-1 (31). The summer Riverside
aerosol showed the largest impacts from the ocean when daily westerly winds transported
coastal emissions across the Los Angeles (LA) Basin to Riverside (32). In the summer of
2005, intense blooms of L. polyedrum prevailed off the coast of southern California (33).
Because dinoflagellate species of phytoplankton such as L. polyedrum are known to
produce high concentrations of DMSP and DMSO (34), SOAR-1 was influenced by
anomalously high concentrations of ocean-derived biogenic sulfur. Single-particle, size-
resolved chemistry and diurnal trends of MSA are used herein to elucidate the influence
of elevated ocean-derived biological activity on aerosol chemistry at an inland urban
location.

ii. Experimental

During SOAR-1, ambient measurements were made on the University of
California, Riverside campus, approximately 60 miles inland from the Pacific Ocean
from July 30-August 15, 2005 (http://cires.colorado.edu/jimenez-
group/Feld/Riverside05/). Meteorological parameters including wind direction, wind
speed, and relative humidity (RH) were measured at the site.  Chlorophyll data, which
serves as a proxy for oceanic biological activity, was obtained from the Southern
California Coastal Ocean Observing System (SCCOQOS) (www.sccoos.org) from the
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Newport Beach station at approximately 33.6°N, 117.9°W. Data was aso obtained from
the Scripps Institution of Oceanography (SIO) Pier at 32.87°N, 117.3°W to supplement
data from the Newport Beach station by illustrating the high levels of biological activity
off the California coast from a historical perspective since this station has measured
chlorophyll for roughly 20 years. Data from the Newport Beach station is used for direct
comparison of chlorophyll concentrations with the detection of MSA based on the air
mass back tragjectories, which indicate that the air masses traveled closer to this station
than the SIO Pier station before reaching Riverside, thus providing a more accurate proxy
of biological activity. Surface chlorophyll concentrations were measured twice a week at
the SIO Pier, and concentrations at ~3 m depth were measured every 4 minutes using
automated sensors at both the SIO Pier and the Newport Beach station. All data are
presented in Pacific Standard Time (PST), one hour behind local time.

The size-resolved chemical composition of individual aerosols was obtained in
real-time using an aerosol time-of-flight mass spectrometer (ATOFMS) with a size range
of 0.2-3.0 um. The ATOFMS has been described in detail elsewhere (35). Briefly,
particles are sampled through a converging nozzle where they enter a differentially
pumped vacuum region causing the particles to be accelerated to their terminal velocity.
The particles next enter a light scattering region consisting of two continuous-wave lasers
(532 nm) located at a fixed distance from one another. The time required to traverse
these two lasers is correlated to the terminal velocity of the particle; the velocity is
converted to an aerodynamic diameter by calibrating with polystyrene latex spheres of a
known sizee. A 266 nm Nd:YAG laser desorbs and ionizes species from individua
particles producing both positive and negative ions that are analyzed in a dual-polarity
time-of -flight mass spectrometer.

A software toolkit, YAADA, was used to import ion peak lists into MATLAB
(The MathWorks) allowing for the analysis of ATOFMS data (36). Searches for MSA-
containing particles, characterized by an intense peak at m/z -95 (CH3SO3) (37-38), were
performed by selecting a peak area of 300 or above for m/z -95. Fresh sea salt particles
produce NaCl," cluster ions at nv/z -93, -95, and -97 (39), which could interfere with the
assignment of m/z -95 to MSA. However, amost all of the detected sea salt particles
(>99%) were aged as indicated by the strong presence of nitrate and sulfate that
heterogeneoudy displaced chloride (40) alowing for the unambiguous assignment of nvz
-95 to MSA. The measured particle mass spectra were then analyzed using a clustering
algorithm (ART-2a), which groups particles together based on mass spectral similarities
(41). ART-2awas run separately for submicron (0.2-1.0 um) and supermicron (1.0-3.0
um) particles. Using ART-2a with a vigilance factor of 0.8, over 90% of MSA-
containing particles and over 80% of non-M SA-containing particles were classified into
50 distinct clusters, providing a representative view of the aerosol composition during the
study. Naming schemes for the particle types presented in this paper are based on
previous work (32,42-43) and discussed in detail in the Supporting Information. Peak
identifications within this paper correspond to the most probable ions for a given nm/z
ratio. The particle types observed were aged organic carbon (Aged OC), aged sea sdlt,
amines, Ca-containing, dust, elementa carbon (EC), elemental carbon mixed with
organic carbon (ECOC), ECOC and EC mixed with inorganic species (Inorganic ECOC
and Inorganic EC, respectively), biomass burning (K-combustion), NHs-containing,
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vanadium from combustion sources (OC-V-sulfate), and polycyclic aromatic
hydrocarbons (PAH).

ili. Results and Discussion

a. Temporal Trendsof M SA-containing Particles and Biological Activity

ATOFMS measurements during SOAR-1 indicate that up to ~67% of the
submicron (0.2-1.0 um) and up to ~33% of supermicron (1.0-3.0 pm) particles by number
contained MSA. The average negative ion mass spectrum for a representative MSA-
containing particle type, shown in Figure S1, clearly shows a distinct ion marker at m/'z -
95 indicative of MSA.

1. Representative M ass Spectra of M SA-containing Particles and Naming Schemes of
Particle Types

MSA-containing particles are characterized by an intense peak at m/z -95
(CH3S0O3) (37-38). The average spectra of an OC-V-sulfate particle type mixed with
MSA isshown in Figure 3. MSA was found on nearly every particle type typical for the
Riverside area including local and transported particle types. Most of the particle types
observed in Riverside have undergone significant aging and have acquired secondary
species such as ammonium (m/z +18 (NH,")), nitrate (m/z -62 (NO3)), and sulfate (m/z -
97 (HSOy)) (32,42). Aged organic carbon (aged OC) particles are characterized by
intense peaks at Mz +27 (C,Hs"), +29 (CoHs"), +37 (CsH™), and +43 (C,H30") (38,42).
Elemental carbon (EC) is characterized by carbon cluster ions such as m'z +12 (C"), +24
(C"), +36 (C3),...C," (44). Elemental carbon organic carbon (ECOC) particles show
markers for both EC and OC (44). Aged sea salt particles are characterized by n/z +23
(Na"), +62 (NaO"), +63 (NaOH™), (+81, +83 (N&Cl ™)), and +165 (NasSOy") in addition
to markers of acquired secondary species such as nitrate (m/z-62 (NO3)) and sulfate (m/z
-97 (HSOy)) in place of chloride (m/z -35, -37 (CI")) (39). The amine particle type is
characterized by intense peaks at m/z +86 ((CoHs),NCH,") and +118 ((C,Hs)sNOH™)
(42,45). Dust particles are characterized by inorganic species such as #Na’, *Mg",
Al K", cat, PFe’, and silicates (46). Inorganic EC and inorganic ECOC particles
are EC or ECOC, respectively, associated with an intense inorganic (e.g. ¥*k* or *Ca’")
ion peak. Ca-containing particles contain an intense peak at myz +40 (Ca’), but are most
likely associated with combustion processes rather than dust due to their smaller size and
their association with carbonaceous ion markers (42,47). K-combustion particles are
characterized by an intense peak at m/z +39 (K*) and lower intensity OC peaks (48).
NH;-containing particles contain an intense peak at mvz +18 (NH,") and lower intensity
OC peaks (32,42). OC-V-sulfate particles are characterized by intense ion markers at nvz
+51 (V*) and +67 (VO"), lower intensity OC peaks, and sulfate (m/z -97 (HSOy)) (42,49-
50). PAH particles contain intense pesks at m/z +39 (CsHs") and +43 (C,Hz0") and
repetitive OC peaks of lower intensity (51).
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617  Figure 3: Average positive and negative ion mass spectra for the OC-V-sulfate particle type
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Figure 4. (a) Time series showing the fraction of MSA-containing submicron (red line) and
supermicron (blue line) particles during SOAR-1 and chlorophyll concentrations (green line) taken
from the Newport Beach station (33.6°N, 117.9°W) at 3 m depth. Gaps in chlorophyll data occur
from August 2-4. Inset showstypical HYSPLIT 48 hour back-trajectoriesfor air masses arriving to
the sampling site during different time periods in addition to the locations of the automated
chlorophyll stations. Each trajectory is taken at 500 m altitude, and each point on the trajectory
corresponds to a 12-hour increment. (b) Time series showing the corresponding wind speed (black
line) and direction (pink line).

In Figure 4a, the fractions of all submicron and supermicron particles containing
MSA and chlorophyll concentrations taken from the Newport Beach station at 3 m depth

from July 30-August 15, 2005 are shown. The inset in Figure 4a shows 48-hour
HYSPLIT air mass back-trgectories (52) representative of those occurring over the
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duration of the study in addition to the locations of the two automated stations collecting
chlorophyll data. A comparison of the data collected at the two automated stations can be
found in the Supporting Information (see Figure 5). Three main air mass trgectory
patterns were observed with transport times estimated from HY SPLIT ranging from ~8
hours to longer than aday (32,52): (i) “Coastal” occurred between July 30-August 9 and
resumed August 12-15 with sampled air masses originating from the Pacific Ocean
northwest of LA traversing near the Newport Beach station before arriving to Riverside,
(i) “Open Ocean” occurred August 9-10 and originated further from the coast toward the
open ocean, and (iii) “Inland/Stagnant” occurred August 10-12 with limited oceanic
trangport resulting in an observed decrease in the fraction of M SA-containing particles on
August 10 as shown in Figure 4a. Additionally, Figure 4b shows the corresponding wind
speed and direction during this time period. Comparison of the time series in Figure 4a
and 1b shows a strong diurnal trend with fractions of MSA-containing particles
increasing ~6-8 hours following the onset of westerly winds and increased wind speed
during coastal transport conditions, as verified by HYSPLIT air mass back trajectories
(e.g. 7/30-8/9 as shown in Figure 4a). Day-to-day variations can be explained, in part, by
changes in meteorological conditions.
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Figure 5: Chlorophyll data at 3 m depth from the Newport Beach (33.6°N, 117.9°W) and SIO Pier

(32.87°N, 117.3°W) automated stations. Inset is chlorophyll data measured at the surface of the SIO
Pier.

2. Chlorophyll Data from the SIO Pier and the Newport Beach Stations

The SIO Pier and Newport Beach automated stations record chlorophyll data at
approximately 3 m depth every 4 minutes. Additionally, surface chlorophyll
concentrations are measured twice per week at the SIO Pier. As seen in Figure 5, the
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chlorophyll concentrations taken at 3 m depth for both stations are comparable showing
similarities in diurnal trends and similar magnitudes of chlorophyll concentrations. Inset
in this figure is the surface chlorophyll data taken at the SIO Pier. The chlorophyll
measurements show elevated concentrations and a diurnal pattern consistent with the
presence of a phytoplankton bloom. Although the SIO Pier station has two depths of
chlorophyll data and a longer continuous data set, the data from the Newport Beach
station was primarily used in this paper due to the fact that the air masses traveled closer
to this station than the SIO Pier station before reaching the sampling site as seen in Figure
4. Chlorophyll data from the SIO Pier station provided a historical context to base our
assertion that high levels of biological oceanic activity occurred during SOAR-1.

In addition to meteorology, oceanic biological activity aso influenced the
observed fractions of MSA-containing particles. On August 12, the air masses follow the
“Coastal” traectories; however, in contrast to July 30-August 9, the fractions of MSA
remained low (Figure 4a). This is attributed to an observed decrease in oceanic
chlorophyll concentrations to<5 pg/L (Figure 4a), which followed the end of the mgor
phytoplankton bloom on August 11 (17). Prior to this, diurnal spikes in both the fraction
of MSA-containing particles and chlorophyll concentrations were observed with daily
chlorophyll concentrations typically reaching up to ~25-30 ug/L. Similar spikes in
chlorophyll were observed from the same depth at the SIO Pier in La Jolla, CA. At the
same time, surface chlorophyll concentrations measured twice per week at the SIO Pier
reached as high as ~200 ug/L. Analysis of 18 years of surface chlorophyll measured at
the SIO Pier yields an average of 2.5 ug/L with a maximum of 218.95 ug/L (53)
indicating that anomalously high levels of biological activity were occurring off the coast
of Caifornia during SOAR-1 resulting in the detection of large number fractions of
MSA-containing particles, as shown herein. Furthermore, we speculate that some of the
MSA detected in Riverside could oxidize completely impacting sulfate levels at locations
further inland; however, no measurements were made a these locations. The
contribution of biogenic sulfur during summer has been established for several coasta
locations (25-27); however, these are the first rea-time, single-particle measurements of
MSA at an inland location during a period of intense biological activity establishing how
oceanic biological activity could impact both MSA and, potentialy, sulfate levels at an
inland urban location in California under the proper meteorological conditions. Thisis
significant due to the interest in sorting out the major sources of sulfate in California and
determining the relative proportions from anthropogenic sources (i.e. ships, heavy duty
diesel vehicles) versus biogenic sources (i.e. oceanic biological activity).

b. Single-Particle Mixing State of M SA-containing Particles

Riverside is impacted by local sources including vehicle exhaust and nearby
Chino dairy farms, which contribute to ammonium, nitrate, carbonaceous, and amine
concentrations, in addition to transported particle types from the LA coast, which provide
a source of ocean-derived aerosol species and additional sources of combustion aerosols
(42-43,54). To gain further insight into the sources and processes contributing to the
presence of MSA, we examined the mixing state of M SA-containing particles. The size-
resolved, single-particle mixing state of MSA-containing particles isillustrated in Figure
6 for submicron and supermicron particles. While Figure 6 classifies M SA-containing
particles into general particle types based on the most prevalent ion peaks, it is important
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to note that ~76% and ~45% of MSA-containing submicron particles, by number, were
internally mixed with ammonium and sodium, respectively, and ~83% and ~71% of
MSA-containing supermicron particles, by number, were internaly mixed with
ammonium and sodium, respectively. The prevalence of these two species with MSA is
expected based on previous measurements of the mixing state of MSA-containing
particles (21,30). Additionaly, ~87% of M SA-containing submicron and ~82% of MSA-
containing supermicron particles contained sulfate (m/z -97 (HSOy)), which is expected
since DMS and, to alesser extent, MSA oxidation also produces sulfate (18,24). In sum,
~25% of al submicron and ~22% of al supermicron particles, by number, contained
sulfate. However, since ATOFMS measurements cannot distinguish biogenic and
anthropogenic sulfate contributions to m/z -97, the relative contribution of biogenic
sulfate cannot be inferred herein. MSA was mixed primarily with transported and aged
particle types, and a higher percentage of submicron particles contained MSA (up to
67%) in comparison to the supermicron particles (up to 33%) likely due to the enhanced
particle surface area in this size range (see Figure S3, which is discussed in further detall
in the Supporting Information).
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Figure 6: M SA-containing particle types plotted as a function of size. Submicron (0.2-1.0 pm)
particles are plotted in 0.05 pm bins while supermicron (1.0-3.0 pm) particles are plotted in 0.1 pm
bins.

1. Enhancement of M SA-containing Particlesin the Submicron Mode

ATOFMS provides data of both single-particle chemical composition as well as
particle size in rea-time. Because of this, the size distribution of MSA-containing
particles for SOAR-1 can be compared to all sampled particles. MSA and its
organosulfur precursors are condensable species that contribute to particle growth rather
than nucleation (18,23). MSA hastypically been measured as sodium or ammonium salts
associated with smaller aerosol particles (d>2 um) (30). Because our measurements have
shown a wide variation in the mixing-state of particles containing MSA, the size
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distribution of MSA-containing particles was examined and compared to the size
distribution of the total hit particles during SOAR-1 (Figure 7). The particle detection
efficiency of the ATOFMS depends on particle size. This is namely due to the
transmission efficiency of the nozzle inlet, which creates a sharp peak at 1.7 um (55-56).
Ambient number concentrations of aerosols, however, display an opposing trend with
higher number concentrations at smaller particle sizes (57). These two opposing factors
result in a bimodal size distribution as seen in Figure 7, which is a representative size
distribution of hit particles obtained from the ATOFMS. Comparison of the size
distribution of the total hit particles and the size distribution of MSA-containing particles
shows that a higher fraction of the submicron (0.2-1.0 um) particles contained MSA (up
to 67%) than the supermicron particles (up to 33%) showing a relative enrichment of
MSA on submicron particles.

100x10° = [Nﬁ o
] \ ~= All Hit Particles L 2500 =
™ [ l MSA-containing Particles 2
@ H
S [0 &
£ 80 = i i
;: A g
& I ‘ = 2000 ©
= / i 2
z [ .
m H H
3 60 = 1 -
|E !! i = 1500 =
- / ! g
o i \
2 / \ 8
= 2 - ;Y =
= 40 = H L""\_ o % -
9 — Jo— = 1000 &
O T i i -
g ‘__.-’ s ., f "‘-‘_ g
:9" / ] % =
20 -4 LY -
et = 500
< / " 2
., 2
n L] I L] I L] [ L] I L] I L] [ L] ] L] I L] I L] 'I L] I L] I L] I n
0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 20 22 24 26 28
Size (um)

Figure 7: Size distributions of all hit particles (black line) during SOAR-1 and only M SA-containing
particles (blueline).

Comparison of MSA-containing particles with al observed particle types for
SOAR-1 reveadled that some particle types contained little to no MSA while large
fractions of other particle types contained MSA. No MSA was detected on submicron
dust, and only ~3% of the total observed supermicron dust contained MSA, which is
expected since dust is locally produced unlike MSA (54). Interestingly, only small
fractions of the measured carbonaceous particle types (e.g. Aged OC, EC, and ECOC)
were found to contain MSA. It is possible that the accumulation of secondary species
particularly OC, which was the most commonly observed carbonaceous particle type, on
pre-existing particles during transport from the LA coast to Riverside could potentially
mask the detection of MSA (43,54). Certain particle types, however, were found to be
enriched in MSA: approximately 37% and ~20% of the total observed OC-V-sulfate
submicron and supermicron particles, respectively, and ~33% of aged sea salt submicron
particles contained MSA. The OC-V-sulfate particle type is associated with residua fuel
combustion primarily from ships (49-50,58). OC-V-sulfate particles and aged sea salt are
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both coastally emitted along with DMS, which suggests that DM S oxidation products
primarily partitioned onto coastal particle types that then underwent aging as they were
transported inland. Therefore, MSA is auseful marker for segregating transported versus
locally generated particles.
c. Correlation of M SA with Other Species

During SOAR-1, MSA-containing particles were typicaly associated with fog
processing markers (see Figure 3) at m/z-81 (HSO3) and -111 (HOCH,SO3), which are
the ion markers for the organosulfur compound hydroxymethanesulfonate (HMYS)
(37,51,59). Figure 8 illustrates the temporal trends observed for submicron MSA, V,
sulfate, and HM S-containing particles and RH. The correlation between V and MSA-
containing particles (R?*=0.57) can be attributed to the fact that they were both coastally
emitted as well as the potential catalytic role of vanadium in enhancing MSA on particles
described in the next section. Submicron particles containing MSA and sulfate were also
correlated (R’=0.68) potentially implying a common source for both species. The
correlation between MSA and HMS was very strong (R?=0.84), which suggests the
important role of agueous phase chemistry in MSA formation (24) as well as the
hygroscopic nature of MSA (18). Previous studies have shown HMS tracking RH during
stagnant fog events (59); however, HMS was not correlated with RH during this study
suggesting that the formation of HM S was not due to local increases in RH. HMS was
instead correlated with MSA suggesting that MSA-containing particles had undergone
agueous phase processing either coastally or during transport to Riverside.
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Figure 8: Temporal profile of ATOFMS counts of submicron MSA- (red line), HMS- (green line),
sulfate- (black line) and V- (brown line) containing particles. Relative humidity (RH) is also shown
(dashed blueline).

d. Role of Vanadium in M SA For mation

Vanadium is one of the most common metals observed in Riverside, particularly during
coastal transport conditions (17,43). Vanadium is used to catalyze the oxidation of sulfur
species such as §(1V) (60) and DMS (61) under industrial conditions. To better
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understand the observed correlation between vanadium and MSA-containing particles
described above, the relationship between MSA and vanadium was further investigated.
M SA-containing particles internally mixed with vanadium were separated from those not
mixed with vanadium (see Figure 10 in the Supporting Information), and the amount of
MSA on each particle type was compared by averaging ion peak areas. The peak area of
a particular m/z can be related to the relative amount of a specific chemica species on
each particle type (62-63); Figure 9 shows a comparison for the mgor particle types
detected during the study. During the laser desorption/ionization process, variations in
ion intensity can occur depending on the chemical matrix of the particle (62). It is
important to note that the particles shown in Figure 9 have been separated into different
matrices, based on genera particle type, and the MSA ion intensities are only compared
for the same chemical matrix. Furthermore, vanadium represents a small mass fraction of
the total particle mass (50) so its presence or absence has a negligible effect on the
overal chemical matrix. Asshown in Figure 9, the peak area of MSA found on particles
types that contained vanadium was, in general, ~3 times larger when compared to similar
matrix particles not containing vanadium adding strong support that vanadium is acting
as acatalyst for the formation of MSA. Another factor that must be considered is that the
increased amount of MSA on particles internally mixed with vanadium could be solely
due to the fact that both species were emitted aong the coast leading to increased time for
MSA formation to occur on these particles during transport to Riverside. However, if
this were the case, then it would be expected that other coastally emitted particle types
such as aged sea sat would also have higher amounts of MSA present regardless of
whether it was internally mixed with vanadium or not. As shown in Figure 9, only the
particles types, including aged sea salt, internally mixed with vanadium had higher
amounts of MSA. This shows that transport time is not the only factor leading to
enriched MSA in particles. Residual fuel also contains high levels of iron (64), which is
known to catalyze sulfur oxidation in the aqueous phase (65). Because the ionization
potential for vanadium is much lower (6.75 eV for V vs. 7.90 eV for Fe) (66) and hence
the ATOFMS sensitivity for vanadium is higher than for iron, the possibility that iron is
actually present and playing a role in catalyzing MSA formation rather than vanadium
cannot be ruled out. However, these results show that different particle types emitted by
specific anthropogenic sources, in this case residua fuel burning from ships, enhance
MSA and, potentially, sulfate production in atmospheric particles.
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Figure 9: Average peak area of M SA (m/z -95) for M SA-containing submicron particle types mixed
with V (light blue triangles) and submicron particles containing no V (orangetriangles) are shown in
the top panel. The average peak area of MSA on supermicron particles containing V (dark blue
diamonds) and containing no V (red diamonds) are shown in the bottom panel. The vertical bars
correspond to 95% confidence intervals associated with the peak areas.

1. Comparison of M SA-containing Particles Mixed with V and without V

MSA-containing particles were grouped by particle type and subdivided into
particles with and without V by segregating particles containing mz +51 (V") and +67
(VO"). ATOFMS utilizes laser desorption/ionization corresponding to an energy input of
4.7eV/photon (at 266nm) (66) producing ~9.4eV for a two photon ionization. This
energy input makes this technique very sensitive to trace metals since the ionization
potential of metals is low (63,66-67). Because of this senstivity, a true distinction
between particles mixed with V and those without V can be made. Figure 10 shows
representative spectra from one particular particle type (aged sea salt) mixed with
vanadium (Figure 10a) and without vanadium (Figure 10b). From Figure 10a and 10b,
one can see a qualitative increase in the ion peak intensity of MSA (m/z-95). This was
further investigated in Figure 9 for each particle type revealing a consistent increase in
the ion peak intensity of MSA for particles mixed with V. One factor that must be
considered is that during the laser desorption/ionization process, variations in ion
intensity can occur depending on the chemical matrix of the particle (63). However,
comparing the ion peak intensity of MSA for the same particle type with and without V
reduces complications associated with matrix effects.
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Figure 10: Representative aver age aged sea salt positive and negative ion mass spectra of particles (a)
mixed with and (b) without V.

e. Atmospheric Implications

These measurements reveal how high biological oceanic activity can impact
aerosol chemistry in an inland, urban environment. Periods when high levels of oceanic
biologica activity were observed correlated with high levels of MSA a an inland
location, particularly on particles containing vanadium. Past measurements have
primarily examined the influence of MSA on aerosols in clean marine environments. Our
measurements, however, show that MSA can aso condense onto anthropogenic particle
types as well as sea salt. Future studies at multiple sampling locations spaced along a
trgectory from the LA coast to inland locations should be conducted to further
investigate how the mixing-state of M SA-containing particles evolves in urban locations.
Previous ATOFMS studies have demonstrated the evolution of particle mixing-state
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within the LA Basin; however, time periods influenced by high levels of oceanic
biological activity were not investigated (54).

This study shows how anthropogenic aerosols can influence the atmospheric
processing of biogenically emitted sulfur species. Enhanced production of MSA has
been observed for reactions between MSIA ) and Fe(l11) (68); however, little is known
about the ability of anthropogenic emissions to influence the processing of ambient
biogenic sulfur emissions. This study demonstrates the catalytic abilities of vanadium to
enhance MSA formation; vanadium has also been shown to enhance the conversion of
anthropogenicaly produced SO, to sulfate in a recent single-particle study (49).
Typicaly, biogenic and anthropogenic sources are considered separately when describing
aerosol and air pollution chemistry; however, this study highlights the importance of
including anthropogenic aerosols from sources such as ships when estimating the
production of MSA and sulfate in coastal and urban environments. Finaly, both MSA
and sulfate strongly influence particle hygroscopicity meaning that the enhanced
production of either of these species by anthropogenic particle types could have
significant implications for cloud droplet formation in both marine and inland
environments.
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2. Real-time, single-particle volatility, size, and chemical composition measur ements
of aged urban aerosols

i. Introduction

Atmospheric aerosol particles impact global climate, regional air pollution, and
human health (15). Originating from avariety of sources, such as biomass burning, fossil
fuel combustion, and dust suspension, primary aerosol particles undergo physica and
chemical transformations (atmospheric aging) during transport (15). Heterogeneous
reactions of particles with trace gases and gas-particle partitioning of semivolatile
species, such as ammonium nitrate and oxidized organics, contribute to changes in
particle size, structure, and chemical composition (15). Thus, atmospheric aging
provides challenges in the identification of the major particle sources connected with
human health risks, making source-specific regulations difficult (69).

To examine the sources and chemical aging pathways of different particle types, a
thermodenuder (TD) can be used to heat ambient particles, inducing the vaporization of
semivolatile species and leaving behind the non-volatile particle cores (70-71). Size-
resolved volatility data, provided by measuring the size distributions of particles before
and after heating, is often used to infer the mixing state of the particle core, which is most
commonly assumed to be primarily black carbon (71). Volatilization and humidification
tandem differential mobility analyzer (VH-TDMA) provided an increased understanding
of ambient particle mixing state through hygroscopic behavior measurement (72).
However, it is challenging using conventional techniques to interpret the size-resolved
volatility data for particles containing multiple chemical components and externaly
mixed aerosol ensembles that are typically observed in the atmosphere (70). Further, few
studies have measured the chemistry of heated atmospheric particlesto directly determine
their mixing state. Frey et a. (73) found that black carbon (BC) mass concentrations
tracked mass concentrations of less-volatile particles during periods of local traffic
influence; increased disagreement between BC mass and less-volatile mass was found
during periods of long-range transport. An aerosol mass spectrometer, measuring the
chemical composition of non-refractory particulate species, was used to examine bulk
ambient particle residuas in real-time in Tokyo, Japan (74) and Mexico City (75).
However, it is important to measure the complete chemistry including refractory species,
such as black carbon, mineral dust, and sea salt, as these species could contribute
significantly to the low volatility particle core.

Herein, an automated TD was coupled to an aerosol time-of-flight mass
spectrometer (ATOFMS) to provide the first real-time, individua-particle size and
volatility-resolved chemistry measurements. Using laser desorption-ionization, both the
refractory and non-refractory particulate species are measured, providing the first on-line
measurements of the chemistry of heated individual particle residuals. Aerosol particles
undergo significant atmospheric processing within the Los Angeles (LA) basin, and thus,
the vast mgjority of unheated particles show evidence of organic carbon, ammonium,
amines, and nitrate accumulated during transport (76-77). A comparison of the chemistry
of the unheated aged particles with the heated particle cores is presented, to help provide
an improved understanding of particle volatility and ambient aerosol sources.
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ii. Experimental

ATOFMS measurements of single ambient aerosol particles were conducted
during the Study of Organic Aerosols field campaign in Riverside, California from
November 2-13, 2005 (SOAR-2) (http://cires.colorado.edu/jimenez-
group/Field/Riverside05/). Ambient temperature and atmospheric water content were
measured using a shielded Vaisala HMP 45AC temperature and RH probe. The ground-
based prototype of the aircraft (A)-ATOFMS, described in Chapter 2, measured the
vacuum aerodynamic diameter (dy,) and dual-polarity mass spectra of individual particles
from ~100-1000 nm in real-time. For simplicity, A-ATOFMS will be referred to
throughout this chapter as ATOFMS. During SOAR-2, particles were desorbed and
ionized using 266 nm radiation from a Q-switched Nd:YAG laser operating at ~0.4-0.8
mJ. Polystyrene latex spheres of known physical diameter from 95-1400 nm were used
to complete the single-particle size calibration.

To examine the volatilities of the ambient particles, an automated valve-
controlled TD system (75) was utilized in series with the ATOFMS. A nafion dryer was
used to dry the particles before the TD. With continuous aerosol flow through the TD
(heated) and bypass line (unheated), the particles sampled by the ATOFMS switched
between heated and unheated ambient aerosol every 10 minutes. The heated portion of
the TD stepped through 8 temperatures. 171°C, 230°C, 201°C, 171°C, 142°C, 113°C,
83°C, 54°C. Since each portion of the schedule was maintained for 10 minutes, one full
cycle took 160 minutes before repeating. An activated carbon diffusion denuder
prevented volatilized species from condensing back onto the particles. With aflow rate
of 0.6 Ipm, the residence time of the aerosol in the heating portion of the TD was
approximately 9 seconds. For further details and characterization of the TD, refer to
Huffman et al. (75).

Every 10 minutes, the ATOFMS switched between sampling either unheated and
heated (54-230°C) ambient particles. In this work, particle residues remaining at 230°C
are referred to as cores, although a specific morphology is not defined herein. A tota of
1,390,199 size-resolved dual-polarity mass spectra were collected with the ATOFMS
from Nov. 2-13, 2005. Data collection times were adjusted for delays in transport lines
between the TD and ATOFMS. Data collected up to 20 seconds after the TD valve
switch were eliminated to reduce error caused by possible aerosol mixing. Overall, dual-
polarity mass spectra from 717,705 unheated and 462,982 heated particles were utilized
in this analysis.  Single-particle mass spectra were imported into YAADA
(www.yaada.org), a software toolkit for Matlab (The MathWorks, Inc.). An adaptive
resonance theory-based clustering method (ART-2a) (78) was used to classify single-
particle mass spectra with a vigilance factor of 0.80, learning rate of 0.05, and 20
iterations. ART-2a classifies particles into separate clusters based on the presence and
intensity of ion peaks in individual single-particle mass spectra. Peak identifications
correspond to the most probable ions for a given m/z ratio based on previous lab and field
studies; the peak area of a specific m/z is related the amount of a specific species on each
particle (62). Genera particle classes are defined by characteristic chemical species or
possible source; these labels do not reflect al of the species present within a particular
particle class.

For comparison of SOAR particles to particulate source emissions, particle
signatures from heavy duty diesel vehicles (HDDV) and gasoline-powered light duty
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vehicles (LDV) were acquired during dynamometer source studies (79). Fresh ship
emissions were acquired during sampling at the Port of Los Angeles (80). The fresh
wildfire plume particle mass spectral signature was acquired during a flight over a
prescribed burn in Wyoming. The mass spectral signature of unreacted sea salt was
acquired during sampling along the California coast, and the unreacted dust signature was
acquired in the lab from suspended soil (81).

Size-resolved number concentrations of ATOFMS particle classes were calculated using
a method described previously by Reinard et a. (82). A scanning mobility particle sizer
(SMPS, model 3081, TSI, Inc.) in series with the TD provided size-resolved number
concentrations of unheated and heated particles during SOAR-2. Particle mobility
diameters (d) measured by the SMPS must be converted to dy, using the following
equation, discussed in detail by DeCarlo et al. (83):

d,=2"d, (1)
Po

where pg is the effective density and p, is the standard density (1.0 g/cm®). Average
size-resolved number concentrations were calculated for 103-995 nm (dys) particles,
using an pes of 1.4 g/cm®, which was representative of most submicron SOAR-2 particles,
which were spherical due to the condensation of water, organics, and ammonium nitrate
(84). Using average fractions of ATOFMS particle classes for different size bins, size-
resolved number concentrations were calculated for unheated and heated particle classes.

va

ili. Results and Discussion

a. Ambient Aerosol Chemistry

From Nov. 2-13, westerly winds were observed from ~9:00-16:00 each day with
diurnal trends in RH and ozone; most trajectories showed transport times of up to 12
hours from LA, Irvine, or San Diego to Riverside (76). An average PM,s (particulate
matter < 2.5 pm) mass concentration of 42 pg/m* was observed with build-up and
stagnation periods leading to an observed maximum of 106 pg/m® (76). Individual
ambient submicron (100-1000 nm) unheated and heated particles were classified into
thirteen genera particle classes: aged organic carbon (OC), aromatic, amine, ammonium-
rich, elemental carbon-organic carbon (ECOC), inorganic-ECOC, elemental carbon (EC),
vanadium, biomass, aged sea salt, dust, metals, and nitrate-sulfate particles with no
positive ions (NoPos). The vast mgjority (~85%) of unheated particles showed evidence
of organic carbon, ammonium, and nitrate accumulated during transport to Riverside (76-
77); sulfate was a'so present in most (~70%) particles. The relative contributions of these
particle classes with respect to size are shown in Figure 11. Mass spectral signatures and
size-resolved number concentrations of the aged OC, EC, vanadium, and biomass
burning particles classes at ambient and 230°C are shown in Figure 12.

The particles in the aged OC class, which comprised ~60% by number of al
unheated particles from d,; ~100-1000 nm, contained oxidized organic carbon species,
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1025 Figure 12: Average ATOFMS representative mass spectra and size-resolved number
1026  concentrations of unheated and 230°C heated particles for a) aged OC, b) EC, ¢) vanadium, and

1027  d) biomass burning particle classes.

1028 amines, ammonium, nitrate, and sulfate. The mass spectra were dominated by
1029 carbonaceous marker ions at m/z 12(C"), 27(C;Hs'/CHN™), 36(Cs"), 37(CsH"),
1030  43(CH3CO'/CHNO"), and 86((CsHs)o,N=CH,"), an akylamine fragment (38,45). Other
1031 notable ions include ammonium (m/z 18, NH4"), nitrate (m/z-62, NOs, and -125,
1032 H(NOs)2), and sulfate (m/z -97, HSO,) due to the aged nature of the Riverside particles
1033  (54). Previoudy, secondary organic carbon has been shown to comprise 50% of the total
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PMys (particulate matter < 2.5um) organic carbon mass in Riverside County in
November (85).

Mass spectral signatures for the EC particles, attributed to vehicle emissions, were
characterized by intense carbon cluster positive and negative ions from C" to C," with
less intense nitrate and sulfate markers (86-87). EC particles comprised 17 £ 1% by
number in the unheated 103-153 nm d,, Size bin, with reduced contribution (3-10%) at
greater diameters. With heating, nitrate was vaporized from the particles, concurrent
with a decrease in particle size. Vanadium-containing particles, attributed to ship,
automobile, and industrial emissions (76), were characterized by intense positive ions at
m/z 51(V") and 67(VO") with less intense carbonaceous ion pesks (76). The negative
ions are characterized by nitrate, sulfate, and phosphate. Ammonium, OC, and nitrate
volatilized upon heating. The biomass burning particle class, which comprised ~10-24%
by number of al unheated particles from d,4 100-400 nm, was characterized by an intense
potassium ion with less intense carbonaceous positive ions, the negative ions are
dominated by nitrate and sulfate (48,88). With heating, ammonium, amines, nitrate, and
semi-volatile OC volatilized from the particles.

Other particle types included: aromatic, amine, ammonium, ECOC, inorganic-
ECOC, aged sea sdlt, dust, and metals. The mass spectral signatures and size-resolved
number concentrations of these particle classes are shown in Figure 13. The aromatic
particles were characterized by carbonaceous marker ions, aromatic fragment ions (nvz
51(C4H3"), 63(CsHs'), 77(CeHs’), 115(CgH;"), 165(CizHg’), 189(CisHg)), a
monoaromatic molecular ion (m/z 139(4-nitrophenol)), and polycyclic aromatic
hydrocarbon (PAH) molecular ions (m/z 128(naphthalene), 152(acenaphthylene),
202(pyrene/fluoranthene), 276(benzo [ghi] perylene)) (38,86). Nitrate (m/z -46, NOy,
and -62, NOg) and sulfate are present in the negative ion mass spectra. With heating,
nitrate is removed from these particles. The presence of m/z -26(CN’), -42(CNO),
-43(CH3COH’), and -80(SOs) become readily apparent in the 230°C spectra.  The
presence of m/z -26 and -46 is indicative of organonitrate and nitro-PAH compounds in
diesd exhaust (89). The aminerich particle class was dominated by nvz
86((CoHs).N=CH,") with less intense amine marker ions at myz 58(C,HsNHCH;"),
102((C2H5)3NH+), and 118((C2H5)3NOH+) (45)

The ammonium-rich positive mass spectra are dominated by m/z 18(NH4") and
30(NO") with less intense OC and amine marker ions; the negative ions are characterized
by intense nitrate markers. m/z -62(NQOg3), -125(H(NOs),), and -188((H2(NO3)3) (90). It
is important to note that these nitrate clusters correspond to periods with very high
ambient nitrate mass concentrations. Ammonium nitrate is formed when NOy, emitted
from vehicles, is oxidized to nitric acid (HNOs3) and reacts with gas-phase ammonia
(NH3), primarily from livestock emissions (91). At
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Figure 13: Average ATOFMS representative mass spectra and sizeresolved number
concentrations of unheated and 230°C heated particles for the following particle types. a)
aromatic, b) amine, c) ammonium-rich, d) ECOC, e) inorganic-ECOC, f) aged sea sdlt, g) dust, h)
metals (Zn-rich shown). A size distribution is not shown for the ammonium-rich particle class
due tolow ATOFMS particle counts.

maximum, the ammonium-rich particle type contributed 2 + 1% by number to the
unheated d,, 892-995 nm size bin. The relatively large size of these unheated ammonium
nitrate particlesis likely due to the Kelvin effect, wherein ammonium nitrate deposits on
larger particles where surface curvature effects on vapor pressure are minimal (92).

ECOC particle mass spectra are dominated by carbon cluster ions at mVz 12(C"),
24(C,"), and 36(Cs") with less intense OC and amine ion peaks. The negative ion mass
spectra are characterized by nitrate (m/z -62, NOgs, -63, HNO3', and -125, H(NO3),) and
sulfate. Calcium (mvz 40, Ca’) and the carbon cluster ions at m/z 48(C4"), 60(Cs"),
-24(Cy), -36(C3), and -48(C,) became more apparent with heating due to the loss of a
semi-volatile ammonium, OC, and nitrate. Further, the appearance of m/z -79(POs3’) with
heating indicates that m/z -97 can be attributed to both HSO,  and H,PO,’; the loss of
nitrate with heating causes more electrons to be available in the LDI plume that can
attach to neutral phosphate and form ions.
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The aged sea salt particles were characterized by intense sodium, potassium,
nitrate, and sulfate ion markers with smaller ammonium and carbonaceous ion markers
(76). With heating, ammonium, amines, and nitrate are volatilized from these aged sea
sat particles. The mass spectra of a representative calcium-rich dust particle type are
shown in Figure 13g and are characterized by inorganic peaks at m/z 23(Na’), 24(Mg"),
40(Ca"), 56(Ca0"), 57(CaOH"), -46(NO>), and -62(NOs") (93). With heating, CN™ (m/z -
26), silicates (m/z -44, SIO, and -60, SIO,), and phosphate (n/z -63, PO, , -79, POs’, and
-97, H,PO4) become prominent with the loss of nitrate. The mass spectra of a
representative zinc-rich particle type are shown in Figure 13h and characterized by zinc
(m/z 64, 66, 68), zinc chloride (m/z 99, 101, 103), nitrate, and phosphate with smaller
carbonaceous ion peaks. With heating, ammonium, OC, and nitrate are volatilized.
Figure 14 shows representative average mass spectra of 230°C heated particles for four
other metal-rich particle types: @) Ba-rich, b) Pb-rich, ¢c) Mo-rich, and d) Sn-rich.

With aging, secondary species can mask particles primary source “fingerprints’.
Thus, heating with the TD can be used to volatilize non-refractory secondary species,
making the primary source signature more identifiable, as described below. Since gas-
particle partitioning occurs more commonly than nucleation in urban environments, an
understanding of the primary particle population is important in understanding urban air
pollution as gas/particle partitioning depends not only on surface area and volume, but
also on the chemistry and resulting interactions on the surface of the available primary
particles (15).

b. Chemically-Resolved Volatility

Overdl, a systematic decrease in particle size was observed with heating from
ambient temperature (average 16°C, range 8-26°C) up to 230°C, as shown in Figure 15.
However, the strength of the TD-ATOFMS system is that it directly measures the size-
resolved chemical composition of the individua particle residues following heating,
providing an improved understanding of the original sources of the particle cores. For
the aged OC particles, the most abundant submicron particle type in Riverside, the
particles shifted to smaller diameters with heating from 54-230°C (Figures 11 and 16).
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1123  Figure 14: Representative average positive and negative mass spectra of 230°C heated particles
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Figure 16: @) Size-resolved number concentrations of unheated and heated (54-230°C) aged OC
particles. b) Fractions of ammonium, nitrate, and sulfate remaining at different TD temperatures
(54-230°C) for aged OC particles with respect to the vaporization temperature ranges of
ammonium nitrate (94) and ammonium sulfate (72).

Parallel ATOFMS particle optical measurements showed that these aged OC particles
were spherical (84), alowing average particle volume to be calculated, from which the
approximate volume fraction of the average aged OC particle remaining at each TD
temperature (54-230°C) was calculated. The volatilization of ammonium (m/z 18, NH,"),
nitrate (m/z -62, NOg), and sulfate (m/z -97, HSO,) were then examined with respect to
TD temperature (54-230°C) for al of the aged OC particles (Figure 16). For comparison,
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the vaporization temperature ranges of ammonium nitrate and ammonium sulfate are 48-
89°C (94) and 178-205°C (72), respectively. Through comparison of average volume
and ion marker peak area fractions remaining at different TD temperatures, approximate
contributions of secondary species to the average unheated particle may be calculated.
These are likely conservative estimates as they are biased by the measurement of
particles in the 100-1000 nm (d,) Size range, and thus, they cannot account for particles
entering this range from larger sizes (>1.0 pm) and leaving this size range as they shift to
the ultrafine mode (<100 nm). For aged OC particles, ammonium nitrate contributes 22 +
6% to the average particle volume, assuming that ammonium nitrate is the primary
volatile component below 113°C. Further, ~90% of the nitrate was found to be in the
form of ammonium nitrate; the remaining ~10% of the nitrate was found to be primarily
non-volatile aminium nitrate salts (Chapter 5). The decrease in sulfate peak area from
201-230°C was correlated with the decrease in ammonium due to the loss of ammonium
sulfate; considering the volume loss from 201-230°C, ammonium sulfate is estimated to
contribute 19 £ 9% by volume to the average unheated aged OC particle. Volume loss
from 113-171°C is attributed primarily to the loss of organic carbon species (6 £ 7%);
however, while organic carbon was observed to volatilize across the temperature range,
some of the organic carbon in the form of oligomers (Chapter 3) remained at 230°C, as
shown by the organic carbon markers in Figure 12. In addition to organic carbon and
aminium nitrate salts, sulfate remaining at 230°C was in the form of sulfuric acid,
aminium sulfate (Chapter 5), and likely organosulfates within these aged OC particles.

The increase in sulfate intensity with heating to 201°C (Figures 17-19) is
hypothesized to be caused by the loss of nitrate, whereby more electrons were available
in the laser desorption-ionization plume to attach to the sulfate and form ions. Recent
SOAR-1 results from Huffman et a. (95) found increased sulfate mass at 142°C
compared to ambient temperature. There is aso some evidence of possible
recondensation of ammonium sulfate at 230°C prior to the activated carbon diffusion
denuder (75).

To further investigate the impacts of single-particle mixing state on volatility,
secondary species on vanadium-containing, biomass burning, aged sea salt, and dust
particles were examined (Figures 12, 17, 18, and 19). Similar to the aged OC class,
nitrate was found to be primarily in the form of ammonium nitrate for the vanadium-
containing and biomass burning particle types. However, sulfate remaining at 230°C is
hypothesized to be in the forms of VOSO, and K,SO,, which volatilize at 600°C and
above 1000°C, respectively (96-97). For the aged sea salt and dust particle classes, the
heated size distributions of these particle types included supermicron particles that shrank
into the submicron size range with heating, resulting in higher number concentrations at
230°C compared to ambient temperature (see Figure 19). For the aged sea sdlt class, a
significant fraction of the nitrate and sulfate did not
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Figure 19: Fractions of ammonium, nitrate, and sulfate at different TD temperatures (54-230°C)

for @) aged sea salt and b) dust particles with respect to the vaporization temperature ranges of
ammonium nitrate (94) and ammonium sulfate (72).

volatilize at 230°C, suggesting nitrate and sulfate were in the forms of NaNO; and
NaSO,4, which volatilize at >300°C, similar to NaCl (71). During transport across the
LA basin, sea salt particles undergo heterogeneous chemical reactions, wherein nitric
acid and sulfuric acid react with NaCl (77). The average dust particle contained a
significant fraction of ammonium nitrate; however, nearly half of the nitrate was present
in non-volatile forms, such as Ca(NOs),. Thus, the volatilities of sulfate and nitrate were
found to be dependent on particle mixing state. Therefore, the volatility of a particular
species cannot be assumed to be the same for al particles, even in an aged urban



1208
1209
1210
1211

1212
1213
1214
1215
1216
1217
1218
1219
1220

environment, such as Riverside. Future publications will investigate the predicted versus
measured gas-particle partitioning of various chemical species with respect to season and
particle class.

c. Aerosol Core Chemistry at 230°C

The TD-ATOFMS system allowed the complete chemistry of individual ambient
particle cores at 230°C to be measured for the first time. As discussed above, secondary
coatings of ammonium nitrate, organic carbon, and ammonium sulfate volatilized with
heating. Figure 11 shows the relative fractions of particle types observed in Riverside
with respect to size for the 230°C heated particles; the evolution of the size-chemistry
distribution from ambient temperature to 230°C is shown in Figure 20. Two secondary
semivolatile particle types, amine and ammonium-rich, volatilized prior to 230°C. The
abundance of the amine particles, present from ambient temperatures up to 142°C from
~170-1000 nm, decreased by ~63% with heating above 54°C with only ~8% by number
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present above 113°C, suggesting these amine species are quite volatile. The ammonium-
rich particle type, consisting of primarily ammonium nitrate, was not present at 54°C,
consistent with laboratory studies showing a volatilization temperature range of 48-89°C
for ammonium nitrate (72). Asthese two semivolatile particle types are internal mixtures
of carbonaceous and inorganic species, it is likely that these heated particles shifted to
<100 nm in diameter or became reclassified as aged OC particles following volatilization
of the amines or ammonium nitrate, respectively.

The aged OC and vanadium-containing particle types decreased significantly in
size with increasing temperature, with the majority of remaining particles estimated to be
less than 100 nm in diameter (Figure 11). Aged OC particles accounted for ~60% of the
unheated submicron (100-1000 nm) particles by number; the relative contribution of
these aged OC particles decreased with heating, particularly for the larger (>350 nm)
particles, accounting for only ~20% by number of the 230°C particles across all sizes.
For particles >100 nm, the average aged OC particle diameter decreased from 242 + 2 nm
to 177 £ 12 nm with heating to 230°C, showing the significant fraction of volatilized
species. Considering the average particle volume, less than 53 = 7% by volume of the
average submicron aged OC particle was found to remain at 230°C; this represents an
upper limit since most particles shifted to <100 nm with heating. For the vanadium-
containing particle type, the average particle diameter decreased from 334 + 35 nm to
201 = 37 nm with heating to 230°C; this corresponds to a volatile fraction of at least 64 +
15%. Previoudy, volatility measurements have shown a volume loss of ~80% with
heating to 350°C for submicron urban particles (98).

The size distributions of severa particle classes (aromatic, ECOC, inorganic-
ECOC, EC, and biomass burning) did not show significant shifts with heating, as
expected for fresh particles containing smaller fractions of secondary species. Previous
thermodenuder studies of traffic-related particles showed that, prior to heating at 280°C,
nearly 100% of particles with initial diameters of 150 nm were non-volatile (99). The
biomass burning particle results agree with previous findings that biomass burning
particles are less volatile with a greater fraction of refractory OC than pollution plume
particles (100). In particular, biomass burning particles have relatively large cores due to
the presence of refractory salts, such as KCI and K,SO4, which volatilize at temperatures
above 700°C, as well as soot (97,100). The mode positioned at ~180 nm for 230°C is
consistent with that of fresh biomass burning emissions and was the largest of al
combustion-type particles observed (101).

As expected, the aged sea salt and dust particles had the largest particle diameters
at 230°C. Asdiscussed in the above section, the fractional contributions of aged sea salt
and dust particle types increased with heating primarily due to the volatilization of
semivolatile coatings and water from supermicron particles (76). The increased
contributions of sea salt and dust particles to the larger submicron particle cores can be
seen in Figure 11.

With heating, the percentage of particles with metal signatures increased by a
factor of 6 at 54°C, due to the volatilization of semivolatile species, causing these
particles to be reclassified as metal-rich. The most abundant metals observed at 230°C
included vanadium, zinc, barium, lead, molybdenum, and tin (Figures 11, 13, and 14).
Posing negative human health effects, trace metals present in particulate matter are of
considerable importance (69). However, small metal particles produced in combustion
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fumes quickly become coated in the atmosphere, making detection difficult. A detailed
discussion of the mass spectral signatures, sources, and temporal patterns of metal-rich
particles detected during SOAR is presented elsewhere (102); however, it isimportant to
note that metals are not typically detected in aged environments by single particle mass
spectrometry as they are masked by high levels of secondary coatings. Based on these
thermodenuder results, it appears they must be masked by high levels of secondary
coatings, suggesting that the overall fraction of metal-containing particles is greater than
previously estimated (102). However, there is some evidence of toxicity related to the
chemical composition of the particle surface (69), and, thus, studies are needed to
determine the relative toxicity of coated (aged) versus uncoated metal-containing
particles. Future laboratory studies will quantify the amount of secondary coatings
necessary to mask these trace metal signals and examine corresponding health impacts.

In summary, at 230°C, the main particle types present from 100-150 nm were elemental
carbon (29% by number), OC (27%), and biomass burning (15%). Correspondingly,
biomass burning (51%) and OC (25%) were the primary particle types at 200-250 nm,
and sea salt (47%) and dust (15%) were found at 750-800 nm. Future studies will size-
select particles prior to TD heating to better quantify the fractions of secondary species
versus particle core.  The TD-ATOFMS method has provided insight into the
contributions of different forms of secondary species, such as ammonium nitrate vs.
sodium nitrate, with respect to individual particle cores.

d. Comparison of Particle Coreswith Source Emissions

If the semivolatile material volatilized from the particle phase at 230°C is
composed of mostly secondary species, then the particle core should resemble non-
volatile primary particle-phase source emissions. To test this hypothesis, the mass
spectral signatures of the aged unheated and 230°C heated particles were each compared
to freshly emitted particles from previous source studies, described in the supporting
information, using a method similar to Toner et a. (79). Briefly, the mass spectral
signatures of the SOAR-2 particle types were compared to the mass spectral signatures
resulting from various source studies; dot products were calculated for the ion peaks in
the compared spectra (Figure 21). Lower dot products (i.e. blue) indicate less similarity
between the SOAR-2 and source particles; whereas high dot products (i.e. red) indicate
more similarity. To examine the similarity of the unheated and 230°C heated aged OC
particles, the mass spectra were compared, giving a dot product of 0.62, illustrating the
dramatic change in particle chemical composition with heating. The aged OC particles
were likely primary combustion emission particles transformed by the accumulation of
the secondary reaction products (103). It is likely that ammonium nitrate, ammonium
sulfate, amines, and organic carbon were acquired due to condensation and agueous-
phase processing during the night when lower temperatures and higher relative humidity
(average 72%, range of 16-96%) were encountered (104). Following removal of
semivolatile species with heating to 230°C, concurrent with a decrease in particle size,
the heated OC particle mass spectral signature was nearly identical to that of fresh OC
particles emitted from light duty vehicles (LDV)
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Source TD Temperature Particle Type

Unheated 230°C
LDV (OC) 0.67 Aged OC
Dot Product
HDDV (Aromatic) Aromatic [ 1.0
HDDV (ECOC) ECOC 0.8

HDDV (Ca-ECOC) Inorganic-ECOC (Ca-rich)

0.6

HDDV (EC)
: ; — 0.4
LDV (Vanadium) Vanadium
Wildfire Plume 0.78 0.85 Biomass 02
Sea Salt 0.46 Aged Sea Salt
0.0
Dust (Ca-rich) 0.39 0.71 Dust (Ca-rich)

Figure 21: Dot product comparisons of mass spectral signatures of freshly emitted source
particles (light duty vehicles (LDV), heavy duty diesel vehicles (HDDV), wildfire, sea salt, and
dust) with unheated and 230°C heated SOAR-2 particles.

(86). The dot product between the LDV emissions (86) and Riverside particles increases
with heating from 0.67 for the unheated particles to 0.94 for the 230°C heated aged OC
particles.

Other heated particle types also resembled fresh vehicle emissions (Figure 21).
For the aromatic particle type (Figure 13), similar polycyclic aromatic hydrocarbon
(PAH)-containing particles have been previoudy identified in heavy duty diesel vehicles
(HDDV) and LDV emissions (86-87). The dot product comparison between HDDV
aromatic particle emissions and these Riverside particles improves with heating from
0.55 to 0.93, showing a nearly identica signature to HDDV emissions at 230°C.
Similarly, the mass spectra signature of the ECOC particle type resembles fresh HDDV
emissions previously detected by ATOFMS (87) with the dot product increasing from
0.68 to 0.92 with heating. The Ca-rich ECOC particles were likely residual oil particles
from HDDV exhaust (105); Na/K-dominant ECOC particles were likely unburned fuel
particles from LDV exhaust (106). The 230°C Carich ECOC particles showed an
improved match (0.59) to the HDDV Ca-ECOC (105) compared to the unheated particles
(0.20); however, the relatively low dot product observed for the heated Ca-ECOC
particles suggests that another unidentified source could aso be contributing to these
particles. The EC mass spectral signature resembles fresh HDDV emissions (87) with the
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dot product increasing from 0.20 to 0.91 with heating. The heated vanadium-containing
particles were an excellent match to vanadium-containing LDV particles (86) (0.95) and
vanadium-containing ship emissions (80) (0.94), increasing from 0.64 and 0.62 for the
unheated particles, respectively.

For unheated particles characterized by distinctive source signatures, the results
were mixed. Comparison of the aged biomass particles with fresh biomass particles
collected within a wildfire plume provides a good match with both the unheated (0.78)
and 230°C heated particles (0.85) since potassium dominates the comparison. Unlike
other particle types, the dot product between fresh sea salt and the aged sea salt does not
increase with heating (0.54 vs. 0.46), due to the irreversibility of chloride replacement by
nitrate and sulfate during atmospheric aging. The mass spectral signature of the heated
aged dust particles is similar to that of fresh suspended dust particles (81) with a dot
product of 0.71 compared to 0.39 for the unheated dust; however, similar to the sea sdlt,
the lower observed dot product for the heated dust particles is due to irreversible
heterogeneous chemical reactions.

Thus, the TD-ATOFMS method has been shown to apportion particles in highly
aged environments to their original sources, while providing insight into the relative
contributions of primary and secondary species. Future TD-ATOFMS studiesin different
environments are expected to further our understanding of primary particle sources and
gas/particle partitioning.
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3. Sour ce apportionment of PM , 5 in Athens (Greece) and Mexico City using
an ATOFM Sderived mass spectral sourcelibrary

i. Introduction

Proper source apportionment of ambient particles is important with regards to
understanding their origin, as well as determining the roles they may play in the
environment and affecting human health. The ability to apportion ambient particles
quickly and accurately will be very helpful for environmental and health agencies and for
monitoring and enforcing emission standards. This kind of application is also useful for
global climate and pollution modelers who desire to know the contribution of specific
sources in a given region rather than using estimated numbers from emission inventories
(107-111). Traditiona methods of ambient aerosol classification and apportionment
typically use filter or impactor based applications where aerosols are collected on a
substrate and then analyzed with offline techniques (112-114). Other methods have
apportioned particles to sources based strictly on the size distribution and concentration
of ambient aerosols (115-117). More recent techniques using mass spectrometry on
single particles, such as aerosol time-of-flight mass spectrometry (ATOFMS) (35,118),
have proven very useful for determining the size resolved chemical composition of
aerosols (48,119-121). One of the issues with the single particle mass spectrometry
techniques is that the classification, labeling, and apportionment of particles based on
their mass spectrum is dependent upon user interpretation. This can result in
inconsistencies with labeling of similar classes and apportionment.

The methods for ATOFMS single particle data analysis and classification have
been developing and progressing over the years. Some methods have included: sorting
through individual spectra by hand, which can be extremely time consuming for large
datasets; simple m/z peak searching using basic table database structures; and databases
where mathematical algorithms can be used to cluster the data based on user defined
parameters. The major progress has come from incorporating data clustering methods
with mathematical algorithms such as ART-2a, K-means, and Hierarchical Clustering (7-
9,122-123). These techniques have been shown to accurately cluster particle spectra
within given similarity thresholds (8-9,119,124-126). These methods fail to label (or
classify) the particle types they have been used to cluster. That processis still determined
by the user which can succumb to biases or overly generalized classification. The use of
a mass spectral source library for apportioning ATOFMS single particle data has been
described and shown to work with minimal error in a fresh emission environment (127-
128). The next progressive step is to use the method on more aged environments and/or
other global areas to see if a mass spectral library developed for one location is
representative of the same sources around the world. The goal of this study is to test the
mass spectral source library matching method on ATOFMS data collected in more
polluted environments (Athens, Greece and Mexico City) to determine if the library
signatures are applicable in other locations and with other ATOFM S instruments.
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ii. Experimental

The use of a single mass spectral library for source apportionment of ATOFMS
data, for any sampling location, is a very desirable commodity. To date, ATOFMS
ambient particle mass spectral data are typically clustered using the ART-2a algorithm
and then visually characterized (119,129). The inherent weakness of such a method is
that user bias can sway the classification results, and the homogeneity of an ART-2a
cluster can vary depending on the parameters used for clustering. Using a mass spectral
library, built from ART-2a generated clusters from various source characterization
studies, is anovel approach to eliminating user bias when classifying single particle data.
This approach can also help reduce misclassification of particles because the clusters
within the source library do not change as particles are added to them during the
apportionment step. The library matching method uses a variation of the ART-2a
algorithm known as match-ART-2a (www.yaada.org) (130). This method is different
than the standard ART-2a clustering method by having particle clusters (or seeds) aready
defined. These seeds are the particle source signatures from the source library which are
described below. As particle spectra are compared mathematically, taking the dot
product, to the seed spectra in the library, they either will match to specific source seeds
above a defined vigilance (or similarity) factor (VF), or they may not match to any of the
source seeds. If the particle matches to a particular source seed above a designated dot
product VF threshold, then the particle is assigned to that type. If the particle matches to
two or more different source seeds above the VF, then it will be assigned to the one that
provided the highest dot product. The dot product values range between 0 and 1, where a
dot product of 1 means the particle spectra are identical. Particles that do not match to
any of the source seeds are grouped in an unclassified category.

The current source library contains seeds for seven specific sources (gasoline
powered light duty vehicles (LDV), heavy duty diesel vehicles (HDDV), biomass
burning, dust, sea salt, meat cooking, and industrial emissions) and has seeds for seven
other general particle types (elementa carbon (EC), aged organic carbon (aged OC), aged
elementa carbon (aged EC), amines, PAH’s, vanadium-containing, and NH4-containing)
for particles that may not match into any of the seven specific sources. The source
specific seeds were obtained from both laboratory and ambient field studies conducted
with the ATOFMS. For example, the HDDV and LDV clusters were generated from data
acquired from dynamometer studies as well as from a freeway-side study. Likewise, the
dust source signatures were obtained from lab studies of resuspended dust and soil as
well as from dust particle classes detected from various ATOFMS studies around the
world. The sea salt, industrial, and non-source specific seeds were generated exclusively
from particle classes detected from ATOFMS ambient studies. The non-source specific
aged types were created from ATOFM S ambient studies where the particle types exhibit
ion peaks attributed to aging (i.e. SOA, nitrate, sulfate, and ammonium) and are to
convoluted to assign to a specific source. While there are not a vast amount of specific
sources currently in the library, the current types represent major particle types found in
urban, marine, and rural areas (112,131-139). The library is adaptive and can have more
source signatures added to it as future source characterization and ambient studies are
conducted. Such sources include a variety of industrial emissions, coa combustion, and
cigarette smoking, as well as increasing the detail on the vehicle source seeds and with
more aged source particle types.
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It is very important to test the source library on multiple ATOFMS instrumentsin
order to insure that they can be universal for the ATOFM S community around the world.
Thelibrary, asit currently stands, is not completely universal just yet. Sincethelibrary is
open-source, it can aways have new source spectra added to it or even have ones
removed if they are found to interfere with proper apportionment. The idea is for the
library to be openly available to the ATOFMS community and for it to evolve as users
modify the library with their own source data.

The source signature library matching technique was previously tested on
ATOFMS ambient data obtained in a location dominated by “fresh” emissions near a
freeway (Chapters 4 and 5) (127-128). To test whether particles can be apportioned in
different environments, as well as with ATOFMS instruments used by different research
groups, data from two different global locations were chosen. The first study is Athens,
Greece (37°59'12.24” N 23°43' 30.73"E), which was conducted in August of 2003 using a
TSI 3800 ATOFMS owned and operated by the Harrison research group out of the
University of Birmingham (140). The second study is Mexico City, Mexico
(19°29'23.60"N 99°08'55.60” W), which was conducted in March of 2006 with an in-
house built ATOFMS instrument that was also used for some of the original source
characterization studies used to build the source library (141). The experimental methods
as well as the general classification of the particles are described for both studies in the
literature (140-141). The ATOFMS data from both of these studies were analyzed
(separately) using the source library with match-ART-2aat a VF of 0.85 which represents
avery high VF. Thisisthe same VF used in Chapter 4 which showed alow error of 4%
for aerosol apportionment at VF = 0.85 (127). The same VF is used again for this study
to test if such a high VF can be used to apportion particles in more polluted (and aged)
regions. The effect of varying the VF are shown and discussed in the Appendix 3. The
source apportionment results from the mass spectral library matching method are
discussed and compared to the traditional ART-2a classified particles reported in the
literature for both studies (140-141).

iii. Results and Discussion

a. Source apportionment of ambient particlesin Athens, Greece

The ambient particles detected with the ATOFMS used by Dall’Osto et al. in
Athens, Greece were analyzed using the match-ART-2a technique with the mass spectral
source signature library. As was previously mentioned, a VF of 0.85 was used for the
library matching process. For this particular analysis, the submicron (200 — 1000 nm)
and supermicron (1000 — 3000 nm) particles were analyzed separately in order to
illustrate the chemical differences that typicaly distinguish the two modes. The
submicron mode particles are typically due to combustion sources and/or agglomeration
and condensation processes, while the supermicron mode aerosols are typicaly
represented by mechanically driven processes. Figure 22 shows the tempora series of
the submicron (Figure 2A) and supermicron (Figure 22B) apportioned particles along
with their respective total ATOFMS particle counts (white trace). It is apparent by
looking at Figure 22 that there is a large number of particles that are not apportioned to
any sources (i.e. unclassified) by this matching process at VF = 0.85. The reason for this
is because the data collected for this study has many spectra with low signal to noise and
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a large fraction (~15% in the submicron and over 35% in the supermicron) of spectra
with miscalibrated peaks (140). These noisy and miscalibrated spectra typically do not
match to the source library spectra, especialy at a high VF of 0.85, as their ion peaks
simply do not match. For this reason, matching was also carried out at a lower VF and
with a different technique using only the positive ions for the unclassified particles to see
how these parameters affect the matching process.

As shown in Figure 22A, biomass burning contributes to the maority (~33%) of
ambient submicron particles. This result agrees with findings in Dall’ Osto et al., 2006;
however, the particles attributed to biomass by library source matching were more
generically labeled as secondary carbon by Dall’Osto et al. Despite being labeled as
secondary carbon by Dall’Osto et al., inspection of these particles revealed that they
contain alarge peak due to potassium and exhibit very strong similarities to the biomass
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Figure 22: Temporal series of the mass spectral source library matching results for
Athens, Greece ambient A) submicron particles; and B) supermicron particles.

signatures (matching with dot products > 0.9). The summer of 2003 produced record
temperatures and an intense wildfire season throughout Europe. These wildfires have a
major impact on the air quality over the Mediterranean area (142), and explain why
biomass aerosols appears as a consistent background during this study. Since these
biomass particles have been transported to the Athens site, it is likely that much of the
carbon they contain is due to the uptake of secondary organic carbon. Elemental carbon
particles (EC Pos Only) make up the next largest fraction (14%) of particles for the
submicron mode. This particle type has been shown before to correlate with vanadium
particles in a coastal environment, and may be indicative of ship emissions (128,143).



1525
1526
1527
1528
1529
1530
1531
1532
1533
1534
1535
1536
1537
1538
1539
1540
1541
1542
1543
1544
1545
1546
1547
1548
1549
1550
1551
1552
1553
1554
1555

The other major contributors to the submicron particles are dust, HDDV, and LDV at 7%,
9%, and 4% respectively. There are also more minor contributions from sea sat, aged
OC, vanadium, amines, and industrial emissions. It isinteresting to note that there is no
strong diurnal variation for any of the source fractions, nor with the total ATOFMS
submicron counts. This may be another indication of a fairly constant regionad
background as described for the biomass particles.

As can be seen in Figure 22B for the supermicron mode, the majority of the
classified particles are from dust (21%) and sea salt (11%). Both local and transported
dust have been shown to be a major fraction to the particulate matter in Athens in prior
studies (144-146), as well as by Dal’ Osto et a. for this study (140). This is a good
indication that the matching results for the classified particles are accurate. The particles
apportioned to sea salt do show some temporal variations, which may a function of local
winds. Since much of Greece is surrounded by the Mediterranean Sea, and the closest
coastline to the sampling site is 6.5 km, it seems very reasonable that there be a
contribution from sea salt to the supermicron mode. As shown in Figure 22B, almost
60% of the supermicron particles were not classified by the library matching technique
though. As stated earlier, this is because over 35% of the supermicron spectra have
miscalibrated ion peaks for this study. Also contributing to the supermicron mode are
particles from biomass burning, industrial emissions, diesel emissions, and some aged
OC and amines. The matching percentages for each source are summarized in Figure 28.

Figure 23 shows the size resolved source apportionment of the ATOFM S detected
ambient particles for Athens, Greece. As can be seen in this figure, biomass particles
represent the major fraction of the submicron particles, but only down to 250 nm. To
note, the biomass particles are not 100% pure biomass particles since they have
transported to the Athens site and contain secondary species (organics, nitrate, and
sulfate) on them. The influence from both HDDV and LDV emissions can be seen
throughout the full size range of the submicron particles, but below 250 nm the influence
from diesel emissions is detected as the major particle type. Asdescribed by Dall’ Osto et
a., the sampling site was located aongside a road with moderate traffic, with more
trafficked roads in relatively close proximity to the site. These findings agree with other
roadside studies, even with high LDV to HDDV traffic ratios, that the smaller particles



1556
1557
1558
1559

1560
1561

1562

Matching VF = 0.85 Matching VF = 0.85** Matching VF = 0.75
Sub% Super % Sub % Super % Sub% Super %
Industrial 0.29 0.54 0.72 1.37 0.48 1.23

Particle Source

Sea Salt 1.78 10.45 277 19.30 2.66 19.36
Dust 7.18 21.09 11.95 38.64 11.62 41.81
Biomass 32.56 5.11 34.41 6.30 36.57 7.06
LDV 4.30 0.12 5.02 0.18 8.33 0.28
HDDV 8.90 1.42 8.90 1.42 10.37 4.27
Meat Cooking 0.01 0.00 0.01 0.00 0.01 0.00
EC (Positive only) 14.03 0.35 14.03 0.35 13.44 0.37
Vanadium Rich 1.82 0.15 2.04 0.26 2.60 0.29
Aged EC 0.07 0.00 0.07 0.00 0.09 0.00
Aged OC 2.34 0.36 2.34 0.36 473 1.02
Amine Containing 0.39 0.07 0.60 0.14 1.36 0.14
PAH Containing 0.62 0.07 0.62 0.07 0.06 0.04
NH4 Containing 0.00 0.00 0.00 0.00 0.00 0.00
Unclassified 25.72 60.26 16.51 31.60 7.69 24.13

Sub = Submicron particles (200-1000nm)
Super = Supermicron particles (1000-3000nm)
** Matching at VF = 0.85 including rematching unclassified particles using positive ion only matching

Figure 23: Percent of Athens, Greece particles matched to the mass spectral source library at
different match-ART-2a Vigilance Factors (VF)

M Industrial Sea Salt = Dust = Biomass m LDV = HDDV mm Meat Cooking mm EC Pos Only
I Vanadium Rich B Aged EC Aged OC m Amine [ PAH NH, Rich Unclassified
(White trace = Total ATOFMS hit particle counts)
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Figure 24: Size resolved source apportionment of the ATOFMS detected ambient particles for
Athens, Greece.
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will be dominated by vehicle traffic of which diesel emission can be the largest
contributor (117,127,147-149). The EC positive ion only type as well as vanadium
particles are shown to peak between 300 and 1000 nm, just as in a previous coastal
ATOFMS study (128). As was discussed in Chapters 4 and 5, these two classes
combined in this size range may be due to ship emissions, however their temporal R?
correlation for Athens is 0.5, which may indicate separate sources for this site. The
anaysis of a current ATOFMS study is underway to determine if these signatures are
ship emissions (143). Asdiscussed for Figure 22B, it can be seen that both dust and sea
salt make up the majority of the classified particlesin Figure 23.

b. Source Signature Matching for Athens, Greece

While the ATOFMS mass spectral library contains many spectra for each source,
it is interesting to examine the top spectra to which the particles are matched for each
study. Figure 24 shows the top library spectra that the ambient Athens particles matched
to for each specific source, while Figure 24 shows the top non-source specific source
spectrathat were matched. The particle types are listed in order (asin Figures 22 and 23)
across Figures 24 and 25.

Despite not being one of the major particle types in the Athens ambient aerosol, it
IS interesting to note that the particles which match to the industrial spectrum (Figure 24)
are matching to a library cluster that was produced from the Mexico City dataset. This
industrial particle type is characterized by the large ion signals due to sodium and
potassium, as well as the presence of aluminum, iron, zinc, and lead, as described in the
literature (141). Such particles, described by Moffet et al., are consistent with those
associated with high temperature combustion sources such as waste incinerators
(141,150). Particles containing these metals have aso been detected in prior Athens
aerosol characterization studies (151-155).

The top sea sdlt, dust, biomass, LDV, and HDDV library clusters that were
matched are typical of those seen in other ATOFMS studies (81,105,140,156-159). The
majority of the sea salt and biomass particles detected for this Athens study show signs of
aging due to the uptake and oxidation of NOy species. The biomass particles, as well as
the HDDV and LDV particles, aso show the presence of HSO, (m/z -97) and SOA (m/z
*43). The top dust type for Athens is dominated by the presence of calcium which is
consistent with the findings by Dall’ Osto et al., and others for Athens PM,s (140,144-
145). This dust type has been shown to be transported from the Saharan desert in
previous studies and is commonly detected in the Mediterranean area (145-146,160-161).
The presence of the large nitrate ion peak (m/z -62) is also an indication that this dust
type has been transported and aged.



TO9T
0091

TEp SINAO1V 838819

‘SUBY1Y 10} 82JN0S YyJea J0J saunfeubis 80unos [ea1oads ssew Buiyorew doy ayl Gz ainbiH

6651

Zu

0s1- ooz- 0sz-

0o1-

00z 0s1 001 0%

05T

Relative Relative Relative Relative Relative Relative Relative
Intensity Intensity Intensity Intensity Intensity | Intensity Intensity
Lttty by ty=d1 ety b=ttt by=1 0y b=l 11,1 I |
z2 zd r w3 o2 o =
3 g 2 E = BN g
ps < ] 5 2s a
5 @ a =7
- §_ PHING), @ s = s R
2
‘n 1 a7 1 1 1 1 'I_.
1
"80803 b-80503 '758i03 Y
L
= = -
BN L 5210 L 6210 4 N0, BNO; S 13
b 9THS0 B 3 3 3 < -B0gi()
4 | | | 2 | b 750 ()
-80 21 B N0 21 2 N0, B !
S0, ] i E 4 fi —— 45O .
2CNG A CHO 2 — LEN oM
-82N03 '38(:3 “HCNOD -350) E 350 Lll'l-
45 E S Fmmg NO;
NO, 26 k- -250C o
i -1TOH BB
By 160 —l -160) a y
i -16¢) i—-*—:ﬁgOH
. o e- o e o] o
a-Na* 12 =120+ - X
i T+ =15 - gt F2imr MNa
B L . b 2t gt 5 £ B+
L 43 - w07 =g 27 b— o7 :zrm+ —
=53 o B th
: e *39 L T Tlat fmane i L
- " .+:é3 " 43 o 3 n o 54,668,687+
i aF " SPm5051 S0 a1 2
E B0+ 58 1 - "Cal”
e .55 A, OH 2
4115 24
*128 i o . f
140 -85 Na,OH(H, O}
s 3 : S :
pr—t178 1DSN62N03+ S
p—+101
T —t202
F 205 N
S = 206,207, 208p
(= ot Pt ot ok
. Ly - L - - L - Ln -
= = = = o=




1602
1603

1604
1605
1606
1607
1608
1609
1610
1611
1612
1613
1614
1615
1616
1617

1618

EGCS+

-1 EC Pos only 6
o > e
29
o m = e
[T ; Eer
¥e | No Negative lons an nm_% _m.wa
T 1 T _ -_ = 1 1
-150 -100 -50 0 50 5 100 150
“1V-rich o 5
8.2 2 iR
='m T + g
R 5 o o z w5
o 8 o o & ]
e = = O \ & S
: 5 _4 & S0 L : ;
-150 -100 - -30 100 150
_|Aged " S
© EC 2 B % 3
g81 ¢ & 7| .8
mm ] .M.H\ ¥ m Mm.u 7 [
XE & g Azﬁ 9 oo © ®
- : oo ¥ o =
[ 9 P I Nt PR Al T ,
-150 -100 -50 100 150
7] Aged o m -
1< 8 ¢ o ¢
® s Z _ 8 ¢ o o
ol as =) z & @
E ] g 7 __ 5 R 8 T
NPV T ] I _
-150 -Hcac -50 100 150
] Amine m
@] S o)
BE 8 £ 5 J
.—- h wl . = 1 f* 1
-150 -100 -50 0 100 150
— PAH & g,
— L N
227 r 2|5% g
m P a8 |F T + - o
= @ o O 2 Lo
TE ] g5 T B ma—%\m mm S =
_ B N Abil S T - e e o
-300 -250 -200  -150 -100 -50 0 50 100 150 200 250 300

Figure 26: The top matching non-source specific mass spectral signatures for each type for
Athens, Greece ATOFMS data.

Figure 25 shows the top non-source specific library clusters that were matched to
for the Athens dataset. The EC pos only type (characterized by EC peaks at m/z 12, 24,
36, 48, and 60, and the lack of negative ions) and the vanadium (V-rich) particle types are
very similar to the ones described in Chapter 5 (128). As noted earlier, these particles
may be due to ship exhaust emissions as indicated in Chapter 5, but their low R?
correlation for the Athens data may suggest different sources for this site. Further
analysis is underway to confirm this, as these are relatively general particle types that
could be produced from a number of different sources. The aged EC and aged OC types
both show the presence of nitrate, ammonium, SOA (m/z *43), and sulfate species,
indicating secondary species are prevalent in Athens. The presence of m/z -125
[H(NOs)2], which is aso on the biomass particles, is an indication of a large amount of
nitrate species on these particles.

c. Source apportionment of ambient particlesin Mexico City
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As was done for the Athens data, the ambient particles detected with the ATOFMS used
by Moffet et al. in Mexico City were analyzed using the match-ART-2a technique with
the mass spectral source signature library. For this particular analysis, the submicron
(180 — 1000 nm) and supermicron (1000 — 3000 nm) particles were analyzed separately,
as done by Moffet et al. for direct comparison of the results. Figure 26A and 26B shows
the tempora series of the submicron and supermicron apportioned particles in the same
manner as in Moffet et al. For submicron particles apportioned with the source library
matching method in Figure 26A, it was found that the majority (34%) of the submicron
particles were attributed to biomass burning. It has been noted in the
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Figure 27: Temporal series of the mass spectral source library matching results for Mexico City
ambient A) submicron particles; and B) supermicron particles.
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literature that there were many visible brush and agricultural fires around Mexico City
during this study (141,162). Vehicle emissions and dust make up the next largest
fractions with 11% LDV, 10% HDDV, and 6% dust. Aged OC (5%), aged EC (3%),
vanadium particles (4%), meat cooking (2%), and PAH containing particles (2%) aso
make notable contributions to the submicron matched particles. Upon further evaluation
of the apportionment results, it was found that 44% of the particles apportioned to LDV
are similar (with dot products above 0.85) to the aged OC seeds as well. As studies on
Mexico City particulate matter have indicated that secondary organic species dominate
the particle mass (163-168), this could be an indication that some of the aged OC
particles have been incorrectly apportioned as LDV. However, it has been shown that
LDVs produce a large number of OC particles above 100 nm (157). Therefore, a large
amount of these particles can actually be from primary LDV emissions but have
undergone aging and have become coated with secondary organic species. The biomass
and vehicle particles show diurnal trends which agree with the findings in Moffet et al.,
2007. The particles matched to the meat cooking library signatures generally peak during
the morning and early afternoon hours, which is when local street vendors were observed
to be cooking. Additionally, the particles that matched to the industrial seeds
(representing 2% of the submicron matched particles) have episodal occurrences, which
also agrees with the findings by Moffet et a. (141). Another 2% of the submicron
particles, labeled as “ Salt”, were matched to sea salt clusters in the source library. Since
Mexico City is a considerable distance (about 250 km) from the ocean, the presence of
such particles could be from the dry lake bed of Lake Texcoco (located ~15 km east)
which has regions of salt flats (141,169-172). Due to the fact that these particles are in
the submicron mode, they could aso be from combustion processes originating from
industry or from paper refuse incineration. The submicron salt particles closely resemble
the supermicron salt particles; however, about 55% of the submicron salt particles show
the presence of elemental and organic carbon.

As can be seen in Figure 26B for the supermicron mode, the mgjority of matched
particles are from dust (34%), salt (15%), and biomass (11%) particles. The salt particles
show a diurnal pattern, and spike during time periods when the winds are coming from
the east and north-east (141). As mentioned for the submicron salt, with the Texcoco dry
lake bed being located east/northeast of the sampling site, it makes it the likely candidate
for the source of these salt particles. The particles matched to the industria library seeds
occur in early morning episodes, at the same times as in the submicron mode, and make
up 5% of the particles in the supermicron mode. The matching percentages for each
source are summarized in Figure 28.

It is also apparent from Figure 26 that the amount of unclassified particles for the
Mexico City ATOFMS data (submicron = 16% & supermicron = 25%) is much less than
that for the Athens dataset. This is primarily because there are fewer miscalibrated
spectra for the Mexico City dataset. As with the Athens dataset though, there is a larger
fraction of miscalibrated spectra in for the supermicron particles (~10%) than in the
submicron particles (~3%) in the Mexico City dataset. It is hypothesized that the



Matching VF = 0.85 Matching VF = 0.85** Matching VF = 0.75

Particle S
article Source Sub% Super % Sub% Super % Sub % Super %

Industrial 2.19 4.56 242 4.82 3.23 5.53

Salt 1.99 15.19 2.52 18.16 2.38 17.04
Dust 6.26 34.01 7.63 39.32 7.76 40.20
Biomass 34.07 10.99 35.59 12.02 36.48 12.68
LDV 11.19 0.96 11.71 1.03 14.79 1.65

HDDV 9.84 1.43 9.81 1.42 10.55 2.41

Meat Cooking 1.77 217 1.77 2.16 1.74 2.15

EC (Positive only) 2.19 0.21 219 0.21 2.26 0.22
Vanadium Rich 4.03 0.69 4.40 0.95 5.00 0.95
Aged EC 2.78 0.30 277 0.30 2.84 0.35
Aged OC 5.32 1.00 5.32 1.00 6.25 2.29
Amine Containing 0.37 0.17 0.74 0.42 0.85 0.28
PAH Containing 217 3.06 1.57 273 1.35 2.43
NH4 Containing 0.00 0.03 0.00 0.03 0.00 0.10
Unclassified 15.83 25.23 11.56 15.44 4.51 11.72

Sub = Submicron particles (180-1000nm)
Super = Supermicron particles (1000-3000nm)
** Matching at VF = 0.85 including rematching unclassified particles using positive ion only matching

1675

1676  Figure 28: Percent of Mexico City particles matched to the mass spectral source library at
1677  different match-ART-2a Vigilance Factors (VF).
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1679  Figure 29: Size resolved source apportionment of the ATOFM S detected ambient particles for
1680 Mexico City.
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extremely large ion signals (which often exceed acquisition board scale) produced from
inorganic particle species, such as dust and salt, detected in the supermicron mode may
be the reason for these miscalibrated spectra. Further experiments are needed to confirm
this hypothesis though. The unmatched particles that are not miscalibrated are either
from sources not in the current mass spectral library, or are particle types that are far
more aged than their equivalent typesin the library.

Figure 27 shows the size resolved source apportionment of the ATOFM S detected
ambient particles for Mexico City. Similar to what was seen for Athens, Greece; biomass
particles represent the major fraction of the submicron particles down to 250 nm. As
with Athens, the influence from both HDDV and LDV emissions can be seen throughout
the submicron particles, and below 250 nm the influence from diesel emissions is
detected as the major particle type. A major difference between the aerosol for the two
locations is the near absence of the EC positive ion only type in Mexico City. Thereisa
small amount detected (about 2%) in Mexico City, but, as will be shown below, the
spectra for this type is different from the EC particles detected in Athens. Likewise, the
top vanadium type detected in Mexico City is different than the one seen in Athens, and
does not resemble the vanadium particles thought to be from ship emissions (128,143).
When comparing Figure 27 to Figure 23, it can be seen that the presence of aged OC,
aged EC, meat cooking, and PAH-containing particles are more prevaent at the Mexico
City site than at the Athens, Greece site.

d. Source Signature Matching for Mexico City

The top source library spectra that the ambient Mexico City particles matched to

for each specific source are shown in Figure 28, while Figure 30 shows the top non-
source specific source spectra that were matched. Since the source signatures for
industrial particles were generated from the Mexico City dataset, it is of no surprise that
the top industrial type matched is the same as the top industrial type described by Moffet
et a., 2007. As mentioned before, this industria particle type is characterized by the
large ion signals due to sodium and potassium, as well as the presence of aluminum, iron,
and lead, and is consistent with particles associated with high temperature combustion
sources such as waste incinerators (141,150).
The top salt type, which matched to sea salt signatures, is also described by Moffet et al.
asaNaK class. As previously mentioned, these particles likely come from the Texcoco
dry lake bed which has salt flat regions. This wind suspended salt (or dust) is very
similar to aged sea sdlt in that it has ion peaks for sodium-water clusters, as well as
sodium nitrate and sodium sulfate (as shown in Figure 28). The top dust type matched in
Mexico City, while containing sodium and potassium, is different from the salt type. The
dust containsion markers for Al*, Li*, silicates and phosphate, and does not have sodium
nitrate or sodium sulfate asin the salt type.

The top biomass type matched in Mexico City is very similar to that matched for
the Athens dataset except that the Mexico City biomass type is more aged, as it has larger
ion peaks for NO3 (m/z -62) and H(NOs), (m/z -125). As described by Moffet et dl., the
majority of the secondary species found on the particles in Mexico City is from NO,
SOA and ammonium. The LDV top matched typeis the same library signature that was
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Figure 31: The top matching non-source specific mass spectral signatures for each type for
Mexico City ATOFMS data.

the top type for the Athens dataset, however the top HDDV matched type is very
different from the Athens type and shows aging ion peaks due to the uptake of NOy
gpecies. This is expected as Mexico City is more polluted than Athens, and has more
sources (vehicles and industry) that release gas phase NOx (which is the precursor for
particle phase nitrate). This HDDV signature is one that was generated from dlightly
aged particles detected at a freeway-side study (127). While the Mexico City sampling
site was located in an industrial area, it has been reported that there was considerable
traffic both from gasoline and diesel vehicles in the area around the sampling site (141).
The top meat cooking matched type detected in Mexico City exhibits the presence of
oleic acid (m/z -255), which is often used as a tracer for meat cooking emissions (173-
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174). As mentioned in Moffet et al., 2007, a busy roadway near the sampling site had
street vendors who were often cooking meat during the morning through the afternoon.

Figure 30 shows the top non-source specific library clusters that were matched to
for the Mexico City dataset. Aswas mentioned in the discussion for the Athens data, the
EC pos only and vanadium-containing particles matched in Mexico are different than
those matched in Athens. These types are hypothesized to come from ship emissionsin
Athens, Greece, however, they are more likely from other sources in Mexico City since
Mexico City is a considerable distance from the ocean. While EC is commonly emitted
form a variety of combustion sources, vanadium is often used as a heavy oil marker
which can aso come from a variety of sources, including vehicle emissions (157,175),
industrial emissions (176-177), and from oil fired power plants (178-179). The EC
positive ion only type is different than the one detected in Athensin that the ion intensity
for m/z *36 is much greater than that of m/z *12, and the ion peaks for m/z 48 & *60 are
also more intense in Mexico City. These characteristics of the EC positive ion type are
similar to those seen for diesel emissions and LDV's that emit large amounts of smoke
from their tailpipe (105,127,157). While this could also be an artifact due to “hot spots”
and shot-to-shot variability in the LDI laser used for the ATOFMS (124), that is likely
not the case due. If the types between the two studies were due to the LDI process, there
would be a more random generation of EC pos only types in both studies, and not the
majorities seen for each. This is more of an indication of different particle sources (or
atmospheric processes) with both locations having the mgjority of the EC pos only
particles being different. Additionally, the vanadium type for Mexico City, shown in
Figure 30, is very noticeably different than the type shown for Athens in that the
vanadium in Mexico City has large peaks dueto EC in the positive ions.

The top matched vanadium, aged EC, aged OC, and PAH-containing signatures
matched in Mexico City show larger peaks for NOy species in the negative ions than for
Athens. This is likely due to the vastly larger amount of gas-phase and particulate
pollution that is in Mexico City than in Athens. The presence of the NH4 rich particle
type in Mexico City (shown in Figure 30) is aso a strong indication of the amount of
secondary species in the atmosphere there.  While this type only accounted for 0.03%
(29,381 of the 979,357 detected supermicron particles) of the matched particles in
Mexico City, this type was not detected at all for the Athens dataset. This could be an
indication that there is either less ammonium containing particles present in the
atmosphere in Athens compared to Mexico City, or more of the ammonium isin the form
of pure ammonium sulfate, or nitrate, in Athens which (in its pure form) is not ionized
and detected by the mass spectrometer of the ATOFMS. This is typically a simple
particle type to check for as it will appear in the ATOFMS data as a lot of scattered
particles that do not produce a mass spectrum. This has been referred to as a “missing
type’ in previous ATOFMS studies (180). Unfortunately, the data for scattered particles
without mass spectra (or, missed particles) is not available for the Athens dataset to check
for thistype.

e. Futureimplementations

A major goal of the source library matching approach is to be able to perform on-
the-fly (or real-time) apportionment when running the ATOFMS instrument.
Experimental modifications to the ATOFMS software have been made to include the
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particle source library along with a variation of the match-ART-2a algorithm in order to
instantly compare the spectra of each particle to the source library as they are detected
with the instrument. The results are then displayed in real time along with the other on-
screen displays for the instrument. This kind of application of the source library can be
particularly useful for mobile experiments or chase studies where the sampling specific
sources are desired. Since the analysis would be taking place in real-time, the sampling
location could be adjusted accordingly by the user to detect the desired source (or
Sources).

The results shown in this paper indicate that the source library matching method
is accurate when apportioning ATOFMS detected ambient particles. Additionally, the
method is much faster in its analysis than the traditional hand classification of ART-2a
results. It can take weeksto monthsto classify an ATOFMS dataset of amillion particles
using the traditional ART-2a clustering followed by hand grouping and classification,
where the match-ART-2a technique with the source signature library can classify the
majority of the particles in same dataset in about 6 hours (using a 3-GHz Pentium
processor computer with 4-Gb of RAM). While the current source library only contains
seeds for seven specific sources (LDV, HDDV, biomass burning, dust, sea salt, industrial
emissions, and meat cooking), these are seven of the largest contributors to ambient
PMys in urban areas (112,131-139,176). As more ATOFMS source characterization
studies are conducted, new source signatures can be added to the source library to
increase its diversity and ability to distinguish individual sources of ambient aerosols. As
particles become increasingly aged or agglomerated, identifying their original primary
source becomes more difficult. In this case, the particles will be classified as secondary
(or aged) particles since their signatures are now dominated by secondary species. As
many recent studies have shown that SOA can make up 75 — 90 % of the submicron OC
particles (166,181-185), it is important to be able to distinguish between primary and
secondary particles. This is why the more general (non-source specific) seeds (EC pos
only, aged OC, aged EC, amines, PAH’s, vanadium containing, and NH, containing) are
included in the library. Future ATOFMS studies where the particles from specific
sources are put under controlled aging environments, such as in smog chamber or flow
tube experiments, will help resolve the origin of these types of particles and help reduce
the amount of unclassified particles when using the source library matching method. In
addition, such experiments could yield the signatures for the aged version of the source
particles and could allow for the determination of how much secondary species are on the
primary particles.
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