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ABSTRACT 
 In the past, the majority of research aimed at understanding the composition and 
sources contributing to PM2.5 concentrations in California has been focused on major 
field campaigns that have been concentrated over relatively short periods of time (weeks 
to months). While these studies have contributed a great deal to our understanding of 
aerosol particles, they have focused primarily on one region during one season. This 
report will detail the significant progress that has been made towards understanding how 
aerosol sources and chemistry vary temporally and spatially within California, 
information that is critical to assessing the health impacts of air pollution on individuals 
living in various regions of the state. The development of a trailer housing many air 
pollution instruments as a mobile platform for sampling has been a key enabling step in 
this research that has allowed for rapid deployment and the ability to sample in multiple 
locations over short periods of time. This increased flexibility has allowed us to obtain 
detailed information regarding the variations of aerosol properties both seasonally and 
spatially. The variations in particle concentrations and chemistry over very short time 
periods have allowed us to investigate changes in plumes from both roadways and ship 
traffic. In addition to changes in particles over different intervals of time, studies were 
conducted to investigate the changes in aerosol particle properties within a city scale 
range over the period of one air mass (3 days) and one day. Observations were also made 
of particle transport within California both locally (city-scale) and regionally (city-to-
city). The second focus of this project has been to provide more detailed mass 
concentrations from aerosol time-of-flight mass spectrometry (ATOFMS) data, which has 
been achieved through scaling with respect to standard mass based measurements such as 
the MOUDI and TEOM. Advances have also been made in our ability to apportion 
individual particles to different sources building on a library of source signatures that has 
been developed through work with CARB over the last decade. Specifically, measuring 
changes in particle properties as they age and take up secondary material and the impact 
on the original source signatures has been investigated through the use of a 
thermodenuder, which has led to improved source apportionment capabilities of aerosols 
in highly aged environments.  
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EXECUTIVE SUMMARY 
 

Background 
 Many studies have detailed the human health and environmental impacts of 
atmospheric aerosols since the middle of the 20th century. The majority of studies that 
have investigated particulate matter in the California atmosphere have been over 
relatively short time periods with a strong regional focus. These studies have provided a 
much greater understanding of aerosol particle physical properties and composition; 
however the majority of these studies have focused on bulk measurements that limit their 
ability to perform source apportionment. Bulk measurements are also challenged by 
positive and negative sampling artifacts and poor time resolution. In order to complement 
traditional sampling methods while overcoming some of the issues associated with off-
line sampling, a number of techniques are being developed and used for real-time PM 
composition analysis. Single Particle Mass Spectrometry (SPMS) offers complementary 
information to bulk sampling by determining the actual chemical associations or mixing 
state of individual particles. SPMS techniques measure the size and chemical 
composition of individual particles and offer an alternative approach for performing 
source apportionment of ambient PM. Aerosol time-of-flight mass spectrometry or 
ATOFMS is the specific SPMS instrument used throughout this project.  The strength of 
ATOFMS lies in its ability to provide information on the number fractions of particles 
with a specific chemical signature and how these vary with aerodynamic size. Unique 
associations within individual particles can be measured between organic carbon, 
elemental carbon, amines, nitrate, sulfate, ammonium, and metals. A major goal of 
ambient studies performed using ATOFMS involves linking specific single particle 
chemical signatures with specific emission sources, as well as developing a more 
quantitative picture of the fraction of secondary species associated with aerosols in 
polluted air under a variety of conditions and locations. In an effort to understand the 
relative contributions from different sources in California, we have begun using 
ATOFMS to perform extensive source characterization studies, characterizing the 
emissions from heavy duty diesel trucks and gasoline passenger cars, wildfires, wood 
smoke from fireplaces, meat cooking, and ships in an effort to determine differences in 
single particle mass spectral fingerprints from these sources. The ultimate goal is to 
develop single particle mass spectral signature libraries for major PM sources that can be 
compared to ambient particle spectra to assign sources and assess the rate and degree of 
aging that occurs on ambient PM over time and space.  

Methods 
A wide range of gas and particle phase instruments were used in this study.  

Measurements of particle size distributions, PM2.5 mass concentration, gas phase, black 
carbon concentrations, and single particle mass spectrometry were used in this project.  
The key unique instrument used for these studies was an aerosol time-of-flight mass 
spectrometer (ATOFMS), which analyzes individual particle size and composition in real 
time. Data from the ATOFMS was analyzed and incorporated into a mass spectral source 
library developed as a part of this project. The other gas and particle phase 
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instrumentation operated in the mobile trailer system included SO2, NOx, O3, CO, 
scanning mobility particle sizer (SMPS), aerodynamic particle sizer (APS), condensation 
particle counter (CPC), cloud condensation nuclei counter (CCN), aethalometer, and 
TEOM. A trailer was modified and combined with low particle emission generators to 
provide flexibility with respect to sampling location and duration with the suite of 
instrumentation listed above.  

Results and Conclusions 
 This project was highly productive and accomplished a wide range of objectives 
including: high time resolution sampling, high spatial resolution sampling, seasonal and 
interannual comparisons, scaling and mass comparisons, changes in size-resolved particle 
composition linked with meteorological measurements and air mass back trajectories, and 
the development of source apportionment algorithms. High time resolution sampling led 
to the observation of ambient ultrafine aerosols by single particle techniques from both 
vehicle exhaust and photochemical events. It also allowed for the observation of 
individual ship plumes (~ 10-15 min in duration) and dramatic shifts in chemistry within 
them. Measurements looking at the spatial variability of aerosols were conducted in 
Riverside by comparing ATOFMS measurements at a stationary site with those made in 
the mobile laboratory during a Santa Ana period. Spatial analysis was also performed 
during a series of measurements made around San Diego Bay on days with different 
meteorological and aerosol characteristics. Seasonal variations were observed between 
SOAR I and SOAR II and led to analysis of diurnal variations (SOAR I) and episodic 
variations (SOAR II). Seasonal variations were also analyzed with respect to particle 
phase amines, as well as the ultrafine aerosols mentioned above. Interannual comparisons 
were also made for measurements made in Riverside during 2005, 2006, and 2007. Mass 
comparisons were made with TEOM, MOUDI, and BAM measurements allowing for the 
scaling of ATOFMS by APS data to quantitative mass concentrations. In depth analysis 
of the variation in APS scaling functions over numerous studies was investigated to 
refine the method. The link between meteorology measurements and air mass back 
trajectories were shown within the LA Basin with respect to trace metals. This link was 
also demonstrated regionally by showing the impact of the LA Port Region on San Diego 
air quality and its potential to significant contribute to particle mass concentrations. 
Lastly, with respect to the development of source apportionment algorithms, mass 
spectral source signatures were used to apportion exhaust particles from gasoline and 
diesel powered vehicles in a freeway study. Source apportionment of PM2.5 was also 
performed at that site for all particles, including non-vehicle sources. The source library 
that was developed was then used to characterize PM2.5 in Athens, Greece and Mexico 
City, showing the broad applicability of the source library method. The library was also 
updated to include aging effects on source apportionment and to evaluate the aged 
Riverside environment.  
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Body of Report 
 

I. Introduction 

1. Research Objectives and Studies Conducted 
 This project focused on using gas and particle phase instrumentation to analyze 
temporal and spatial variations as well as perform source apportionment of ambient 
aerosols in multiple regions of California. The project was divided into two phases and 
the major goals of Phase I were developing a mobile laboratory, acquiring and testing 
generators, conducting one field study in summer 2005, and performing source 
apportionment on previous ATOFMS source testing. The goals of Phase 2 (year 1) 
included combining the generators and mobile laboratory to allow for autonomous 
camping, sampling during multiple seasons in multiple regions, and analyzing the data. 
Phase 2 (year 2) included additional sampling periods, analyzing all collected data, 
expanding data analysis techniques, and preparing a final report.  
 The sampling periods that were conducted as a part of this study are shown in 
table 1. The major studies were the Study of Organic Aerosols in Riverside (SOAR) I, 
SOAR II, SOAR III, SD Mobile Study, Pier Study, Los Angeles Basin Mobile Study 
(LABMS) I, LABMS II. The goals of the SOARs were to characterize the size and 
chemical composition of individual particles, provide quantitative information on 
different chemical compositions, study how aging processes affect fresh emission 
signatures determine the fraction of aged aerosol versus fresh aerosol, compare with other 
organic aerosol techniques including the AMS (Jimenez), thermal desorption MS 
(Ziemann), EC/OC measurements (Schauer), and SVOC measurements (Eatough), and 
identify the sources of Riverside aerosols and determine the fraction of fresh versus aged 
aerosols. The SD Mobile Study was the initial testing of the mobile laboratory powered 
by the generators, with the main goal being to determine and refine the mobile 
laboratory’s capabilities. The Pier Study at Scripps Pier in La Jolla was partially funded 
as a collaboration with Prof. Mark Thiemens (1st 2 weeks), but was continued as part of 
this project to provide longer term sampling (last 5 weeks). The LABMS studies 
consisted of sampling in Long Beach and Riverside, with mobile sampling (1-2 sites per 
day) during LABMS II in the eastern half of the LA basin.  
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Table 1: A list of the studies conducted as a part of this project.  

   

2. Instrumentation 
The principal sampling technique for ambient particles used throughout this report 

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 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:YAG 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 ellipsoidal 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 via an external size calibration 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 a pulsed 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 spectra for an individual 
particle, which is unique as most SPMS techniques can only obtain spectra of single 
polarity at a given time. The standard ATOFMS instrument can analyze single particles 
with aerodynamic diameters over a broad size range from approximately 200 to 3000 nm. 
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Figure 1: Instrument schematic diagrams of the (a) ATOFMS and (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 a focusing 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. 

 
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 laboratory 
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 individual spectra – far too many to analyze by hand.  For 
efficient analysis of such a volume 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, 
such as fuzzy c-means clustering, k-means clustering, hierarchical clustering, and 
artificial neural networks (5-9).  The two main data analysis methods used in this report 
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 
several years.  In a benchmark test against other clustering methods, ART-2a has been 
shown to yield comparable results (8).  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 algorithm have been provided 
elsewhere (10-12), 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 all of the ion peak patterns and intensities in 
the positive and negative spectra to form an n-dimensional 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 0 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 final step is repeated 
for a number of set iterations (usually 20).  
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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-2a is 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 is that if no dot product 
value exceeds the VF, the particle is placed into an “unmatched” category, rather than 
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 individual ambient particles to 
specific sources using a source signature library.  The recently developed source 
signature library is described in detail elsewhere (13), 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. 

4. Summary of Chapters 

i. Introduction 
 Chapter 0 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 is included.  

ii. Time and Size Resolved Chemical Composition Measurements Detailing 
Short Term Changes in Composition 
 Chapter 1 discusses the significant and largely unregulated presence of ultrafine 
particles in the atmosphere.  Understanding the formation and sources of ambient 
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ultrafine particles represents a major goal, but analyzing such small particles is a 
considerable analytical challenge. This study demonstrates how real-time measurements 
of particle size and chemistry, coupled with gas-phase measurements, can provide unique 
insight into the daily and seasonal variations of the sources and chemistry of ultrafine 
particles.  Measurements of ambient ultrafine particles are compared from three different 
single particle techniques which provide high temporal resolution during the 2005 
summer (August) and fall (November) seasons in Riverside, CA in conjunction with the 
Study of Organic Aerosols at Riverside (SOAR) field campaign.  During both seasons, 
vehicle exhaust emissions strongly contributed to the ultrafine particle concentrations 
during the weekday morning rush hour periods.  SMPS measurements during the summer 
season showed high ultrafine particle concentrations during the afternoons most likely 
formed by photochemical events.  In this study, different sources (and hence chemistry) 
contributed to the particles during periods of high ultrafine particle concentrations.  
Therefore, it is important to obtain simultaneous information on ultrafine particle sources 
as well as concentrations and advance beyond relying just on ultrafine particle 
concentrations as a proxy in future studies on health effects. 
 Chapter 2 investigates ship emissions, as they contribute significantly to gaseous 
and particulate pollution worldwide. To understand the impacts of ship emissions on 
human health and climate, the chemistry of the emitted particles must be well 
characterized. Therefore, the size-resolved chemistry distributions of individual particles 
in ship emissions were measured at the Port of Los Angeles using real-time, single-
particle mass spectrometry. Ship plumes were identified through a combination of ship 
position information and measurements of gases and aerosol particles at a site 500 meters 
from the center of the main shipping channel of the Port of Los Angeles. Particles 
containing organic carbon, vanadium, and sulfate (OC-V-sulfate) resulted from residual 
fuel combustion (i.e. bunker fuel), whereas high quantities of fresh soot particles (when 
OC-V-sulfate particles were not present) represented distinct markers of plumes from 
distillate fuel combustion (i.e. diesel fuel) from ships as well as trucks in the port area. 
OC-V-sulfate particles from residual fuel combustion had significantly higher levels of 
sulfate and sulfuric acid than plume particles containing no vanadium.  We hypothesize 
that these associations are due to the vanadium (or other metals such as iron or 
manganese) in the fuel catalyzing the oxidation of SO2 to produce sulfate and sulfuric 
acid on these particles. This has been show previously in laboratory studies to occur at 
ambient temperatures (> 25 °C) in the presence of H2O and NO2 (both present in ship 
plumes), but these results using single particle mixing state mark the first direct 
observation of this process under freshly emitted ambient conditions. Enhanced sulfate 
production on V-containing ship emission particles may lead to the measured levels of 
sulfate in California, which are currently higher than expected based on emissions 
inventories. Understanding the overall impact of ships emissions is critical for controlling 
regional air quality in coastal regions of the world.  

iii. Spatial Variability of Particulate Matter and Sources 
 Chapter 3 describes how understanding the spatial and temporal variability of 
particle concentrations and chemistry within the urban aerosol is critical to determining 
exposure levels and the impact on human health. However, it is difficult to accurately 
determine this variation by measurements or modeling over small distances with high 
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time resolution, such as a neighborhood scale of a few kilometers over a few hours. This 
challenge often leads to simplifications in how models treat the urban aerosol that are not 
always indicative of ambient conditions. To gain a better understanding of how particle 
size and chemistry changes on a neighborhood scale within the urban aerosol, the mobile 
aerosol time-of-flight mass spectrometry (ATOFMS) laboratory was deployed to 3-5 sites 
over a roughly 10 km2 area on two days (3 sites on February 12, 2009 and 5 sites on 
March 13, 2009). ATOFMS measurements of size-resolved single-particle chemical 
composition (0.2 – 3.0 μm) in conjunction with aerosol mass concentration below 2.5 
micrometers (PM2.5) and size-resolved number concentration measurements provided a 
detailed characterization of the urban aerosol with high time resolution. Particle 
concentrations and chemistry were found to differ significantly on these two days, which 
were characterized by similar meteorological conditions and gas phase concentrations 
(SO2, NOx, and O3). Clean conditions following rain, observed on the first day of 
sampling were characterized by low mass and number concentrations with similar 
chemistry observed across all sites, suggesting decreased influence of local sources. 
However, during sampling on the second day under more polluted conditions, substantial 
variation in particle mass, number, and chemistry particularly in the accumulation mode 
(0.2-1.0 μm), were observed at the various sites around the bay. For the high PM2.5 
concentration day, decreases in the mass fraction of organic carbon particles and 
decreases in nitrate on background particle types during the day followed a diurnal 
pattern. Thus, while minor particle variations were observed spatially on this second day, 
temporal trends played a greater role in controlling variation in particle concentration and 
chemistry. These results indicate that strengthening the link between particles and human 
health requires a more detailed understanding of temporal variations of single particle 
mixing state within the urban aerosol that PM2.5 mass concentrations alone cannot 
provide. 

iv. Seasonal and Interannual Variability in Particulate Matter Size and 
Composition 
 Chapter 4 details aerosol time-of-flight mass spectrometry (ATOFMS) 
measurements that were conducted during the Study of Organic Aerosols in Riverside, 
California (SOAR) field campaign in the summer and fall of 2005.  Time and size-
resolved number fractions of the major particle types are presented for the size range of 
0.2–2.5 µm.  In general, carbonaceous particles which were mixed with nitrate, sulfate 
and ammonium dominated (>75%) the aerosols below 1.0 µm, and aged sea salt, dust and 
aged carbonaceous particles were the major particle types above 1.0 µm, except during 
the fall Santa Ana periods when dust and biomass particles were prevalent over the whole 
size range.  Most of the major particle types during the summer displayed strong diurnal 
variations, with high carbonaceous number fractions appearing from night until the 
morning and aged sea salt, dust, biomass, and OC-vanadium particles peaking in the 
afternoon.  In contrast, fall measurements showed distinct episodic events dominated by 
different particle types.  The majority of the ambient particles contained secondary nitrate 
and sulfate with higher amounts of particle phase sulfate in the summer and nitrate in the 
fall.  In both seasons, the beta attenuation monitor measurements displayed similar 
temporal trends when compared to the ATOFMS total carbonaceous fractions, indicating 
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that carbonaceous particles mixed with sulfate, nitrate, and ammonium were the major 
component of the PM2.5 mass concentrations. 

 Chapter 5 describes how, during the summer and fall of 2005 in Riverside, 
California, the seasonal volatility behavior of submicrometer aerosol particles was 
investigated by coupling an automated thermodenuder system to an online single-particle 
mass spectrometer. A strong seasonal dependence was observed for the gas/particle 
partitioning of alkylamines within individual ambient submicrometer aged organic 
carbon particles internally mixed with ammonium, nitrate, and sulfate. In the summer, the 
amines were strongly correlated with nitrate and sulfate, suggesting the presence of 
aminium nitrate and sulfate salts which were nonvolatile and comprised ~6-9% of the 
average particle mass at 230 °C. In the fall, 86 ± 1% of the amines volatilized below 113 
°C with aminium nitrate and sulfate salts representing less than 1% of the particle mass at 
230 °C. In the summer, a more acidic particle core led to protonation of the amines and 
subsequent formation of aminium sulfate and nitrate salts; whereas, in the fall, the 
particles contained more ammonium and thus were less acidic, causing fewer aminium 
salts to form. Therefore, the acidity of individual particles can greatly affect gas/particle 
partitioning of organic species in the atmosphere, and the concentrations of amines, as 
strong bases, should be included in estimations of aerosol pH. 
 Chapter 6 discussses how to date most single-particle mixing state studies have 
focused on individual intensive field studies to draw conclusions about health-related 
impacts of aerosols. Health and pollution models develop parameters based on these 
studies and do not incorporate how particle characteristics can change on a yearly basis.  
Inter-annual variability of ambient particle characteristics was observed using single-
particle mass spectrometry during three consecutive summer studies in Riverside, CA.  
Single-particle mixing states with secondary species and PM2.5 mass concentrations were 
found to vary with meteorology.  These inter-annual variations can be used to optimize 
parameters in health models such that input parameters representing different 
meteorological conditions each year could improve the predicted particle chemistry and 
concentrations and improve pollution regulations.  For instance, 2005 represented a 
consistently diurnal year with an aged organic atmosphere, 2006 was a cool, moist year 
correlating with an amine-rich environment, and 2007 was a Santa Ana year correlating 
to the presence of dust and salts.  Although the particle chemistry was different each year, 
particles containing elemental carbon internally mixed with organic carbon had similar 
temporal trends to PM2.5 mass concentrations, comprising 13-31% of the total number of 
particles. This suggests a large influence of aged anthropogenic particles on particle 
mass; however, this pattern was not constantly observed because of the large presence of 
other types mentioned above.  In the future, these results could be used as a first 
approximation as to what the detailed chemical composition of PM2.5 may be given a set 
of meteorological conditions, which is what many health standards are based on.  Since 
continuous intensive particle measurements are difficult long-term, the chemistry 
indicated by meteorological conditions can be used in models to predict how PM2.5 
changes impact human health.   
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v. Mass Comparisons and Investigations into the Volatile and Semivolatile 
Fraction of Particles 

Chapter 7 shows a comparison of two approaches for converting unscaled 
ATOFMS measurements into quantitative particle mass concentrations using (1) 
reference mass concentrations from a co-located micro-orifice uniform deposit impactor 
(MOUDI) with an accurate estimate of instrument busy time, and (2) reference number 
concentrations from a co-located aerodynamic particle sizer (APS).  Aerodynamic-
diameter-dependent scaling factors are used for both methods to account for particle 
transmission efficiencies through the ATOFMS inlet.  Scaling with APS data retains the 
high-resolution characteristics of the ambient aerosol because the scaling functions are 
specific for each hourly time period and account for a maximum in the ATOFMS 
transmission efficiency curve for larger sized particles.  Scaled mass concentrations 
obtained from both methods are compared with co-located PM2.5 measurements for 
evaluation purposes.  When compared against mass concentrations from a beta 
attenuation monitor (BAM), the MOUDI scaled ATOFMS mass concentrations show 
correlations of 0.79 at Fresno, and 0.91 for the APS scaled results at Angiola.  Applying 
composition dependent density corrections leads to a slope of nearly one with zero 
intercept between the APS scaled absolute mass concentration values and BAM mass 
measurements.  This paper provides details on the methodologies used to convert 
ATOFMS data into continuous, quantitative, and size resolved mass concentrations that 
will ultimately be used to provide a quantitative estimate of the number and mass 
concentrations of particles from different sources.  

Chapter 8 provide greater detail on the challenges of scaling ATOFMS data with 
the aerodynamic particle sizer (APS). Quantitative mass concentrations of different 
particle types can be obtained by scaling the ATOFMS data with aerodynamic particle 
sizer (APS) number concentration measurements.  A question arises as to the stability of 
this procedure in multiple field locations.  In this study, the effect of correcting ATOFMS 
measurements of two studies in Fresno and Angiola with APS scaling functions from 
different reference field studies conducted in other locations was investigated.  Notably, 
the particle type mass fractions obtained within the submicron (0.2 ≤ D a < 1.0 µm) size 
range were almost identical, regardless of the reference APS scaling function used.  More 
differences (0.089% - 15%) were obtained in the supermicron (1.0 ≤ D a ≤ 2.5 µm) mass 
fractions, mainly due to the shift in the minima of scaling curves at higher sizes.  Higher 
mass fractions (~5% more) of aged sea salt particles and lower fractions of carbonaceous 
particles were obtained when scaling supermicron particles of object studies with the 
APS scaling functions from APMEX and NC-CCS-II studies.  No substantial differences 
were observed when scaling the specific studies with either the co-located or reference 
scaling functions.  Therefore, this study demonstrates that an estimate of the submicron 
particle type mass fractions within 10 % and of supermicron particle type mass fractions 
within 19% can be obtained by scaling ATOFMS measurements with APS scaling 
functions from other studies if no co-located APS measurements are available. 



 10 

vi. Changes in the Size-Resolved Particle Composition Linked with 
Meteorological Measurements and Air Mass Back Trajectories to Increase 
Understanding of Sources and Secondary Contributions to Particulate Matter 
 Chapter 9 discusses that trace metal-containing particulate matter (PM) has been 
associated with health effects and environmental contamination despite representing only 
a small mass fraction of ambient PM.  Using aerosol time-of-flight mass spectrometry 
(ATOFMS), individual particles with sizes ranging from 100-2550 nm were examined 
during the 2005 summer and fall seasons in Riverside, California for the following trace 
metals: V, Fe, Ni, Cu, Zn, Sr, Mo, Sn, Sb, Ba, W, and Pb.  The chemical speciation, 
temporal trends, seasonal differences, size distributions, and wind direction dependencies 
are reported for the five trace metals (V, Fe, Zn, Ba, and Pb) that exhibited the highest 
number concentrations.  By combining this information, the potential sources of the trace 
metal-containing particles can be identified, whether they are local or from long-range 
transport.  The metal-containing particles demonstrated different temporal and spatial 
trends in the summer versus the fall; both Ba and Pb particles were found to be more 
abundant during the fall due to their source locations and the wind direction.  Many of the 
particle classes are identified as originating from anthropogenic sources (industrial and 
transport sector) in the Los Angeles Basin. 
 Chapter 10 shows that ship and other emissions near the Los Angeles and Long 
Beach Port region strongly influence air pollution levels in the San Diego area.  During 
time periods with regional transport, atmospheric aerosol measurements in La Jolla, 
California show an increase in 0.5-1 µm sized single particles with unique signatures 
including soot, metals (i.e. vanadium, iron, and nickel), sulfate, and nitrate.  These 
particles are attributed to primary emissions from residual oil sources such as ships and 
refineries, as well as traffic in the port region, and secondary processing during transport. 
During regional transport events, particulate matter concentrations were 2-4 times higher 
than typical average concentrations from local sources, indicating the health, 
environmental, and climate impacts from these emission sources must be taken into 
consideration in the San Diego region.  Unless significant regulations are imposed on 
shipping-related activities, these emission sources will become even more important to 
California air quality as cars and truck emissions undergo further regulations and residual 
oil sources such as shipping continue to expand.  
 Chapter 11 discusses that during the 2007 wildfires in San Diego County over 
2,000 homes and 300,000 acres of land were burned. For the duration of these fires, from 
October 21st through November 1st, 2007, individual particle size and composition along 
with total particle and cloud condensation nuclei (CCN) concentrations were measured in 
real-time at the University of California San Diego (UCSD) main campus and Scripps 
Institution of Oceanography Pier. Aerosol hygroscopicity was estimated from the CCN 
measurements and compared to the simultaneous aerosol chemistry and size distribution 
measurements. Near the beginning of the wildfires CCN concentrations were between 
2,000 -14,000 cm-3 and biomass burning aerosol (BBA) made up more than 80% of the 
total particles <300nm. The BBA produced by the wildfires made a dominant 
contribution to the CCN populations observed. The lower hygroscopicity parameter (κ) 
range observed in this study for the UCSD campus (κ =0.004-0.3) indicates that there 
were non-hygroscopic or insoluble compounds present in the BBA. The biomass 
emissions measured during these wildfires were somewhat below, and on the lower end 
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of, the range of previously determined BBA hygroscopicities from both controlled burns 
and ambient measurements. The BBA during the beginning of the fires were relatively 
fresh and consisted primarily of KCl and water soluble organic compounds (WSOC) 
including formic and acetic acids and levoglucosan, measured using  aerosol time-of-
flight mass spectrometry (ATOFMS). As the BBA aged they contained increased 
amounts of KHSO4 compounds, and more oxidized organic compounds including oxalic 
acid. This was likely caused by a transition from flaming fires to predominantly 
smoldering fires, as well as increased atmospheric aging. Concurrent with these changes 
in particle chemistry, both the CCN concentration and particle hygroscopicity decreased. 
This indicates an important role of the inorganic component of the BBA in influencing 
the CCN population and particle hygroscopicity. A correlation between particle-phase 
ammonium and hygroscopicity during a particular event was also observed. The 
ammonium may have shifted the acid-base neutrality of the aerosols, possibly allowing 
additional weaker acids to partition to the aerosol phase. 

vii. Development of Source Apportionment Algorithms 
 Chapter 12 details how single particle mass spectrometry techniques such as 
aerosol time-of-flight mass spectrometry (ATOFMS) offer a unique approach for on-line 
source apportionment of ambient aerosols.  Source signatures, or mass spectral 
"fingerprints", have been obtained using ATOFMS from a variety of sources with an 
emphasis placed on distinguishing between emissions from different types of vehicles.  In 
this study, the signatures from previous source tests of diesel powered heavy duty 
vehicles (HDDV) and gasoline powered light duty vehicles (LDV) are matched to 
particle spectra acquired during a freeway-side study performed over a month in southern 
California to source apportion the particles.  Using a relatively high matching (vigilance) 
factor of 0.85, particle mass spectral signatures from the vehicle source studies matched 
83% of the freshly emitted particles detected alongside the freeway.  The particle 
contributions alongside the freeway in the ultrafine and accumulation size range 
(aerodynamic diameter = 50–300nm) were apportioned to 32% LDV, 51% HDDV, and 
17% from other sources.  This paper discusses the apportionment process used and the 
methods used for validation with peripheral instrumentation. 
 Chapter 13 describes how several approaches for ambient aerosol source 
apportionment have been developed over the years.  A number of these techniques 
involve determining organic and inorganic source markers from offline bulk filter 
analysis using a variety of analytical tools (such as mass spectrometry, chromatography, 
and microscopy).  Some other methods have inferred that certain sources can be 
determined from correlations between particle size data and gas phase measurements.  
The technique presented here involves using a mass spectral source signature library to 
apportion single particles detected with an aerosol time-of-flight mass spectrometer 
(ATOFMS).  The source signature library has been developed through a series of source 
and ambient characterization studies and currently contains signatures for heavy duty 
diesel vehicles (HDDV), light duty gasoline vehicles (LDV), dust, sea salt, biomass, and 
meat cooking.  There are also additional non-source specific signatures, determined from 
the data acquired for several ambient ATOFMS studies, for aged organic carbon, aged 
elemental carbon, amine containing particles, PAH’s, ammonia rich particles, vanadium 
particles, and elemental carbon particles.  Using the ART-2a algorithm to match 
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individual ambient particle mass spectra to the source signature library, it was found that 
97% of ambient particles (50 – 3000 nm) detected with two ATOFMS instruments near a 
freeway matched the library signatures.  The use of the ART-2a source signature 
matching method shows that particles from gasoline powered vehicles can be readily 
distinguished from heavy duty diesel powered vehicles in roadside ambient 
measurements.  Additionally, it was discovered that regional background particles 
matching with specific elemental carbon and vanadium signatures from ship emissions 
dominate and overwhelm the local emissions; however, the library matching method is 
able to identify their presence and distinguish them from local emissions. 

Chapter 14 describes a new source apportionment method using a library composed 
of unique source mass spectral signatures obtained by aerosol time-of-flight mass 
spectrometry (ATOFMS) has been developed.  The goal of this chapter is to apply this 
source signature library to an ambient dataset collected in a highly aged environment to 
evaluate the performance of the source apportionment method in a more aged 
environment and to determine the relative contributions of the major primary and 
secondary sources to the atmospheric aerosol.  Ambient particles ranging in aerodynamic 
diameter from 50 to 3000 nm were analyzed in Riverside, California in conjunction with 
the Study of Organic Aerosols at Riverside (SOAR) campaign in the summer and fall 
seasons of 2005.  The apportionment results showed that the majority of small (50-140 
nm) ambient particles came from local vehicle exhaust emissions.  The larger (140+ nm) 
particles demonstrated strong seasonal differences.  Based on differences in 
meteorological conditions, the time series for the summer particles followed diurnal 
patterns, whereas the fall particles displayed episodic behavior.  It was determined that 
the original source signature library did not apportion a significant number of particles; 
therefore, multiple approaches were explored and tested to improve the total number of 
particles detected in this challenging environment that were matched.  It was found that 
introducing new seeds made from aged ambient particles to the library yielded better 
results than by lowering the “matching” or data analysis factor.  By adding additional 
aged seeds to the source signature library, the unclassified category was reduced (as 
much as 14%) and the contribution of the aged particle types increased, thus improving 
the source apportionment method so it can now be used on ambient datasets collected in 
aged environments.  In addition, the extent of aging of particles from primary sources 
was investigated focusing on secondary species including nitrates, sulfates, and amines.  
It was revealed that although nitrate has different seasonal sources, it is the dominant 
secondary species on aged particles from primary sources in Riverside. 

Chapter 16 includes a summary and concluding remarks regarding the major 
findings presented in this report.  
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II. Objectives and Results 
 

Time and Size Resolved Chemical Composition Detailing Short 
Term Changes in Composition 

 

1. Detection of ambient ultrafine aerosols by single particle techniques 
during the SOAR 2005 campaign 

i. Introduction 
 High concentrations of atmospheric ultrafine particles (aerosols with diameters 
less than 100 nm) have been observed worldwide, from arctic areas and remote regions to 
coastal marine locations and urban environments (14).  Growing evidence suggests that 
the inhalation of ultrafine particles may have more adverse health effects than larger 
particles has raised interest in the sources and atmospheric processing of these particles 
(15).  Ambient particles can be divided into two basic categories based on their 
production mechanism: primary, which are directly emitted from sources such as vehicles 
and industrial processes, and secondary, which are formed via gas-to-particle conversions 
(16).  The formation and growth of secondary ultrafine particles during nucleation events 
have been the focus of intensive research recently, leading to the proposal of several 
different formation mechanisms (14,17,18).  From a regulation perspective, it is 
important to be able to distinguish the origin of the ultrafine particles, as primary and 
secondary particles require different means of control (direct emissions versus gaseous 
precursors). 

The small size of ultrafine particles makes them much more challenging to detect 
than larger particles.  Despite accounting for greater than 80% of the number of particles 
in PM2.5 (particulate matter with diameters less than 2.5 µm), estimates suggest that 
ultrafine particles collectively represent very little mass (< 20%) (16,19,20).  Therefore, 
PM2.5 regulations based on mass concentrations do not provide a good control for the 
concentrations of ultrafine particles (21).  The poor correlation between PM2.5 and 
ultrafine particles suggests that number-based measurements may be better suited for 
studying ultrafine particles than a bulk PM2.5 mass approach.  Size-fractionated mass 
measurements by a NanoMOUDI (Nano-micro orifice uniform deposit impactor) have 
been obtained (22), but the continuous sampling time required to collect sufficient 
material for mass and chemical analysis can be as long as two weeks (23).  With such 
long sampling periods, it is difficult to extract details about specific short-lived ultrafine 
particle episodes (19,21,24), which can be captured by high temporally-resolved 
continuous measurements.  Techniques that rely on optical detection are problematic, 
because as the particle diameter becomes increasingly smaller than the wavelength of 
light, the intensity of the scattering signal quickly plummets; the minimum practical 
observable particle size using optical techniques commonly is ~100 nm (25,26).  
Therefore, in order to efficiently detect ultrafine particles optically, it is necessary to 
enhance previously developed instrumentation.  Several approaches have been tried 



 14 

successfully, such as growing small particles into detectable sizes for counting via the 
condensation particle counter (CPC) (27) or by using specific critical orifices to create an 
upstream pressure that focuses particles of a given size range such as with the single 
particle mass spectrometer known as RSMS (28-30).              

The main goals of this study involve comparing the seasonal variability of 
ultrafine particle concentrations in Riverside, CA from three different techniques with 
high temporal resolution and to use the combined data in conjunction with other 
peripheral instrumentation for deriving a better understanding of ultrafine particle 
chemistry.  Riverside is located east of the Los Angeles (LA) Basin and, due to generally 
consistent meteorological patterns, is regularly downwind of the pollutants emitted in the 
LA area.  The instruments used in this study include a scanning mobility particle sizer 
(SMPS), an ultrafine condensation particle counter (UF-CPC), and an ultrafine aerosol 
time-of-flight mass spectrometer (UF-ATOFMS).  Supporting data from co-located gas- 
and particle-phase instruments, as well as meteorological measurements, are used to 
provide additional insight into the origin of the ultrafine particles. 
 

ii. Experimental 
 Sampling on the campus of the University of California, Riverside (33°58′18″N, 
117°19′22″W) during the summer (July-August) and fall (October-November) of 2005 
occurred in conjunction with the Study of Organic Aerosols at Riverside (SOAR) field 
campaign.  Details on the sampling location and inlets of the mobile laboratory can be 
found elsewhere (31).  Table 2 provides the acronym, model, measurement, and 
sampling interval for each instrument used in this manuscript.  All instrumentation, 
except for the CPCs and summer CO analyzer, were housed in a mobile laboratory; the 
other instruments were located in nearby trailers with similar sampling inlets (PM2.5 inlet 
cutoffs and reflective insulation wrap on the sampling lines).  Ambient temperature, 
relative humidity (RH), and photosynthetically active radiation (PAR) measurements 
were provided by the Goldstein group of the University of California, Berkeley.  The 
work presented here focuses on one week of data collected in the summer (Sunday, 
August 7th through Saturday, August 13th) and fall (Sunday, November 6th through 
Saturday, November 12th) seasons.  Though Santa Ana events, characterized by dry 
easterly winds, tend to occur during fall and winter months, they do  
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Table 2: Instrumentation. 

Scanning Mobility Particle Sizer (SMPS) TSI Model 3936L 10 particle number concentration (15-866 nm) 5 min

Ultrafine Condensation Particle Counter (UF-CPC) TSI Model 3025A particle number concentration (> 3 nm) 1 min

Ultrafine Aerosol Time-of-Flight Mass Spectrometer (UF-ATOFMS) chemical composition (50-400 nm) real-time

Aethalometer Magee Scientific AE-3 Series optical absorption cross-section per unit mass 5 min

CO Analyzer (summer) TEI Model 48CTL CO concentration levels 30 min

CO Analyzer (fall) Ecotech EC 9830 CO concentration levels 1 min

Chemiluminescence NO-NO2-NOx Analyzer TEI Model 42C NO & NOx concentration levels 1 min

UV Photometric O3 Analyzer TEI Model 49C O3 concentration levels 1 min

TEI: Thermo Environmental Instruments

Averaging Interval Instrument Make & Model Measurement

 

not represent the average fall conditions.  Therefore, the representative fall week for this 
study does not contain any Santa Ana events (31).  Results are presented in Pacific 
Standard Time (PST), which is one hour behind local time during the summer. 

It is important to briefly review the main operating principles of each instrument 
in order to understand how the measurements are made and upon which aerosol 
properties they depend.  In this study, ultrafine particles are defined as having diameters 
less than 100 nm; although, each of the techniques in this study use different size metrics.  
CPCs provide continuous real-time ambient number concentration measurements by 
optically counting particles upon which a vapor has condensed.  The CPC effectively 
lowers the minimum size detection cutoff by enlarging the particle diameter by the use of 
a condensable vapor such as an alcohol (27).  The butanol-based TSI 3025A UF-CPC has 
a minimum diameter cutoff of 3 nm.  An SMPS measures the number-based particle size 
distributions based on their electrical mobility diameter through the combination of a 
differential mobility analyzer (DMA) connected to a CPC.  By scanning through the set 
voltage range, a range of mobility diameters can be selected and counted.  In this study, 
the SMPS used a TSI 3010 CPC with a TSI 3080 electrostatic classifier (DMA) and was 
set to have a lower mobility diameter limit of 15 nm.  The UF-ATOFMS simultaneously 
acquires positive and negative ion mass spectra, as well as aerodynamic diameter 
information, for single particles in real-time.  It has improved detection efficiency for 
small particles (<300 nm) over the standard transportable ATOFMS (1) by replacing the 
converging nozzle inlet with an aerodynamic lens inlet (2).  The lens system tightly 
collimates the particle beam, so that smaller ultrafine particles will be more efficiently 
transmitted in the instrument (3,4).  The UF-ATOFMS also has enhanced light-scattering 
detection by the use of focusing 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 (2).  All these enhancements, in addition to the aerodynamic lens systems, are 
necessary to improve the minimum optical detection size of ~100 nm down to 50 nm.  In 
this study, chemical information was obtained for approximately 20.5% and 28.6% of the 
ultrafine particles that were sized by the UF-ATOFMS during the summer and fall, 
respectively.  Just like ambient particles of larger sizes, less than 100% of the particles 
that are sized produce mass spectra due to factors such as the interaction between the 
particle beam and the 266 nm laser beam, chemical composition, and 
desorption/ionization capability of the particle (2,32).  The percentages of the ultrafine 
particles that were chemically analyzed fit well within the overall range (15-35%) of all 
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ambient particles chemically analyzed by the UF-ATOFMS throughout both studies.  
Most of the observed variability in the percentage of particles that were chemically 
analyzed could be explained by busy time issues, as previously discussed in Sodeman et 
al. [Sodeman et al., 2005].  During periods with very high particle concentrations (all 
sizes), the older data acquisition system used for this study was unable to save the spectra 
as quickly as they were produced, lowering the overall percentage of chemically analyzed 
particles. 

The instruments detect particles based on their optical, electrical mobility, or 
aerodynamic diameters.  The electrical mobility diameter of a particle is the diameter of a 
sphere with an identical migration velocity in a constant electric field (33), and the 
aerodynamic diameter of a particle is the diameter of a sphere of unit density with the 
same terminal velocity (26).  DeCarlo and coworkers present a detailed theoretical review 
of the relationship between the electrical mobility and aerodynamic diameters of a 
particle (34).  Briefly, both diameters are dependent upon the shape of the particle.  With 
increasing irregularity, the mobility diameter increases, whereas the aerodynamic 
diameter decreases.  As opposed to the electrical mobility diameter, the aerodynamic 
diameter also is governed by the density of the particle, increasing with higher particle 
densities.  The particle density is mainly dictated by the chemical composition and shape 
of the particle.  Spherical particles of unit density will have the same electrical mobility 
and aerodynamic diameters. 

Among these instruments, only the UF-ATOFMS obtains chemical information in 
addition to the size of the single particles.  The UF-ATOFMS chemically analyzed 
16,321 ultrafine particles during the summer week-long period and 20,320 ultrafine 
particles during the fall period.  In order to group the ultrafine particle (aerodynamic 
diameter 50-100 nm) mass spectra measured by the UF-ATOFMS into chemical classes, 
an adaptive resonance theory neural network algorithm (ART-2a) was employed.  ART-
2a sorts and categorizes individual particles into clusters based on similar mass spectral 
characteristics (35).  The main user-defined parameters for ART-2a are the learning rate, 
number of iterations, and vigilance factor, which were set to 0.05, 20, and 0.80, 
respectively, for this work.  The resulting most populated 50 clusters, which represent 
~97% of the total sampled particles, were further combined by hand (based on chemical 
similarities) to yield the general classes presented herein.  

iii. Results and discussion 

a. Ambient measurements 
 The UF-ATOFMS measured the chemistry of individual ultrafine particles 
detected during the SOAR campaigns.  Figure 2 displays the hourly number of particles 
for which the UF-ATOFMS obtained both size and chemical information as a function of 
aerodynamic diameter between 50-400 nm.  Upstream of the UF-ATOFMS, a modified 
micro-orifice uniform deposit impactor (MOUDI) decreased the transmission of larger 
particles so that the UF-ATOFMS had more opportunity to analyze the smaller particles, 
which are harder to detect due to their lower transmission efficiencies.  The figure shows 
that the UF-ATOFMS primarily detected particles with aerodynamic diameters between 
150 and 300 nm, which was due to a combination of the high ambient concentrations and 
instrument detection abilities.  The top plot clearly shows that the number of detected 
ultrafine particles (50-100 nm) spiked each morning during weekday rush hour periods.   
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While the UF-ATOFMS measurements do not represent true counting statistics due to 
transmission efficiency issues (2), it does provide chemical information about the single 
particles it detects and the relative percentages of each type.  The top mass spectra 
representing each of the general chemical classes are shown in Figure 3.  Figure 4 
provides the relative size distributions of the particle types during both the summer and 
fall seasons and also shows the size dependence of the particles that are chemically 
analyzed by the UF-ATOFMS.  The 50-60 nm bin has the least number of chemically 
analyzed particles (55 and 78 particles for summer and fall, respectively), because they 
are the smallest and, therefore, most difficult to detect.  The top five particle types have 
carbon cluster peaks (C1, C2, C3, etc.) indicative of elemental carbon (EC) and  
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Figure 2: Hourly UF-ATOFMS counts of single particles for which chemical information was 
obtained as a function of aerodynamic diameter during the summer (top) and fall (bottom). 
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Figure 3 Representative mass spectra for the general chemical classes of ultrafine particles as 
determined by the UF-ATOFMS.  “CT” in the negative spectra represents crosstalk due to the 
interference of extremely intense peaks in the positive polarity. 
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Figure 4 Relative size distribution (10 nm bins) of ultrafine particle types during the summer (a) 
and fall (b).  The black trace represents the total number of ultrafine particles chemically analyzed 
by the UF-ATOFMS in each 10 nm size bin. 
 
a peak of calcium at m/z 40 [Ca]+ with the dominating class (EC Ca) representing over 
60% of the ultrafine particles.  These spectra very closely resemble the variations in the 
mass spectral signatures detected in previous source characterization studies of vehicle 
exhaust, showing Ca due to lubricating oil as well as EC (36-38).  These particle types 
vary in their intensities of EC, calcium, sodium (23 [Na]+), phosphate (79 [PO3]- and 97 
[H2O·PO3]-), sulfate (97 [HSO4]-), and nitrate (46 [NO2]- and 62 [NO3]-) peaks.  The K 
EC class, marked by intense potassium (39 [K]+)  and EC peaks, represents a very small 
percentage (< 1%) of the ultrafine particles in Riverside.  It is not surprising that most of 
the particles detected by UF-ATOFMS belonged to these EC classes, because EC 
particles are fractal and thus optically larger.  Laboratory tests with the commonly used 
standard of polystyrene latex spheres (PSLs) have indicated that the UF-ATOFMS does 
not detect spherical particles with diameters below 90 nm as well.  Therefore, this 
observation indicates that the UF-ATOFMS is very sensitive and uniquely suited to 
measuring the impact of ultrafine particles from vehicle emissions.  The organic carbon 
(OC) particle type contains hydrocarbon envelopes with peaks at m/z 27 [C2H3]+/[NCH]+ 
and 43 [C2H3O]+/[CHNO]+.  It also contains peaks at m/z 86 and 118, which are markers 
for amines (39).  The OC type is likely the only spherical particle type detected in the 
ultrafine mode, and it represents less than 1% of the ultrafine particles detected by the 
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UF-ATOFMS.  The final class shown in Figure 3 (Inorganic w/ PAH) is dominated by 
the inorganic species of sodium and potassium but also contains polycyclic aromatic 
hydrocarbons (PAH) at high m/z.  This class describes ~6% of the ultrafine particles 
analyzed by the UF-ATOFMS.  It is likely that this inorganic ash particle type adsorbs 
semivolatile PAH as they partition from the gas to particle phase during the cooling of 
emissions.  It is worth noting that a high percentage (~70%) of the particles in the two 
non-EC containing classes (OC and Inorganic w/ PAH) did not produce appreciable 
negative ion signals, and thus these two classes are represented in Figure 3 without 
negative ion peaks.          

Figure 5 provides the hourly relative fractions for the general chemical classes of 
the ultrafine particles (50-100 nm) observed by the UF-ATOFMS during the summer 
(top) and fall (bottom) seasons.  The black trace represents the hourly total number of 
ultrafine particles sized and chemically analyzed by UF-ATOFMS to highlight the 
periods of higher detection.  The missing periods (in white) occur during times when 
quality control procedures or effective density measurements were being conducted or 
some other factor led to low particle statistics (< 10 ultrafine particles in that hour).  The 
figure clearly illustrates that the chemical classes associated with vehicle exhaust 
emissions dominate the ultrafine size mode.  Regardless of the time of day, the relative 
fractions of the ultrafine particle types remain comparatively constant and show no 
diurnal trend.  This agreement is further confirmed by the source apportionment of the 
SOAR campaigns in Chapter 5 (40).  Although vehicle exhaust emissions are a major 
contributor of primary ultrafine particles and the local vehicle emissions can influence the 
sampling site at all times, it is expected that the largest contribution will occur during the 
weekday rush hour periods, which agrees with peaks in the number of ultrafine particles 
detected by the UF-ATOFMS.  Despite the lack of large differences in the relative 
fractions of the chemical classes over time, the number of ultrafine particles detected by 
the UF-ATOFMS does change significantly.  Therefore,  
 

 
Figure 5 Hourly relative fractions of ultrafine particle types during the summer (top) and fall 
(bottom).  The black trace represents the hourly total of ultrafine particles (50-100 nm) 
chemically analyzed by the UF-ATOFMS 
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the UF-ATOFMS unscaled counts represent a good tracer of periods of intense vehicle 
activity at this location.  This observation makes sense, because vehicle exhaust 
emissions were the only significant source of primary ultrafine particles in close 
proximity to the sampling site.  Any other potential source of ultrafine particles was too 
far away and the particles would have either coagulated or grown outside of the ultrafine 
size range before reaching the sampling site.  It is also likely that any sources of spherical 
ultrafine particles would not be detected efficiently by the UF-ATOFMS, as described 
above. 
 Multiple gas- and particle-phase instruments, in addition to the UF-ATOFMS, 
were sampling in Riverside, CA in 2005.  These supporting ambient measurements can 
provide complementary information to the observations made with the UF-ATOFMS.  
Figure 6 displays the temporal trends of these other measurements observed for one 
week (Sunday through Saturday) during the summer.  The top panel shows the overall 
PM2.5 number concentration (particles cm-3) as measured by the UF-CPC, as well as the 
meteorological parameters (PAR, RH, and temperature).  The middle panel presents the 
black carbon (BC) concentrations determined using the 880 nm wavelength of the 
aethalometer, in addition to the gas-phase measurements of CO, NOx, and O3.  The 
bottom contour plot illustrates the particle number concentration detected by the SMPS as 
a function of electrical mobility diameter (15- 200 nm).           

The SMPS measurements showed increased ultrafine particle number 
concentrations during the weekday morning rush hour period from approximately 5:00 to 
10:00 PST, as shown in Figure 6. The morning rush hours also were the main time 
window during which the smallest particles observed by the SMPS (< 30 nm) showed the  

 
Figure 6: Temporal trends of gas- and particle-phase measurements, as well as 
meteorological variables, for one week (Sunday through Saturday) during the summer 
season. 
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highest concentrations.  In addition, the BC, CO, and NOx measurements, which all 
tracked each other well (lowest R2 value of 0.71), peaked during this same period 
(specifically between 8:00 and 9:00 PST).  All three measurements correlated with the 
ultrafine counts from the UF-ATOFMS.  For example, the R2 value between NOx 
concentrations and UF-ATOFMS ultrafine counts was 0.68.  Previous studies have 
reported high correlations between ultrafine number concentrations with both CO and 
NO/NOx measurements at traffic-orientated sampling sites (41-43).  Even mass-based BC 
concentrations have shown significant correlations with ultrafine particle number 
concentrations (13,20), as also illustrated here.  Based on these results, it appears the 
ultrafine particle number concentration can serve as a good proxy for traffic activity; 
however, the highest number concentrations (red regions between 30 and 60 nm) 
measured by the SMPS occurred during the afternoons and not during the traffic-
dominated morning rush hour period.  Therefore, at least during the summer, the ultrafine 
particle number concentrations measured by the SMPS are not a unique indicator of 
traffic activity.  The next section explores the SMPS afternoon ultrafine particle peaks in 
more depth. 
 

b. Afternoon photochemical events 
Previous studies of the diurnal trends of ultrafine particles in the source and 

receptor sites of the LA Basin have determined that an additional source or sources, other 
than direct emissions by vehicles, make significant contributions to the number of 
ultrafine particle in the afternoons of warm months in Riverside.  Using the chemical 
composition data from MOUDI measurements, these studies identified photochemically 
generated secondary species as the source (44,45).  This same photochemical source 
explains the high concentrations of particles with electrical mobility diameters between 
30 and 60 nm in the afternoon hours (13:00–18:00 PST) in Figure 6.  The daily ultrafine 
particle event started at the temperature peak which occurs just after the maximum levels 
of solar radiation and O3 have been reached on both weekdays and weekends, when 
traffic activity is reduced.  Moreover, the gas-phase tracer concentrations of fresh traffic 
emissions (CO and NOx) were at their minimum values.  A detailed study of the 
aethalometer measurements made during the SOAR campaign also indicated a change in 
the afternoon mixing state consistent with the condensation of secondary species on 
account of the diurnal weekday pattern in the absorption cross section, signifying that 
traffic is not the dominant source of ultrafine particles in the afternoons (46).  
Additionally, the chemistry of the afternoon particles is expected to be different, because 
the cloud condensation nuclei (CCN) activity was observed to peak in the afternoon 
during the summer SOAR campaign (47).  As shown in Figure 2, few ultrafine (sub-100 
nm) particles were chemically analyzed by the UF-ATOFMS during the afternoon 
photochemical events in the summer.  Rather, the UF-ATOFMS detected mostly large (> 
100 nm) and aged vehicle particle types and only a few fresh (ultrafine) vehicle particle 
types during the afternoons.  As mentioned, the SMPS measurements indicate that the 
majority of the ultrafine particles during these events were between 30 and 60 nm, which 
is below the minimum detection size (50 nm) of the UF-ATOFMS.  Figure 4 shows that 
the smallest number of ultrafine particles that were chemically analyzed by the UF-
ATOFMS was in the 50-60 nm size bin.  The fact that the UF-ATOFMS detected few 
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ultrafine particles during the afternoon serves as further indication that these afternoon 
particles are not from vehicle exhaust emissions.  If the SMPS had been the only 
instrument sampling at this location, it would have been difficult to rule out the 
possibility that the high concentrations of ultrafine particles in the afternoon were from 
vehicles.  This study demonstrates how a combination of several different instruments 
can be used to uniquely identify the source or formation pathway of ultrafine particles.   

It is noteworthy that while the SMPS measurements differ based on the time of 
day, the relative fractions of the particle types detected by the UF-ATOFMS stay 
relatively constant.  Soot-like particles, formed from fossil fuel combustion in vehicles, 
have irregular shapes and effective densities less than unity.  Based on these properties, 
such particles will have aerodynamic diameters smaller than and electrical mobility 
diameters larger than their physical diameters (34,48).  In other words, the ultrafine 
particles characterized by the UF-ATOFMS based on their aerodynamic diameters would 
not be considered ultrafine particles based on their electrical mobility diameters.  The 
effect of this size distinction was observed directly in experiments coupling a DMA with 
the UF-ATOFMS during the same field campaign; for example, elemental carbon 
particles with electrical mobility diameters of 400 nm had aerodynamic diameters of 100 
nm (48).  Under these circumstances, correcting the aerodynamic-based size distribution 
of the UF-ATOFMS by scaling directly (size for size) to the electrical mobility 
distribution measured by the SMPS without adjustments for the particle density and 
shape factor can lead to erroneous results.  This discrepancy must always be taken into 
consideration, especially for the smallest particles (≥200 nm ) which are the most fractal 
and have the greatest difference between their aerodynamic and electrical mobility 
diameters.  This information had not been available at the time of analysis for the results 
presented in Chapter 2.  Although the particles detected by the UF-ATOFMS indeed are 
considered ultrafine particles according to their aerodynamic diameters, the ultrafine 
particles observed by the SMPS, especially those during the summer afternoon 
photochemical events, are too small to be optically detected in the UF-ATOFMS.  This 
fact explains why the UF-ATOFMS did not detect a change in the relative number 
fraction of particle types during the summer afternoon periods. 

The lack of the diurnal trend in particles detected by the UF-ATOFMS could arise 
from the following reasons: only large fractal (non-spherical) vehicle particles with 
ultrafine aerodynamic diameters are able to optically trigger the timing circuit of the 
instrument and spherical ultrafine particles from non-vehicular ultrafine particles sources 
produce particles that are too small to be detected optically with the current 
configuration.  The UF-ATOFMS detection efficiency decreases rapidly with the 
decreasing diameter of spherical particles; for example, the detection efficiency for the 
common standard of polystyrene latex spheres (PSLs) is only ~0.3% for 95 nm PSL 
particles, as opposed to ~44.5% for 290 nm PSL particles (Su et al. 2004).  Additional 
improvements will be needed to directly obtain the chemical information of the ultrafine 
particles during the afternoon photochemical events by UF-ATOFMS, as they clearly 
originate from a different source than direct vehicle exhaust emissions and are currently 
below the UF-ATOFMS detection limit.  One possibility is to grow the ultrafine particles 
by water condensation up to an optically detectable size; however, this condensation 
process can change the chemistry of the individual particles by gas-to-particle 
partitioning of water-soluble organic compounds (49-52).  Laboratory experiments since 
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the SOAR campaigns have indicated that placing a neutralizer upstream of the UF-
ATOFMS significantly improves the transmission of ultrafine particles to the ionization 
region of the mass spectrometer.  Without the neutralizer, charged particles can deviate 
from the source region due to the voltages on the source plates of the mass spectrometer 
with smaller particles deviating more. 

Closer examination of the particles analyzed by UF-ATOFMS that were 
considered to be ultrafine particles based on their size during the summer revealed little 
difference in the chemistry of the ultrafine particles during the morning rush hour and the 
afternoon periods.  This result suggests that some of the fresh ultrafine vehicle exhaust 
particles are transported to the site without undergoing significant aging transformations, 
which would cause their growth into larger sizes.  On the other hand, larger particles 
(>100 nm), which are not shown here, do illustrate chemical differences between the 
mornings and afternoons (31).  Many of these larger afternoon particles are morning 
ultrafine particles that have grown and transformed by aging processes, becoming CCN 
active (40,47). Once spherical ultrafine particles from non-vehicle sources have aged and 
grown into larger sizes, they can then be optically detected with the UF-ATOFMS. 

The afternoon photochemical events in Riverside have different properties from 
the different types of nanoparticle and ultrafine particle events observed elsewhere, 
because they show a reduction in particle size rather than growth behavior (21).  The loss 
of chemical species from the particles via evaporation is most likely not the cause of the 
reduction in particle size during the afternoon events in Riverside, because the 
temperature is cooling down and the RH is increasing at the start of the event.  Moore et 
al. reported similar behavior with their summer 2006 campaign near downtown LA; 
however, their photochemical event begins immediately following the morning commute 
and before the peak in O3 (53).  In Riverside, there are at least a few hours between the 
end of the morning traffic periods and the beginning of the afternoon photochemical 
events.  Because Riverside is downwind of the LA Basin, this time difference suggests 
that, unlike in downtown LA, the necessary precursors responsible for the afternoon 
photochemical events are not immediately available in Riverside and must be transported 
to the site.  Therefore, these results suggest that different sources and processes control 
the formation and most likely the chemistry of ultrafine particles throughout the day in 
Riverside; primary sources are dominant during the morning hours, and secondary 
sources control the afternoon hours. 

c. Seasonal differences 
The temporal trends of the gas- and particle-phase measurements for one week 

(Sunday through Saturday) during the fall season are shown in Figure 7.  As described in 
Qin et al., the summer weekdays in Riverside exhibited consistent diurnal trends, whereas 
PM2.5 during the fall season was better characterized as being episodic; the week shown 
features a high mass period (November 6 15:00 – November 7 18:00) of stagnant 
meteorological conditions and a PM2.5 mass concentration of 106 µm m-3, as well as a 
scavenging period (November 8 22:00 – November 11 13:00) with light precipitation 
events and low mass concentrations (31).  Likewise, the fall trends of ultrafine particle 
number concentrations show less diurnal trends than in  
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Figure 7: Temporal trends of gas- and particle-phase measurements, as well as 
meteorological variables, for one week (Sunday through Saturday) during the fall season. 
 
the summer with the exception of the morning rush hour period, as shown in Figure 7.  
During the high mass period (November 6 15:00 – November 7 18:00), few ultrafine 
particles existed, most likely due to the presence of high numbers of larger particles (and 
therefore large surface areas available) with which the ultrafine particles could quickly 
coagulate.  The precipitation events during the scavenging period reduced the 
concentrations of particles in all size ranges; however, after the rain ended, the ultrafine 
particles from local sources were the first to appear again at high concentrations.  The 
highest number concentrations (based on the UF-CPC and SMPS measurements) 
correlated with the peaks in BC, CO, and NOx concentrations, agreeing with previous 
reports that vehicular emissions are the major contributor to particle number 
concentrations during the fall season in Riverside (23).  The photochemical activity (and 
therefore afternoon photochemical ultrafine events) is seasonal (54), as the November 
PAR values are nearly 50% of those during August.  Consistent with this lower PAR, 
very low afternoon ultrafine particle number concentration peaks were detected.  The 
lack of afternoon ultrafine events during the fall season helps explain why the average 
ultrafine (15-100 nm) number concentration based on SMPS measurements during the 
fall (6.7 x 105 particles cm-3) was ~70,000 particles cm-3 lower than that during the 
summer (7.4 x 105 particles cm-3). 

Although the fall UF-ATOFMS raw ultrafine counts (shown at the bottom of 
Figure 5) tend to track the UF-CPC, BC, NOx, and CO measurements, the morning rush 
hour spikes are not exactly consistent with those during the summer season.  The Monday 
and Tuesday morning peaks during the fall are not as intense as the morning increases 
observed during the summer.  The nearest major freeway was located ~600 m to the west 
of the sampling site.  The local winds during the summer season came from a westerly 
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direction nearly all of the time, whereas the fall winds were split between the westerly 
(daylight hours) and easterly (nighttime hours) directions (31).  In addition, the summer 
wind speeds were much stronger than the fall wind speeds, carrying the freshly emitted 
vehicle exhaust particles more rapidly to the sampling site.  Therefore, both the 
meteorological conditions and episodic behavior resulted in less ultrafine vehicle 
particles being detected by the UF-ATOFMS during the fall.      

d. Comparison of ultrafine particle measurements 
Because each of the ultrafine instruments used in this study make measurements 

based on different particle properties, it is interesting to compare their results.  
Differences in ultrafine particle detection between the SMPS and UF-ATOFMS were 
already discussed above.  As shown in Figure 6, there is discrepancy between the 
summer SMPS measurements and the overall particle number concentrations determined 
by the UF-CPC.  The UF-CPC shows increased concentrations during the morning rush 
hour periods (and likewise during the fall as seen in Figure 7), but it responds little to the 
afternoon photochemical ultrafine events, which displayed the highest concentrations 
observed by the SMPS during the summer.  Because the fall season did not have 
significant afternoon photochemical events, the instruments agreed well with each other 
during the fall (Figure 7).  Previous studies have shown significant differences in SMPS 
and CPC performance when there are high number counts for small sized particles 
(55,56).  However, the numbers provided by the UF-CPC in the current study do not 
exceed its upper limit of 105 particles cm-3 nor are the particles (30-60 nm) of this event 
pushing the lower detection limit of the instrument (3 nm) (27).   

This disagreement was not unique to this specific instrument, because its 
measurements compared well to those of other CPCs at the same location, including ones 
that use an alternative vapor (water) for particle growth (57).  All CPC instruments 
followed the same temporal trend despite the use of different condensable vapors, and 
none appeared to detect the ultrafine particles during the photochemical events.  Particles 
made of pure organic materials can be detected at 30 nm, so it is unlikely that the 
minimum detection cut point is higher than the diameters of these particles (58).  It is 
possible to grow these particles through condensation, as they were optically counted by 
the CPC in the SMPS system.  However, the particles introduced to the CPC after passing 
through the DMA were generally of uniform size,and there was a lower overall 
concentration of particles at a given time compared to the other CPCs.  It may be possible 
that when all particles of a broad size range are sampled at the same time by the CPC, 
particles composed mainly of secondary materials recondense on larger sized particles 
rather than grow themselves.  In addition, a laboratory comparison of a SMPS and CPC 
using monodisperse NaCl aerosols determined that more efficient neutralization of the 
charged particles upstream of the instruments improves their agreement, because the 
neutralizer that is part of the SMPS system left more multiply charged particles than 
predicted, which falsely gave the SMPS higher measurements (55).  It is not yet known if 
this approach will work for the secondary aerosols produced in photochemical events.  
Most likely, the disagreement is caused by a combination of over-counting in the SMPS 
measurements due to inefficient neutralization and under-counting in the UF-CPC 
measurements due to high particle number concentrations, though it is important that 
future studies address this discrepancy occurring during the summer afternoon periods. 
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In summary, the UF-ATOFMS measurements provided single particle chemical 
information on the ultrafine particles based on their aerodynamic diameters.  The major 
ultrafine particle types observed in Riverside resembled the mass spectral signatures 
observed in lubricant oil combustion from vehicular exhaust emissions.  With this 
information on the chemical classes in combination with the measurements by supporting 
gas- and particle-phase instruments, it was determined that vehicle exhaust emissions are 
the major local source contributing to primary ultrafine particles during weekday 
morning rush hour periods.  During the summer season only, an additional source of 
secondary ultrafine particles was detected during afternoon photochemical events that 
occurred after LA pollutants were transported to the site. 

Real-time measurements of particle size and chemistry coupled with gas-phase 
measurements have provided unique insight into the daily and seasonal variations of 
ultrafine particles.  In this study, it is demonstrated how ultrafine particle sources (and 
hence chemistry) can rapidly change over the course of the day, as well as show a strong 
seasonal dependence.  High ultrafine particle concentrations were observed during 
different periods and seasons, yet the chemistry of the particles was often different.  
Thus, future studies of health effects aimed at understanding the impacts of ultrafine 
particles must take into account their sources, degree of aging, and overall chemistry 
rather than solely relying on their number concentration as a proxy. 
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2. Characterization of the Single Particle Mixing State of Individual Ship 
Plume Events measured at the Port of Los Angeles 

i. Introduction 
 Ship emissions are among the least regulated forms of anthropogenic pollution 
given the challenges involved in establishing international policies. Ship emissions 
impact climate by initiating cloud formation and altering earth’s radiation budget (59,60). 
Ships emit high concentrations of soot and heavy metals (i.e. vanadium and nickel) 
(61,62), in addition to an estimated 2.4 tons of SO2 globally, producing up to 10% of 
sulfate mass globally through atmospheric reactions (63). Over the next century, SO2 
levels are predicted to rise significantly as global commerce expands (63). Ship emissions 
have been shown to have negative effects on human health through exposure studies and 
epidemiological models (64-66). For example, inhaled vanadium particles are toxic and 
synergistic effects with nickel and sulfate have been shown to enhance toxicity (65). To 
determine effective strategies for reducing the impact of shipping on climate and health, 
recent studies have focused on improving ship emission inventories which are used to 
estimate future scenarios for gas phase concentrations (67). Efforts to regulate shipping 
emissions have been difficult due to fuel and upgrade costs and international dependence 
on foreign trade (68,69).   

Particulate emissions from ships have been characterized by multiple analytical 
methods including energy dispersive x-ray fluorescence measurements of particulate 
matter on filters (62), ion chromatography (IC) of particulate matter extracted from filters 
(61), real-time mass-based measurements (70,71), particle counters (72), cloud 
condensation nuclei measurements (70), and size distribution measurements (62). These 
measurements have led to updated emission inventories and emission factors for aerosol 
mass and particle number for ship emissions (70,71). Real-time, single-particle mass 
spectrometry has also been used to identify ship emissions at locations away from the 
source regions (73,74). Herein, we report in-situ measurements of the chemical mixing 
state of particles in fresh ship plumes measured at the Port of Los Angeles. 

ii. Experimental 

a. Sampling Information 
 Ambient air sampling was conducted from November 16–26, 2007 at the Port of 
Los Angeles (LA) on Terminal Island in San Pedro, California. Particles were sampled 
through a four meter sampling mast, seven meters above the ground at a sampling site 
500 meters east of the center of the main channel. Wind direction and speed were 
measured using a R.M. Young wind monitor. Winds exhibited a consistent diurnal 
pattern with southerly sea breezes during the day and light nocturnal land breezes from 
the north. Radio transmissions of the location, speed, and heading of ships entering and 
exiting the port were recorded in real-time with an automated identification system (AIS) 
antenna in La Jolla, CA (75). These transmission signals are required to be sent every 
minute for ships at sea over 299 gross tons by the International Maritime Organization. 
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b. Gas and Particle Peripheral Instrumentation 
 Gas phase measurements were made of NOx (Thermo Environmental Instruments 
(TEI) Model 42C), O3 (TEI Model 49), and SO2 (TEI Model 43). Particle size 
distributions were measured with a scanning mobility particle sizer (SMPS, TSI Model 
3936L) operating from 10 – 600 nm at a time resolution of 5 minutes; black carbon (BC) 
concentrations (ng/m3) were measured using an aethalometer (Magee Scientific AE31). 

c. Aerosol Time-of-Flight Mass Spectrometry (ATOFMS) 
The design and details of the ultrafine (UF)-ATOFMS used in this study are 

described in detail elsewhere (2).  This instrument measures the size and chemical 
composition of individual particles between 100-1000 nm during this study. Briefly, 
particles are introduced into the UF-ATOFMS through an aerodynamic lens into a 
differentially pumped vacuum chamber where the particles are accelerated to a size-
dependent velocity. Particles pass through two 532 nm continuous wave lasers located 6 
cm apart. Particle speed is used to determine vacuum aerodynamic diameter by 
calibration with polystyrene latex spheres of known size. Sized particles are individually 
desorbed and ionized in the mass spectrometer source region by a 266 nm Q-switched 
Nd:YAG laser (1.2-1.4 mJ). Positive and negative ions produced from individual 
particles are detected using a dual-reflectron time-of-flight mass spectrometer. 

d. Single Particle Analysis 
During sampling at the Port of LA, the aerodynamic size and chemical 

composition of 1,245,041 particles were analyzed using an UF-ATOFMS. Size and mass 
spectral information were imported into MatLab 6.5.1 (The Mathworks Inc.) and 
analyzed utilizing YAADA 1.2 (www.yaada.org). Individual particles were analyzed via 
two methods: 1) mass spectral ion intensities, aerodynamic size, and temporal 
information and 2) clustering via an adaptive resonance theory based neural network 
algorithm (ART-2a) at a vigilance factor of 0.8 (35). ART-2a classifies individual 
particles into separate clusters based on the presence and intensity of ion peaks in 
individual single-particle mass spectra. Peak identifications within this paper correspond 
to the most probable ions for a given mass/charge (m/z) ratio. General particle types are 
defined by the characteristic chemical species in an attempt to simplify the naming 
scheme; these labels do not reflect all of the species present within a specific particle 
class. 

 

iii. Results and Discussion 
a. Ship Identification 

Characteristics of each positively identified ship plume over a 10 day period are 
listed in Table 3 which includes: the peak time of the observed plume, length of time the 
plume was observed, calculated transport time from the point of emission to the peak of 
the plume at the sampling location using wind speed, peak particle number concentration, 
characteristic particle type, number of particles chemically characterized by the UF-
ATOFMS, number fractions of OC-V-sulfate and fresh soot particles present during the 
plume detection period. The times when different ships passed the sampling location 

http://www.yaada.org/�
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were determined through a combination of arrival and departure logs (76), AIS ship 
position recordings, and pictorial documentation. As an example, Figure 8 shows the 
arrival of the vessel Container1b on November 19, 2007 at 03:30 (PST). Red markers (1 
minute resolution) represent the ship’s position as recorded by the AIS, and the green 
diamond represents the sampling location. The blue line shows the path of the plume 
(550 meters) to the sampling location based on measured wind direction (292°) and speed 
(0.6 m/s). Ships that could be positively identified by time, position, and wind 
speed/direction are analyzed in detail; however, numerous ships and plumes passed the 
site during the sampling period that could not be confidently assigned using the criteria 
listed above. Due to changing wind direction and wind speed, calculated plume travel 
times to the sampling location varied from 5-20 minutes. 

 

 
Table 3: Characteristics of ship plumes sampled including: Ship plume, plume peak 
time, plume duration, plume age, peak number concentration, identifying ATOFMS 
particle type, number of ATOFMS particles, number fraction of OC-V-sulfate 
particles, and number fraction of fresh soot particles. 
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Figure 8: Map showing the Port of LA. The green diamond represents the sampling 
location and the red markers and line represent the one minute resolution positions and 
course of a container ship as it departed from the Port of LA at 03:30 on November 19, 
2007.  The blue line represents the average wind direction during transport of the plume 
to the sampling location. 

 

b. Plume Characterization 
Characteristics of a representative plume observed on November 19, 2007 at 

03:30 from the vessel Container1b are shown in Figure 9. The top portion shows SO2, 
NOx, and BC concentrations increasing sharply from background conditions at the onset 
of the plume and O3 decreasing due to reaction with NO (62,72). Gas phase data were 
used to qualitatively identify the presence of ship plumes. The duration of this plume at 
the sampling site was ~15 minutes, which is similar to previously observed timescales 
(62) (13.6 min.). Similar trends for gas phase species were observed in most plumes; 
Table 4 lists SO2 and NOx concentrations during different plume events and provides a 
detailed discussion. The bottom portion of Figure 9 shows the temporal evolution of the 



 33 

size-resolved particle number concentrations with 5 minute resolution during the plume 
sampling period. A rapid increase in the total number concentrations of 10-600 nm 
particles (white line) occurred as the plume passed the sampling location, representing an 
increase over background levels from 5000/cm3 to 11,000/cm3. The mode and shape of 
the size distribution did not shift significantly while sampling this plume. 

 

 
Figure 9: Identification of the plume of Container1b. Gas phase measurements included 
SO2 (orange), NOx (green), and O3 (blue). Particle phase measurements were of black 
carbon (black), particle number concentration (white), and size-resolved number 
concentrations over time (color matrix). 

c. In Plume Gas Phase Chemistry and Concentrations 
The expected loss of O3 shown in Figure 9 should have a 1:1 ratio to the gain in 

NOx (assuming NOx is primarily NO in a fresh plume), but this was not observed. A 
number of factors may have contributed to this including: additional species reacting with 
NO and O3 and the presence of aqueous particles and droplets that could have scavenged 
gas phase species. The peak concentration in SO2, NOx, and O3 during the different ship 
plumes is given in Table 4, along with background concentrations and the net 
concentration increase. The ratio of NOx/SO2 is also given which can be an indicator of 
fuel type. Residual fuels have higher concentrations of sulfur and thus produce higher 
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concentrations of SO2, while distillate fuels have less sulfur and produce less SO2 (77). 
Changes in the gas phase data to lower NOx/SO2 (ppbv/ppbv) ratios presented here 
correspond to changes in particle chemistry in the plumes with higher levels of OC-V-
sulfate particle levels.  In contrast, fresh soot plumes have higher NOx/SO2 ratios. 

 
NOx/SO2

Max Baseline Peak Max Baseline Peak Min Baseline Peak Ratio
Container1a 7.2 3.5 3.7 26.2 7.3 18.9 30.0 55.1 25.1 5.1
Container2 7.7 3.4 4.3 16.7 7.9 8.8 19.7 54.9 35.2 2.0
Container3 11.2 5.0 6.2 19.1 10.7 8.4 45.0 68.0 23.0 1.4

Container1b 12.5 7.4 5.1 18.9 7.7 11.2 14.0 45.8 31.8 2.2
Tanker1a* 47.7 18.5 29.2 160.0 58.0 102.0 No Min No Min N/A 3.5
Container4 10.7 4.1 6.6 39.5 14.9 24.6 27.8 57.1 29.3 3.7
Tanker1b 6.3 3.2 3.1 No Peak No Peak N/A No Min No Min N/A N/A

Container5 4.1 3.1 1.0 38.0 7.1 30.9 37.4 45.4 8.0 30.9
Tanker2 12.0 6.7 5.3 32.4 10.1 22.3 8.7 38.6 29.9 4.2

Container6 12.0 8.6 3.4 41.6 15.8 25.8 23.7 44.8 21.1 7.6
CruiseShip1 10.8 6.6 4.2 52.3 11.7 40.6 26.0 46.4 20.4 9.7
Container7 9.0 4.7 4.3 13.2 10.5 2.7 23.0 35.1 12.1 0.6

* night-time chemistry altered by land breeze in Long Beach leading to high NOx & SO2 levels, but low O3

SO2 (ppbv) NOx (ppbv) O3 (ppbv)

 
Table 4: Gas phase concentrations (max, baseline, and peak) of SO2, NOx, and Ozone 
during different plume events are shown along with the NOx/SO2 ratio. 

d. Unique Plume Chemistry 
Two types of ship plumes were observed in this study: one with a large number 

fraction of internally mixed organic carbon, vanadium, and sulfate (OC-V-sulfate) 
particles and a second with a large number fraction of freshly emitted soot particles. The 
average mass spectrum of the OC-V-sulfate particle type is shown in Figure 10, showing 
intense vanadium peaks at 51V+ and 67VO+ and organic carbon markers including 27C2H3

+, 
29C2H5

+, 37C3H+, and 43C2H3O+, as well as a strong bisulfate ion signal (97HSO4
-). A 

sulfuric acid cluster peak (195H2SO4•HSO4
-) was observed for ~80% of these OC-V-

sulfate particles. Residual fuels used in shipping contain much higher concentrations of 
heavy metals than distillate fuels (77) with previous ATOFMS source studies of cars and 
trucks showing <1% of particles mixed with vanadium (36). Further, previous studies 
have noted the correlation of vanadium and sulfur in ambient single particles and 
attributed these particles to fuel oil combustion (78). 
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Figure 10: Average negative and positive ion mass spectra for the OC-V-sulfate (a) and fresh 
soot (b) particle types. 

 
The average mass spectrum of the soot (or elemental carbon) particle type is shown in 
Figure 10, characterized by both positive and negative carbon cluster ions (e.g., 12C1

+, 
24C2

+,…, Cn
+). These freshly emitted soot particles did not contain significant sulfate or 

nitrate ion markers, likely due to limited time for atmospheric aging between the point of 
emission and sampling. This contrasts most background particle types observed at the 
Port of LA which contained significant amounts of nitrate and/or sulfate, including other 
elemental carbon particle types, as discussed below. Particle types similar to these fresh 
soot particles have been observed during source testing of both cars burning gasoline and 
trucks burning distillate (i.e. diesel) fuel (36,37). Detailed information on mass spectral 
variability within the OC-V-sulfate and fresh soot types is included in the Supplemental 
Information. While other particle types were present within these plumes, the OC-V-
sulfate and fresh soot particle types were observed as characteristic source markers for 
the two different plume types. Plumes were labeled as OC-V-sulfate and/or fresh soot 
when each particle type represented greater than 5% of particles sampled during the 
plume.  

For the residual fuel combustion ship plumes described herein, the OC-V-sulfate 
type represented 10-34% of particles sampled in the 100-500 nm size range. The distinct 
OC-V-sulfate and fresh soot plumes likely result from the combustion of different fuels, 
with residual fuel oil producing the OC-V-sulfate plumes and distillate fuel forming the 
fresh soot plumes. The soot plumes also had elevated levels of Ca-ECOC particles. The 
presence of Ca-ECOC particles agrees with filter measurements in a marine distillate 
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exhaust study, which found calcium to be ~25% of the relative weighted emission factor 
for trace elements compared to <5% in residual fuel combustion exhaust (79).  The Ca-
ECOC particle type has been linked to distillate (i.e. diesel) fuel in previous ATOFMS 
source characterization studies (37); the mass spectrum is included in the Supplemental 
Information. While the average ratio of NOx to SO2 (ppbv/ppbv) during the study was 
3.7, it was lower in the OC-V-sulfate plumes (average 2.6, range: 1.4-4.2) and higher in 
the soot plumes (average 11.6, range: 0.6-30.9).  This suggests a relative enrichment of 
SO2 in the V-plumes as would be expected when burning residual fuels with high sulfur 
content (max 3.5 % (m/m)) (77). A study comparing an auxiliary engine burning distillate 
fuel and a main engine burning residual fuel found significantly higher vanadium levels 
associated with the residual fuel combustion and higher levels of calcium with the 
distillate fuel combustion, which agrees with diesel source testing by the UF-ATOFMS 
(37,79). This is also consistent with our findings of OC-V-sulfate particles in the residual 
fuel combustion plume and Ca-ECOC particles in the distillate fuel combustion plume. In 
addition, the amount of sulfate from IC of particulate matter in filter extracts does not 
shift significantly with ship engine load for residual or distillate fuels, suggesting that the 
presence of OC-V-sulfate particles under normal operating conditions further indicates a 
residual fuel combustion plume and a lack of OC-V-sulfate indicates a distillate fuel 
combustion plume (61). 
 

e. Details on the OC-V-sulfate and Fresh Soot Particle Types 
The digital color stack (DCS) for the OC-V-sulfate particle type is shown in 

Figure 11. The x-axis is mass-to-charge and the y-axis shows the fraction of particles 
within this type containing a specific peak. The color represents the fraction of particles 
with different peak areas; a peak area > 500 (arbitrary units) was used to exclude noise in 
the spectra. The ion peaks with the largest fraction and highest intensity in the positive 
spectrum are the mass to charges corresponding to vanadium (51V+ and 67VO+) and 
organic carbon (27C2H3

+, 36C3
+, 37C3H+, 41C3H5

+, 43C3H3O+, etc.). These peaks are on 
nearly 100% of the particles in this type. In the negative spectrum the most intense peak 
is sulfate (97HSO4

-) and over 95% of these particles have a peak area above 20,000. These 
particles also have sulfuric acid (195H2SO4HSO4

-) on ~80% of the particles, which is even 
more striking when the transmission efficiency of ~49% at m/z 200 for the co-axial 
ATOFMS is considered (80). It should be noted that the intensity of the sulfate peak led 
to considerable ringing, which is seen by the continuum of lower intensity peaks between 
m/z -98 to -110. 
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Figure 11: A digital color stack for the OC-V-sulfate particle type showing the fraction of 
particles containing a specific peak on the y-axis versus mass-to-charge on the x-axis. The color 
represents the fraction containing a specific range of peak areas, with 500 being the lower peak 
area cutoff. The top portion of the figure represents the positive mass spectrum and the bottom 
portion represents the negative mass spectrum. 
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Figure 12: A digital color stack for the fresh soot particle type showing the fraction of particles 
containing a specific peak on the y-axis versus mass-to-charge on the x-axis. The color represents 
the fraction containing a specific range of peak areas, with 500 being the lower peak area cutoff. 
The top portion of the figure represents the positive mass spectrum and the bottom portion 
represents the negative mass spectrum. 

 
The digital color stack for the fresh soot particle type is shown in Figure 11, with 

the same thresholds and range used in Figure 11. For Figure S2, intense peaks are 
observed at mass-to-charges corresponding to carbon clusters (12C+, 36C3

+, 48C4
+, …, 

144C12
+) in the positive plot (top). The negative (bottom) plot also shows a similar pattern 

with respect to the carbon clusters (24C2
-, 36C3

-, 48C4
-, …, 120C10

-). What is notable about 
the fresh soot type is that < 10% of the particles have a sulfate peak and 0% have a 
sulfuric acid peak, demonstrating the difference between the two particle types produced 
in different plumes. 
 
f. Description of the Ca-ECOC Particle Type 

Figure 13 shows the average mass spectrum of the Ca-ECOC particle type, which 
is characterized by an intense calcium ion peak (40Ca+) and elemental carbon clusters in 
both the positive (12C1

+, 24C2
+,…, Cn

+) and negative spectra (12C1
-, 24C2

-,…, Cn
-). The 

significance of this particle type is that it is enhanced by number along with the fresh soot 
particle type in distillate fuel plumes. Previous studies have shown higher calcium mass 
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fractions in filter measurements from the stacks of ships burning distillate fuel compared 
to residual fuel (61,79). 

 
Figure 13: Average mass spectrum of the Ca-ECOC particle type from a fresh soot plume. 

g. Background Particle Types During Plumes 
Figure 14 and Figure 15 show average mass spectra for the background particle 

types measured in the plumes from Container1b and Container4. The mass spectra of 
aged soot particles (Figure 14a and Figure 15b) were characterized by elemental carbon 
cluster ions (12C1

+, 24C2
+,…, Cn

+) with less intense organic carbon markers (27C2H3
+, 

29C2H5
+, 37C3H+, and 43C2H3O+) (81) and secondary markers for sulfate (97HSO4

-) and 
nitrate (62NO3

-). The biomass burning particle type is shown in Figure 14b and Figure 
15 and is characterized by a dominant potassium ion peak (39K+) with less intense 
elemental carbon markers (12C1

+, 24C2
+,…, Cn

+) and organic carbon markers 27C2H3
+, 

29C2H5
+, 37C3H+, and 43C2H3O+ (81). The mass spectra of the V-background particle type 

(Figure 14c and Figure 15c) are characterized by intense peaks at 51V+ and 67VO+ with 
less intense iron (56Fe+) and nickel (58,60Ni+) ion peaks. Note the lack of peaks (other than 
detector crosstalk) in the negative spectrum which is commonly observed after particles 
undergo aging and take  up significant amounts of water, leading to negative ion 
suppression (82). These particles have been shown in other marine environments and are 
likely highly aged (74). Although they share a strong vanadium signal, the temporal trend 
of the V-background particles did not correlate with those of the freshly emitted OC-V-
sulfate particles. 
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Figure 14: Average mass spectra of background particle types before and after the plume from 
Container1a. 
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Figure 15: Average mass spectra of background particle types from before and after the plume 
from Container4. CT represents crosstalk on the detector. 

 

h. Temporal Trends 
Figure 16 shows the time series of the number of OC-V-sulfate (Figure 16a) and 

fresh soot particles (Figure 16b) analyzed by the UF-ATOFMS for the first 5 days of the 
study.  After this period, Santa Ana winds disrupted normal wind patterns. Both time 
series are characterized by spikes lasting 5-20 minutes. However, as shown in Figure 16, 
OC-V-sulfate and fresh soot spikes frequently spike at different times. Over 65% of the 
spikes in OC-V-sulfate particles could be correlated to specific ships. Only 15% of the 
fresh soot spikes corresponded to specific ships, which is understandable as fresh soot is 
a more ubiquitous particle type associated with many distillate fuel combustion sources 
including trucks and tug boats (83). Some OC-V-sulfate plumes contained significant 
fresh soot, while others did not, suggesting that the varying amount of fresh soot in 
residual fuel combustion plumes may be due to different plume dynamics, engine type 
and condition, operating conditions, as well as background levels and other emission 
sources. 
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Figure 16: Time series of the differential counting rate (number of ATOFMS counts per 2 
minutes) for the OC-V-sulfate and fresh soot particle types.  Peaks that could be correlated with 
ships are labeled; plumes with asterisks were only tentatively identified. 

 

i. Size-resolved Chemistry 
The chemical composition with respect to aerodynamic diameter for the urban 

background before and after both ship plume types is shown in Figure 17a (residual fuel 
combustion plume) and Figure 17b (distillate combustion plume). This background is 
defined as 10 minutes before the plume was detected until 10 minutes after the plume 
disappeared with the plume itself subtracted out. The particle types associated with the 
background urban aerosol, in addition to the OC-V-sulfate and fresh soot types, were 
aged soot, biomass burning, and a background vanadium type. These background particle 
types did not exhibit a temporal pattern similar to the OC-V-sulfate or fresh soot types, 
suggesting that they were not associated with the freshly emitted ship plumes. 

Figure 17c and Figure 17d show the particle size-resolved chemical composition 
for specific ship plumes corresponding to an OC-V-sulfate plume (Container4) and a 
fresh soot plume (Container1a), respectively. The OC-V-sulfate particles in the residual 
fuel combustion plume increased 10-25 times in less than 2 minutes from a nearly 
negligible background level when the plume arrived (Figure 17a) to accounting for 28% 
of 150-500 nm particles (Figure 17c). While the UF-ATOFMS was unable to chemically 
characterize <100 nm particles, measurements of residual fuel combustion exhaust 
particles using transmission electron microscopy with energy dispersive x-ray 
spectroscopy have detected distinct peaks of sulfur and vanadium within particles 
between 30-100 nm in diameter (70). Thus, it is likely that the OC-V-sulfate particle type 
also represents a significant fraction of even smaller particles emitted in residual fuel 
combustion exhaust. 
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For the soot plume (Container1a) a unique mode was observed between 100 – 
200 nm composed of fresh soot and Ca-ECOC particles. This differs from the majority of 
the study when the particle size with the highest detection efficiency was ~ 270 nm due to 
the combination of inlet transmission efficiencies and ambient concentrations (80), also 
shown in Figure 17a, Figure 17b, and Figure 17c. However, during the fresh soot plume 
this was not the case as particles with large geometric diameters (increasing their 
scattering signal), but small vacuum aerodynamic diameters (100 – 200 nm), were 
observed. Previous ATOFMS studies measuring particle optical properties have shown 
that these particles were non-spherical, fractal agglomerates, typical of fresh soot (84). 
This is supported by previous tandem measurements using a differential mobility 
analyzer in line with an ATOFMS, showing fresh soot particles having small 
aerodynamic diameters relative to their geometric diameters indicative of low effective 
density, fractal particles. (48). 
 

 
Figure 17: Size-resolved number fractions of the different particle types for the background 
before and after a) OC-V-sulfate (Container4) and b) fresh soot (Container1a) plumes. (c,d) Size-
resolved chemical fractions of these plumes. 

 

j. Correlation between sulfate and vanadium particle 
Rising sulfate levels are a major concern globally (60) and have been shown to 

influence ship tracks (59). In a representative OC-V-sulfate plume, high fractions of OC-
V-sulfate particles contained sulfate (100%) and sulfuric acid (56%), with average 
absolute peak areas of ~57,000 and 7,000 for sulfate and sulfuric acid, respectively 
(Figure 18). For other particle types only 14-40% of the particles contained sulfate, while 
almost none (0-1%) contained sulfuric acid. Average absolute peak areas on the other 
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particle types ranged from only 75-3400 and 0-344 for sulfate and sulfuric acid, 
respectively. Since ATOFMS absolute peak areas are proportional to mass on a single-
particle basis (85,86), differences in the sulfate and sulfuric acid peak areas of ~1-2 
orders of magnitude clearly show that the OC-V-sulfate particles contained more sulfate 
and sulfuric acid compared to non vanadium-containing particles. The measured sulfate 
and sulfuric acid peak areas are substantially larger than previously measured in 
ATOFMS source combustion studies, including cars burning gasoline (36), trucks 
burning diesel (37), and biomass burning (87). 
 

 
Figure 18: Average sulfate (red circles) and sulfuric acid (blue circles) absolute peak areas for 
major particle types during the plume of the vessel Container4; errors are shown by 95% 
confidence intervals. Number fractions of particles containing sulfate (red diamond) and sulfuric 
acid (blue diamond) are shown. The inset shows a zoomed-in version of particle types with lower 
peak areas than the OC-V-sulfate type. 

 
There are several mechanisms that could lead to the high measured levels of 

sulfate in the particle phase of the plume: 1) homogeneous formation of sulfuric acid in 
the gas phase followed by condensation onto particles, 2) heterogeneous production of 
sulfate and sulfuric acid on the surface of particles, and 3) aqueous phase production 
within particles.  The gas phase process is too slow to explain our observations of large 
amounts of sulfate and sulfuric acid forming within minutes of emission (88).  This is 
supported by a study showing that at high relative humidity, aqueous processing is the 
main oxidation pathway (89). Also, if sulfuric acid was produced in the gas phase, it 
would condense on all particle surfaces present and lead to sulfate and sulfuric acid on all 
particle types, not selectively on one type (OC-V-sulfate) as we observe in this study.  
Thus, the heterogeneous and aqueous phase oxidation of SO2 to sulfate and sulfuric acid 
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are the most likely routes.  The stronger association of sulfate and sulfuric acid on V-
containing particles further suggests the metal(s) are catalyzing this process.  Vanadium 
could be catalyzing the oxidation process (90) or serving as a proxy for other metals 
present in residual fuel (i.e. Fe and Mn), which the UF-ATOFMS is not as sensitive to as 
vanadium, that are catalyzing the oxidation process (88).  V2O5 was originally considered 
to be ineffective as an atmospheric catalyst below 150 °C (91), but subsequent work has 
shown that in the presence of NO2 and adsorbed H2O, catalysis of SO2 by V2O5 can occur 
down to ambient temperatures (25°C) (90). Combine the fact that plumes quickly cool to 
ambient temperatures (92), that there was high relative humidity in the marine sampling 
location, and the presence of NO2 (from the fast reaction between O3 and NO) in the 
plumes, these atmospheric measurements show that catalytic sulfate production could 
indeed be an important atmospheric process. Recent work involving oxidation of other 
sulfur species by vanadium in the laboratory at temperatures between 80-280°C and in 
the atmosphere show the importance of the catalytic pathway for sulfate production 
(93,94).  

Particulate emissions from ships must be considered as ship emissions are 
expected to increase ~5% globally by 2030. The production of large amounts of sulfate 
will impact climate through both cloud and radiative transfer processes (63). Increasing 
ship emissions will increase concentrations of submicron vanadium-containing particles 
(61), posing serious consequences for human health (64,65). Herein, direct single-particle 
measurements of ship plume particle mixing-states provide key insight into the chemistry 
of freshly emitted ship plumes. The ability to use vanadium as a tracer for ship plumes 
through single-particle mass spectrometry in the polluted environment of the Port of LA 
will strengthen efforts to accurately apportion particulate matter to source in other 
California environments. In addition, current emissions inventories do not account for 
fuel type and subsequent processing of sulfur species by vanadium and/or other metals 
(i.e. Fe and Mn) present in the plumes, which could be leading to incorrect estimates of 
atmospheric sulfate concentrations. Incorporating fuel type could help explain the 
enhanced sulfate levels being measured in places such as California that current 
emissions inventories cannot explain (95). Thus, the enrichment of sulfate and sulfuric 
acid on OC-V-sulfate particles due to catalytic aqueous phase reactions occurring on 
particle surfaces enriched with vanadium has important implications for regulating 
anthropogenic sulfate levels in coastal environments. The vanadium and sulfur content of 
fuels and subsequent impacts on sulfate production should be considered in future 
inventories and atmospheric models. 
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Spatial Variability of Particulate Matter and Sources 

3. Mobile Laboratory Observations of Temporal and Spatial Variability 
within the Coastal Urban Aerosol 

i. Introduction 
 Particulate matter (PM) has been shown to negatively impact human health over 
short and long term periods of exposure (96-98). Short term effects from elevated levels 
of particulate matter have also been observed, including increased hospital admissions for 
asthma, cardiovascular disease, and chronic obstruction pulmonary disease on days where 
PM less than 10 micrometers (PM10) increased by 10 μg/m3 (97). For example, at a series 
of hospitals in Utah, a recent study showed that a 10 μg/m3 increase in PM2.5 increased 
the risk of ischemic heart disease events (e.g. heart attacks) by 4.5% in patients (99). 
Long term studies have shown connections between particulate matter and lung cancer, 
cardiopulmonary mortality, and cardiovascular disease (97,98). Orru et al. found that the 
impact of particulate matter on human health had high spatial variability based on 
varying exposure levels to PM2.5 in different neighborhoods throughout an urban 
environment (100). In addition to the mass concentration of PM present, negative health 
effects have also been linked to both particle size and chemical composition (97,98,101). 
Particle size plays a key role in determining where and to what extent inhaled particles 
deposit in the tracheobronchial and pulmonary systems (102-104). Where particles 
deposit in the body is also impacted by the degree to which particles grow when exposed 
to high relative humidity after inhalation, which is determined by particle size and 
chemical composition (102). In addition, single particle mixing state of particles plays a 
role in the negative health effects from particles. Synergistic effects have been shown 
when specific species are present together such as oxidative stress and NFκB activation 
(iron and soot), as well as cardiovascular and thermoregulatory effects (vanadium and 
nickel) (65,105). Thus, the health effects of PM are dependent on particle concentrations, 
size, and chemical composition. 

As size, chemical composition, temporal variability, and spatial variability all 
contribute to the negative health effects of particulate matter, detailed measurements 
assessing these variables are necessary to understand and address this unique problem. 
However, understanding the urban aerosol has long been a challenge for aerosol 
researchers due to the complexity and the rapidly evolving nature of urban environments. 
For example, even determining the optimal metric for relating atmospheric measurements 
and human health has been challenging as basic parameters, such as particle number 
concentration and mass, do not always track each other (106). The merits of particle size 
distributions based on number concentration (107,108), surface area (109), and mass 
(110) have all been discussed as possibilities for linking particulate matter and health, but 
much is still unknown as to the causal link in ambient conditions. Increasing the 
understanding of urban aerosols is one portion of decreasing the uncertainty of the 
particle-health link and many studies have looked at both the long and short term trends 
in particle properties in an urban environment (111-116). 
 One of the more challenging aspects of decreasing uncertainty between exposure 
and health is determining the spatial variability of aerosols in an urban area. Three main 
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approaches have been utilized to measure aerosol spatial variability: multiple sampling 
sites operating simultaneously, models incorporating data from one or more sites, and 
mobile/portable laboratories. For instance, Mejia et al. compared measurements at 8 sites 
in Brisbane, Australia and found considerable variability in number concentrations and 
size distributions (depending on which whether the vehicle fleet was primarily cars or 
trucks) (117).  Krudysz et al. monitored 13 sites around the Ports of Los Angeles and 
Long Beach and also found spatial variability in particle concentrations and size 
distributions, especially among ultrafine particles (111,117). When operating multiple 
sites continuously particle chemistry is often measured with only low resolution filter 
techniques. Models also have been used to expand the reach of studies with one or more 
sampling sites through meteorological or chemical mass balance models (118,119).  
Recently, many portable and/or mobile laboratories have been developed which can 
monitor and move quickly between sampling locations or sample while moving, which 
gives both high temporal and spatial resolution (120,121). Many of these laboratories 
have focused on fresh vehicle emissions (122-125) or spatial patterns of specific species 
(i.e. hexavalent chromium) (126). Herein, this paper will discuss measurements involving 
the development and deployment of the mobile aerosol time-of-flight mass spectrometry 
(ATOFMS) laboratory. These measurements of spatial and temporal variability with real-
time particle size and chemistry mark the first single particle mass spectrometry 
measurements at multiple sites in a single day, providing particle concentrations, sizes, 
and chemistry that can be incorporated into future health studies. 

ii. Experimental 

a. Mobile ATOFMS Laboratory 
A Pace American Class IV trailer (length 5.5 m; width 3.5 m; height 3 m; 

maximum gross trailer weight 4,500 kg) was modified to house an array of gas phase and 
aerosol instrumentation. The mobile ATOFMS laboratory was transported between sites 
by a Chevrolet Silverado 3500 pickup truck equipped with two Honda EB11000 gasoline 
generators (9.5 kVA) supported by a steel frame anchored to the truck bed. The generator 
exhaust passed through an exhaust manifold and 20 m of 6 cm diameter steel tubing to 
transport the emissions downwind of the sampling inlet. One generator was capable of 
powering the trailer at full load for 3-4 hours under normal operating conditions on a 
single tank of gas. This study focused on stationary sampling and at each site a 2.5 meter 
sampling line was attached to a sampling manifold on the mobile ATOFMS laboratory 
roof (5.5 meters above the ground). The manifold provided laminar sampling flow for 5-6 
instruments in parallel with similar residence times. 

b. 2009 San Diego Bay Measurements 
The mobile ATOFMS laboratory sampled the urban aerosol at multiple locations 

around San Diego Bay on both February 12 and March 13, 2009.  Sampling times and 
locations are provided in Table 5 and Figure 19. On February 12th, sampling was 
conducted at three locations: Silver Strand State Beach (SS), Cesar Chavez Park (CC) in 
downtown San Diego, and Coronado Tidelands Park (Cor). These same three sites were 
sampled on March 13th, as well as Chula Vista Bayfront Park (CV) and Pepper Park 
(Pep) in National City. Throughout this paper SS1, CC1, and Cor1 refer to the 
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measurements at the three sites on February 12th and SS2, Cor2, CC2, CV2, and Pep2 
reference the measurements made on March 13th. 
Site Abbreviation Latitude (°N) Longitude (°W) Sampling Start Sampling Stop
Silver Strand SS1 32° 37' 58" 117° 08' 29' 2/12/2009 9:48 2/12/2009 12:18
Cesar Chavez Park CC1 32° 41' 46" 117° 09' 01" 2/12/2009 14:21 2/12/2009 16:10
Coronado Cor1 32° 41' 28" 117° 09' 58" 2/12/2009 17:26 2/12/2009 19:09
Silver Strand SS2 32° 37' 58" 117° 08' 29" 3/13/2009 8:29 3/13/2009 10:20
Coronado Cor2 32° 41' 28" 117° 09' 58" 3/13/2009 11:41 3/13/2009 13:03
Cesar Chavez Park CC2 32° 41' 46" 117° 09' 01" 3/13/2009 13:57 3/13/2009 15:02
Chula Vista Park CV2 32° 37' 11" 117° 06' 11" 3/13/2009 16:10 3/13/2009 17:03
Pepper Park Pep2 32° 39' 02" 117° 06' 38" 3/13/2009 18:35 3/13/2009 20:02  
Table 5: Sampling times and locations at sites around San Diego Bay are described. 
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Figure 19: Map of the San Diego metropolitan area around San Diego Bay with trailer sampling 
sites and air pollution control district (APCD) sites, as well as 200 meter HYSPLIT air mass back 
trajectories for (a) February 12, 2009 and (b) March 13, 2009. 

c. Instrumentation 
Standard aerosol instrumentation in the mobile ATOFMS laboratory included 

PM2.5 mass concentrations from a beta attenuation monitor (BAM) (MetOne Model 
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BAM-1020) and black carbon mass concentrations from a seven wavelength 
aethalometer (Model AE31, Magee Scientific). Aerosol size distributions were collected 
between 0.011 - 0.604 μm by a scanning mobility particle sizer (SMPS) (Model 3936L, 
TSI Inc.) and 0.523 -10 μm by an aerodynamic particle sizer (APS) (Model 3321, TSI 
Inc.). Measurements of meteorology, gas phase concentrations, and mass concentrations 
(PM2.5) were also incorporated from San Diego Air Pollution Control District (SD-
APCD) sites in downtown San Diego (DT-APCD), Chula Vista (CV-APCD), and at the 
San Diego International Airport (SDAP). 

d. Aerosol Time-of-Flight Mass Spectrometry 
An ATOFMS was operated inside the mobile laboratory measuring the size and 

chemical composition of individual particles between 0.2-3.0 μm in real-time at each site. 
The design and details of the ATOFMS have been described in detail previously (127). 
Briefly, particles are introduced into the ATOFMS through a converging nozzle into a 
differentially pumped vacuum chamber where the particles are accelerated to a size 
dependent velocity. The particles pass through two continuous wave lasers (diode 
pumped Nd:YAG lasers operating at 532 nm) located 6 cm apart. Particle speed is used to 
determine vacuum aerodynamic diameter by calibration with polystyrene latex spheres of 
known size. The sized particles are desorbed and ionized in the mass spectrometer source 
region by a 266 nm Q-switched Nd:YAG laser (1.2-1.4 mJ). Positive and negative ions 
from the same single particle are detected using a dual-reflectron time-of-flight mass 
spectrometer. 

e. Single Particle Data Analysis 
Single particle size and mass spectral information were analyzed with YAADA 

1.2 (www.yaada.org), a data analysis toolkit for MATLAB 6.5.1 (The MathWorks, Inc.). 
Particles were analyzed via two approaches: 1) searching mass spectral, aerodynamic 
size, and temporal features and 2) clustering mass spectra using an Adaptive Resonance 
Theory based neural network algorithm (ART-2a) at a vigilance factor of 0.8 (35). ART-
2a combines particles into clusters based on the intensity of ion peaks in individual mass 
spectra. General particle types are defined by the characteristic chemical species or 
possible source to simplify the naming scheme; these labels do not reflect all of the 
species present within a specific particle type, but reflect the most intense ion peaks. Peak 
identifications within this paper correspond to the most probable ions for a given m/z 
ratio. 

f. Scaling Single Particle Measurements to Mass Concentrations 
Number and mass concentrations were calculated for different particle types using 

APS size-resolved number concentrations, which has been shown previously to yield 
quantitative mass concentrations (128). Briefly, ATOFMS counts are divided into APS 
size bins (0.523 – 2.5 μm) and scaling factors were calculated for each site to account for 
ATOFMS transmission biases. Bins with less than 10 particles at a site were excluded 
due to low statistics, which might lead to slight undercounting of PM1 and PM2.5. After 
scaling to number concentration, mass was calculated using a representative density for 
particles in an urban atmosphere that have taken up water and secondary species, 1.5 
g/cm3 (129). Scaled ATOFMS mass concentrations have been shown previously to 

http://www.yaada.org/�
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correlate well with standard mass measurements and comparisons to the BAM PM2.5 
mass concentrations are included below (128). Previous ATOFMS measurements in San 
Diego used scaled mass concentrations to determine the impact of transported particles 
from the Los Angeles port region, demonstrating the utility of the method locally (74). 

iii. Results and Discussion 

a. Temporal Patterns of Meteorological and Gas Phase Concentrations 
To characterize the ambient conditions on February 12th and March 13th the 

meteorological and gas phase concentrations of each day are compared (Figure 20). The 
meteorological conditions recorded at the DT-APCD on both February 12th and March 
13th had normal diurnal trends in temperature (red line – peaking late morning) and 
relative humidity (RH) (light blue line – minima midday). RH was monitored at the San 
Diego airport (6 km northwest). The wind direction (WD) (black markers) and wind 
speed (WS) (grey line) on February 12th was also diurnal, shifting from a light easterly 
land breeze (~ 1 m/s) before sunrise to a stronger westerly sea breeze (~ 3 m/s) during the 
day and shifting back to a light easterly land breeze after sunset.  The wind data on March 
13th were similar, with a difference being the absence of a shift back to easterly winds in 
the evening. Meteorological data from downtown San Diego (APCD) and Chula Vista 
(APCD) were compared on both days and agreed during the periods of sampling.  
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Figure 20: Comparison of meteorology conditions (temperature-red, relative humidity-light blue, 
wind speed-grey, wind direction-black markers) and gas phase concentrations (O3-blue, NOx-
green, SO2-gold) on February 12th and March 13th. 

 The gas phase concentrations observed on February 12th and March 13th were also 
similar (Figure 20). An increase in NOx concentrations (green line) was observed before 
dawn, followed by a decrease after sunrise as O3 concentrations (dark blue line) 
increased. On February 12th, the O3 decreased after sunset and the wind shifted to a land 
breeze with NOx increasing. The lack of a shift in wind direction on March 13th was 
accompanied by high O3 concentrations well after dark and sustained low NOx 
concentrations. On both days, SO2 concentrations were low, and no significant patterns 
were observed. The similar trends in the meteorological and gas phase data suggest that 
differences in particle mass, number concentration, and chemistry around San Diego Bay 
on these two days will provide insight into sources and aging, spatially and temporally. 
 Air mass back trajectories were calculated using HYSPLIT 4.9 for each site 
during the sampling periods (130). Figure 19a shows the 200 meter air mass backward 
trajectory for the three sites sampled on February 12th (SS1, CC1, and Cor1). All three 
back trajectories show a strong oceanic influence with each air mass overland for less 
than an hour, which corresponds with the wind direction in Figure 20a. The air mass 
back trajectories calculated for March 13th are not as homogeneous, with the initial 
sampling site for that day (SS2) showing an air mass that was over the San Diego area for 
~ 6 hours. This slow moving air mass over a region with many sources indicates that the 
air mass is likely polluted, while the strong sea breeze that lasted through sampling at 
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(Cor2, CC2, CV2, and Pep2) is indicative of cleaner conditions. The two sampling days 
provide an informative contrast with a relatively clean day on February 12th versus March 
13th, which transitioned from polluted conditions to cleaner marine conditions. This 
comparison can provide information about how quickly the aerosol changes in terms of 
particle types present and associated secondary species (i.e. nitrate and sulfate) during 
clean marine wind patterns.  
 Particulate mass concentration is the most commonly used metric to evaluate 
aerosol pollution levels by state and federal regulatory agencies and has led to the 
development of standardized methods for determining PM10 and PM2.5 mass 
concentrations, such as the BAM. BAM measurements at the DT-ACPD site on both 
days are shown in Figure 20 (black line) and exhibit different patterns over the course of 
the day. On February 12th, a diurnal trend was observed with high nighttime mass 
concentrations (> 20 μg/m3) that decreased in the pre-dawn hours and fell sharply after 
sunrise to low levels during the day (1-3 μg/m3)  with a slight increase in the late evening 
hours (3-5 μg/m3). This pattern was also observed on February 10th and 11th, which were 
the first two non-precipitating days after five days and 43 mm of rain (February 5-9) 
(131). Overnight sampling at a site 21 km north of the DT site observed a similar 
overnight build-up in PM2.5 with size distribution data (SMPS and APS). This increase in 
PM2.5 is likely local as back trajectory analysis shows an oceanic origin, indicating that 
elevated PM2.5 levels were likely not transported. On March 13th a peak in mass 
concentration between 08:00-10:00 PST related to morning rush hour was observed, but 
there was not a clear diurnal trend as PM2.5 concentrations did not drop sharply to 
minimal levels during the day. PM2.5 concentrations were >5 μg/m3 throughout the day 
with levels of ~10 μg/m3 from late afternoon through the evening (16:00-23:00 PST). The 
distinctly different temporal trends (high to very low on February 12th and higher, but less 
diurnal on March 13th) of PM2.5 mass concentration on days with similar meteorological 
and gas-phase temporal patterns indicate differences in particle properties and dynamics, 
epitomizing the difficulty in understanding the urban aerosol. 

b. Variability of Particle Mass and Number Concentrations 
To determine whether the mass concentrations observed at the downtown site 

were representative of particle mass at different points around the San Diego Bay, the 
ATOFMS PM2.5 mass concentration (blue bars), and BAM PM2.5 mass concentrations at 
the mobile ATOFMS laboratory sites (red bars) were compared with BAM measurements 
at the downtown site (green bars) (Figure 21a).  On February 12th, the PM2.5 
concentrations for the downtown BAM and the trailer BAM match at 1 μg/m3 (SS1, CC1, 
and Cor1). The ATOFMS mass concentrations are quite different from the trailer BAM 
and DT-APCD BAM concentrations at SS1, which we believe to be related to counting 
issues with the APS related to freshly generated sea salt particles from the ocean, which 
was 50 meters west of the sampling site. However, the measurements agree at the CC1 
and Cor1 sites, where there was less of an influence from sea spray. During this period 
number concentrations (Figure 21b – orange bars) were also low (1865-4169 #/cm3). We 
believe this agreement is due to clean conditions resulting from the 5 days and 43 mm of 
rain in the week before sampling (February 5-9) mentioned above, which decreased 
concentrations of larger particles (i.e. > 0.5 μm) and led to similar conditions among 
larger particles around the bay.  
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Figure 21: (a) PM2.5 mass concentration data at each site for the: Scaled ATOFMS mass (blue 
bars), trailer BAM (red bars), and DT-APCD BAM (green bars). (b) Number concentration by 
site from summed SMPS scans (gold bars). 

On March 13th the relationships between the mass measurements are more 
complex. At SS2, the trailer mass concentrations (ATOFMS and BAM) match within 
error, while the concentrations downtown are much higher. The Cor2 site had an 
anomalous BAM reading, but the Cor2 APS and DT mass measurements are similar for 
these sites that are ~1.5 km apart. The CC1 site has similar agreement between all three 
PM2.5 measurements (distance between CC and DT ~0.6 km). The trailer measurements 
agree well at the CV2 site, but are quite different than the downtown site (distance ~ 4 
km). Lastly, the ATOFMS mass is somewhat lower at the Pep2 site than the DT site 
(distance ~ 4 km), but more similar than at the CV2 site (the trailer BAM had a flow error 
at Pep2). Overall, at sites closer to downtown, there is better agreement between the 
trailer PM2.5 and DT-ACPD PM2.5, but the trailer PM2.5 is smaller than DT mass when the 
distance between mobile and DT-APCD site were greater in the morning and late 
afternoon. Despite variations around the bay, these mass measurements indicate a 
background level of particulate matter mass, which is likely related to there being 
essentially no rain (only 1 day and <0.04 inches) between February 12th and March 13th. 
The similarity in mass concentrations throughout the day on March 13th does not match 
with the variability in particle number concentration and chemical composition observed 
with the SMPS, APS, and ATOFMS. 

The number concentrations on March 13th have spatial and temporal variability. 
Temporally the SS2 or CV2 sites would be expected to have the highest number 
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concentrations as they were sampled during morning and evening rush hour, as well as 
SS2 having a back trajectory that spent significantly more time over the city than the 
other four.  This initial hypothesis is correct with SS2, but far off with CV2. Spatially, the 
CC2 site is located closest to the source region of downtown San Diego and the San 
Diego Port. The number concentration observed at this site is higher than would be 
expected temporally, as concentrations should decrease during the day as winds shift to 
coming from the ocean, thus the increased concentration at CC2 shows spatial variation 
around the bay. CC2 also has the highest standard deviation of number concentrations 
indicating that the downtown aerosol is dynamic even over 1 hour of sampling. Thus, a 
gradient from north to south along the bay with higher concentrations downtown and 
lower concentrations to the south is hypothesized to exist during strong sea breezes and 
oceanic air mass back trajectories, while land based air masses such as SS2 are not 
necessarily expected to follow this trend. This is consistent with the many particle 
sources densely packed in the downtown area, while sources are less concentrated 
geographically as you travel out from downtown to the other sampling sites. 

c. Variation in Aerosol Size Distributions 
Size distributions were analyzed for both February 12th and March 13th (Figure 

22). Figure 22a shows SMPS and APS size distributions measured on February 12th 
(SMPS measurements are not available for Coronado on this date), while Figure 22b 
shows similar measurements from March 13th. The aerosol number concentrations shown 
in Figure 22a are lower than those in Figure 22b. The concentrations are somewhat 
intuitive: SS1 is a coastal site that had a strong sea breeze during sampling leading to a 
higher concentration of larger particles (i.e. sea salt), while CC1 is an urban site in close 
proximity to major freeways and other sources leading to more small particles (0.010-
0.030 μm) and fewer large particles (>0.030 μm). The APS traces for CC1 and Cor1 are 
also nearly identical as would be expected for two sites ~1.5 km apart on a day with 
somewhat homogeneous conditions for larger particles (> 0.5 μm) due to wash out of 
large particles by rain the previous days. 
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Figure 22: Size distribution measurements (SMPS and APS) for February 12th and March 13th as 
measured at the trailer sampling sites. The red traces correspond to Silver Strand, green traces to 
Cesar Chavez Park, yellow to Coronado, blue to Chula Vista, and purple to Pepper Park 

A distinctive feature of Figure 22b is that the SMPS size distributions observed 
on March 13th show a great deal of variability. The small mode and relatively high 
number concentrations observed at Cor2 (18.8 nm and 23,103 #/cm3) are likely the result 
of close proximity to a major highway (< 50 m south) and the larger modes and lower 
number concentrations at CV2 (68 nm and 4,745 #/cm3) and Pep2 (79 nm and 7,609 
#/cm3) are the result of more distant sources and an older aerosol. The high number 
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concentration at SS2 (36,613 #/cm3) is related to the air mass back trajectory as described 
above. Lastly, the high number concentration (34,928 #/cm3) and standard deviation of 
number concentration (39,005 #/cm3) (shown as error on Figure 21b) at CC2 indicate the 
dynamic nature of the sources.  

An important aspect of Figure 22 is that the size distributions on February 12th in 
the overlap region between the SMPS and APS (0.523-0.604 μm) are within instrumental 
error at those sizes, but there is a large disconnect in the overlap region between the 
SMPS and APS measurements on March 13th that is beyond error. This is due to the fact 
that the SMPS measures electrical mobility diameter (dm) and the APS measures 
aerodynamic diameter (da). These two parameter are related to one another by the 
following equation (132) where ρ0 is the unit density (1 g/cm3), ρp is the particle density, 
and χ is the shape factor: 
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As can be seen from the equation, as shape factor approaches 1 (spherical) and density 
approaches the unit density, aerodynamic and electrical mobility diameter converge. This 
indicates that particles in the overlap region on February 12th were both spherical and had 
taken up large amounts of water, as shown previously by Spencer et al. when atmospheric 
liquid water content increased, effective density approached unity (48). By comparison, 
on March 13th there is a multiple order of magnitude difference in number concentration 
in the overlap region indicating an aerosol that likely has non-unity density and shape 
factor, as mobility and aerodynamic diameter give different distributions. These 
differences show that particles are either denser, less spherical, or both when compared to 
the February 12th aerosol, indicating that the aerosol on March 13th is neither well-mixed 
nor homogeneous. This is a key point as high aerosol concentrations in urban 
environments are frequently assumed to be homogeneous due to atmospheric processing, 
but these results indicate that this is not a safe assumption. 

d. Differing Aerosol Sources Determined by Particle Chemistry 
The main particle types observed at the different sampling sites included: sea salt, 

dust, elemental carbon mixed with organic carbon, organic carbon, and biomass particles. 
These particle types have been described for the San Diego area previously (74,133). 
Briefly, sea salt particles were identified by 23Na+, 62Na2O+, 63Na2OH+, and 81,83Na2Cl+; 
dust particles were identified by peaks corresponding to 23Na+, 27Al+, 39K+, 56Fe+, -76SiO3

-, 
and -77HSiO3

-; elemental carbon particles mixed organic carbon (ECOC) were 
characterized by peaks at (12C1

+, 24C2
+,…, Cn

+) with less intense organic carbon markers 
(27C2H3

+, 29C2H5
+, 37C3H+, and 43C2H3O+); organic carbon (OC) particles had high 

intensity peaks at 27C2H3
+, 29C2H5

+, 37C3H+, and 43C2H3O+, as well as many other carbon 
fragments; and biomass particles identified by a strong potassium peak (39K+) and minor 
organic carbon ion markers. Mixing state of different particle types with markers for 
clean (chloride) and aged (nitrate and sulfate) particles will be discussed below.   
  The relative mass fractions for submicron and supermicron particle types are 
shown Figure 23a and Figure 23b respectively, with the black markers representing the 
total ATOFMS mass concentration at each site for that size range. In Figure 23a the very 
low concentrations of non-sea salt particle types (less than 10% at each site) on February 
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12th (SS1, CC1, Cor1) indicate very clean conditions, as discussed above. On March 13th 
between 25-50% of the particle mass under 1 μm are not sea salt particles, but rather 
carbonaceous particles (OC, ECOC, and biomass) indicating significant anthropogenic 
particle concentrations. This is significant as each site was within 200 meters of the salt 
water bay and heavily impacted by sea salt particles. On March 13th there is a decrease in 
mass for the OC particle type during the day, while ECOC and biomass are present 
throughout the day. The higher mass fraction of the OC particle type at SS2 was related 
to the different air mass history discussed above. As the sea breeze strengthens during the 
day, the OC particle type decreases to negligible levels by the time sampling is conducted 
at CV2 and Pep2, indicating the importance of temporal variation. The combined fraction 
of mass from ECOC and biomass particles is substantial throughout the day (14-32%), 
indicating particle types that are part of the urban background. The supermicron mass 
concentrations and mass fractions (Figure 23b) are remarkably consistent during the 8 
time periods over 2 different days. This indicates that a large fraction of the spatial and 
temporal variability in particle number concentration and chemical composition is caused 
by the submicron particles. 
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Figure 23: Chemically-resolved relative mass fractions of particle types for (a) submicron (0.523 
– 1 μm) and (b) supermicron (1-2.5 μm) particles at each site. The black diamonds represent the 
ATOFMS mass concentration by site. 

e. Differences in Particle Aging and Mixing State  
With respect to aging, mass spectral markers for chloride (-35Cl-), nitrate (62NO3

-), 
and sulfate (97HSO4

- ) can provide information as to the degree and form of particle 
aging, as nitrate and sulfate can be markers of secondary processing. Chloride has been 
shown as a good marker for unreacted sea salt particles, while nitrate has been shown as a 
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marker for aging on many particle types (134,135). Sulfate is identified by the 97HSO4
- 

peak (136), except for sea salt particles where there is interference from the 23Na37Cl2- at 
m/z -97. Amongst different particle types, the aging and secondary species change 
temporally and spatially. Figure 24a shows the average nitrate and chloride peak areas at 
each site for sea salt particles, while Figure 24b and Figure 24c show nitrate and sulfate 
for biomass and ECOC particles, respectively. The February 12th sampling show higher 
chloride peak area for sea salt at all 3 sites, while on March 13th the nitrate peak area 
starts larger and decreases to roughly even with chloride during the day, suggesting fresh 
unreacted particles (Figure 24a). While there were not enough biomass and ECOC 
particles with negative mass spectra to analyze peak areas on February 12th, on March 
13th nitrate is seen to decrease during the day similar to sea salt, indicating that the 
particles are either less aged or have had nitrate volatilize (Figure 24b and Figure 24c). 
For biomass, sulfate peak area becomes larger throughout the day on March 13th. This 
may be related in part to the strong ocean breeze observed for Cor2, CC2, CV2, and 
Pep2, which has had less time to react heterogeneously and take up nitrate. Figure 24d 
shows the ratio of the sulfate peak area and nitrate peak area at each site during the day. 
The ratio increases throughout the day for both particle types. The lower nitrate 
concentrations suggest that nitrate may not have been present on the particles sampled at 
CC2, CV2, or Pep2 due to cleaner conditions later in the day. Another possibility is that 
due to its semi-volatile nature, nitrate may have partitioned back to the gas phase in the 
late afternoon due to higher temperatures (137). 
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Figure 24: Peak areas related to aging for (a) Sea salt particles, (b) Biomass particles, and (c) 
ECOC particles. For sea salt particles, chloride (blue – 35Cl-) and nitrate (green –62NO3

-) are 
plotted. For biomass and ECOC particles, nitrate and sulfate (purple – m/z 97HSO4

-) are plotted. 
The ratio of the peak areas for nitrate and sulfate (d) are given for biomass and ECOC particle 
types. 

f. Variations in Chemistry and Implications for Models and Regulations 
The measurements described above show that even on days with relatively similar 

meteorological conditions there can be considerable differences in particle mass and 
number concentrations and chemical mixing state within a marine-influenced urban 
atmosphere. During clean conditions similar mass concentrations, number concentrations, 
and particle chemistry were observed. During polluted time periods a strong diurnal 
pattern was observed with respect to particle types (decreasing organic carbon) and 
secondary species (nitrate) associated with the background particle types changed. 
Spatially, the downtown area represented a source region after the wind shift, as indicated 
by the size distributions and number concentrations, which fed into a general background 
level of particulate matter that appears to have built up over a month long period without 
rain. However, temporal patterns are shown to have a greater impact on particle 
properties than spatial patterns on this city-wide scale.  

Submicron particles are more likely than supermicron particles to be inhaled and 
deposited into the tracheobronchial and pulmonary regions of the body than the naso-oro-
pharyngo-laryngeal regions (138), which suggests that understanding the sources and 
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processing contributing to the urban aerosol is critical to determining the degree to which 
it impacts human health. The initial deployment of the mobile ATOFMS laboratory and 
single particle measurements from this platform demonstrate the importance of 
understanding these fluctuations in particle chemistry as they relate to sources and aging 
processes. The difference between a very clean day (February 12th) and a day with higher 
mass concentrations (March 13th) is shown by a less homogeneous aerosol that varies 
diurnal, more than spatially. The relative importance of temporal over spatial variation is 
only expected to increase as mass concentrations increase, except in close proximity to 
strong particle sources. Describing the urban aerosol from a single particle mixing state 
perspective will be a key to improving future models that will analyze the links between 
aerosol concentration and composition and their impact on human health. When crafting 
future regulations the vast variation possible within similar PM2.5 mass concentrations 
needs to be considered and methods with higher time resolution chemical information are 
necessary as attempts are made at bridging the causal gap between air pollution and 
health. 
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Season and Interannual Variability in Particulate Matter Size 
and Composition 

 

4. Single Particle Characterization in Riverside, CA during the SOAR 2005 
Campaign: Seasonal Comparisons 

i. Introduction 
The city of Riverside, California covers ~200 km2 of area in the eastern Los 

Angeles (LA) basin and encounters some of the worst air pollution problems in the 
United States.  In 2000, Riverside-San Bernardino was one of the six US metropolitan 
areas out of 296 that exceeded National Ambient Air Quality Standard levels due to high 
concentrations of O3, SO2 and particulate matter; furthermore, out of the nation’s 94 
largest metropolitan areas, Riverside-San Bernardino was one of three areas with 
unhealthy air quality levels for sensitive groups on more than 120 days each year between 
1999 and 2002 (139).  Great attention and effective policies are needed to alleviate the air 
pollution problem. 

In addition to affecting climate and reducing visibility (140-142), ambient 
particles with aerodynamic diameters (Da) less than or equal to 2.5 µm (PM2.5) can cause 
serious adverse health effects (110,143).  For example, a strong association was found 
between PM2.5 concentration and mortality rate, particularly cardiopulmonary mortality 
(110); further, exposure to PM2.5 and elemental carbon (EC) can lead to significant 
deficits in children’s lung function growth and increase incidents of asthma (144).  The 
distribution and deposition of inhaled particles strongly depend on particle size with 
smaller particles penetrating further into the respiratory system and even entering the 
blood stream (145-147).  Therefore, in addition to aiding in source apportionment of 
aerosols in the LA basin and areas with similar emissions inventories and geographical 
and meteorological conditions, size-resolved ambient aerosol composition and chemical 
association will also provide valuable information for health effects studies. 

Riverside is located along a typical air parcel pathway crossing the LA basin and 
is the receptor area of LA air pollutants, which transport east and transform along the 
way.  In previous studies, the major components of PM2.5 in Riverside were found to be 
nitrate, ammonium, EC and organic carbon (OC) by mass (148).  Vehicle exhaust is the 
primary source of carbonaceous particles (EC and OC) (149), and the high ammonium 
concentrations are mostly influenced by emissions from nearby upwind Chino dairy 
farms, which is the largest single source of ammonia in the greater LA area (150).  In 
summer, PM2.5 concentrations reach maxima during the day due to elevated 
photochemical reactions as well as increased aerosol transport from the LA area in the 
west; whereas wintertime PM2.5 concentrations peak at night due to the decrease in the 
altitude of inversion layers (44,45,151).  Thus, the aerosol chemical composition and 
formation mechanisms vary considerably by season. 

Numerous studies have been conducted in Riverside and other cities in the LA 
basin during the last three decades to study urban photochemical smog formation, aerosol 
transport and evolution across the basin, and size-resolved chemical composition of 
ambient particles (44,45,148,149,151-155).  Recent developments in on-line techniques 
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for aerosol analysis have enabled high temporal resolution for particle number and size 
measurements. Studies investigating seasonal variability of particle number 
concentrations, size distributions, and chemical composition were also conducted in 
Riverside recently (151,155); however no detailed seasonal comparison is available on 
temporal variations of individual chemical classes and aerosol mixing state. 

Aerosol time-of-flight mass spectrometry (ATOFMS) is an on-line mass 
spectrometry technique which allows the measurement of size and chemical composition 
of individual particles in real-time (156).  ATOFMS can examine complicated aerosol 
mixtures on a single particle level and provide quantitative high temporal resolution 
chemical composition, size distribution, and chemical association information (157), 
which is useful for source apportionment.  Previous continuous ambient ATOFMS 
measurements in Riverside were conducted in 1996 and 1997 (153,154,158); however, 
single polarity spectra without wide dynamic range (WDR) were collected, and seasonal 
differences were not the focus (157).  Recent ATOFMS developments have allowed for 
simultaneous dual polarity collection with WDR, improving our ability to classify 
particles and identify aerosol associations especially with secondary signatures of nitrate 
and sulfate. 

This paper presents summer and fall seasonal differences in aerosol size 
distribution, composition, and chemical association in Riverside from continuous 
ATOFMS single particle measurements.  Particles with sizes between 0.2 and 2.5 μm are 
discussed, along with the meteorological conditions which play an important role in 
aerosol composition and formation mechanisms.  Significant differences are observed 
between summer and fall temporal variations and percentages of individual chemical 
species.  This work is the first attempt to study the seasonal variability of ambient 
aerosols using ATOFMS single particle measurements, illustrating the changes in the 
relative concentrations of the major particle types both by time and by size.    

ii. Experimental 

a. SOAR Campaign  
 The Study of Organic Aerosols in Riverside (SOAR) field campaign was 

conducted in the summer and fall of 2005 on the campus of the University of California, 
Riverside (UCR) for ambient aerosol characterization and source apportionment (159).  
The sampling site was located in the southeast of the UCR campus (33°58′18″N, 
117°19′22″W), and a map is included in Figure 25.  Immediately to the east and west of 
the sampling site are the satellite chiller plant and greenhouses, respectively, and a 
parking lot with a capacity of 129 parking spaces lies directly to the south.  A major 
freeway (I-60/215) with heavy traffic neighbors the campus to the west and southwest 
and is ~600 meters away from the sampling site.  Due to freeway construction, heavy 
traffic was observed as early as 3:00 and as late as 22:00.  All data are presented in 
Pacific Standard Time (PST). 
 
b. Ambient Sampling 

A standard ATOFMS was housed inside a mobile laboratory from July 30 to 
August 15 (SOAR-I) and from October 31 to November 21 (SOAR-II) with ~1 hour of 
downtime daily for maintenance mostly between 20:00 and 21:00.  A co-located 
aerodynamic particle sizer (APS, TSI 3321) and UV photometric O3 analyzer (TEI 49C) 
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Figure 25: Map of SOAR sampling site on UCR campus. 

measurements were also available.  Both the ATOFMS and APS sampled off the same 
cylindrical stainless steel manifold which connected to the ambient atmosphere on one 
side with a single port and to several instruments on the other side through multiple ports.  
To prevent alteration of ambient aerosol composition, the sampling lines outside the 
mobile laboratory were covered with reflective insulation wrap to minimize the loss of 
semivolatile species during the daytime; the sampling lines inside the mobile laboratory 
were covered with insulated foam, placed inside of a large diameter plastic tubing and 
surrounded by constant flow of ambient air to prevent condensation of semivolatile 
species and water due to the temperature difference between ambient and mobile 
laboratory air. 

The California Air Resources Board ambient air quality monitoring site at 
Rubidoux, CA is located ~10 km northwest of SOAR sampling site (149).  Due to the 
absence of beta attenuation monitor (BAM) data at SOAR sampling site, ambient PM2.5 
mass concentrations are represented by Rubidoux BAM measurements, which are good 
estimates of the sampling site PM2.5 levels during most of the study periods.  Wind data, 
ambient temperature and relative humidity (RH), taken at the SOAR sampling site, were 
provided by the Goldstein group at University of California, Berkeley. 
 

c. ATOFMS Data Analysis 
The chemical composition and Da of 1,076,812 and 1,061,506 ambient particles 

were collected using ATOFMS during SOAR-I and SOAR-II, respectively.  The detailed 
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design and operating principles of ATOFMS are discussed in detail by Gard and co-
workers (127).  The desorption/ionization laser power used in the SOAR studies was 1.5 
mJ, which has been shown to be able to fully ionize particles smaller than 1.0 µm (85).  A 
custom software package was used to calibrate the mass spectra, and ion peaks were 
extracted into a peak list which were imported into Matlab using a single particle mass 
spectrometry data analysis tool, YAADA, for further analysis (160).  The area and 
relative area of marker peaks in ATOFMS mass spectra can be related to the amount of 
specific species on each particle (85,161).  To obtain major particle types over the study, 
an adaptive resonance theory-based clustering method (ART-2a) was used to classify 
ATOFMS measurements (35).  By comparing the existence and intensity of ion peaks in 
single particle mass spectra, ART-2a classifies particles into separate clusters based on 
their mass spectral fingerprints.  The “quintessential” mass spectra which represent the 
overall mass spectral characteristics of each cluster are referred to as its weight matrix.  
Submicron (0.2 µm ≤ D a < 1.0 µm) and supermicron (1.0 µm ≤ Da ≤ 2.5 µm) particles 
during SOAR-I and SOAR-II were classified with ART-2a separately.  A vigilance factor 
of 0.80 was used in this work, and particles in the most populated 50 (top 50) clusters 
account for ~90% of total ART-2a classified particles in both size ranges for SOAR-I and 
SOAR-II.  Therefore, the top 50 clusters are representative of the overall aerosol 
composition and are the focus of this paper.  The purpose of this paper is to present 
general pictures of major aerosol compositions over the course of the study during each 
season; thus information on unique species (such as metals) and distinct events will be 
the focus of future papers. 
 

iii. Results and Discussion 
General meteorological conditions exhibited diurnal variations for both seasons 

and are summarized in Figure 26.  In summer, westerly winds dominated during the 
daytime between 6:00 and 18:00 reaching their maximum speeds at approximately 14:00.  
At night, the wind direction came from the east, associated with a decrease in wind speed.  
Temperature and O3 concentrations showed similar diurnal trends as wind speed, while 
RH showed the opposite trend.  Maximum temperature and O3 concentrations and 
minimum RH were observed at approximately 14:00; minimum temperature and O3 
concentration and maximum RH occurred around 5:00.  Overall, ambient meteorological 
conditions exhibited strong diurnal pattern without substantial day-to-day variation 
during SOAR-I. 

Similar diurnal trends of wind speed, temperature, RH, and O3 concentrations 
were still present during SOAR-II but the trend was weaker.  Distinct differences were 
observed during certain periods including daytime wind directions.  Easterly wind was 
observed at night throughout most sampling duration, which switched to westerly winds 
between 9:00 and 16:00 from November 2 to November 14.  October 31 to November 1 
and November 15 to November 21 were Santa Ana periods, during which warm, dry, and 
gusty offshore winds blows from the east-northeast to Southern California.  Maximum 
wind speeds in SOAR-II (~1.6 m/s) were generally lower than those in SOAR-I (~2.5 
m/s) except during the Santa Ana periods when wind speed can reach above 2.5 m/s.  
Moreover, wind speed spiked frequently in early mornings during SOAR-II besides the 
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daytime peak.  Compared to SOAR-I, SOAR-II O3 concentration displayed a similar 
diurnal variation with more irregularity during Santa Ana periods.  However, the highest 
 

 
Figure 26: Temporal variations of ambient wind speed, wind direction, temperature, relative 
humidity, and ozone concentration during SOAR-I (a) and SOAR-II (b). 

O3 concentration throughout SOAR-II was only 70 ppb, whereas in SOAR-I, the daily O3 
concentration maximum frequently exceeded 100 ppb.  SOAR-II will be segregated into 
more detailed episodes in the forthcoming sections. 

a. PM2.5 Concentrations   
BAM mass concentrations and APS size-resolved number concentrations for 

ambient PM2.5 are compared in Figure 27 for both SOAR-I and SOAR-II.  The contour 
plots represent hourly temporal and size-resolved APS number concentrations in log 
scale with red being the highest concentrations and purple being the lowest.  Hourly 
BAM measurements (brown line) are superimposed on APS measurements for more clear 
comparison.  In SOAR-I, PM2.5 mass concentrations displayed diurnal variations peaking 
mostly around noon with 79 µg/m3 being the highest concentration observed.  This 
daytime peak was likely due to a combination of transport of LA morning traffic 
pollution and secondary aerosol formation from photochemical reactions, which was 
dissipated by the increase in wind speed in early afternoon hours (from ~1.5 m/s to 2.5 
m/s).  No consistent diurnal trend was observed in SOAR-II ambient PM2.5 
concentrations, but there were episodes of extremely low mass concentrations during 
Santa Ana periods, as well as a gradual buildup between November 2 and November 7 
with the highest concentration of 106 µg/m3 in the Fall. 
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APS number concentration measurements showed results consistent with BAM 
measurements.  The highest number concentrations during SOAR-I typically occurred 
around noon in the size range of 0.5 – 1.0 µm, during which the BAM also displayed 
daily peaks.  The particles between 0.5 – 1.0 µm account for majority of particle mass 
and have a larger size distribution due to aging compared to freshly emitted particles.  
 
 

 
Figure 27: Hourly temporal variations of BAM PM2.5 mass concentration and size-resolved 
hourly APS PM2.5 particle number concentration during SOAR-I (top) and SOAR-II (bottom).  
Contour plots represent APS number concentration in log scale, and the red lines correspond to 
BAM data. 
 

Late afternoons were generally characterized by the lowest particle number 
concentrations, which also agreed well with the trends shown by the BAM.  SOAR-II 
episodes were also easily discerned with APS measurements.  Similar to the agreement in 
SOAR-I, APS and BAM measurements displayed similar patterns in SOAR-II.  Santa 
Ana periods featured extremely low number concentrations even in the smallest size 
ranges; a gradual buildup period between November 2 and November 7 was 
characterized by increased APS concentrations, with a maximum of >500 particles/cm3 
observed in the early morning of November 7.    ATOFMS raw particle counts typically 
tracked well in both seasons with APS measurements having an R2 of 0.59 in SOAR-I 
and 0.84 in SOAR-II. 

b. Chemical Composition of ART-2a Clusters 
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The ART-2a weight matrices of major Riverside particle types have been 
presented previously by Pastor et al. (154).  Most particle types in Pastor’s work were 
observed in the current studies although a few clusters were categorized differently based 
on more experience with ATOFMS measurements.  Similar particle classes dominated 
both SOAR-I and SOAR-II; however, their relative fractions were different.  The 
association of clusters with secondary species provides important information on aerosol 
aging.  As observed previously in Riverside, the most common secondary marker peaks 
in this study are m/z 18 (NH4

+), 30 (NO+), 86 (C5H12N+), -46 (NO2
-), -62 (NO3

-), -80 
(SO3

-), -97 (HSO4
-/H2PO4

-), and -125 (HNO3NO3
-).  The peak at m/z 43 

(CH3CO+/CHNO+) is also a secondary marker photo-oxidation reaction.  Figure 29 
showed SOAR-I temporal variation of O3 concentrations and the hourly average peak 
area of m/z 43.  They t rack each other very closely indicating that  m/z 43 

 
Figure 28: Hourly temporal variations of O3 concentration and hourly average peak area of m/z 
43. 
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(CH3CO+/CHNO+) is a secondary marker indicative of photo-oxidation reaction.  No 
similar correlation was observed during SOAR-II, possibly due to the decrease in O3 
concentrations.  Overall, secondary organic aerosol concentrations are lower in the Fall 
(48,54). 

Representative ART-2a weight matrices of the SOAR major particle types are 
included in Figure 29.  Aged OC1 represent typical OC particles showing the most 
intense fragment peaks at m/z 27 (C2H3

+/CHN+), 37 (C3H+), and 43; their mass spectra 
also contain low intensity peaks representing secondary species including 18, 30, 86, and 
118 ((C2H5)3NOH+).  No negative ions were detected for this particle type.  Aged OC-
SO4 have similar positive mass spectral features as aged OC1; additionally, they have 
intense negative spectra showing associations with nitrate (m/z -46, -62 and -125) and 
sulfate (m/z -80 and -97).  The positive spectra of ECOC contain both EC and OC 
signatures. These particles contain similar OC mass spectral patterns as aged OC1 and 
have no negative spectra, but the most intense positive peaks are from characteristic EC 
fragments at m/z 12 (C+) and 36 (C3

+) along with other low intensity EC peaks.  ECOC-
SO4 particles have similar positive spectra compared to ECOC and similar negative 
spectra to aged OC-SO4; these particles contain a mixture of OC, EC, nitrate, and sulfate.  
Vanadium-rich particles contain mostly OC in the positive spectra, with the dominant 
peaks being m/z 51 (V+) and 67 (VO+).  Aged sea salt and biomass are both associated 
with nitrate and sulfate as shown in their negative spectra.  The most intense positive 
peak of aged sea salt particles is the peak at m/z 23 (Na+), followed by lower intensity 
m/z 81 (Na2Cl+), 108 (Na2NO3

+), 39 (K+) and carbonaceous peaks.  Hughes and co- 
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Figure 29: ART-2a weight matrices of representative particle types during SOAR-I and SOAR-II. 
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workers showed that sea salt is the only significant sodium source in Riverside (158).  
The most intense positive peak in biomass particles is m/z 39 (K+) accompanied by low 
intensity OC peaks; many studies have shown that potassium is the marker for biomass 
emissions (162-164).  Dust particles are mostly distributed in supermicron range and 
contain one or more inorganic species including sodium, magnesium, aluminum, silicon, 
potassium, calcium, iron, and manganese; the weight matrix of iron-rich particles is 
presented here as an example.  The positive weight matrices of all the above particle 
types are consistent with the major ones presented previously in Pastor et al. (154).  
Having only single positive spectra limited the ability of Pastor et al. in differentiating 
between aged and fresh particle types (i.e. aged OC1 and aged OC-SO4 and ECOC and 
ECOC-SO4).  These types are shown to have very different temporal variations in the 
following sections.  

Four additional Riverside particle types were identified in the SOAR studies that 
were not shown in Pastor et al.  EC is an elemental carbon dominant type showing very 
distinct continuous Cn

+/Cn
- patterns (where n is an integer) in both polarities extending 

beyond m/z 150.  Amine particles are organic carbon particles with m/z 86 and 118 being 
the most intense positive peaks (39).  NH4NO3–rich OC-containing particles are 
characterized by intense ammonium and nitrate cluster peaks in the positive spectra at 
m/z 18, 30, 35 ((NH3)2H+), 52 ((NH3)3H+), 98 ((NH3)3NO2H+), and 115 ((NH3)4NO2H+); 
their negative spectra are dominated by nitrate peaks.  This type is quite different from 
the ammonium nitrate particles in Pastor et al., which mainly contain m/z 18 and 30 
(154).  Aged OC2 is a low abundance OC cluster (<2% on average).  The positive spectra 
of this type show distinct envelope patterns peaking around m/z 27 and 29; 39, 41 and 43; 
55 and 57; 69 and 71; 81 and 83; 95 and 97.  Compared to particle types in Pastor et al., 
the most likely reasons for observing the above four particle types in the SOAR studies 
are classifying submicron and supermicron particles separately and using a higher 
vigilance factor, although we cannot exclude a change in the ambient air quality between 
1997 and 2006.  All particles during the SOAR studies show some degree of aging based 
on the associations between the major particle types and secondary ammonium, amines, 
nitrate, and sulfate. 

c. SOAR-I Diurnal Variation 
In SOAR-I, the fractions of the major particle types showed distinct diurnal trends 

throughout the sampling period.  Submicron aerosols were dominated by carbonaceous 
particles; while supermicron aerosols were alternately governed by either carbonaceous 
particles or dust and aged sea salt particles depending upon the time of day.  Figure 30 a-
d presents the hourly temporal variations of the number fractions of major particle types 
for the top 50 clusters, with BAM measurements superimposed on each plot in red trace.  
The following discussions of temporal variations refer exclusively to the ATOFMS 
particle type number fractions unless otherwise specified.  Also included in Figure 30 are 
the size distributions of total PM2.5 in each season.  Figure 31 shows the size-resolved 
number fractions of each of SOAR-I top 50 ART-2a clusters at various time of day: 3:00, 
9:00, 15:00 and 21:00.  Clusters with similar chemical compositions are placed next to 
each other with the same theme color but various patterns and the data for each hour were 
obtained by taking the average of the same hour data over all sampling days.  The size 
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Figure 30: Temporal variations of the number fractions of major particle types for the top 50 
clusters superimposed with PM2.5 mass concentrations (red line) and size distributions of total 
ATOFMS particle counts. 
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Figure 31: Hourly size-resolved number fractions of SOAR-I top 50 clusters from ART-2a results 
averaged for 3:00, 9:00, 15:00 and 21:00 over all sampling days.  Size resolution is 0.05 µm for 
the submicron range and 0.10 µm for the supermicron range. 

 
resolution is 0.05 µm for submicron and 0.1 µm for supermicron particles with the 
starting size indicated on the bottom axis. 

SOAR-I aged OC1 and ECOC peaked in early morning around 5:00 as shown in 
Figure 30 a-b.  These two types of particles only had positive spectra.  They were likely 
the fairly aged aerosols experienced daytime photochemical reaction and nighttime 
aqueous phase processing, but high RH values in the early morning suppressed the 
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negative ions on these particles, causing them to peak at 5:00.  EC showed a similar 
temporal trend and also peaked around 5:00.  Based on the low intensity of secondary 
marker peaks, these particles were freshly emitted and were most likely from local 
vehicle sources.  Figure 31 presents complimentary information showing the highest 
aged OC1 and ECOC fractions appearing close to 3:00 in both submicron and 
supermicron ranges and lowest fractions were observed near 9:00 and 15:00, mainly 
distributed in the submicron range.  EC, however mostly fell in the supermicron range, 
which is a little un-expected since freshly emitted particles are usually small in diameter 
(< 0.2 µm).  There might be contributions from other local source that generate larger EC 
particles.  The low wind speeds at night coupled with low inversion layers assisted the 
buildup of particles and led to the observed high carbonaceous fractions.  Aged OC-SO4 
and ECOC-SO4 mostly peaked subsequently later in the morning around 9:00 and 
showed a second peak around 14:00.  The morning peaks likely correspond to 
transformed organic aerosols from early morning vehicle emissions and the time of the 
peaks was affected by local aerosol transformation rates.  The afternoon peaks are due to 
the combination of local secondary aerosols formed through photochemical reactions and 
the transport of LA pollutants, which were originally emitted from LA early morning 
rush hour vehicles and were transported to Riverside by summer daytime westerly winds 
after about 8-10 hours as shown by the air mass trajectories.  This afternoon peak was 
also observed in other studies, and the transport time have been estimated to range from a 
few hours to more than one day (151,165).  Thus the variation in the afternoon peak 
hours was partly due to aerosol transport time.  Aged OC-SO4 were mostly submicron 
particles as shown in Figure 31.  A substantial fraction of ECOC-SO4 particles were in 
supermicron ranges, which possibly transformed from supermicron EC particles.  
Overall, carbonaceous particles mixed with nitrate, sulfate and ammonium dominated the 
submicron range throughout the day (75% - 90%), and were the major supermicron 
components in the morning periods. 

Biomass, vanadium-rich, dust and aged sea salt particle types all peaked in the 
afternoon and were transported from the LA area by the daytime prevailing westerly 
wind.  Biomass and vanadium-rich were mostly submicron particles; whereas dust and 
aged sea salt particles mostly fell in the supermicron range and when combined often 
comprised 90% of supermicron particle counts at their maxima.  Dust particles also 
displayed a minor peak in the morning, which is likely from local sources.  Figure 31 
also shows that aged sea salt and dust governed the supermicron range especially around 
15:00 in the largest size bins.  Vanadium has been observed in particle phase in many 
studies and are one of the major metal components of ship emissions (166-168).  
Although a minor fraction can be emitted from vehicle exhaust (36), the vanadium-rich 
particles during the SOAR studies were most likely emitted from ships in LA and Long 
Beach Harbors and were transported inland to Riverside.  Vanadium measurements by 
Singh and co-workers in Riverside (169) show consistent results where vanadium 
concentrations peak from late afternoon to early evening; however, the major source of 
vanadium was proposed to be vehicle emissions instead of ship engine exhaust in their 
paper (169).  As shown in Figure 31, SOAR-I vanadium-rich particles peaked around 
15:00.  The highest fractions of vanadium particles occurred in the low submicron size 
range, indicating that these particles were generated from combustion sources instead of 
crustal material, and grew to fine range during transport. 
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Amine particles were associated with both nitrate and sulfate.  They were only 
observed in the submicron range and peaked between 17:00 and midnight as shown in 
Figure 30 and Figure 31.  Similar diurnal variations of ambient amine particles have 
been observed in previous studies in Riverside and Atlanta (39).  Amine particles are 
small in diameter and are semivolatile because they are formed through photo-oxidation 
of gas-phase low molecular weight amine. (39).  Therefore, most amine particles were 
detected at night when they participated into particle phase at low ambient temperature 
and high RH (39).  The highest amine fractions occurred in the smallest size bins. 

NH4NO3-rich particles represented highly aged aerosols containing a great 
amount of ammonium and nitrate as demonstrated by their weight matrix.  These 
particles mostly fall into the supermicron range due to particle growth during aging as 
shown in Figure 30 a-b.  High NH4NO3-rich particle fractions occurred around noon on 
August 5, as well as less distinguishable spikes from August 2 to August 9 around the 
same time in SOAR-I.  High concentrations of nitrate particle precursors were generated 
from LA area morning vehicle emissions and formed nitrate as the particles were 
transported inland.  Large amounts of NH4NO3 were produced when the high 
concentration nitrate particles crossed Chino dairy farm area upwind and were 
continuously transported east causing sharp spikes (3-5 hrs) in Riverside NH4NO3 
concentrations.  Similar NH4NO3 production mechanisms in Riverside have been 
proposed previously by Kleeman and Cass and by Singh and co-workers (169,170).  
Hughes and co-workers observed a higher mass fraction of NH4NO3 in particles in 1.0-
1.8 µm compared to 0.56-1.0 µm during filter analysis, which is consistent with the 
higher NH4NO3-rich particle fractions in the supermicron range by ATOFMS (150,153).  
Single particle analysis by Pastor et al. showed a temporal anti-correlation between sea 
salt and NH4NO3 particles (154).  This anti-correlation is not observed in the SOAR 
studies; in fact the relative fractions of aged sea salt and NH4NO3-rich particles 
sometimes peak around the same time. 

Overall, the SOAR-I particles are fairly aged, and most particle types displayed 
distinct diurnal variations.  Total carbonaceous fractions were high from late night to late 
morning, whereas amine, vanadium-rich, biomass, and aged sea salt fractions peaked in 
late afternoons.  The daytime was greatly influenced by LA pollutants due to the 
prevailing westerly wind; nighttime was affected by low speed easterly wind, thus local 
emissions dominate aerosol composition.  In most cases, BAM measurements showed 
maxima when carbonaceous particle fractions were the highest, indicating that 
carbonaceous particles which associated with nitrate, sulfate and ammonium were the 
major PM2.5 components by mass. 

d. SOAR-II Episodic Variations   
While SOAR-I and SOAR-II had similar major particle types, episodic temporal 

variations were observed in SOAR-II particles fractions as shown in Figure 30 c-d.  
Although no consistent diurnal trends exist with the exception of the NH4NO3-rich, 
SOAR-II sampling period can be characterized into unique episodes based on ambient 
PM2.5 mass concentration levels.  Specifically, the episodes are: SantaAna1, October 31 
0:00 – November 1 19:00; Buildup1, November 1 19:00 – November 6 15:00; HighMass, 
November 6 15:00 – November 7 18:00; Buildup2, November 7 18:00 – November 8 
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22:00; Scavenging, November 8 22:00 – November 11, 13:00; Buildup3, November 11 
13:00 – November 15 5:00; and SantaAna2, November 15 5:00 – November 21 10:00. 

Figure 32 presents the hourly-averaged size distributions of the top 50 clusters 
number fractions during each episode.  Similar to Figure 31, clusters with the same 
composition are positioned next to each other and represented with the same color but 
different patterns.  Submicron and supermicron size distributions are shown with size 
resolutions of 0.05 µm and 0.10 µm, respectively.  The PM2.5 mass concentrations within 
each respective episode are highlighted in green in Figure 32.  Also included are seven 
representative HYSPLIT 48-hour back trajectories ending at Riverside with 4-hour time 
resolution (171).  The HYSPLIT trajectories provided the origin of the air mass during 
each episode; the total traveling distance correlates with the speed of air mass movement.  
The end times of each trajectory correspond to one day in each episode at 6:00.  All of 
the HYSPLIT plots in Figure 32 have the same latitude-longitude scale except for 
SantaAna2, during which the air mass traveled very far during the past 
48 hours; therefore, a much larger geographical region is needed to display the complete 
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Figure 32: Size-resolved number fractions of SOAR-II top 50 clusters from ART-2a results averaged 
over each episode along with corresponding PM2.5 levels and representative 48-hour HYSPLIT back 
trajectories. 
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trajectory.  All of the back trajectories illustrated the common conditions for each 
episode; while particular hours within the episodes could have different trajectories, they 
are not representative of the general conditions. 

In addition to the low ambient particle mass and number concentrations, low RH 
and high temperature are the distinct characteristics of both Santa Ana periods.  
HYSPLIT back trajectories in Figure 32 show that SantaAna1 air mass reaching 
Riverside at 6:00 on November 1 started from Nevada 48 hours before and consecutively 
traveled east through Utah, Arizona, then west to Nevada, California, and finally reached 
the sampling site.  The air mass traveled a much greater distance compared to the non-
Santa Ana periods and carried a large amount of dust particles to Riverside, while taking 
away many of the carbonaceous particles to the west.  Even faster air mass transport was 
observed during the SantaAna2 period.  The air mass ending at 6:00 on November 16 
traveled east from the Gulf of Alaska through Canada, then south to the US during the 
past 48 hours.  The stronger weather condition in SantaAna2 led to lower APS counts, 
lower PM2.5 mass concentrations, and lower carbonaceous fractions comparing to 
SantaAna1.  Consistent with the trajectory plots, ATOFMS measurements observed great 
fractions of dust particles during Santa Ana periods due to the desert influence.  Figure 
30 and Figure 32 show that carbonaceous (~50% of total counts), biomass, amine, and 
dust types were the major components of submicron particles; whereas supermicron 
particles were composed of ~75% dust, ~15% biomass and ~5% aged sea salt with very 
low (<5%) carbonaceous fractions in these episodes.  The particle type fractions in 
Figure 30c do not appear as smooth during SantaAna2 as in other days, due to the low 
particle counts detected in this period.  Substantial fractions of amine and biomass 
particles were observed; however, the increases in their relative fractions were most 
likely caused by much lower overall particle counts, and the actual counts for the two 
types were in fact lower than those during other episodes.  These types are more likely 
emitted from local sources due to the absence of an LA influence.  Vanadium-rich 
particle fractions were extremely low since they are mostly generated from ship 
emissions from the west, and the Santa Ana air masses originated from the eastern desert. 

High RH and low temperature aided aerosol accumulation during Buildup1.  The 
representative HYSPLIT trajectories show that the air mass was fairly stagnant during 
this episode resulting in a gradual increase of PM2.5 mass concentrations with daily 
maxima occurring in the daytime.  APS measurements showed consistent results with the 
BAM and also peaked during the day as shown in Figure 27.  Carbonaceous particles not 
only dominated the submicron range, but also the supermicron range.  Among the major 
particle types, aged OC1 spiked more at night due the effect of RH and ECOC-SO4 
peaked more during the day, which is consistent with SOAR-I patterns.  The west-
originating air mass and the accumulation aided in the formation and buildup of NH4NO3, 
therefore substantial fraction of NH4NO3-rich particles were observed in the supermicron 
range peaking around 1.5 µm. 

HighMass was a 27-hour episode spanning overnight from November 6 15:00 to 
November 7 18:00 when the highest concentrations of the Fall study were observed.  The 
stagnant meteorological conditions featuring 10-hours of low wind speeds led to the 
highest PM2.5 particle number and mass concentrations (>500 particles/cm3, 106 µg/m3) 
on November 7 0:00 – 6:00.  Once again, carbonaceous particles which were associated 
with nitrate, sulfate and ammonium accounted for more than 85% below 1.0 µm, and also 
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dominated the supermicron range.  NH4NO3-rich particles were also observed in the 
HighMass period.  Besides the large particles fraction in submicron range, NH4NO3-rich 
particles even spread into supermicron range due to the very stagnant condition.  These 
particles only occurred during high ammonium nitrate episodes.  Ambient mass 
concentrations started to decrease midday on November 7 as the wind speed rose. 

The highest mass concentrations in Buildup2 occurred around noon on November 
8.  Air masses during this episode traveled north along the coast of Baja from Mexico to 
San Diego, eventually moved inland to Riverside.  Thus, ATOFMS measurements show 
carbonaceous particles in the submicron mode, as well as an increased fraction of aged 
sea salt in the supermicron range due to a marine influence.  No NH4NO3-rich particles 
were observed during this episode because the air mass did not pass over the Chino dairy 
area.  The Scavenging episode featured very low particle number and mass 
concentrations due to precipitation events on November 9 and 10.  Air mass back 
trajectories and major particle fractions are similar to those in Buildup2, however, aged 
sea salt dominate the supermicron range with low carbonaceous fractions.  Finally, 
Buildup3 was a particle buildup period.  Aerosol mass concentrations gradually increased 
on November 11 and 12 and displayed diurnal variations between November 13 and 
November 15 showing maxima at night.  The air mass originated from the west and thus 
similar particle types were observed compared to Buildup1, with substantial NH4NO3-
rich particles. 

The only SOAR-II particle type that showed distinct diurnal variations was the 
NH4NO3-rich type.  Four distinct NH4NO3-rich particle spikes appeared in both size 
ranges around November 6 12:00, November 7 15:00, November 13 18:00, and 
November 14 18:00, along with minor spikes shown in Figure 30 c-d.  Most peaks 
occurred slightly later between 15:00-17:00 comparing to SOAR-I NH4NO3-rich type.  
Although SOAR-I NH4NO3-rich type peaked around 11:00 (PST), the actual local time 
corresponded to 12:00.  The time delay between summer and fall NH4NO3-rich peaks is 
likely caused by the longer time required to form nitrate due to weaker solar radiation in 
the fall.  The filter analysis by Hughes et al. showed that ammonium and nitrate fractions 
peak between 14:00 and 18:00 over October 31-November 1 in 1997, similar to the 
ATOFMS measurements in SOAR-II (150).  Again, the NH4NO3 particles were formed 
as the nitrate particles crossed the upwind Chino area.  Additionally, each NH4NO3-rich 
peak was followed by a high PM mass concentration spike; thus high ambient NH4NO3 
levels could be one of the factors triggering high ambient mass concentrations.  Similar 
behavior was observed by Turkiwicz et al. where NH4NO3 drove the PM2.5 exceedances 
in San Joaquin Valley (172).  Similar to SOAR-I, the temporal variations of the BAM 
measurements tracked carbonaceous particle number fractions, especially in the 
supermicron range, indicating that carbonaceous particles with nitrate, sulfate and 
ammonium are the major components in mass concentrations. 

e. SOAR-I and SOAR-II Comparison 
Although similar ATOFMS particle types were observed in both SOAR-I and 

SOAR-II, temporal variations and particle fractions of major types were different in 
summer and fall.  In general, the submicron size range was dominated by carbonaceous 
particles and the major particle types in supermicron range were aged sea salt, dust and 
carbonaceous, except during the Santa Ana periods when dust dominated.  The top OC 
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and EC types are very similar in both summer and fall, and no new major particle type 
was observed in either season. 

Figure 30 e-f shows the raw particle size distributions measured by ATOFMS 
during SOAR-I and SOAR-II with a resolution of 0.10 µm.  Despite the size-dependant 
transmission efficiency (173), the SOAR-I particle size distribution peaked around 1.6 
µm with more supermicron particles detected than submicron particles; whereas the size 
distribution in SOAR-II peaked around 0.5 µm, dominated by submicron particles.  The 
differences in size distributions are indicative of various degrees of aerosol aging.  
SOAR-I particles were highly transformed through photochemical reactions and other 
reaction pathways.  Particles grew in size during aging, leading to high supermicron 
particle counts.  SOAR-II particles were less aged thus their original sizes were not 
altered as much through processing.  The decrease in solar radiation during the fall is one 
reason for the reduction in aerosol aging.  It is also evident that higher fractions of aged 
OC (aged OC1+aged OC-SO4) were observed in SOAR-I than SOAR-II, further 
indicating that SOAR-I aerosols were more aged than SOAR-II aerosols. 

The ternary plots of SOAR-I and SOAR-II representative submicron aged OC-
SO4 particles (~300 particles evenly distributed over the study period) are included in 
Figure 33.  These plots showed the relative amount of nitrate, sulfate and ammonium on 
every single particle.  A particle mostly containing nitrate (m/z -62) would appear at the 
lower left vertex; a particle mostly containing sulfate (m/z -97) would appear at the lower 
right vertex; a particle mostly containing ammonium (m/z 18) would appear at the top 
vertex.  SOAR-I aged OC-SO4 particles evenly distributed between nitrate and sulfate  
 

 
Figure 33: Ternary plots of SOAR-I and SOAR-II submicron aged OC1 particles.  In each plot, a 
particle mostly containing nitrate would appear at the lower left vertex, a particle mostly 
containing sulfate would appear at the lower right vertex, a particle mostly containing ammonium 
would appear at the top vertex. 



 82 

vertex, showing that the amount of nitrate and sulfate were comparable on these particles.  
In contrast, SOAR-II aged OC-SO4 particles mostly distributed near lower left corner, 
illustrating that SOAR-II particles contained more nitrate than sulfate.  Suring SOAR-I, 
ammonium and nitrate were baked off particle phase due to the high ambient 
temperature, thus there comparable amount of sulfate and nitrate in the particle phase; 
whereas the lower temperature in SOAR-II favors the condensation of ammonium and 
nitrate onto the particle phase, thus more nitrate was observed than sulfate, and ATOFMS 
detected the NH4NO3-rich particles during the Buildup and HighMass periods.  
Secondary processing of ambient aerosols will be addressed in detail in future papers. 

The mass concentrations of major particle types during SOAR-I and SOAR-II are 
shown in Figure 34.  The mass concentrations were obtained by scaling ATOFMS 
measurements with APS measurements, and the detail of scaling is discussed in Chapter 
5.  The sum of the major particle type mass concentrations has similar trend as the PM2.5 
mass concentrations for both SOAR-I and SOAR-II.  While the major particle chemical 
compositions were similar in the summer and fall, these seasons were dominated by 
different aerosol formation mechanisms and showed different temporal trends in major 
particle type mass concentrations.  The LA influence was observed in the current work, 
and carbonaceous particles associated with secondary species were found to be the major 
PM2.5 component by mass in Riverside.  The detailed analysis of SOAR-I and SOAR-II 
ATOFMS measurements in this paper provide further understanding on ambient aerosol 
composition, chemical associations on a single particle level, and provide important 
information on ambient aerosol aging process in the LA basin and similar areas with 
strong vehicular emission influence and intense sunlight. 
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Figure 34: Temporal variation of the mass concentration of major ATOFMS particle types. Mass 
concentrations are obtained by scaling ATOFMS measurements with APS measurements. 
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5. Seasonal Volatility Dependence of Ambient Particle Phase Amines 

i. Introduction 
 Atmospheric aerosol particles play a major role in impacting global climate, 
regional air pollution, and human health (174).  Organic carbon (OC) can comprise up to 
50% of the total fine aerosol mass at continental midlatitudes (174), and in some areas, 
such as the eastern Los Angeles (LA) basin, secondary organic aerosol (SOA) can also 
represent a significant fraction of the total organic aerosol mass (175).  During 
atmospheric transport, particles undergo heterogeneous reactions with trace gases as well 
as gas-to-particle partitioning of semivolatile species, causing changes in particle size, 
structure, and chemical composition (174).  Understanding the partitioning of organic 
carbon species between the gas and particle phases remains one of the major challenges 
in predicting aerosol chemistry in regional and global atmospheric chemical transport 
models (174).  In particular, semivolatile organic nitrogen species, suggested to be a 
significant portion of the OC aerosol mass (176), are not well understood with regard to 
gas-particle partitioning.  The atmospheric lifetimes of organic nitrogen species are 
dependent on the distributions between the gas and particle phases for the different 
species, which in turn determine their role in the global nitrogen cycle (177).  One class 
of semivolatile organic nitrogen species, alkylamines, is emitted from many of the same 
sources as ammonia, an abundant atmospheric species which has been extensively 
studied.  In particular, a major source of nitrogen species is animal husbandry, where 
amine concentrations represent up to 23% of those measured for ammonia (178,179).  
Amines have also been identified in urban and rural atmospheres in both the gas and 
particle phases, including within fog and rainwater (39,180,181).  Recent measurements 
show fine particulate amine concentrations of 0.5-6 μg/m3 (up to ~20% of the organic 
matter mass) during winter inversions in Utah (182). 

Amines can undergo oxidation by OH, O3, and/or NO3 to form amides, 
nitramines, and imines, which can also partition to the particle phase (176,178,182).  
Once in the particle phase, amines can undergo further reactions to form high-molecular-
weight compounds (176,182,183).  In addition, gas-phase aliphatic amines, which are 
stronger bases than ammonia, compete to form salts through the following reactions with 
nitric acid (HNO3) and sulfuric acid (H2SO4), leading to secondary aerosol formation 
(39,176). 

NR3(g) + HNO3(g) ←
→  HNR3NO3(s)   → pHRHT ,,   HNR3

+
(aq) + NO3

-
(aq)        (1) 

2NR3(g) + H2SO4(g) ←
→  (HNR3)2SO4(s)   → pHRHT ,,  2(HNR3)+

(aq) + SO4
2-

(aq)        (2) 

Particle phase amines associated with sulfate and nitrate have been observed in both 
chamber (39,176) and field measurements (184).  Notably, chamber experiments by 
Murphy et al. (176) demonstrated the stability of nitrate salts of trimethylamine and 
triethylamine in the particle phase, even at very low relative humidity (RH <10%).  
However, one hypothesis suggests that if relative humidity is high and water is present in 
the particles, the aminium salts will dissolve into their ionic forms, shifting the 
equilibrium of the gas-phase amines toward the particle phase (39), potentially yielding 
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greater particle phase amine mass than predicted by Murphy et al. (176).  As such, the 
gas/particle partitioning model described by Pankow (185) assumes that amines, as strong 
bases, are only volatile when present in their neutral, non-salt forms.  In addition, due to 
low vapor pressures, organic acids may also form salts with amines, as suggested by 
measurements of atmospheric nanoparticles (186) and thermodynamic calculations (187).  
  

To study the volatility behavior of alkylamine species within aged ambient 
particles in Riverside, CA, an automated thermodenuder (TD) was coupled to a real-time, 
single-particle mass spectrometer to characterize the chemical composition of the 
remaining individual submicrometer ambient organic carbon-containing particles 
following heating.  Using the TD, semivolatile species were vaporized at different 
temperatures, leaving behind particle cores that were compared to the unheated particle 
chemistry (188).  Herein, the partitioning of amines associated with nitrate and sulfate as 
a function of temperature and particle acidity are examined for individual organic carbon 
particles internally mixed with nitrate, sulfate, and ammonium. 
 

ii. Experimental 

a. Ambient Measurements 
Measurements of individual submicrometer ambient aerosol particles by aerosol 

time-of-flight mass spectrometry (ATOFMS) were conducted during the Study of 
Organic Aerosols in Riverside (SOAR, August and November 2005, 
http://cires.colorado.edu/jimenez-group/Field/Riverside05/).  The sampling site at the 
University of California, Riverside campus was located about ~60 miles east of Los 
Angeles, CA.  Ambient temperature and atmospheric water content measurements were 
made using a shielded Vaisala HMP 45AC temperature and RH probe.  The ATOFMS 
results presented here focus on TD-conditioned aerosol chemistry measurements made on 
August 12, 2005 (SOAR-1) and November 2-13, 2005 (SOAR-2).  August 12th was the 
only summer day during which TD-conditioned aerosol chemistry was measured; 
however, it was typical of the particle chemistries and sources observed during SOAR-1 
(189).  From July 30 to August 15, 2005, a strong diurnal pattern was observed for ozone, 
particle mass concentrations, and ambient meteorological conditions, as shown in Table 6 
(189).  On August 12th, the wind predominantly (~80% frequency) came from the west, 
crossing the LA basin en route to Riverside; during SOAR-2, westerly winds were 
observed ~50% of the sampling time, with winds from the southwest contributing ~45% 
of the time (189).   

An automated valve-controlled TD system (190) was utilized in series with the 
ATOFMS.  In the fall only, a nafion dryer was used to dry the particles before the TD.  In 
addition to water, the drying process may have removed some of the neutral amines and 
ammonium nitrate from the particle phase.  However, the non-volatile aminium salts 
would not have been removed.  Thus, the drying during the fall is not expected to impact 
the aminium salt mass present at 230°C.  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 min.  The heated portion of the 
TD stepped through 8 temperature steps: 171, 230, 201, 171, 142, 113, 83, and 54 °C; 

http://cires.colorado.edu/jimenez-group/Field/Riverside05/�
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temperatures noted here refer to actual temperatures, rather than set-points (190).  Since 
each portion of the schedule was maintained for 10 min, one full cycle took 160 min 
before repeating.  An activated carbon diffusion denuder  
 

July 30 - Aug. 15, 2005 Aug. 12, 2005
Ozone (ppb) 34.9 (33.3) 26.2 (26.0)
Relative humidity (%) 56.8 (19.2) 68.6 (18.5)
Ambient temperature (°C) 25.7 (5.3) 22.9 (4.6)
Wind speed (m/s) 0.9 (0.8) 0.9 (0.8)
Wind direction (deg.) 224 (66) 223 (62)
PM2.5 mass concentrations (µm/m3) 33 (13) 37 (18)
PM1.0 agedOC-nitrate-sulfate particle type mass concentrations (µm/m3) 6.1 (3.3) 7.0 (3.4)

SOAR-1

 
Table 6: Averages and standard deviations of ozone, ambient meteorological conditions, PM2.5 
mass concentrations (measured at the California Air Resources Board Rubidoux site), and PM1.0 
agedOC-nitrate-sulfate particle type mass concentrations for July 30 – August 15, 2005 compared 
to August 12, 2005 (189). 
 
prevented volatilized species from condensing back onto the particles.  With a flow rate 
of 0.6 lpm, the residence time of the aerosol in the heating portion of the TD was 
approximately 9 s.   

The ground-based prototype of the aircraft (A)-ATOFMS, described in detail in 
Chapter 2, was utilized to measure the vacuum aerodynamic diameter (dva) and dual-
polarity mass spectra of individual particles from ~70-1000 nm in real time.  Particles 
were desorbed and ionized using 266 nm radiation from a Q-switched Nd:YAG laser; 
thus, one or two photon ionization would provide 4.7 or 9.4 eV, readily ionizing the 
alkylamines with lower ionization potentials (~7.5 eV) compared to most organic species 
(~8-12 eV) (NIOSH, 191).  The use of lower laser powers can lead to decreased ion 
fragmentation (192); however, while a slightly lower average laser power was utilized in 
the fall (~0.6 mJ) compared to the summer (~0.95 mJ), the amine signature was not found 
to be impacted.  Polystyrene latex spheres (PSLs) of known physical diameter from 95-
1400 nm were used for the particle size calibration.  Dual-polarity mass spectra were 
collected with the ATOFMS for 318,431 ambient particles on August 12, 2005 and 
1,390,199 ambient particles from November 2-13, 2005.  Data collection times were 
adjusted for delays in transport lines between the TD and ATOFMS, and data collected 
up to 20 seconds after the TD valve switch were eliminated to reduce error caused by 
possible aerosol mixing.  Taking this delay into account, the mass spectra from 141,757 
unheated and 119,888 heated particles were analyzed for August 12, and 717,705 
unheated and 462,982 heated particles were analyzed for November 2-13.   

For detailed analysis, single-particle mass spectra were imported into YAADA 
(www.yaada.org), a software toolkit for Matlab (The MathWorks, Inc.), for analysis.  An 
adaptive resonance theory-based clustering method (ART-2a) (193) was then used to 
group single-particle mass spectra with a vigilance factor of 0.80, learning rate of 0.05, 
20 iterations, and regrouping with a vigilance factor of 0.85.  ART-2a classifies particles 
into separate clusters based on the presence and intensity of ion peaks in individual 
single-particle mass spectra.  Peak identifications within this paper correspond to the 
most probable ions for a given m/z ratio.  The ART-2a clusters resulting from the analysis 
of single SOAR unheated and heated particles (100-1000 nm) were classified into 
thirteen general particle types: aged organic carbon (mixed with ammonium, sulfate, and 
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nitrate, herein referred to as the aged OC particle type), 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 size-resolved chemistry of the unheated particles is shown in 
Figure 35 for SOAR-1 (summer) and SOAR-2 (fall).  It should be noted that the vast 
majority of unheated particles show evidence of organic carbon markers, nitrate, and 
sulfate due to aging during transport across the LA basin to Riverside (158).  Detailed 
descriptions of mass spectral, size, and temporal patterns of the majority of the unheated 
SOAR ATOFMS particle types are described elsewhere (189).  Herein, we focus on the 
aged OC (nitrate-sulfate) particle type, described below.   

 
Aged OC              Aromatic Amine Ammonium              ECOC Inorganic-ECOC          EC 
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Figure 35: Size-resolved chemical composition of unheated particles during (a) SOAR-1 
(summer) and (b) SOAR-2 (fall).  Size resolution is 10 nm and 50 nm for the ranges of 100-350 
nm and 350-1000 nm, respectively.  The majority of the particles greater than ~150 nm show 
evidence of internally mixed organic carbon, ammonium, nitrate, and sulfate. 

b. Amine Mass Calibration 
To determine the mass of amines present in the submicrometer aged OC (nitrate-

sulfate) particle type during SOAR, triethylamine vapor was coated onto PSLs, which 
serve as proxies for the SOAR OC particle matrix.  A schematic of the experimental 
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setup is shown in Figure 36.  An aqueous (milli-Q water) solution of 270 nm PSLs 
(Invitrogen Corp.) was atomized using filtered ambient air at a flow rate of 3.0 L·min-1.  
The PSLs were dried using two silica gel diffusion dryers and the flow subsequently split 
between exhaust (1.0 L·min-1) and a differential mobility analyzer (DMA, TSI, Inc., 
Model 3081, sample flow = 2.0 L·min-1, sheath flow = 5.0 L·min-1) to narrow the particle 
distribution.  The size-selected PSLs were passed through a dilution chamber where 
supplemental filtered ambient air was added (0.2 L·min-1), followed by introduction into 
a glass mixing chamber (~ 20 L, residence time ~10 min).  To initiate coating, gas phase 
precursors were introduced by placing liquid reservoirs directly within the reaction 
chamber; the headspace over these reservoirs acted as the vapor source.  In the initial 
experiment, aiming to condense amine salts onto the PSL seed, two flasks each 
containing ~2mL of either TEA (Acros Organics, 99+%) or nitric acid (Sigma-Aldrich, 
99.999+%) were quickly (<1 min) placed directly into the chamber.  During this trial, 
extensive homogeneous nucleation was observed between TEA and nitric acid, 
overwhelming the PSL seeds (results not shown).  To eliminate new particle formation, 
and partition TEA exclusively to PSLs, a second experiment was performed in which 
TEA only was coated onto PSLs.  The chamber output flowed through two inline 
activated carbon denuders spiked with sodium carbonate and boric acid, respectively, to 
remove any gaseous reactants prior to parallel analysis by a scanning mobility particle  

 
Figure 36: Amine mass calibration experimental set-up (MFC = mass flow controller; TEA = 
triethylamine; DMA = differential mobility analyzer; CPC = condensation particle counter; 
ATOFMS = aerosol time-of-flight mass spectrometer). 
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sizer (SMPS, TSI, Inc., DMA model 3081 – 0.4/4.0 LPM; CPC Model 3010) to monitor 
the particle size distribution and A-ATOFMS to obtain the single particle mass spectra 
and vacuum aerodynamic diameter (Dva).  Background SMPS scans were obtained prior 
to addition of PSLs to confirm that the system was free of particle contamination; SMPS 
scans of uncoated PSLs were made to ensure a monodisperse seed aerosol distribution.  
Representative SMPS and ATOFMS size distributions of the uncoated and TEA-coated 
PSLs are shown in Figure 37.  

The single particle mass spectra for uncoated and TEA-coated PSLs were 
imported into MatLab (The MathWorks, Inc.) for analysis following the methods 
described for treating the SOAR data.  The dominant cluster of uncoated PSLs was 
identified as the PSL mass spectral signature (Figure 38b); only the TEA-coated aerosols 
exhibiting this specific PSL fingerprint (Figure 38a) were used in subsequent analysis to 
ensure a realistic comparison between coated and uncoated particles.  In the TEA-coated 
PSLs, an ion peak representative of TEA is present at m/z 86((C2H5)2NCH2

+).   It should 
be noted that the potential exists for differences in the UV absorption and ionization 
efficiency between protonated (salt bound) and neutral TEA, which would impact the 
calibration parameters of these two species; however these effects were not characterized 
in this study.  

The polydisperse TEA coated particles were divided into 2 nm Dva size bins from 
274-302 nm; subsequently bins from 274-280 nm and 292-302 nm were merged due to 
low ATOFMS particle counts.  The average Dva and mass spectrum were calculated for 
each size bin as described below.  A trend was observed whereby the m/z 86 peak area 
increased with decreasing Dva, as shown in Figure 39.  However, the SMPS scans of  
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Figure 37: Size distributions of uncoated (solid) and TEA-coated (dashed) 270 nm PSLs. SMPS 
distributions of mobility diameter are shown in red; ATOFMS distributions of vacuum 
aerodynamic diameter are in black.  The arrows indicate the shifts of the respective distributions. 
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Figure 38: Average mass spectra of (a) PSLs coated with TEA and (b) uncoated 270 nm PSLs.  
The inset shows a comparison of the m/z 86 peak intensities. 

 
Figure 39: Absolute area of m/z 86 vs vacuum aerodynamic diameter for the TEA-coated PSLs. 
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TEA coated PSLs displayed a shift to larger mobility diameter Dm, consistent with an 
increase in particle volume upon coating.  These observations and the following 
relationship between Dva and Dm (34): 

0ρρ
m

va
p D

D
=                 (3) 

where ρp is the particle density and ρ0 is the standard density (1 g/cm3), indicate a 
decrease in particle density upon addition of TEA, consistent with the relative material 
densities of PSLs (1.05 g/cm3) and TEA (0.75 g/cm3).  The particle density of TEA 
coated aerosols is therefore given by:  

p

TEATEAPSLPSL
p V

VV ρρρ +
=               (4) 

where Vp is the coated particle volume, which can be obtained from Dm, as this 
measurement is not influenced by particle density and the partitioning of TEA is not 
expected to alter the particle morphology of the spherical seed PSLs.  Rearranging 
Equation 4 and substituting for ρp ultimately yields:  
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where mTEA is the mass of TEA.  The Dm values corresponding to each Dva bin were 
estimated by:  

)(2)(, vavamvavaequivm DDDDDD −−−−=             (6) 
where Dva represents the average vacuum aerodynamic diameter of a given size bin and 

vaD  and mD  represent the mode diameters of the full ATOFMS and SMPS size 
distributions, respectively.  The wide size bins (~10 nm) used in the SMPS scans 
precluded direct correlation to the 2nm Dva used in the ATOFMS data.  Substituting these 
estimated Dm values into Equation 5 yields the average mass of TEA on individual 
particles within each size bin.   

The corresponding peak area of the m/z 86 amine marker was then related to the 
calculated amine mass to generate a calibration curve (Figure 40).  To account for 
detector sensitivity and voltage setting changes between 2005 and 2009, the total 
summed peak areas of the average mass spectra of uncoated 270 nm PSLs run on the A-
ATOFMS during SOAR and this amine calibration experiment were compared, and the 
peak areas in this experiment were scaled to accommodate for any changes in overall 
mass spectral intensities.  Finally, the calibration experiment data was fit using a linear 
regression forced through the origin and weighted by the standard deviation in m/z 86 
peak area.  The amine mass present in the aged OC particles in SOAR-1 and SOAR-2 
was determined by inserting the average peak areas at each temperature into the 
calibration curve.  All reported uncertainties represent the 95% confidence intervals.  The 
errors associated with the derived ambient amine masses are primarily due to 
uncertainties in the amine calibration experiment; in general, the 95% confidence 
intervals associated with the average ambient m/z 86 peak area was less than ~6% of the 
value, with the exception of the low SOAR-2 areas at 201-230 ºC, where errors of 13-
17% were observed. 

The mass fraction of TEA was also calculated by ratioing the calculated TEA 
mass to the total particle mass, estimated from mean particle volume at each temperature 
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(calculated from the mean particle vacuum aerodynamic diameter) and the aged OC 
particle effective density determined during SOAR-2 (1.38 ± 0.06 g/cm3)  

 
Figure 40: Absolute area of m/z 86 vs derived TEA mass for the TEA-coated PSLs. 

(194).  The mass fraction of amines present as aminium salts within the SOAR aged OC 
(nitrate-sulfate) particles was calculated based on the mass of TEA present at 230°C.  
While a combination of nitrate and sulfate salts were present in the aged OC particles, the 
masses of aminium salts were calculated for three extremes: 100% H-TEA-NO3, 100% 
H-TEA-HSO4, and 100% (H-TEA)2SO4.  Given the number of moles of TEA calculated 
to be present in the 230ºC and the molecular weights of the various aminium salts, the 
masses of aminium salts were estimated and compared to the calculated total particle 
masses of the unheated and 230°C heated particles.  In this way, the mass fractions were 
estimated for a range of possible aminium salt species.  To reduce error, average fractions 
of amines remaining at each temperature are based on m/z 86 absolute peak areas, a 
reasonable assumption considering the observed proportionality of m/z 86 peak area to 
mass.   

iii. Results and Discussion 
Particles containing internally mixed organic carbon, ammonium, nitrate, and 

sulfate, herein referred to as the aged OC particle type, comprised ~60% by number of all 
particles across the entire size range from dva ~150-1000 nm during SOAR-1 (summer) 
and SOAR-2 (fall) (see Figure 35).  As shown in Figure 41, the unheated aged OC 
particle type was characterized by carbonaceous marker ions at m/z 12(C+), 
27(C2H3

+/CHN+), 36(C3
+), 37(C3H+), and 43(CH3CO+/CHNO+) (195), as well as 

ammonium (m/z 18, NH4
+), nitrate (m/z -62, NO3

-, and -125, H(NO3)2
-), and sulfate (m/z 
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-97, HSO4
-), all indicators of the aged nature of the Riverside aerosol (158). These 

particles were also characterized by marker ions for  

 
Figure 41: Average positive and negative mass spectra of the unheated aged OC (nitrate-sulfate) 
particles during (a) summer and (b) fall.  Peak areas are reported in arbitrary units (A.U.). 

alkylamines, m/z 86((C2H5)2NCH2
+) and 102((C2H5)3NH+), as well as oxidized amines, 

represented by m/z 118((C2H5)3NOH+) (39).  Previously, Angelino et al. (39) found 
contributions of triethylamine and diethylamine to these marker ions; herein, m/z 86 is 
used as a general marker ion for the presence of amines.  During SOAR-1, SOA was 
found to comprise ~45-90% of the total submicrometer organic mass depending on time 
of day (peak morning traffic vs. afternoon photochemical episodes) (196); previous 
studies have shown lower SOA contributions in the fall due to lower photochemical 
activity (54).  In addition, oligomers (at m/z -200 to -400) were observed in 
approximately half of the unheated aged OC particles in both the summer and fall, 
although higher mass nonvolatile oligomers were detected in the summer (197).   

In the summer, the presence of an intense peak at m/z 130, not observed in the 
fall, is proposed to be either an oxidized form of triethylamine or the [MH]+ peak of N,N-
diethylpropionamide (C7H15NO), which may be formed through the following 
dehydration reaction between propionic acid and diethylamine, observed as a small peak 
at m/z 58 [MH]+ (39).   

        (7) 
Propionic acid, the third most abundant gas phase organic acid in the LA basin, is formed 
primarily through secondary photochemical reactions and reaches its highest 
concentrations  during summer smog episodes in the eastern LA basin (198,199).  
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Particle phase amide formation has been suggested to be significant in the polluted, 
ozone-rich troposphere (183).  With a calculated vapor pressure of 0.444 Torr at 25°C, 
N,N-diethylpropionamide is significantly less volatile than it’s parent compound 
diethylamine with a calculated vapor pressure of 218 Torr (25°C) (Advanced Chemistry 
Development, 200); likewise, m/z 130 does not vaporize from the particle phase with 
heating to 230°C.  The peak at m/z 130 has been also been observed in chamber 
experiments conducted during July 2006, probing the gas-to-particle partitioning of TEA 
via homogeneous reaction with nitric acid (Figure 42), similar to the experiment 
completed by Angelino et al. (39).  The experimental setup was similar to that described 
above for the amine coating experiments with the following key differences: (1) the 
atomizer and diffusion dryers were not used as a seed aerosol was not provided; (2) the 
flow rate of filtered ambient air into the chamber was 4.0 L·min-1, providing shorter 
residence time; (3) the chamber contained two flasks containing nitric acid and TEA.  In 
previous chamber experiments by Angelino et al. (39), amine oxidation products were 
also observed due to gas-phase oxidants present in the filtered air utilized. 

To probe the specific associations between amines, ammonium, nitrate, and 
sulfate within the SOAR aged OC particles, ternary plots of the relative distributions of 
the peak areas of ammonium (m/z 18), amines represented by m/z 86, nitrate (m/z -62), 
and sulfate (m/z -97) at different temperatures for individual aged OC particles are shown 
in Figure 43.  The relative amounts and associations of either nitrate (a,c) or sulfate (b,d) 
with amines and ammonium are displayed for both seasons.  A particle containing 
primarily amines relative to ammonium, nitrate, and sulfate would appear at the top 
vertex, primarily ammonium at the right vertex, and nitrate or sulfate would appear at the  

 
Figure 42: Positive and negative mass spectra of a single particle exhibiting m/z 130 measured 
during TEA-nitric acid chamber experiments. 
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Figure 43: Summer (a,b) and fall (c,d) ternary plots show the relative distributions of peak areas 
of ammonium (m/z 18 (NH4

+)), amines (m/z 86 ((C2H5)2NCH2
+)), nitrate (m/z -62 (NO3

-)), and 
sulfate (m/z -97 (HSO4

-)) for the unheated and heated (54-230°C) aged OC (nitrate-sulfate) 
particles.  Random samples of ~2,000 single particles are plotted for each temperature. 
 

left vertex.  In the summer, the particles are distributed along the amine-nitrate and 
amine-sulfate axes, suggesting nitrate and sulfate are more strongly associated with 
amines compared to ammonium.  This strong correlation between amines and nitrate and 
sulfate at 230 °C in the summer supports the presence of aminium nitrate and sulfate salts 
which are non-volatile, as predicted by Pankow (185).  However, in the fall, the unheated 
particles are distributed primarily along the ammonium-nitrate and ammonium-sulfate 
axes, suggesting nitrate and sulfate are more strongly associated with ammonium 
compared to amines.  The lack of aminium salts in the fall is because the particles were 
neutralized and hence the unbound amines were readily volatilized at temperatures below 
113 °C, as discussed below.  Ammonium and nitrate volatilized at temperatures less than 
113 °C, consistent with previously reported volatilization temperature (~48-89 °C) (201).  
Thus, in the summer, aminium nitrate and aminium sulfate remained in the particles at 
230 °C, compared to primarily ammonium sulfate in the fall. 
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To calculate the relative fraction of amines remaining at each TD temperature, the 
average absolute peak area of m/z 86((C2H5)2NCH2

+) at each temperature was divided by 
that observed for the unheated aged OC particles (Figure 44a).  Next, to quantitatively 
assess the contribution of amines to particle mass, the average amine mass in the aged 
OC particle type (Figure 44b) was determined using a triethylamine mass/peak area 
calibration curve derived from the amine mass calibration experiment.  Using the average 
vacuum aerodynamic diameter measured for the aged OC particle type at each TD 
temperature, the average mass fraction of amines per particle was calculated (Figure 44).  
For the SOAR unheated aged OC particles, approximately twice as much amine mass 
was present in the summer (0.5 ± 0.3 fg/particle; 1.7 ± 0.9%) compared to the fall 

 

 
Figure 44: For aged OC (nitrate-sulfate) particles, the (a) fraction of m/z 86 peak area remaining 
over the range of thermodenuder temperatures from 54-230 °C is shown relative to the unheated 
particles (ambient temperature averages of 22.9 °C and 15.6 °C in the summer and fall, 
respectively).  In addition, the (b) amine mass/particle and (c) amine mass percent/particle are 
shown for each temperature. 

 
(0.2 ± 0.1 fg/particle; 0.4 ± 0.2%).  During both the summer and fall, the amine 
mass/particle decreased with increasing temperature to 113 °C and then stabilized at ~0.2 
± 0.1 fg/particle and less than 0.1 fg/particle, respectively.  These results are consistent 
with the vaporization of neutral diethylamine and triethylamine up to ~113 °C (boiling 
points of 57.3 ± 8.0 °C and 90.5 ± 8.0 °C, respectively (Advanced Chemistry 
Development, 202)).  The amines remaining above 113 °C must be in the form of 
aminium salts.  Consistent with the association of amines with nitrate and sulfate in the 
summer, 36 ± 1% of the amines present at ambient temperature remained in the aged OC 
particle type at 230 °C in the summer.  However, in the fall, only 10 ± 2% of the amines 
remained at 230 °C, consistent with the decreased abundance of aminium salts due to 
high levels of ammonium in the particles, as discussed below.  Similarly, in the summer, 
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a greater fraction (13 ± 1%) of nitrate remained at 230 °C compared to the fall (4 ± 1%) 
(Figure 45), consistent with more aminium nitrate salts present in the summer compared 
to the fall.  However, as shown in Figure 43, a higher fraction of aminium salts was in 
the form of aminium sulfate, compared to aminium nitrate; this is likely due to the fact 
that sulfuric acid is a stronger acid than nitric acid (pKa -3.19 ± 0.15 vs. -1.4, 
respectively) (Advanced Chemistry Development, 202).  At 230 °C, amines represented 4 
± 2% by mass/particle in the summer, compared to only 0.2 ± 0.1% by mass/particle in 
the fall.  The increasing amine mass fraction above 171 °C in the summer was due to the 
volatilization of other species leaving behind primarily aminium salts and ammonium 
sulfate; whereas, in the fall, the amine mass fraction did not increase with temperature 
due to the minor contribution of aminium salts.  Considering the potential nitrate, 
bisulfate, and sulfate salts of triethylamine, the aminium salt mass fraction at 230 °C in  

 
Figure 45: Relative fractions of nitrate (m/z -62 (NO3

-)) remaining on the aged OC (nitrate-
sulfate) particles at each TD temperature during SOAR-1 and SOAR-2. 

the aged OC (nitrate-sulfate) particles was estimated at ~6-9% in the summer compared 
to less than 1% in the fall.  In the unheated particles, aminium nitrate and sulfate salts 
were found to contribute ~1% and ~0.6% to the total particle mass in the summer. 

Although not the focus of this Chapter, an amine-dominant particle type, 
comprised ~5-8% by number of the particles ~200-700 nm in diameter during both 
SOAR-1 and SOAR-2.  The mass spectra were dominated by m/z 86((C2H5)2NCH2

+) with 
less intense amine marker ions at m/z 58(C2H5NHCH2

+), 102((C2H5)3NH+), and 
118((C2H5)3NOH+) (39); nitrate and sulfate were observed in the negative ions.  Using 
the calibration curve derived herein, these unheated particles were found to be 18 ± 10% 
and 12 ± 6% amine by mass fraction during the summer and fall, respectively.  However, 
as discussed in Chapter 4, the amine-dominant particle type nearly disappears at ~113 °C, 
consistent with the volatilization of neutral amines and the reclassification of the particles 
within the aged OC type.  This is shown by the amine mass/particle decreasing from 7 ± 
4 fg/particle at ambient temperature to 4 ± 3 fg/particle at 113 °C in these amine-
dominant particles in the summer; likewise, in the fall, the amine-dominant particles 
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contain 6 ± 3 fg amines/particle at ambient temperature and 2 ± 1 fg amines/particle at 
113 °C. 

Several possible explanations exist for higher amine mass concentrations in the 
unheated aged OC particle type in the summer compared to the fall.  Ammonia has a 
higher vapor pressure (5990 Torr at 25 °C) than triethylamine and diethylamine (56.1 and 
218 Torr at 25 °C, respectively) (Advanced Chemistry Development, 202).  During the 
summer, higher ambient temperatures were observed (17.6-30.9 °C with a mean of 22.9 
°C) compared to the fall (8.4-26.1 °C with a mean of 15.6 °C).  While ammonia and 
amines are emitted from the same sources (178,179), primarily the Chino dairy area to 
the west of Riverside, their differing vapor pressures impact initial volatilization at the 
source during the different seasons, likely causing more ammonia and amines to be 
present in the vapor phase in the summer (203); however, gas-phase concentrations of 
these species during SOAR were not measured.  The lower vapor pressure of the amines 
compared to ammonia allowed them to more readily partition to the particle phase in the 
summer at the higher ambient temperatures observed; however, the particle-phase 
chemistry impacted the protonation and gas/particle partitioning of the amines once in the 
particle phase.  At the lower fall ambient temperatures, ammonia competes with amines 
to form ammonium nitrate and ammonium sulfate/bisulfate (187) which is supported by 
the greater particle phase ammonium concentrations (2.30 ± 0.04 times) observed in the 
aged OC particle type in the fall compared to the summer.  This observation is consistent 
with previous studies showing higher concentrations of ammonium nitrate in the eastern 
LA basin in the fall (up to ~50% of the fine aerosol mass) (150,204).  Thermodynamic 
calculations have shown that increasing ammonia/amine gas-phase ratios from 100 ppt/10 
ppt to 1000 ppt/1 ppt led to lower predicted fractions of protonated amines in aqueous 
nanometer-sized particles (60.5% vs. 1.5%) (187).  In addition to gas-phase 
concentrations, Henry’s Law constants (KH) and acid dissociation constants (pKa) must 
be considered in the prediction of the partitioning of amines relative to ammonia (187).  
Triethylamine is a stronger base than ammonia (pKa 10.62 ± 0.25 vs. 9.24 ± 0.10) 
(Advanced Chemistry Development, 202) and has a Henry’s Law constant of similar 
magnitude (KH 29 M atm-1 vs 62 M atm-1) (187), allowing the amines to compete for 
protons even when at lower concentrations. 

In acidic particles, amines will become protonated and remain in the particle 
phase, forming aminium salts (185,187); thus one expects to see seasonal differences in 
the partitioning of amines due to changes in particle acidity.  In the summer, the aged OC 
particles were more acidic, as shown by a more intense (1.39 ± 0.04 times) sulfuric acid 
cluster ion peak at m/z -195 (H2SO4HSO4

-), a proxy of non-neutralized sulfate and 
particle acidity.  In addition, higher oxalate (m/z -89(COOHCOO-)) ion peak areas (1.62 
± 0.03 times) were observed in the summer compared to the fall, suggesting that, in 
addition to nitric and sulfuric acid, organic acids could also form aminium salts, as 
suggested by Smith et al. (186) and Barsanti et al. (187).  While oxalic acid, for example, 
has a higher pKa than nitric acid (1.38 ± 0.54 vs -1.4) (Advanced Chemistry 
Development, 202), it has a substantially lower vapor pressure (2.51 x 10-6 Torr vs 49.8 
Torr) (Advanced Chemistry Development, 202), allowing it to partition more readily to 
the particle phase to form aminium organic salts.  Due to the increased particle acidity in 
the summer, a higher amine fraction is believed to be protonated, leading to increased 
concentrations of aminium salts in the summer compared to the fall, as observed.  
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Further, we hypothesize that the higher atmospheric water content in the summer (15.9-
20.5 mMol/Mol with a mean of 18.9 mMol/Mol) compared to the fall (5.5-16.5 
mMol/Mol with a mean of 12.6 mMol/Mol) caused more aminium salts to dissolve 
within the particle phase, causing an equilibrium shift of the amines from the gas to the 
particle phase (39).  This equilibrium shift would further explain the higher amine mass 
concentrations in the unheated aged OC particles in the summer compared to the fall.  In 
this way, aminium salts may contribute to aerosol growth, as suggested by Barsanti et al. 
(187). 

Generally, pH is estimated using an ion balance of ammonium with nitrate and 
sulfate.  However, previous studies have shown differences in calculated and measured 
pH for submicrometer aerosols (205).  Based on the relatively significant contribution of 
amines shown during this study, it is recommended that particle acidity calculations take 
into account the presence of amines which act as even stronger bases than ammonia in 
atmospheric aerosols.  Thus, for the aged OC (nitrate-sulfate) particles in this study, the 
particles would be predicted to be more acidic than in actuality based on only 
ammonium, sulfate, and nitrate concentrations.  To illustrate this point, relative acidity 
ratios are calculated for the SOAR-1 and SOAR-2 aged OC particles; defined as the sum 
of the absolute average peak areas of nitrate (m/z -62 (NO3

-)) and sulfate (m/z -97(HSO4
-

)) divided by ammonium (m/z 18(NH4
+)) (i.e., the typical ion balance method used for 

calculating pH) or the sum of ammonium and amines (m/z 86((C2H5)2N=CH2
+)).  These 

resulting ratios are shown in Figure 46.  In the summer, the relative acidity ratio is 
overpredicted by a factor of 4 when amines are not taken into consideration, showing the 
significant role of amines as bases in the summer.  In the fall, the addition of amines to 
the relative acidity ratio does not change the value dramatically (factor of 1.6) when 
ammonium is the dominant base.   

These measurements represent the first quantification of the volatility behavior 
and mass contribution of amines to individual aged atmospheric particles.  During SOAR, 
the partitioning of amines between the gas and particle phases depended strongly on 
particle acidity.  The more acidic particles in the summer resulted in protonation of the  
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Figure 46: Relative acidity ratios for summer and fall for each thermodenuder period (unheated, 
54°C, 83°C, 113°C, 142°C, 171°C, 201°C, 230°C) for the aged OC (nitrate-sulfate) particles.  
The ratios are defined as the sum of the absolute average peak areas of nitrate (m/z -62 (NO3

-)) 
and sulfate (m/z -97 (HSO4

-)) divided by ammonium (m/z 18 (NH4
+)) or the sum of ammonium 

and amines (m/z 86 ((C2H5)2NCH2
+)). 

amines, causing the formation of aminium sulfate and nitrate salts, which did not 
volatilize at temperatures up to 230 °C.  These amine salts represent low-volatility 
organic carbon species that could potentially be missed by thermal analysis methods.  In 
the fall, higher particulate ammonium concentrations and more basic particle cores 
produced fewer aminium salts, causing 86 ± 1% of the amines to volatilize below 113 °C.  
The abundance of organic carbon mixed with amine salts, as observed in this study, may 
form a barrier that prevents the salts from remaining at equilibrium with the gas phase 
(176).  Previous chamber studies have found aminium nitrate salts repartition back to the 
gas phase under low RH conditions (<10%) (176); however, under the conditions of this 
study, this revolatilization process did not occur because the presence of water caused the 
aminium salts to dissolve, shifting the equilibrium of the gas-phase amines toward the 
particle phase.  Further, previous chamber studies have not examined the partitioning of 
the amine salts with respect to pH, shown in this SOAR data to be a critical parameter 
affecting gas/particle partitioning.  Laboratory studies of the competition between 
ammonia and different amine species for sulfuric, nitric, and organic acids, as a function 
of temperature, RH, and particle size, and the relative abundance of amines and ammonia 
are planned to further understand the partitioning of amines in the atmosphere.  Further, it 
is important to note that the average bulk pH of a collection of ambient particles may in 
fact not be representative of the pH of any individual particle; thus, the single-particle 
mixing state of atmospheric aerosols must be used as a measure of pH to fully understand 
the partitioning of semivolatile species such as amines in gas/particle partitioning 
processes.     
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6. Inter-annual Comparison of Ambient, Single-Particle Chemical Mixing 
State in Riverside, CA 

i. Introduction 
Atmospheric particles are known to cause severe adverse health effects (96).  For 

instance, fine particulate matter (PM2.5, particles with aerodynamic diameters ≤2.5 μm) 
has been linked to increases in cardiovascular and pulmonary diseases, leading to 
elevated mortality and morbidity (110).  Epidemiological studies have applied 
generalized additive models to time series data to estimate associations between exposure 
to PM2.5 and the diseases mentioned above (206).  Improvement of these models based on 
temporal changes in PM2.5 is important for pollution regulation, which can minimize the 
health effects of these particulates.  Urban aerosols specifically contribute to these health 
effects and are of interest because 1) they represent a significant fraction of PM2.5 mass 
concentrations (148) and 2) better approximations based on measurements are needed to 
improve the representation of urban aerosols in models and pollution regulations (207).   

The Los Angeles (LA) Basin is recognized for some of the highest levels of urban 
particulate pollution in the United States, especially the city of Riverside, which is ~50 
miles east of downtown LA (208).  Westerly winds transport emissions from LA, which 
stagnate in Riverside due to the surrounding topography and inversion layer, increasing 
PM2.5 concentrations (209,210).  During transport from LA, heterogeneous reactions of 
particles with trace gases and gas-particle partitioning of secondary species, such as 
nitrate (158), sulfate (211), ammonium (212), amines (213), and oxidized organics (214) 
contribute greatly to changes in particle size and chemistry during transport (96,215). 
Particles that accumulate these secondary species may become more toxic (110).  For 
instance, high levels of ingested nitrate can subsequently cause lethargy or coma  for 
infants (216) and mortality rates have been related to airborne concentrations of sulfate  
(217).  Secondary amines and oxidized organics can increase the rate of blot clots (218) 
and cause respiratory and cardiovascular problems (219), respectively.  Overall, these 
secondary species can constitute a large fraction of PM2.5 in urban areas of the Western 
US, with organics, nitrate, sulfate, and ammonium equaling ~70% of the total PM2.5 mass 
(220).  Therefore, the extent of particle aging could impact how harmful the particles are 
to human health.  This highlights the importance of being able to detect these species in 
particles.   

Meteorology has large impacts on particle chemistry, number, and mass 
concentrations, even for urban locations (215).  Therefore, meteorological influences on 
PM2.5 should be taken into account in models in order to better associate particulate 
matter with adverse health effects.  In Riverside, several previous studies have linked 
meteorology or gas-phase concentrations with observed particle chemistry (154) or 
monitored seasonal variation of particulate mass concentrations (45,148,204,221,222).  
Pastor et al. (2003) observed increases in carbon-rich particles during elevated O3 levels 
in the afternoons during a 40-day summer study in Riverside.  Fine et al. (2004) and 
Geller et al. (2004) found the highest PM2.5 in the summer months; while in contrast, 
Chow et al. (1994) and Kim et al. (2000) found higher PM2.5 in the winter months.  These 
contradictory results indicate that in order to improve model inputs, it cannot be assumed 
that the ambient particles are the same each year, based off of results from one study.  
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Hence, these results show the need for long-term monitoring and inter-annual comparison 
of particle chemistry that contributes to PM2.5.   

Incorporating gas-phase species and meteorology from multiple studies over time 
could help explain long-term changes in PM2.5 concentrations and particle chemistry.  
Most previous studies have utilized off-line bulk filter measurements; however, in this 
study, real-time, single-particle measurements were used.  This technique provides more 
specific information about particle mixing state with a high time-resolution, which can 
give more detailed insight into the influence of particulate chemistry on PM2.5 
concentration trends.  Chemical composition analysis of individual particles allows the 
identification of particle sources and an assessment of particle aging.  Here, we examined 
the role of meteorology (temperature, relative humidity, wind speed, and air mass back 
trajectories) and gas-phase O3 on changes in PM2.5 mass concentrations and measured 
single-particle chemistry in Riverside for three consecutive summers (2005-2007). 

ii. Experimental 
Individual ambient aerosol measurements were taken during the summers of 

2005-2007 at the University of California, Riverside (UCR). Measurements were made 
during the Study of Organic Aerosols in Riverside (SOAR-1) campaign from July 29 – 
August 15, 2005, as well as subsequent studies from August 10 –21, 2006 and August 29 
– September 7, 2007. All data are given in Pacific Standard Time (PST), 1 hour behind 
local time.  Gas-phase O3, PM2.5 mass concentrations, and meteorological measurements, 
including wind speed, relative humidity, and temperature were acquired from the 
California Air Resources Board (CARB) Riverside-Rubidoux sampling site, located ~9 
miles northwest of UCR in 2006-2007.  In 2005, PM2.5 mass concentrations and O3 were 
acquired from CARB, while meteorological data were acquired from the Professor Allen 
Goldstein group at the UCR site. 
  The size-resolved chemical composition of individual particles was measured 
using aerosol time-of-flight mass spectrometry (ATOFMS).  More specifically, a 
converging nozzle-inlet ATOFMS (measuring particles with vacuum aerodynamic 
diameter (Dva) of 0.1-1.0 μm) was operated in 2005 and 2007, and the ground-based 
prototype of the aircraft ATOFMS (Dva of 0.2-2.5 μm) with an aerodynamic lens inlet 
was utilized in 2006; these measurements are described in detail elsewhere (127,223).  
The measurements of the two instruments have been shown to agree on particle 
chemistry when co-located (223).  This comparison focuses on the overlap size region of 
0.2-1.0 μm.  Briefly, particles enter through differentially-pumped stages, accelerating 
particles to their terminal velocities.  The speed is measured for individual particles via 
two continuous-wave diode lasers (532 nm).  Aerodynamic size is determined by 
calibration with polystyrene latex spheres of known physical diameters.  Individual 
particles are subsequently desorbed and ionized by a pulsed 266-nm Nd:YAG desorption-
ionization laser, creating positive and negative ions, which are detected within the dual-
polarity time-of-flight mass spectrometer. In 2005 the ATOFMS analyzed 1 076 812 
particles, in 2006 the A-ATOFMS analyzed 1 099 868 particles, and in 2007 the 
ATOFMS analyzed 939 297 particles. 

For detailed analysis, single-particle size and mass spectra were imported into 
YAADA (www.yaada.org), a software toolkit for analysis using Matlab (The Mathworks, 
Inc.).  An adaptive resonance theory-based clustering method (ART-2a) (35) was then 
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used to classify and group single-particle mass spectra with a vigilance factor of 0.80, 
learning rate of 0.05, and 20 iterations followed by regrouping with a vigilance factor of 
0.85.  ART-2a classifies particles into separate clusters depending on the presence and 
intensity of ion peaks within the individual particles’ mass spectra.  For the three studies 
presented, the most populated 50 clusters accounted for >90% of the total ART-2a 
classified particles and are representative of the overall aerosol composition.  Peak 
identifications within this paper correspond to the most probable ions for a given mass-
to-charge (m/z) ratio.  The peak area of a specific m/z is related to the amount of a 
specified species on each particle (85,224). 

iii. Results and Discussion 

a. Impact of meteorology on particulate mass concentrations 
Table 7 (and Figure 47 of the Supplementary Material) gives a synopsis of 

temperature (T), relative humidity (RH), wind speed (WS), PM2.5 mass concentrations 
(PM2.5), and gas-phase O3 concentration measurements from the summers of 2005-2007 
in Riverside, CA.  It is important to note that certain parameters were correlated or 
anticorrelated with PM2.5 mass concentrations and that PM2.5 averages and temporal 
patterns changed each year.  Of the sampling periods within the three years, 2007 was 
characterized by the highest Ts (average 28 ºC, maximum 45 ºC) and lowest average RH 
(56%) with the lowest average PM2.5 mass concentration (22 μg/m3). 2006 was the 
characterized by the lowest Ts (avg. 23 ºC, max. 34 ºC) and highest average RH (75%) 
year with the highest average PM2.5 mass concentration (32 μg/m3).  In 2005, the T (avg. 
26 ºC, max. 38 ºC), average RH (71%), and average PM2.5 concentration (30 μg/m3) were 
between 2006 and 2007. The strong relationship between average PM2.5 mass 
concentration, temperature, and RH suggest that the majority of the species contributing 
to PM2.5 could be semi-volatile by nature (225). 
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Table 7: Measurements of PM2.5 (µg/m3), relative humidity (RH, %), temperature (T, °C), wind 
speed (WS, m/s), and gas-phase O3 concentrations (ppb) for the sampling periods during 2005-
2007. Standard deviations (σ) and measurement ranges are also listed.  ‘Avg. Daily Maxima’ 
refers to the average time of the daily maximum of each particular factor. 
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Figure 47: Illustrates the temporal profiles of gas-phase O3 (ppb, green line), relative humidity 
(%, blue line), temperature (ºC, orange line), PM2.5 mass concentrations (µg/m3, black line), and 
wind speed (m/s, grey line) from the three summer studies in Riverside, CA.  Plot a) has data 
from July 29 – August 15, 2005, b) August 10 –21, 2006, and c) August 29 – September 7, 2007.  
Trends of these measurements are discussed in the main manuscript. 

In addition to average PM2.5 mass concentrations, PM2.5 temporal patterns 
changed from year-to-year: 2005 had distinctive diurnal variation peaking at 10:00, 2006 
was usually diurnal with some days having multiple maxima, and 2007 was variable, 
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both in number of maxima and peak times, as shown in the Supplementary Information.  
These differences can be attributed to the meteorology, specifically wind speed (WS).  
2005 had very diurnal WS that did not greatly deviate from the average (4.40 m/s, σ = 
2.74 m/s), similar to the PM2.5 mass concentrations being very diurnal with single daily 
maxima.  The studies in 2006 and especially 2007 had less diurnal PM2.5 mass 
concentrations and sometimes multiple daily maxima due to less uniform temporal 
profiles of WS.  WS influences PM2.5 by transporting different numbers of particles with 
different masses, depending on how consistent and fast the wind is.  In addition, air mass 
trajectories can identify where the particles came from and traveled, and therefore further 
explain differences in PM2.5.  Figure 48 shows the representative air mass back 
trajectories (AMBTs) calculated using HYSPLIT (226) for the sampling periods from 
2005-2007.  In 2005, the representative AMBTs originated to the west 80% of the time, 
while three main northwesterly/southwesterly trajectories were present during 67% of the 
sampling time in 2006.  In contrast, 2007 had highly variable AMBTs due to Santa Ana 
conditions, which generally have high T, low RH, and high WS originating from a high-
pressure system from the northeast (227).  Evidence of a Santa Ana in 2007 is confirmed 
by the easterly inland trajectory from the Mojave Desert area, high average T (43 ºC) and 
low average RH (69%), leading to low PM2.5 concentrations.  Santa Ana conditions were 
not observed in 2005 or 2006, which both had higher PM2.5 concentrations than 2007. 

 
Figure 48: Representative 48-hour HYSPLIT air mass back trajectories in Riverside for a) 2005, 
b) 2006, and c) 2007.  Trajectories are labeled by source wind direction and terrain.  The 
sampling site is represented by the star in each map. 

Particle mass is strongly dependent on meteorology and where the particles 
originate and travel.  T and RH can affect mass concentrations by determining what semi-
volatile species are in the particle-phase such that high T and low RH permit semi-
volatile species to stay in the gas-phase, but low T and high RH lead these species to 
partition to the particle-phase, adding mass.  Winds can also influence particle mass 
concentrations such that they can control diurnal variations in PM2.5.  WS and AMBTs 
affect where the particles come from and how they transform as they are exposed to 
different conditions in the atmosphere.  The mass concentrations of particles are 
dependent on the source; however, meteorology has a large impact on PM2.5 and is 
different on an inter-annual scale. 
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b. Overall submicron aerosol chemical composition 
Because of year-to-year differences in PM2.5, the particles contributing to mass 

differ chemically and vary by concentration.  More detailed analysis of individual-
particle chemistry and number fractions can give insight as to what particles are 
contributing to the PM2.5 each year.  Further, details on particle mixing states in 
conjunction with meteorology can help develop more precise parameters for health 
models and improve pollution regulations.  The mass spectral signatures of the ATOFMS 
particle types presented in this manuscript are similar to those described by Pastor et al. 
(154) and Qin et al. (208) for previous measurements in Riverside, CA and are described 
in Table 8.  The major submicron particle types present during the three summer studies 
were aged organic carbon (AgedOC), amine-containing, elemental carbon (EC), 
elemental carbon/organic carbon (ECOC), biomass burning, aged sea salt (AgedSS), and 
dust; other minor types comprised <10% of the total over the size range of 0.2-1.0 μm..  
Representative mass spectra of these particle types are found in the Supplementary 
Material. 

 
Table 8: Descriptions of the major ATOFMS particle types from 2005-2007. 

 

c. Assessment of single-particle mixing state and particle aging 
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It is important to note that the majority of the particles from 2005-2007 were 
internally mixed or “aged” with secondary species, regardless of particle type: AgedOC, 
amines, biomass, AgedSS, dust, and ECOC showed evidence of aging based on markers 
of ammonium (18NH4

+), amines (86C5H12N+), oxidized OC (43C2H3O+/CHNO+), sulfate 
(97HSO4

-), and nitrate (46NO2
- and 62NO3

-).  Figure 49 illustrates the mixing states of 
major ATOFMS particle types with secondary species during the 2005-2007 summers.  
Each square represents the number fraction of each particle type containing a particular 
m/z marker, i.e., the percentage of a particle type aged with a secondary species out of the 
total number of particles of that type. It is important to note that each particle type may be 
aged with more than one secondary species.  These markers significantly differ each year 
except for the fraction of particles containing m/z 86 within the amine particle type, 
which will be disregarded as it is a reference spectral marker for this type.   

 
Figure 49: Mixing states of secondary species in major particle types from a) 2005, b) 2006, and 
c) 2007.  The abscissa contains major ATOFMS particle types and the y-axis contains secondary 
species markers C2H3O+ (m/z 43), (C2H5)2NCH2

+ (m/z 86), NH4
+ (m/z 18), HSO4

- (m/z -97), NO2
- 
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(m/z -46), and NO3
- (m/z -62).  The color scale represents the number fraction of particles within a 

single particle type that contained each specific marker (secondary species). 

Overall, all three years showed the most aging of all particle types with secondary 
nitrate, ranging from 53-91% of each particle type in 2005, 72-97% in 2006, and 26-95% 
in 2007. This suggests high nitrate levels were present, which have previously been 
modeled and observed in Riverside (148,158,228).  In addition to nitrate in 2005, the 
major particle types were aged with oxidized OC (ranging from 48-88% of the total 
number of each particle type), consistent with the highest O3 concentrations observed.  
Because the average O3 concentration was highest in 2005, this suggests the particles 
were highly oxidized compared to 2006 or 2007 (particle types aged with oxidized OC = 
38-79% and 6-51% of the total number of each particle type, respectively).  Aging with 
sulfate was more apparent in 2006 (particle types aged with sulfate = 51-87% of the total 
number of each type) than in 2005 specifically on the amine type, which demonstrates 
acid-base chemistry between H2SO4(g) and basic amine markers forming aminium sulfates 
(39,213).  Although aminium nitrate salts are more significant in agricultural settings like 
the surroundings of Riverside, aminium sulfate may form in the presence of high sulfate 
concentrations (176) and have been previously shown to correlate in Riverside during the 
summer (213). Also apparent are higher fractions of secondary amines in all particle 
types (particle types aged with secondary amines = 41-87% of the total number of each 
type) compared to 2005 and 2007 (particles types aged with secondary amines = 7-27% 
and 6-24% of the total of each type, respectively).  The higher average RH (and lower 
average T) in 2006 caused semi-volatile species, such as amines, to partition to the 
particle phase (39).  Both 2005 and 2006 had more aging of different organic particle 
types (AgedOC, amines, ECOC, biomass); however, in 2007 there was more aging of 
inorganic types such as AgedSS and dust with nitrate (95% and 82% of the total of each 
type, respectively).  This change in mixing state from 2005 and 2006 to 2007 can be 
attributed to Santa Anas transporting more dust, which readily takes up nitrate (229) and 
salts from AMBTs originating and traveling over the Pacific Ocean, especially from 
September 5-7, 2007 as discussed below.   

These results show that the relative number of particle types aged with secondary 
species can change and that aging is not on the same type from year-to-year.  The extent 
of particle aging can be examined by looking at a ratio of a more-oxidized marker (m/z 
43) to a less-oxidized marker (m/z 37) and its relationship to O3 as shown in the 
Supplementary Material.  Also, these particles largely contribute to PM2.5 mass and can 
change the chemical composition of the PM2.5 each year.  This has implications for 
human health because of the fact that the different secondary species can have different 
adverse health effects as mentioned earlier.  For instance, a higher secondary amine 
contribution to PM2.5 in 2006 can increase blot clotting but the presence of more oxidized 
organics in 2005 would be more likely to cause respiratory problems, if these particles 
are inhaled and penetrate through the lungs.  Schlesinger (2007) stated that since relative 
toxicity of various constituents of PM2.5 probably differs for different observed biological 
endpoints, the public health risk from each of these components is unlikely to be the same 
in different geographical regions where the chemical properties of ambient PM2.5 may 
differ (230).  Therefore, the same effect would be expected in the same geographic region 
if the particle chemistry of PM2.5 mass is different from year-to-year. 
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Highly-aged particles accumulate more secondary species which increases 
toxicity level; hence, it is important to determine the extent of particle aging.  The ratio of 
m/z’s 43/37 (C2H3O+/CHNO+ to C3H+) provides an indication of the extent of particle 
aging from year-to-year in Riverside.  The OC marker m/z 37 has been observed as a 
fresh emission from light duty vehicles (231), while the oxidized OC marker m/z 43 
signifies a more oxidized/aged species (208). Incorporating O3 into this ratio can also 
help determine if the particles were truly aged in the atmosphere.  Figure 50 shows the 
temporal profile of this ratio as a function of O3 concentrations.  The fact that this ratio is 
highest during the highest O3 concentration (13:00-14:00) suggests that particles during 
this time are more aged with oxidized organics, potentially from oxidized organic gases 
that condense onto particles or heterogeneous reactions, versus being primary.  This trend 
is similar to what has been previously observed in Riverside with aerosol mass 
spectrometry  (214) and PM2.5 filter measurements(232), where semi-volatile organics 
increased during high mid-day photochemical activity and decreased at night.  Even 
though the relationship between 43/37 and O3 exists all three years, the diurnal profiles 
tend to become more variable from 2005-2007 similar to PM2.5, where the temporal 
profiles of PM2.5 became less diurnal from 2005-2007 because of the WS and AMBTs 
becoming less diurnal. 

 
Figure 50: shows the ratio of the sum of peak areas m/z 43 to m/z 37 plotted as a function of O3 
concentration (ppm) from a) 2005, b) 2006, and c) 2007 with maroon being the lowest 
concentration and blue being the highest.   Also pictured is the temporal profile of PM2.5 mass 
concentrations (μg/m3). 

d. Relating particle chemistry to meteorology and PM2.5 mass concentrations 
In order to assess the PM2.5 trends and relate them to particle chemistry, an overall 

look at the particle chemistry is required.  Figure 50 illustrates the time-resolved 
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chemistry of the number fractions of each particle type relative to the total number of 
particles, which show large variations in particle chemistry between the three summers.  
Even though organic-containing particles (AgedOC, ECOC, amines, and biomass types 
combined) comprise the largest number fraction each year (57-86%) for particles 0.2-1.0 
um, there are notable differences in the overall particle chemistry which can be tied to 
gas-phase concentrations and/or meteorology.  2005 had the highest number fraction of 
AgedOC particles (27%) compared to 2006 (8%) and 2007 (6%).  This is likely because 
of the higher average O3 concentrations (46.4 ppb) than 2006 (38.8 ppb) or 2007 (39.5 
ppb), which would lead to the presence of more oxidized organics.  The average RH was 
highest in 2006 (75%) as was the amine fraction (86% of the total number of particles), 
compared to 2005 and 2007 (1% and 5% of the total, respectively).  Amine particle 
markers have been previously reported to increase at higher RH and lower T at an urban 
site (39), suggesting they are semi-volatile and partition to the particle phase under these 
conditions.    In 2007 although the highest relative number fraction of particles was 
ECOC, there were larger fractions of AgedSS and dust (23% and 10% of the total, 
respectively) compared to 2005 (20% and 2%) and 2006 (1% and 0.1%), which can be 
attributed to Santa Anas during the study that transported more dust. The presence of 
more AgedSS types can be attributed to AMBTs originating over the Pacific Ocean as 
seen in Figure 48.  During this time period, a large increase in the fraction of AgedSS is 
observed in Figure 50.  Directly before and after this time period, AMBTs were more 
similar to the Coastal or Northeastern Inland trajectories. 



 115 

 
Figure 51: Temporally-resolved submicron particle chemistry from a) 2005, b) 2006, and c) 2007.  
Hourly PM2.5 mass concentrations are also plotted for each year (black line). 

The temporal profiles of these particle types also show distinct differences in the 
relative number fractions due to the diverse meteorology each year (Supplementary 
Material).   However, almost everyday each year a pattern exists between PM2.5 and the 
relative fraction of ECOC particle types, which follow very similar temporal profiles.  
While organics are linked to respiratory and cardiovascular problems, EC has been 
shown to cause respiratory problems such as chronic bronchitis, sputum, and coughing 
(233).  The ECOC type is from the aging of EC after it has been emitted from combustion 
sources.  ECOC is also a large number fraction of the total particle counts, equaling 29%, 
13%, and 31% in 2005, 2006, and 2007, respectively.  Figure 51 shows temporally-
resolved profiles of PM2.5 mass concentrations and relative number fraction of the 
ECOC-type particles. In 2005 and 2007, these fractions are the highest of all particle 
types and in 2006 the fraction is the second highest after amines.  Because ECOC largely 
contributes to particle number each year, this could be why it greatly influences PM2.5 
concentrations.  There are days where this pattern does not exist, predominantly in 2007.  
This could be due to the particles from Santa Ana influences, increasing the dust fraction 
which contributes to the mass instead, such as on August 3, 2007 where ECOC peaks and 
the PM2.5 mass concentrations fall.  Also, AgedSS and dust fractions fall during this day, 
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suggesting that these particle types contribute to mass concentrations more than other 
types of particles that day.   
 

 
Figure 52: Temporally-resolved relative number fraction of ECOC particle types (red diamonds) 
from a) 2005, b) 2006, and c) 2007.  The black shaded regions are the PM2.5 mass concentrations 
for each year. 

Figure 53 shows the size-resolved submicron particle chemistry in Riverside, CA 
during the three studies of a) 2005, b) 2006, and c) 2007.  Similar to the temporally 
resolved profiles, 2005 showed more evidence of an aged organic atmosphere over the 
entire submicron size range with larger fractions of the total number of particles being 
AgedOC and ECOC types and very little fractions of biomass, amines, and inorganics 
such as dust and AgedSS.  In 2006, the high relative humidity and low temperature 
atmosphere correlated to the presence of a large fraction of amine-containing particle 
types over the entire submicron size range, with smaller fractions of AgedOC, ECOC, 
biomass, and inorganic types.  The Santa Ana conditions in 2007 led to an increase in the 
dust fraction, while AgedSS was also present in a high fraction.  Organic types (AgedOC, 
ECOC, biomass, and amines) were smaller fractions than the previous years.  Dust was 
present over the entire size range, while AgedSS was predominant at larger sizes (> 600 
nm). 
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Figure 53: Size resolved submicron particle chemistry in Riverside, CA. 

Although inter-annual similarities exist with the relationship between ECOC and 
PM2.5 mass concentrations, the aging of the ECOC types differ each year as seen in 
Figure 49, meaning these particles could have different physical properties, levels of 
toxicity, and health effects.  As mentioned throughout this manuscript, 2005 was a 
highly-aged atmosphere because of high O3 levels, while 2006 contained an amine-rich 
environment because of high RH, and 2007 was highly variable with high T because of 
Santa Anas.  This points out that diverse agconditions affect differences in ECOC each 
year: 2005 ECOC types were mostly aged with oxidized OC (88% of the total ECOC-
type particles), 2006 ECOC were mostly aged with secondary amines (87% of the total 
ECOC-type particles), while in 2007 ECOC types were mainly aged with nitrate (39% of 
the total ECOC-type particles).  Also, along with PM2.5 as discussed earlier, the temporal 
profiles of ECOC become less diurnal because the WS became less diurnal. 

iv. Conclusions 
Using ATOFMS, ambient submicron single-particle chemical composition was 

examined in Riverside, CA over the course of three summers from 2005-2007. 
Meteorological factors such as T, RH, WS, and O3 concentrations affected overall 
particle chemistry and thus PM2.5 mass concentrations.  In 2005, diurnal profiles of the 
WS and AMBTs from similar sources led to a very consistent, diurnal profile in PM2.5.  
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O3 levels were highest in 2005, leading to more aged organic species.  2006 was the 
moistest year with the lowest average T, leading to more amines versus 2005 and 2007.  
Santa Anas in 2007 led to high average T and inconsistent WS and AMBTs, which also 
caused variation in the particle chemistry and PM2.5 mass concentrations due to transport 
from different sources.  Besides aging with nitrate each year, particle mixing states were 
extremely different, with 2005 and 2006 having a higher fraction of organic-containing 
particles (AgedOC and amines, respectively) aged with secondary species and 2007 
having larger fractions of AgedSS and dust aged with secondary species, although 
organic-containing particles were still highly aged. It is important to consider number and 
relative amount of secondary species in single-particle mixing states because it can lead 
to more specific insight on source, on how a particle is altered after emission into the 
atmosphere, and what sort of adverse health effects are associated with it. 

The major particle types varied all three years as shown by the time-resolved 
chemistry, but evident each year was a similar temporal pattern between the fraction of 
ECOC-type particles and PM2.5 mass concentrations.  This suggests that ECOC types are 
a large contributor to particulate mass concentrations and inhaling these particles can 
cause acute and chronic respiratory problems.  However, this pattern does not exist 
everyday, meaning other species still contribute to mass and are important to consider.   
In general, it cannot be assumed that particle chemistry only seasonally fluctuates with 
similar particle mixing states and concentrations every year.  Variation in particle 
quantity (PM2.5 mass concentrations) and quality (chemical mixing state) exists due to 
differences in meteorology on top of emissions from different sources year-to-year.  
Looking at single-particle mixing state can provide more detailed information on what 
types of particles are contributing to PM2.5.  However, understanding how a single 
particle can chemically change with meteorology cannot be based on one major study to 
represent all years, particularly in a model that relates PM2.5 concentrations with adverse 
health effects such as generalized additive models.  Evident from these three studies, each 
year has very different meteorology which could be used to optimize parameters in health 
models and therefore improve pollution regulations.  Since continuous intensive particle 
measurements are difficult long-term, the optimized parameters can be used in models to 
predict how PM2.5 changes and what implications it would have on health during a 
specific type of meteorological condition.  In the future, these results could be used as a 
first approximation as to what the detailed chemical composition of PM2.5 may be and 
therefore generate stricter pollution regulations based on better-defined health effects 
models. 

v. Acknowledgements 
We acknowledge Prof. Paul Ziemann (UCR), the UCR Air Pollution Research 

Center, and the Prather group, particularly Laura Shields and Hiroshi Furutani for support 
during SOAR.  We thank Megan McKay and the Goldstein group (UC-Berkeley) for the 
meteorological measurements in 2005.  Air mass back trajectories were produced with 
the Hybrid Single-Particle Lagrangian Integrated Trajectory model (NOAA).  This work 
was supported by the California Air Resources Board (CARB 04-336) and the National 
Science Foundation (NSF ATM-0321362).  K. Pratt has been supported by a NSF 
Graduate Research Fellowship and in part by an EPA STAR Graduate Fellowship (2006-



 119 

2009); the EPA has not officially endorsed this publication, and the views expressed 
herein may not reflect the views of the EPA. 



 120 

Mass Comparisons and Investigations into the Volatile and 
Semivolatile Fraction of Particles 

7. Comparison of Two Methods for Obtaining Quantitative Mass 
Concentrations from Aerosol Time-of-Flight Mass Spectrometry 

Measurements 
 

i. Introduction 
 Over the past two decades, the number of studies on airborne particulate matter 
has increased substantially due to increased awareness of the role of aerosols in reducing 
visibility, affecting climate change, and endangering human health (141,143,234-238).  
Health risks have been shown for particles with aerodynamic diameters less than 2.5 μm 
(PM2.5), based on mortality rates which show a positive correlation with particles in this 
size range (239).  Therefore, it is very important to perform regional-scale long term 
monitoring in order to better understand the major sources impacting the annual PM2.5 
mass concentrations. 

Although traditional off-line filter based measurements are able to provide robust 
information on aerosol mass concentration and chemical composition, they still have 
limitations such as low time resolution, sampling artifacts (240), and very limited 
information on aerosol mixing state which is essential for understanding the impacts of 
aerosols on climate and visibility (241).  Real-time single particle mass spectrometry 
(SPMS) measurements provide continuous on-line information on single particle size and 
chemical composition (242-244).  These measurements can be used to provide further 
insight into the associations between chemical species within individual particles, 
allowing one to link composition with specific sources and atmospheric processing.  
Particles are rapidly analyzed (<1 ms), minimizing the changes in particle morphology 
and the repartitioning of chemical species during the analysis.  Despite these advantages, 
it has been a challenge for real-time SPMS instruments to provide quantitative 
information on aerosol mass concentrations.  Several factors present obstacles in 
quantifying SPMS measurements.  First, particle transmission efficiency is size-
dependent and needs to be corrected using number concentrations from other co-located 
instruments (173).  Second, in most real-time SPMS methods, the ion signals in the mass 
spectra for identical particles can vary considerably from shot-to-shot due to 
inhomogeneities in the laser beam (245).  Third, instrument sensitivities to different 
aerosol chemical species vary (161,246), and can change as a function of matrix 
composition (247) and particle size (85).  Fourth, when instrument operation and data 
acquisition are controlled by the same computer, the ability to detect incoming particles 
decreases with increasing ambient particle concentration due to instrument busy time 
(248). 

Due to the aforementioned issues, the quantitative potential of SPMS 
measurements has not been fully realized.  A number of efforts have been dedicated to 
acquiring high temporal resolution quantitative information from SPMS data by scaling 
with co-located reference measurements (30,36,85,248-251).  Among the various SPMS 
instruments developed to date, most of the quantification efforts have been applied to 
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aerosol time-of-flight mass spectrometry (ATOFMS), which acquires real-time 
information on single particle aerodynamic diameter (Da) and chemical composition.  
Although ATOFMS measures Da, only Allen et al. (248,249), Bhave et al. (85), and 
Moffet et al. (251) used Da-based reference measurements to reconstruct quantitative 
results from ATOFMS data.  Allen et al. (248,249) and Bhave et al. (85) used a micro-
orifice uniform deposit impactor (MOUDI) as the reference method for quantification.  
Typical MOUDI measurements have a time resolution of 5 ~ 8 hours and a size 
resolution of 4 bins per decade.  Moffet et al. (251) compared ATOFMS measurements 
against aerodynamic particle sizer (APS) measurements, which provide higher time and 
size resolution than the MOUDI, to obtain quantitative number concentrations. 

In this paper, we compare both MOUDI scaling and APS scaling methods to 
quantify ATOFMS single particle measurements taken during a field campaign 
conducted in central California.  We adapt the busy-time estimation methodology of 
Allen et al. (248) to account for recent changes in the ATOFMS data acquisition 
procedure.  We advance the APS scaling methodology of Moffet et al. (251) by utilizing 
composition dependent density values to obtain quantitative mass concentrations.  We 
present the first evaluation of scaled ATOFMS mass concentrations against multiple, 
independent co-located PM2.5 measurement devices.  These scaling approaches will be 
used for future ambient studies to obtain quantitative ATOFMS mass concentrations and 
can be easily applied to other SPMS measurements. 

ii. Experimental 
As part of the California Regional Particulate Air Quality Study (CRPAQS), two 

ATOFMS instruments were operated continuously, sampling ambient aerosols from 
November 30, 2000 to February 4, 2001.  The two sampling sites were an urban site in 
Fresno and a rural site in Angiola, both of which are located in central California (252).  
Single particle size and chemical composition information on more than 2 million 
particles was acquired at each site.  ATOFMS data are scaled with MOUDI (MSP Corp.) 
measurements at Fresno and with APS (TSI 3320) measurements at Angiola to obtain 
quantitative information.  Other PM2.5 measurements are also used for comparison and 
evaluation, including a beta attenuation monitor (BAM, Met One BAM 1020), tapered 
element oscillating microbalance (TEOM, Rupprecht & Patashnick TEOM 1400A), dust 
aerosol monitor (TSI DustTrak 8520), nephelometer (Radiance Research M903), and 
aethalometer (Magee Scientific RTAA1000).  Only the measurements taken from 
January 9, 2001 to February 4, 2001 are presented in this work, representing 711,289 
particles in Fresno and 614,915 particles in Angiola. 

a. ATOFMS Data Acquisition 
ATOFMS acquires single particle diameter utilizing particle time-of-flight and 

obtains particle chemical composition based on the mass spectra.  The design and 
operating principles of ATOFMS have been described in section 1.5.1 and are also 
discussed in detail elsewhere (127).  Not all particles that are sized produce a 
corresponding mass spectrum, due to differences in the particle trajectories between the 
light scattering and ion source regions.  Particles that produce both aerodynamic 
diameters and mass spectra are called hit particles, whereas particles that only yield 
aerodynamic diameters are called missed particles.  A special ATOFMS operating 
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condition is the fast scatter mode.  When operating under this condition, ATOFMS only 
records missed particle size information without attempting to acquire mass spectra.  Fast 
scatter measurements were often used for obtaining overall particle size distribution.   

After the field study, an in-house software program was used to calibrate the mass 
spectra and make a list of the individual ion peaks for each particle.  These peak lists 
were then imported into a single particle mass spectrometry data analysis tool YAADA, 
for further analysis (160). 

b. MOUDI Measurements 
The MOUDI is based on particle impaction and has been extensively used for 

obtaining size resolved particle mass and composition measurements (253).  During the 
CRPAQS study, MOUDI data were collected at Fresno during six intensive operating 
periods (IOPs) within the time of interest for this study: 31 January 1000-1600; 1 
February 0500-1000; 2 February 0000-0500; 2 February 1000-1600; 3 February 0500-
1000; and 3 February 1600-2400.  Angiola MOUDI measurements were not used in this 
study since we were unable to accurately estimate ATOFMS busy time at that site due to 
a change in the data acquisition hardware in the middle of the study period. 

c. APS Measurements 
The APS provides information on both single particle number concentrations and 

aerodynamic diameter via light scattering and time-of-flight measurements (254).  It 
detects particles in the size range of 0.3 µm to 20 µm, with accurate size-resolved 
counting of particles with aerodynamic diameters between 0.5 and 20 µm.  APS 
measurements were not collected at Fresno during the CRPAQS.  At Angiola, 
measurements were obtained with a commercial APS (TSI 3320, Minnesota) from 
December 1, 2000 to February 4, 2001 with a temporal resolution of 5 minutes.  The APS 
data were averaged over 1-hour time periods.  These hourly data are used in the scaling 
procedure described below 
 

iii. Results and Discussion 

a. Scaling with MOUDI 
Previous investigations have shown that by comparing co-located ATOFMS and 

MOUDI data, quantitative information on particle mass concentrations can be acquired 
from ATOFMS measurements (248,249).  The advantage of scaling with MOUDI 
measurements is that they not only provide information on size segregated total particle 
mass concentrations, but also the size segregated concentrations of individual chemical 
species which allow the derivation of ATOFMS relative sensitivity factors to different 
chemical species (85).  The disadvantage is that MOUDI samples are analyzed offline 
and provide coarse temporal- and size-resolution data.  In this work, we adapt and modify 
the busy time estimation method developed by Allen et al. (248) and use it to scale the 
Fresno ATOFMS dataset with MOUDI measurements. 

1. ATOFMS Busy Time 
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Busy time (tb) is defined as the amount of time that an ATOFMS instrument 
cannot detect incoming particles because it is busy processing data from a particle that 
just arrived.  Previous studies revealed that three parameters are needed to compute 
ATOFMS instrument busy time: the time required to record a missed particle (A), the 
time required to record the first hit particle in a folder (B), and the incremental increase in 
time required to save each subsequent hit particle in a folder (C).  Laboratory 
experiments have been conducted to estimate these parameters, but when lab-based 
parameters are applied to field data, the results are at times not physically meaningful 
(e.g., busy time occasionally exceeds total sampling time).  Thus, empirical methods have 
been developed to estimate busy time directly from field data.  During the 1999 
Bakersfield Instrument Intercomparison Study (BIIS), the ATOFMS instrument was 
operated alternately in normal data collection mode and fast scatter mode.  Allen et al. 
(248) used data collected in fast scatter mode to estimate particle arrival rates (λ).  They 
demonstrated that Poisson with Busy Time (PBT) distributions in conjunction with λ 
values can be used to compute A, and that this information in combination with the 
particle data collected in normal operating mode can be used to compute B and C. 

During CRPAQS and subsequent field campaigns, ATOFMS instruments were 
not routinely operated in fast scatter mode so the methodology of Allen et al. (248) 
cannot be applied directly.  In the present study, we adapt the previous methodology to 
estimate busy time parameters for the ATOFMS instrument that was stationed at Fresno.  
An analysis of the Fresno data set reveals five discrete time periods when the rate of 
missed particle detection (rm) doubled while the hit particle detection rate (rh) dropped 
substantially: 16 January 2150 – 17 January 0200; 28 January 0335 – 1115; 31 January 
0430 – 0845; 1 February 0750 – 1040; and 2 February 0610 – 1000.  As an example, 
Figure 54 illustrates the time series of rm and rh in 6-minute intervals throughout 28 
January.  Several possible reasons for these “high-miss periods” were explored, but a 
definitive conclusion was not obtained.  Nevertheless, even without a full understanding, 
it was determined that the data from these high-miss periods may be exploited to 
calculate A.  The strong anti-correlations between rm and rh suggest that the busy time 
associated with missed particles caused the hit rate to drop during each high-miss period.  
Assuming that the degree to which rh drops during the high-miss periods is determined by 
the time remaining to record hit particles after all missed particles are recorded, 
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where t is the length of each sampling interval; NHit and NMissed are the number of hit and 
missed particles recorded during a sampling interval; and NEstHit and NEstMissed are the 
estimated number of hit and missed particles if the high-miss event had not occurred.  As
 illustrated in Figure 54a, NEstHit and NEstMissed are calculated in 6-minute intervals by 
linear interpolation of rh and rm, respectively, over each high-miss period.  By solving 
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Figure 54: (a) Linear interpolation over the Fresno high-miss period to obtain estimated hit counts 
and estimated missed counts for the period of January 28th, 3:35 – 11:15; (b) estimated missed 
particle recording time vs. missed particle detection rate for all five high-miss periods with a time 
resolution of 6 minutes for Fresno dataset. 

Equation (5.1) for A, we obtain: 
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The values of A calculated during 6-minute time intervals within each high-miss 
period are plotted against rm in Figure 54b.  The five different colors in Figure 54b 
represent results from different high-miss periods.  As can be seen, there is remarkable 
consistency in the values of A across all five high-miss periods when rm exceeds 2.5 Hz.  
These time intervals occurred at the peak of each high-miss period, when the instrument 
was devoting the vast majority of the sampling time to detecting missed particles.  Thus, 
the A values calculated during these times are most robust.  Whether setting the minimum 
rm thresholds at 2.0, 2.5, 3.0, or 3.5 Hz, the mean value of A remains fairly constant at 
0.26 seconds with the standard deviation being less than 0.05 seconds.  Based on the 
above inspection, we use 3.0 Hz as the minimum rm threshold since at this frequency, A 
values are quite robust and some data from all five high-miss periods are included.  We 
therefore conclude that A = 0.264 ± 0.013 s.  Note that the standard deviation is less than 
5% of the mean A value. 
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PBT distributions using A = 0.264 are used to estimate λ throughout the study 
period by following the procedure of Allen et al. in reverse order (248).  Excluding the 
“high-miss periods” when the application of PBT distributions is not justified, hourly λ 
values range between 0.11 Hz and 15.1 Hz, with an average of 3.5 Hz.  The best-fit B and 
C values are also calculated according to Allen et al. (248), but the C value is not 
statistically significant due to smaller folder limits used during CRPAQS (500 spectra per 
folder) relative to the BIIS (1000).  We use our best-fit B value of 0.264 s, and a C value 
of 0.00024 s taken from laboratory experiments conducted under similar conditions (H. 
Furutani, Personal Communication).  The difference between the A values from this study 
and previous studies is attributed to a change in the ATOFMS data acquisition mode.  
ATOFMS can be operated in either non-wide dynamic range (non-WDR) or wide 
dynamic range (WDR) data acquisition mode (255).  When connecting two identical 
digitizers via a signal splitter to the signal source and attenuating one digitizer (30 db), 
WDR mass spectra (signal level ranging from 0 to 8000 instead of 0 to 255) can be 
obtained by combining the two signals (256).  Although operating ATOFMS in WDR 
mode produces mass spectra with a much greater dynamic range, it requires significant 
computer time and significantly increases both the A and B values.  During the current 
study, WDR spectra were acquired for positive ions, leading to a value of A that is higher 
than that in previous work when only non-WDR spectra were acquired (248).  The lab 
experiments also support our conclusion that A and B are comparable when operating in 
WDR mode, since the most time-consuming process in obtaining single particle data is 
the data transfer from the acquisition board to the computer; the actual data saving time 
represents only a minor fraction of the data transfer process. 

2. Scaling of ATOFMS Measurements with MOUDI Measurements 
Scaled mass concentrations are calculated based on the effective sampling 

duration which excludes instrument busy time and offline periods.  After obtaining 
ATOFMS busy time parameters, ATOFMS hit and missed particle information was 
processed for comparison with the MOUDI measurements.  Hit particles were binned 
into size and time bins matching the MOUDI data.  The MOUDI size bins are: 0.18 – 
0.32, 0.32 – 0.56, 0.56 – 1.00, and 1.00 – 2.50 μm.  The time frame is limited to the six 
MOUDI IOPs listed above.  A total of 24 time-size bins are considered in the 
comparison, but data from two bins are excluded from the scaling procedure for the 
following reasons: (a) the MOUDI mass concentration was less than twice the mass 
uncertainty in the 1.00-2.50 μm bin on 31 January 1000 – 1600, indicating high 
uncertainty in the MOUDI measurement; and (b) the total number of hit particles by 
ATOFMS in the 0.18-0.32 μm bin on 1 February 0500 – 1000 was less than 100, which is 
deemed too few for a statistically representative measurement.  Ultimately, mass 
concentrations in 22 bins were compared for quantitative analysis.  Single particle sizes 
and counts were collected for each bin within the specified size range and time range.  
Using the measured flow rate through the instrument, an ATOFMS total particle mass 
concentration was calculated for each bin assuming all the particles were spherical.  
Morawska and coworkers obtained an overall average ambient submicron particle density 
of 1.7 g·cm-3 (257).  The average density of supermicron particles would be even higher 
due to the increased fraction of sea salt and dust particles which have densities of 1.9 
g·cm-3 and 2.7 g·cm-3, as reported by Hänel and Thudlum (258).  Thus we use a density of 
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1.9 g·cm-3 for all PM2.5 particles in mass concentration calculation instead of the 
1.3 g·cm-3 value used in previous work (85,154,248,249).  The scaling factor, φMOUDI, was 
constructed as the parameter to compensate for the difference between 
ATOFMS and MOUDI measurements.  φMOUDI represents the inverse of the ATOFMS 
 
 particle detection efficiency and is defined with the following expression: 

ATOFMS

MOUDI
MOUDI m

m
=φ         (5.3) 

where mMOUDI is MOUDI mass concentration, and mATOFMS is ATOFMS mass 
concentration before scaling.  φMOUDI is a function of particle size and can be expressed 
with a power law relationship with Da: 

βαφ aMOUDI D⋅=         (5.4) 

where α and β are the best-fit parameters determined by non-linear regression of mMOUDI 
on mATOFMS over all 22 bins.  Physically, 1/α is the particle detection efficiency for a 1.0 
µm particle and β represents the degree to which particles with sub-optimal sizes are 
deflected from the centerline in the ATOFMS inlet.  Based on Equation (5.4), it is clear 
that varying the density value will not affect the scaled results; only the scaling 
parameters will change.  The best-fit values of α and β are 1747.52 ± 363.96 and −4.41 ± 
0.28 for this study, so φMOUDI varies from 3.4×106 for a 0.18  µm particle to 31 for a 2.5  
µm particle. 

Upon obtaining α and β, the value of φMOUDI was calculated for every single 
particle using Equation (5.4) based on the measured particle diameters by ATOFMS.  
The following equation was used to calculate scaled ATOFMS mass concentrations: 

∑ ⋅=−
i

iiDaMOUDIATOFMS mm ,φ        (5.5) 

where mATOFMS-MOUDI is the ATOFMS mass concentration after scaling with MOUDI, φ 
and mi are the scaling factors and mass concentrations for each single particle 
respectively.  Comparison of the scaled ATOFMS and the MOUDI mass concentrations 
for all 22 bins results in an R2 value of 0.85 as shown in Figure 55, indicating that two 
parameters (α and β) are sufficient to explain 85% of the variability in ATOFMS 
transmission efficiencies over the 0.18 – 2.5 µm Da range during 6 different IOPs.  It is 
important to note that the high R2 value would not have been obtained if busy-time 
corrections had not been applied.  Note the mass concentrations for the non-IOP periods 
can be calculated with the same scaling function at higher temporal resolution (1 hour) if 
one assumes that the ATOFMS scaling factors do not change over time.  There is some 
uncertainty associated with this assumption, so scaling with real-time particle 
concentration measurements may be favorable for obtaining total mass concentrations as 
described in the next section. 

3. Comparison between MOUDI Scaled ATOFMS Measurements and BAM Measurements 
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Both hourly BAM and hourly TEOM PM2.5 mass measurements were made at the 
Fresno site.  Because the TEOM inlet was heated to 50 ºC during sampling in order to 
remove interferences from water, other semivolatile compounds were also removed 
(259), yielding values that were systematically lower than the co-located BAM 
measurements by an average of 42%.  Therefore, since ATOFMS does not remove water 
or semivolatile compounds to a significant extent due to short analysis times, hourly 
BAM mass concentration measurements (mBAM) were chosen as the reference 
mass concentration to evaluate mATOFMS-MOUDI for the entire study period as shown in 

 
Figure 55: Comparison of scaled ATOFMS mass concentrations and MOUDI measurements in 
Fresno. 

Figure 56.  Both mass concentration measurements show distinct diurnal temporal 
variations, reaching maxima and minima at nearly the same time each day.  Particulate 
matter concentrations remained relatively low during the day and increased substantially 
at night in Fresno during this study.  The correlation between mBAM and mATOFMS-MOUDI is 
notably high with a R2 value of 0.79.  However, Figure 56 also shows that mATOFMS-MOUDI 
is systematically lower (about 30% less) than mBAM.  The ratio of mean values between 
these two measurements is 0.69 over the 26-day sampling period of interest.  Several 
factors account for this difference.  First, particles below 0.20 μm are not included in the 
mATOFMS-MOUDI value as this represents the lowest size detectable by the ATOFMS 
instrument used in this study.  An analysis of the MOUDI data during the six IOPs of 
interest indicates that particles larger than 0.18 μm make up 86% of the total PM2.5 mass 
summed over all impaction stages from 0 - 2.5 µm (ΣmMOUDI).  Second, the mean value 
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of mMOUDI during the six IOPs is only 88% of the mean value of mBAM.  These two factors 
alone make it so the value of mATOFMS-MOUDI cannot exceed 76% of the mBAM value (0.86 × 
0.88 = 0.76).  Furthermore, the scaling function derived from the six IOPs most likely 
varied during the 26-day period.  Thus, these factors result in the absolute values of 
mATOFMS-MOUDI being 30% lower than the mBAM values. 

b. Scaling with the APS 

1. Scaling ATOFMS Measurements with APS Measurements 
Another quantification approach involves comparison of the ATOFMS particle 

counts at Angiola with particle number concentrations acquired with a co-located APS.  
Although APS measurements are not able to provide mass concentrations of individual 
chemical species like the MOUDI, they can provide particle number concentrations with 

 
Figure 56: Temporal variation of hourly BAM and scaled ATOFMS PM2.5 mass concentrations 
in Fresno. The scaling function for the ATOFMS was obtained by comparison with MOUDI 
measurements. 

very high temporal and size resolutions.  This high resolution reference data can 
potentially provide more accurately scaled ATOFMS mass concentrations. 

To scale the ATOFMS data with APS measurements, we follow an approach 
similar to the MOUDI scaling method by deriving scaling functions to correct for 
ATOFMS particle undercounting.  To take advantage of the high time resolution 
properties of both measurements, one scaling function was constructed for each hour of 
the entire study period.  Within each hour, single particle number counts collected by 
both ATOFMS and APS were segregated into 12 size ranges: 0.300-0.523, 0.523-0.605 
μm, 0.605-0.699, 0.699-0.807, 0.807-0.933, 0.933-1.077, 1.077-1.243, 1.243-1.435, 
1.435-1.655, 1.655-1.911, 1.911-2.207, and 2.207-2.547 μm. These size bins were 
adapted directly from the APS size bins by combining pairs of adjacent bins between 
0.523 μm and 2.547 μm so that higher ATOFMS hit particle counts could be obtained for 
each bin. The smallest APS bin (0.300 - 0.523 μm) is also included in this calculation.  
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When the smallest APS bin is not used, the results do not change substantially from the 
12 bin scaling discussed below.  Since scaling is performed hourly, the factors that affect 
ATOFMS sampling, such as busy time and instrument offline time, are accounted for 
implicitly.  The scaling factor, φAPS, is defined as the following: 

ATOFMS

APS
APS Count

Count
=φ         (5.6) 

One scaling factor was acquired for each size bin with Equation (5.6) for each 
hour.  Like the scaling factors used in MOUDI scaling, φAPS is also size dependant.  By 
plotting the scaling factors against Da, a scaling curve can be constructed for particles 
with aerodynamic diameters below 2.5 μm.  Figure 57a shows the hourly scaling curves 
for the ATOFMS instrument stationed at Angiola on February 3.  The error bars are 
generally not significant except for those at 5:00 and 6:00 during which APS 
measurements showed variations.  The instrument was offline between 13:00 and 14:00, 
and therefore no scaling curve for this time period is presented.  In Figure 57a, we see 
that φAPS varies substantially from hour to hour.  In the largest size bin, this variation 
spans nearly one order of magnitude.  Most of this variability results from differences in 
ambient particle concentrations leading to differences in instrument busy times (36).  
This result further emphasizes the importance of high time resolution (hourly) scaling.  
The scaling factors obtained with MOUDI measurements will not be as accurate as φAPS 
due to the time and size resolution limit and will not be able to reflect short term ambient 
particle concentration changes.  In general, the APS scaling curve reaches a minimum at 
1.655 μm – 1.911 μm size bin (bin midpoint is 1.783 μm) due to the higher ATOFMS 
transmission efficiency of particles in this size range than others.  Two scaling functions 
were obtained for each hour by fitting the scaling curve separately on each side of the 
minimum point.  Examples of the fitting of the scaling curve are included in Figure 57b 
and Figure 57c for 22:00 on February 03, 2001.  The scaling function for the size range 
of 1.783 μm and below was obtained by exponential regression and was extrapolated 
down to 0.2 μm to obtain the scaling factors for smaller particles in the mass 
concentration calculation.  The scaling function for the size range above 1.783 μm was 
obtained by a 2nd order polynomial regression.  Thus, each scaling function can be fully 
described with five parameters which are used to calculate φAPS as shown in Equation 
(5.7):  
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Figure 57: APS scaling curve for Angiola measurements. (a) hourly scaling curve for February 
03, except for 13:00; (b) exponential regression of left half of scaling curve at 22:00; (c) 
polynomial regression of right half of scaling curve at 22:00 
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Five parameters were obtained for each hour of data collected at Angiola to 
correct ATOFMS measurements with APS measurements, generating number 
concentrations with 1 hour temporal resolution.  The form of Equation (5.7) will allow a 
similar relationship to be applied other studies to obtain APS scaling factors. 

With the scaling functions acquired, quantitative ATOFMS mass concentrations 
(mATOFMS-APS) were calculated.  The φAPS value for each particle can be obtained using the 
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Da measured and the time when the datum was acquired.  mATOFMS-APS is calculated with 
the following equation knowing the instrument nozzle flow rate and assuming particles 
are spherical: 

∑
⋅

=−
i ATOFMS

iaAPSia
APSATOFMS V

DDM
m

)()( ,, φ
     (5.8) 

where M(Da,i) is the mass of each particle and VATOFMS is the volume of flow within each 
time period.  Equation (5.8) makes it possible to construct quantitative particle mass 
concentration information for individual particle classes with any size and temporal 
resolution from ATOFMS measurements assuming no preferential transmission of certain 
particle classes.  Unlike MOUDI scaling, mATOFMS-APS is sensitive to assumed particle 
density values.  Rather than assuming all particles have the same density, we may assign 
different density values to particles with different sizes or chemical compositions for 
improved estimates of the total mass concentration. 

2. Comparison between BAM Measurements and APS Scaled ATOFMS Mass 
Concentrations Obtained with Different Density Values 

The most straightforward approach to obtaining mass concentrations from 
ATOFMS data is to assign a single density value to all particles.  Figure 58a shows the 
correlation between mBAM and mATOFMS-APS when utilizing fixed density values of 1.8 
g·cm-3, 1.9 g·cm-3, and 2.0 g·cm-3, respectively, for APS scaling.  The slope of each 
regression represents the ratio of mean values between mBAM and mATOFMS-APS.  The value 
for mATOFMS-APS shows the best agreement with mBAM is obtained when utilizing a density 
of 1.9 g·cm-3 (shown in red in Figure 58a).  The temporal variations of the above two 
mass concentrations are presented in Figure 59.  They track each other extremely well 
with an R2 value of 0.91.  The Angiola aerosols were aged and dominated by 
carbonaceous aerosols with significant quantities of nitrate and ammonium associated 
with them.  Based on ATOFMS chemical analysis, more than 80% of Angiola particles 
were aged carbonaceous particles.  As particles age, they become more internally mixed 
aerosols composed of organic carbon, ammonium, nitrate, sulfate, and water, and in 
general, the particle-to-particle chemical variability decreases over time.  Thus the good 
agreement between ATOFMS mass concentrations scaled with a single density and BAM 
measurements is most likely due to the chemical homogeneity of aged ambient aerosols.  
When applying the above method to scale ATOFMS measurements in a region where 
fresh emissions occur and many distinct particle types dominate, it is likely that applying 
one density value for all particles will not be sufficient. 

Since ATOFMS measures the aerodynamic diameter of individual particle, it is 
possible to apply specific density values based on particle size.  The unscaled ATOFMS 
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Figure 58: Correlations between BAM and APS scaled ATOFMS mass concentrations. (a) 
ATOFMS mass concentrations are obtained with single density (ρ) values for all particles (ρ = 
1.8 g·cm-3, ρ = 1.9 g·cm-3, or ρ = 2.0 g·cm-3); (b) ATOFMS mass concentrations are obtained with 
different density pairs for submicron and supermicron particles: 1.2 and 2.7 g·cm-3, 1.7 and 2.2 
g·cm-3, 1.7 and 2.7 g·cm-3, 1.7 and 3.2 g·cm-3, and 2.2 and 2.7 g·cm-3. 
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Figure 59: Temporal variation of Angiola particulate mass concentrations obtained with BAM 
and APS scaled ATOFMS (ρ = 1.9 g·cm-3). 

 
ambient particle size distribution shows that particles smaller than 1.0 μm in aerodynamic 
diameter account for a large portion of total particle numbers in Angiola.  ATOFMS 
chemical composition measurements have shown that particles smaller than 1.0 µm are 
mainly carbonaceous particles with associated secondary inorganic components, while 
the relative fraction of inorganic particles increases substantially above 1.0 µm (156).  
Thus we segregate particles into two size ranges: submicron (0.2 < Da < 1.0 μm) and 
supermicron (1.0 ≤ Da < 2.5 μm).  We use literature value of 1.7 g·cm-3 as the density for 
submicron particles (257), and 2.7 g·cm-3 for supermicron particles, an intermediate value 
for the various chemical components reported in this size range (258).  The scatter plot 
between mATOFMS-APS acquired with this pair of density values and mBAM is included in 
Figure 58b (in red).  Scaled ATOFMS and BAM mass concentrations track each other 
very well with a high correlation coefficient of 0.91.  The absolute values are quite close 
to one another and nearly on top of the 1:1 line.  We also varied the densities by 0.5 g·cm-

3 in both directions for the sub- and super-micron particles separately.  The correlations 
between each of these density pairs with the BAM measurements are also included in 
Figure 58b.  The correlation values remain high (R2 ~ 0.91) in all cases and only the 
ratios between mATOFMS-APS and mBAM are different.  From the change in slope it is 
apparent that the total scaled ATOFMS mass concentrations are more sensitive to the 
submicron particle density than the supermicron particle density.  This is due to the fact 
that the majority of the Angiola particle mass is in the submicron size mode. 

We can go beyond just using size information and utilize chemically specific 
density values applied to each different particle type to obtain scaled ATOFMS mass 
concentrations. To convert from number to mass concentrations, we used the density 
value of 1.9 g·cm-3 for carbonaceous particles, 2.7 g·cm-3 for dust particles, 1.9 g·cm-3 for 
Na rich salt particles, 2.0 g·cm-3 for biomass emission particles and EC rich particles, and 
1.9 g·cm-3 for the rest of the particle types (258,260,261).  The multi-density scaled 
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ATOFMS mass concentrations also show a strong and very similar correlation with BAM 
measurements with a high R2 of 0.91.  As discussed earlier in this section, the advantages 
of utilizing various density values for each chemical composition are not fully realized in 
this particular study due to the fact that Angiola ambient particles are aged and thus very 
chemically homogeneous.  In regions or seasons with more fresh emissions, it will most 
likely become necessary to assign chemically specific density values for individual 
particle types.  Additional lab and field investigations are underway to develop universal 
scaling factors that use specific density and shape factors for each particle type.   

 
c. PM2.5 Measurement Intercomparison 

A number of different continuous particle measurements were available in both 
Fresno and Angiola during the CRPAQS.  Thus it is possible to compare the correlations 
among different measurements.  Such comparisons are helpful for evaluating the different 
methods used for scaling the ATOFMS mass concentrations.  At the Fresno site, the 
available continuous PM2.5 measurements are BAM, TEOM, Dust Aerosol Monitor 
(DAM), Nephelometer, Aethelometer, and mATOFMS-MOUDI.  Several hours of 
nephelometer data points were removed in the morning periods of January 30, January 31 
and February 1 due to the extraordinarily high uncertainties in nephelometer 
measurements.  The continuous PM2.5 measurements for the Angiola site include BAM, 
nephelometer, aethelometer, and mATOFMS-APS with density values of 1.9 g·cm-3 for all 
particles.  Although the measurements of all these instruments represent the total PM2.5 
particle mass concentrations, each instrument is based on a different theory and has its 
own strengths and weaknesses.  Therefore, it is quite reasonable to expect the correlation 
between any two measurements to be less than 1 (262). 

The correlation coefficients between every pair of measurements are tabulated in 
Table 9 for both Fresno and Angiola.  For Fresno site comparisons, using an R2 value of 
0.7 and above to represent a good correlation, only the BAM measurement shows a fairly 
good correlation with all the other measurements with correlation coefficients ranging 
from 0.73 – 0.93.  The TEOM measurement only correlates well with BAM and 
aethelometer measurements.  This suggests that in this environment, the heated TEOM 
does not provide measurements of mass concentrations that are as accurate as those of the 
BAM.  The mATOFMS-MOUDI correlates well with the BAM, DAM, and nephelometer 
measurements.  The overall correlation for MOUDI scaled ATOFMS PM2.5 mass 
concentrations is as good as most other PM2.5 measurements in Fresno.  Similarly, 
Angiola correlation comparisons are shown in Table 9b.  The BAM, nephelometer, and 
mATOFMS-APS measurements show high correlation coefficients of greater than 0.90.  The 
aethelometer measurements differ substantially and show lower correlation coefficients 
with the other three measurements.  The strong correlation of ATOFMS mass 
concentrations with other PM2.5 measurements provides support that the ATOFMS data 
can be scaled using peripheral instruments, such as the APS, to provide a measure of real 
ambient particle mass concentrations.  The ultimate goal in developing this scaling 
procedure is not to just provide total PM2.5 mass concentrations since these can be  
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Table 9: Correlation coefficients of PM2.5 measurements. (a) Fresno site.  (b) Angiola site. 
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measured using a variety of other dedicated techniques, but instead to use ATOFMS to 
provide mass concentrations of particles from specific sources.  Thus, this study 
represents a critical step in the development of the most appropriate scaling procedures 
that will allow us to use ATOFMS to obtain quantitative source apportionment results in 
future studies. 
 
iv. Conclusions 

In this paper, we compare two methods for scaling ATOFMS measurements using 
reference measurements to obtain quantitative particle mass concentrations.  By 
comparing ATOFMS single particle measurements with MOUDI mass measurements, we 
obtain scaled ATOFMS mass concentrations that correlate well (R2 = 0.79) with a BAM, 
which serves as an independent mass concentration reference method.  However, the 
absolute values of scaled ATOFMS mass concentration is only close to MOUDI 
measurements during the IOPs within the specified size range.  Reduced ratios between 
the scaled ATOFMS and BAM mass concentrations are obtained when applying the 
scaling function to other periods during the study.  Increasing the time resolution of the 
scaled ATOFMS mass concentrations to 1 hour (i.e. shorter than that of the MOUDI 
which is 5-8 hours) also introduces uncertainties.  Both of these factors result in the 
absolute values of scaled ATOFMS mass concentration being only 70% of those 
measured by the BAM over the full study.  Some of this difference can be explained by 
the underestimation of particles smaller than 0.18 μm by ATOFMS.  The main advantage 
of scaling with the MOUDI measurements is to obtain size segregated mass 
concentrations of individual chemical species, making it possible to derive relative 
sensitivity factors (85). 

APS measurements provide high temporal resolution particle number 
concentrations.  By scaling ATOFMS particle counts with the APS and applying 
composition specific density values to the ATOFMS particle types, we are able to obtain 
ambient particle mass concentrations that correlate extremely well with BAM 
measurements (R2 = 0.91).  Future papers will address using chemically specific scaling 
factors which correct for density and shape factors. 

In conclusion, continuous and quantitative ambient particle mass concentrations 
can be obtained from ATOFMS measurements by scaling with measurements from a co-
located MOUDI or APS.  The MOUDI method should be used if one is interested in 
deriving chemical sensitivity factors for different species.  If one is more interested in 
real-time variations in particle mass concentrations (i.e. from different sources), the APS 
method is a more appropriate choice.  The use of these methods for scaling extends 
ATOFMS to a more quantitative tool for studying ambient aerosol composition, 
transformations, and reaction mechanisms.  When applying these scaling methods to 
individual particle types measured by the ATOFMS and correcting for chemical 
differences, quantitative mass concentrations of individual particle (or source) types with 
high time and size resolution can be obtained.  The ultimate goal is use these scaling 
procedures to obtain quantitative mass fractions of particles from different sources in 
future ambient source apportionment studies. 
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8. The Effect of APS Scaling Functions on the Quantification of Aerosol 
Time-of-Flight Mass Spectrometry Measurements 

i. Introduction 
Traditionally, particulate matter is characterized with off-line filter/impactor 

based techniques, which normally require long sampling durations and labor-intensive 
analysis.  Newly developed real-time particulate mass measurements, like the beta 
attenuation monitor, the tapered element oscillating microbalance, the Dusttrak sampler, 
and the continuous aerosol mass monitor, are able to provide high temporal resolution of 
particulate matter mass concentrations by utilizing  the absorbing or scattering properties 
of the particles; however, no information on individual chemical species can be obtained 
from these methods (263-266).  

Real-time single particle mass spectrometry (RTSPMS) measurements are able to 
overcome many disadvantages of the above techniques and provide continuous on-line 
particulate matter measurements (243,244,267).  Despite the fact that extensive 
information on individual particle size and chemical composition can be acquired with 
RTSPMS measurements, it has been a challenge for these methods to provide 
quantitative aerosol mass concentrations.  Most of the RTSPMS measurements introduce 
particles into a vacuum from atmospheric pressue via a supersonic expansion through an 
orifice.  During transmission into the reduced pressures of a mass spectrometer, only a 
certain fraction of the particles are able to reach the center of the ionization region and 
become ionized (173).  In order to compensate for these transmission losses, efforts are 
made to scale the data to obtain quantitative number or mass concentrations of ambient 
particles (30,36,85,249,250,268,269).   

In a recent study, Qin et. al demonstrated the ability to obtain high temporal and 
size resolved quantitative particulate matter mass concentrations from ATOFMS 
measurements by scaling with reference methods (157).  ATOFMS measurements 
provide the aerodynamic diameter and mass spectra of individual particles in real-time, 
enabling the study of particle transformation, mixing state, and source apportionment.  
One of the reference methods used for this study was an aerodynamic particle sizer (APS) 
which measures number concentrations for sizes between 0.2 and 2.5 µm.  APS acquires 
real-time particulate aerodynamic size distribution by accelerating particles to different 
size-dependant terminal velocities which can be calculated with particle time-of-flight 
through the scattering lasers (254).  By comparing ATOFMS and APS measurements for 
individual size ranges, a size dependant scaling function can be constructed, which is 
further used to acquire a scaling factor for each particle.  The scaling factor represents the 
degree that ATOFMS undercounts particles for different sized particles.  By multiplying 
ATOFMS measurements by scaling factors to correct for undercounting, a true 
representation of the ambient aerosols without biases due to transmission losses can be 
obtained .  Qin and co-workers demonstrated that the APS scaled ATOFMS mass 
concentrations strongly correlate with independent beta attenuation monitor mass 
measurements, effectively providing quantitative particulate matter mass concentrations 
(157).  The above scaling method also enables one to obtain the mass concentrations of 
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individual ATOFMS particle classes, assuming no preferential transmission of particles 
in each type and similar detection efficiencies. 

The procedure used by Qin et al (2006) works well when APS data are available.  
A question arises as to how to scale ATOFMS data when no APS is available in a study. 
One also might ask whether this approach for scaling is universal and can be applied to 
all field studies with an ATOFMS.  In this paper, the ATOFMS measurements from two 
field studies were scaled with APS scaling functions from five different field studies to 
study the effect of using different scaling functions on the scaling results.  The ATOFMS 
data from the two test studies were acquired during the California Regional Particulate 
Air Quality Study (CRPAQS) in Fresno and Angiola (270).  The five reference studies 
that provided APS scaling functions from a broad range of ambient conditions and 
aerosol types are the: Texas Air Quality Study in 2000 (TexAQS) (271),  North 
Carolina Ambient Coarse Particle Concentrator Characterization Study (NC-CCS) 
(268), Cloud Indirect Effects Experiment (CIFEX) (272), UCSD Freeway Study 
(Freeway) (273), and Atmospheric Brown Clouds Post-Monsoon Experiment (APMEX) 
(274).  Co-located APS data were also available during the Angiola study, which will be 
used to compare the results between using scaling functions from both the same study 
and the reference studies.  

ii. Experimental 
 All studies including Angiola, TexAQS, NC-CCS, CIFEX, Freeway, and APMEX 
had side-by-side ATOFMS and APS measurements, except for the Fresno study where no 
APS measurements were made.  A TSI APS Model 3320 was used during the TexAQS 
and Angiola studies, and Model 3321 was used for all other studies (TSI, Minnesota).  
The details of the transportable ATOFMS have been described by Gard and co-workers 
(127). 

a. CRPAQS ATOFMS Measurements and Data Analysis 
California’s San Joaquin Valley is one of the most polluted areas of the country, 

experiencing extremely high particulate matter mass concentrations throughout the winter 
season due to the stagnant meteorological conditions (275).  In order to better understand 
particulate matter pollution and identify major emission sources, a multi-year, multi-
agency field campaign, the California Regional Particulate Air Quality Study (CRPAQS), 
was deployed at selected locations in the valley (172,276-279).  Two ATOFMS were 
operated continuously in Fresno and Angiola from November 30, 2000 to February 4, 
2001 as part of the CRPAQS to study wintertime aerosol composition, transformations, 
mixing state, and source apportionment.  The size and chemical composition of more 
than 2 million particles was acquired with ATOFMS at each site.  The data collected 
between January 9th, 2001 and February 4th, 2001 will be scaled with reference APS 
scaling functions to study the effect of different scaling curves on ATOFMS scaling 
results.  Particles with diameters 0.2 – 2.5 µm were the focus of this study. 

Custom software was used to calibrate the mass spectra and extract ion peaks into 
peak lists.  These peak lists were imported into a single particle mass spectrometry data 
analysis tool kit, YAADA, for extensive analysis (160).  The spectra were then classified 
with an adaptive resonance theory based clustering method (ART-2a) (35), which groups 
particles into clusters based on the existence and intensity of ion peaks in individual 
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particle mass spectra.  Single particle mass spectral information is converted into a 
weight matrix for classification.  Two particles are considered to belong to the same 
cluster if the dot product of their weight matrices is higher than a pre-determined 
threshold value, which was set to 0.8 for the current work.  Upon applying ART-2a on 
the CRPAQS datasets, major particle types that accounted for 90% of total particles were 
isolated for further analysis.  The majority of the single particle mass spectra contain 
information on both positive and negative ions, however, about 5.9% of the particles in 
Fresno study and 1.5% of the particles in Angiola study did not produce positive mass 
spectra.  These particles were excluded from the classification step. 

b. Reference Studies with APS Scaling Functions 
APS scaling functions from five reference studies, including TexAQS, NC-CCS, 

CIFEX, UCSD Freeway, and APMEX were applied to the Fresno and Angiola ATOFMS 
measurements to study the impact of using multiple scaling functions. 

TexAQS is a comprehensive research project to address the air pollution problems 
in the state of Texas, as a result of the high number of days in exceedance of the national 
1-hour standard of ozone and fine particulate matter concentrations (271).  The goal of 
this study is to investigate ground level ozone and fine particulate matter in the Houston 
region and the east half of Texas to determine whether the pollutants are from local 
sources or long-range transport.  ATOFMS was operating continuously for 4 weeks from 
August 20 to September 15, 2000 at the La Porte airport, which is located 40 km east of 
downtown Houston.  TexAQS measurements represent a polluted urban environment.  
The NC-CCS collected lab based ambient measurements at the EPA Human 
Studies Facility in Chapel Hill, NC in the summer of 2003.  The main purpose of 
this study was to characterize the effect of the coarse particle concentrator on 
ambient particulate matter chemical composition and size distributions (268).  
During the first concentrator characterization study (NC-CCS-I), the ATOFMS 
was operated for 10 hours of switching between non-concentrated and 
concentrated ambient particles.  ATOFMS was operated for 8 hours during the 
second concentrator characterization study (NC-CCS-II), a period when 
substantially higher (nearly 100%) ambient relative humidity (RH) was 
encounted which led to severe degradation in visibility.  CIFEX was conducted in 
April 2004 at Trinidad Head, California to observe long range transport of Asian 
dust traveling across the Pacific Ocean (272).  The sampling site is located on the coast of 
California about 60 miles south of the California-Oregon border.  This study captured 
particles in a remote marine environment with occasional influence from local 
anthropogenic activities and long-range transport of Asian dust.  The UCSD Freeway 
Study took place in the summer of 2004 where continuous ambient measurements were 
conducted with an ATOFMS for nearly 5 weeks inside a trailer at the University of 
California, San Diego (273).  The sampling site was only 10 meters away from a major 
freeway with heavy traffic.  The purpose of this measurement was to study the 
instantaneous chemistry of vehicular emission particles under ambient conditions, to aid 
in source apportionment of particles from vehicle emissions.  Finally, during the 
APMEX, ambient ATOFMS sampling was conducted in October, 2004 at Hanimaadhoo, 
a very remote location near the north edge of the Maldives islands (274).  The main 
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purpose of this study was to understand the atmospheric impact of anthropogenic 
activities. 

c. The Calculation of the Scaling Functions in Reference Studies 
The detailed APS scaling procedure is described in the recent paper by Qin and 

co-workers (157).  The same method is adapted here with minor modifications.  Briefly, 
particle number counts were first tabulated from both APS and ATOFMS measurements 
for the following 12 size ranges: 0.300-0.523, 0.523-0.605, 0.605-0.699, 0.699-0.807, 
0.807-0.933, 0.933-1.077, 1.077-1.243, 1.243-1.435, 1.435-1.655, 1.655-1.911, 1.911-
2.207, and 2.207-2.547 μm.  A scaling factor is calculated for each size bin by calculating 
the ratio of APS to ATOFMS particle counts for the corresponding size range.  By 
plotting the scaling factors against the mid point of each size bin, a scaling curve can be 
obtained which is used to fit the scaling functions.  Since the purpose of the current work 
is to test the applicability of scaling functions from reference studies to test studies, 
generating hourly scaling functions from reference studies for the object studies is not 
applicable.  Thus, only one average scaling function is obtained from each reference 
study in the current work.  For each reference study, time periods were removed if either 
APS or ATOFMS were offline.  Since scaling curves can change substantially at different 
times of the day due to the variation in ambient particle concentrations and compositions, 
an average scaling curve for the same hour of the day throughout the whole study period 
was first calculated.  The final scaling curve was obtained by averaging the mean scaling 
curves for each hour of the day.  Similar to the previous work by Qin et al., each scaling 
function is fitted separately for the size range below and above 1.783 μm which can be 
characterized with 5 parameters: 
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where C1 and C2 are the best-fit parameters determined by exponential regression of 
scaling factors over the size bins.  The first function was extrapolated down to 0.2 µm to 
obtain the scaling factors for the smallest particles detected by ATOFMS.  C3, C4, C5 
were obtained by second-order polynomial regression. 

iii. Results and Discussion 

a. Scaling Curves and Scaling Functions 
The scaling curves for the reference studies: TexAQS, NC-CCS-I, NC-CCS-II, 

CIFEX, Freeway, APMEX, and Angiola are presented in Figure 60.  Since APS 
measurements are available during the Angiola study, the Angiola APS scaling curve is 
also included along with the reference scaling curves.  All scaling curves resemble a 
reverse check mark in the PM2.5 (Da ≤ 2.5 μm) size range with the lowest point at 1.783 
μm for most curves.  The exceptions are the NC-CCS curves which dip at 1.545 μm and 
the APMEX curve which dips at 2.059 μm.  The scaling curves from all six studies are 
similar in shape but the absolute scaling factors can vary by several orders of magnitude.  
The APS scaling parameters for each study are listed in Table 10.  
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Figure 60: APS scaling curves for all studies, including TexAQS, NC-CCS-I, NC-CCS-II, 
CIFEX, Freeway, APMEX, and Angiola studies. 

Table 10: APS scaling parameters for all studies. 

 
 

b. Major Particle Types in CRPAQS 
Detailed discussions of the major particle types are provided in another paper by 

Qin and co-workers (270), and only a brief description is provided here.  The majority of 
particles analyzed during the CRPAQS study were transformed, as indicated by the 
presence of secondary ammonium (m/z 18) and nitrate (m/z -46, -62 and -125) ion 
marker peaks in their mass spectra.  OC represent particles mainly containing organic 
carbon with secondary ammonium and nitrate; biomass are organic carbon particles with 
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very intense potassium peak; HMOC represent organic carbon particles that contain 
characteristic peaks between m/z 100 and 200 in both positive and negative spectra (162); 
ECOC are particles containing both elemental carbon and organic carbon; EC represent 
elemental carbon particles with intense Cn

+/Cn
- peaks (n is integer); sea salt are freshly 

emitted sea salt particles with intense sodium and chloride peaks; aged sea salt are sea 
salt particles containing significant amount of nitrate and some organics; dust are 
inorganic mineral species mixed with nitrate and organic carbon; and NH4NO3-OC 
represent organic carbon particles but with huge amount of ammonium nitrate.  All the 
aforementioned particle types are present in both the Fresno and Angiola studies.  There 
are also particle types that are specific to each location.  

Knowing the ATOFMS sample flow rate, the un-scaled particle type mass 
concentrations can be obtained from raw ATOFMS counts by assuming all particles are 
spherical with a density of 1.9 g/cm3 (157).  Figure 61 shows the un-scaled daily average 
particle type mass concentrations and mass fractions in the size range of 0.2- 2.5 μm.  
The size resolution is 0.1 μm with the label representing the bin midpoint.  The low mass 
concentration values within each bin (< 0.2 μg/m3) illustrate the significant  

 

 
Figure 61: Size-resolved un-scaled particle type mass concentrations and mass fractions for 
Fresno and Angiola. (a) un-scaled particle type mass concentrations in Fresno  (b) un-scaled 
particle type mass fractions in Fresno  (c) un-scaled particle type mass concentrations in Angiola  
(d) un-scaled particle type mass fractions in Angiola. 
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undercounting of particles by the ATOFMS as shown in Figure 61a and Figure 61c.  
Without scaling, the ambient particle mass concentrations are centered near 1.5 – 1.9 μm.  
These size-resolved mass concentration distributions are not indicative of the atmospheric 
concentrations, but reflect the preferential transmission of particles around 1.7 μm by the 
ATOFMS nozzle.  This preferential transmission is one aspect that can be corrected using 
APS scaling functions.  Since particle transmission efficiency mainly depends on size 
(173), particles within the same size range are undercounted to the same extent. 
Therefore, the particle type mass fractions as a function of size shown in Figure 61b and 
Figure 61d represent the true ambient particle fractions without scaling.. 

The major particle type mass fractions illustrate that carbonaceous particles 
dominate the submicron size range (0.2 ≤ D a < 1.0 µm), however their fractions decrease 
substantially in the supermicron range (1.0 ≤ D a ≤ 2.5 µm) as aged sea salt and dust 
particles becoming the dominant components.  Figure 61 also show that despite the fact 
that carbonaceous particles (mainly organic carbon, elemental carbon, and biomass) 
account for more than 90% of the total mass in the submicron size range at both sites, the 
percentages of biomass and OC particles are much lower in Angiola.  The combined 
mass fractions of carbonaceous particles are similar in Fresno and Angiola, however, a 
lower fraction of biomass and a higher fraction of K-ECOC are observed in Angiola due 
to particle aging (270). 

c. Scaled ATOFMS Mass Concentrations 
Scaling causes a dramatic shift in the size distributions of major particle type 

mass concentrations compared to those shown in Figure 61a and Figure 61c.  
Representative distributions after scaling are included in Figure 62. 

The y-axis represents the 24-hour 
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Figure 62: Fresno and Angiola size-resolved particle type mass concentrations scaled with 
TexAQS and APMEX scaling functions. (a) Fresno particle type mass concentrations with 
TexAQS APS scaling function (b) Fresno particle type mass concentrations with APMEX APS 
scaling function (c) Angiola particle type mass concentrations with TexAQS APS scaling 
function (d) Angiola particle type mass concentrations with APMEX APS scaling function. 

 
average mass concentrations over the whole sampling duration; the x-axis shows the 
midpoint of each size bin with a resolution of 0.1 µm.  Figure 62a and Figure 62c 
correspond to the scaled mass concentrations in Fresno and Angiola using the TexAQS 
APS scaling function.  The total particulate mass concentration peaks between 0.5 - 0.6 
μm with carbonaceous species dominating the submicron size range.  The mass 
concentrations of aged sea salt particles increase in the supermicron range.  Applying 
scaling functions from Freeway, CIFEX, and NC-CCS-I studies results in similar size 
distributions to those in Figure 62a and Figure 62c.  Figure 62b and Figure 62d 
represent the scaled mass concentration of major particle types using APMEX scaling 
function.  Compared to the results in Figure 62a and Figure 62c, the size distribution of 
APMEX scaled mass concentrations has an additional peak around 1.7 μm as well as the 
peak between 0.5 - 0.6 μm.  The scaled mass concentrations calculated with the NC-CCS-
II scaling function show similar distribution to that obtained with APMEX, except that 
the peak at 1.7 μm is a little more intense. 

One major factor that affects the supermicron scaling results is the shape of the 
scaling curve.  As shown in Figure 60, neither APMEX nor NC-CCS-II scaling curves 
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reach the minima within 1.655-1.911 μm, which sets these scaling curves apart from most 
other curves.  The minimum point on APMEX scaling curve is within 1.911-2.207 μm, 
while that on NC-CCS-II is within 1.435-1.655 μm.  For these two curves, particles 
within 1.655-1.911 μm no longer have the lowest scaling factors, thus the relative 
fractions of these particles increase significantly.  Figure 61a and Figure 61c show that 
majority of aged sea salt and dust particles fall within the size range of 1.6 – 2.0 μm, thus 
these particles are impacted the most by a shift of scaling curve minimum.  As a result, 
higher mass concentrations of aged sea salt and dust particles are obtained for the 
supermicron size range with the APMEX and NC-CCS-II scaling functions.  One 
exception to this trend is that the scaling curve of NC-CCS-I does not reach the minimum 
between 1.655-1.911 μm, although its scaling results are similar to those with TexAQS, 
CIFEX, and Freeway scaling functions.  The reason for this exception is not known; 
however, it shows that the change in scaling curve shape does not necessarily correspond 
to a change in the scaling results.  One thing worth to point out is that all the reference 
APS scaling curves are only similar in shape, the actual scaling factor values vary 
substantially for the same particle diameter.  Thus, it is expected that the absolute scaled 
mass concentrations would also vary considerably depending on the APS scaling function 
used.  This difference in mass concentrations is also illustrated in Figure 62 (a vs. b and c 
vs. d) where a different Y-axis scale is needed for the same study when using different 
scaling curves.  Thus, comparing the absolute values of scaled particle type mass 
concentrations will not provide much insight on the true ambient concentrations.  

d. APS Scaled Particle Mass Fraction 
Although the mass concentrations obtained by scaling the test studies with APS 

scaling functions from reference studies do not reflect the real ambient concentrations, a 
remarkable consistency is observed in the mass fractions of individual particle types.  The 
scaled major particle type mass fractions for the Fresno and Angiola studies are shown in 
Figure 63.  Particles were segregated into submicron, supermicron and PM2.5 size ranges 
for finer comparisons.  Each pie chart corresponds to the mass fractions obtained with the 
scaling function from a specific reference study as listed on top.  Besides the reference 
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Figure 63: Fresno and Angiola individual particle type mass fractions for submicron, supermicron 
and PM2.5 range obtained with APS scaling functions from TexAQS, Freeway, CIFEX, NC-
CCS, APMEX, and Angiola studies. 

scaling functions, Angiola measurements are also scaled with co-located APS 
measurements for comparison purposes. 

Surprising consistency can be observed in Figure 63 for the mass fractions of 
submicron particle types regardless of the scaling function used.  In general, Fresno 
submicron particles consist 49% OC, 37% biomass, 4.5% Pos27, 3.3% ECOC, 1.5% dust, 
and 1.0% aged sea salt.  The rest of the particle types account for less than 1% each in the 
mass fractions, and the unclassified particles account for 2.3% of total submicron mass.  
The standard deviations of each particle type mass fraction obtained with all 6 reference 
scaling functions are less than 9% of the average values, except for NH4NO3-OC which is 
13%.  Angiola scaled mass fractions are shown in Figure 63b.  Scaled submicron particle 
type mass fractions also showed very good consistencies, with 16% OC, 37% K-ECOC, 
22% ECOC, 6.8% Pos59, 5.0% biomass, 4.4% EC, and 1.1% NH4NO3-OC particle.  Sea 
salt, aged sea salt, HMOC, NH4NO3, and dust account for less than 1% each, and the 
unclassified particles explain 6.1% of Angiola submicron mass.  The mass fraction 
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standard deviations are less than 4% of the corresponding average values, with the 
exception of 12% for aged sea salt, 11% for NH4NO3-OC, and 22% for NH4NO3 
particles.  In addition to the consistency in submicron particle type mass fractions 
acquired with various APS scaling functions, Figure 63b also illustrates that similar 
results are obtained when scaling Angiola submicron particles with co-located APS 
scaling function and with reference study scaling functions.  Therefore, a resonably 
accurate estimation of the mass fractions of submicron particle types can be acquired by 
scaling ATOFMS measurements with scaling functions from other studies. 

Compared to the submicron scaling results, supermicron particles contain lower 
fractions of carbonaceous particles and higher fractions of aged sea salt, dust and 
NH4NO3 rich particles.  More variation is obtained for the supermicron mass fractions 
obtained by using various scaling functions.  One major factor causing this variation is 
the shift in scaling curve minima as discussed in section 6.4.4.  The change in the 
minimum of the scaling curve at larger sizes can significantly increase the relative 
amount of the particles between 1.655-1.911 μm, into which most aged sea salt particles 
fall.  This increase on aged sea salt mass fraction will then affect the mass fractions of 
other particle types.  For Fresno particles in the supermicron size range, compared to 
utilizing other scaling functions, scaling with APMEX and NC-CCS-II leads to lower 
mass fractions of OC (22.5% instead of 25.8%), biomass (17.8% instead of 19.0%) and 
ECOC (4.2% instead of 5.1%) particles, and a higher fraction of aged sea salt particles 
(32.3% instead of 27.6%).  Angiola scaled supermicron particle type mass fractions show 
similar patterns to those in Fresno.  Moreover, the supermicron mass fractions obtained 
with co-located APS scaling function fall within the mass fraction range calculated with 
other scaling functions, showing that particle type mass fractions obtained with reference 
scaling functions are good estimates of the ambient aerosol concentrations. 

The particle type mass concentrations for PM2.5 is calculated by adding the mass 
concentrations of the corresponding types in the submicron and supermicron ranges.  
Although there appears to be more variations in the mass fractions, especially for the 
aged sea salt particles (varied from 3.4% to 16.1% in Fresno), it is mainly caused by the 
changes in the scaling curve minima, as mentioned earlier.  Figure 62 clearly illustrates 
the difference caused by scaling curves.  Scaling Fresno and Angiola data with APMEX 
scaling function generates a second peak near 1.5 – 1.9 μm, in which most of the aged sea 
salt particles fall.  This second peak is not present when scaling with the TexAQS scaling 
function.  APMEX scaled mass concentrations contain a much higher fraction of the aged 
sea salt particles in the PM2.5 range (13.0% for Fresno and 9.8% for Angiola) compared 
to those scaled with TexAQS (4.6% for Fresno and 2.9% for Angiola), causing the 
variations observed in the PM2.5 mass fractions as shown in Figure 63. 

iv. Conclusions 
ATOFMS measurements at two ambient sampling locations, Fresno and Angiola 

in California’s San Joaquin Valley, are scaled with APS scaling functions to obtain 
quantitative information on individual particle type mass fractions.  The effect of APS 
scaling functions on the results was investigated by taking the scaling functions from five 
different studies acquired under a wide range of ambient conditions.  The Angiola 
measurements were also scaled using co-located APS measurements to evaluate the 
results obtained from reference scaling functions. 
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Although the mass concentrations of individual particle types can vary more than 
one order of magnitude depending on the scaling functions used, nearly identical particle 
type mass fractions are observed in the submicron size range regardless of the APS 
scaling functions used.  More variations in the mass fractions is observed for the 
supermicron and PM2.5 size ranges, mainly caused by the shift on the scaling curve 
minimum point.  Lower mass fractions of carbonaceous particles (44.5% instead of 
49.9%) and higher fractions of aged sea salt (32.3% instead of 27.6%) and dust (7.4% 
instead of 6.9%) particles are obtained in Fresno when scaling with APMEX and NC-
CCS-II scaling functions compared to using other scaling functions.  Even though the 
mass fractions in the supermicron and PM2.5 range are not as consistent as those in the 
submicron region when scaling with different APS scaling functions, we can still obtain 
the particle type mass fractions in these size ranges with errors less than 19%.  Similar 
trends are observed in Angiola particle type mass fractions as those in Fresno.  When 
Angiola measurements are scaled with a co-located APS scaling function, the submicron 
particle type mass fractions are almost identical to those obtained with reference scaling 
functions, the supermicron and PM2.5 mass fractions also fall within the ranges obtained 
with reference scaling functions.  Therefore, to obtain quantitative information from 
ATOFMS measurements from a study that does not have co-located APS measurements, 
the APS scaling functions from other studies can be used to provide a very good estimate 
of submicron particle type mass fractions and a close estimate of supermicron and PM2.5 
mass fractions. 
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Changes in Size-Resolved Particle Composition Linked with 
Meteorology Measurements and Air Mass Back Trajectories to 

Increase Understanding of Sources and Secondary 
Contributions to Particulate Matter 

 

9. Characterization of trace metals in single urban particles during the SOAR 
2005 campaign 

i. Introduction 
 Now that epidemiologic studies have substantiated an association between 

increased exposure to particulate matter (PM) and risk for cardiopulmonary disease and 
mortality (280), the next step for research studies is to improve the overall understanding 
of the mechanisms and specific physical and chemical PM characteristics are causing 
these human health effects.  Recent studies have linked exposure to trace metal-rich 
ambient PM with acute airway inflammation, which likely induces chronic diseases (281) 
and potentially causes mortality and morbidity (282).  Greater knowledge of the sources, 
transformations, and fates of these metal-containing particles also will clarify their impact 
on the environment.  Trace metals are distributed in the urban environment by natural 
processes (including wind erosion, volcanism, and biomass burning) as well as 
anthropogenic activities (such as fossil fuel combustion, municipal waste disposal, 
industrial metallurgical processes, and wear of vehicular and construction materials) 
(283).  In the atmosphere, even a small presence of transition metal ions in particles can 
influence cloud chemistry (284).  Dry and wet deposition of PM also constitute a major 
load of trace metal contamination to soils, agroecosystems, and aquatic systems 
(283,285).  Deposition processes can contribute as much as 57-100% of the trace metals 
in stormwater in semi-arid regions such as southern California (286).  These health and 
environmental ramifications warrant detailed analysis of ambient metal-containing 
particles.   

Most data on trace metals in PM have been obtained from bulk filter analysis; the 
results are informative, although the approach has some caveats.  Depending upon the 
sensitivity of the analytical technique, the low metal mass concentrations require 
collection times of varying lengths, often as long as 24 hours, for sufficient detection.  
Before measurement, the PM-loaded substrates must undergo precise multi-step 
extraction procedures to reduce the loss of sample (287,288).  Online aerosol 
instrumentation offer an alternative approach which avoids many of these sampling 
artifacts and limitations and yields high temporally resolved data, which once correlated 
with wind speed and direction can locate potential sources (289).  Moreover, techniques 
like single particle mass spectrometry (SPMS) provide detailed chemical analysis on the 
individual particle level with better statistical representation than other single particle 
methods, such as scanning electron microscopy (SEM) (290,291).  SPMS data help 
decipher the chemical complexity of aerosols, granting insight into how trace metals in 
PM are damaging human health and the environment.  Though SPMS techniques are not 
as quantitative as bulk filter methods, they do provide “fingerprints” and the chemical 
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species with which the metals are associated – key information for determining the 
sources of metal-containing particles.       

This study employs an SPMS technique, known as aerosol time-of-flight mass 
spectrometry (ATOFMS), to determine the chemical speciation of size-segregated trace 
metal-containing urban ambient particles in southern California.  ATOFMS 
simultaneously acquires positive and negative ion spectra, as well as size information, for 
single particles in real-time.  Along with chemical speciation, the number concentrations, 
size, temporal trends, and wind directionality of trace metal-containing particles will be 
used to identify the most probable sources as well as gain insights into the short term 
variability of metal particles in urban air. 

ii. Experimental 

a. Sampling Location 
Located approximately 80 km east of downtown Los Angeles, the city of 

Riverside, California commonly experiences air masses that have crossed the Los 
Angeles basin.  Sampling occurred via a mobile laboratory on the campus of the 
University of California, Riverside (33°58′18″N, 117°19′22″W) in conjunction with the 
Study of Organic Aerosols at Riverside (SOAR) 2005 campaign.  This work focuses on 
continuous data collected in the summer (July 30 - August 15) and fall (October 31 - 
November 21) seasons. 

b. Instrumentation 
Single particle size and chemical composition were measured by ATOFMS.  

Ultrafine ATOFMS (UF-ATOFMS) detected particles with aerodynamic diameters 
between 100 nm and 350 nm, while standard inlet ATOFMS measured particles with 
aerodynamic diameters between 300 nm and 2.5 µm.  The trace metal-containing 
ultrafine particles (50-100 nm) detected by UF-ATOFMS were statistically too low to be 
included here.  Details of the transportable instrumentation have been described 
previously (1,2).  In this work, PM2.5 refers to all particular matter in the aerodynamic 
size range of 100 to 2500 nm. To account for the ATOFMS size-dependent transmission 
efficiency, the number concentrations of ATOFMS chemical composition data could be 
scaled to concurrently-measured particle size distribution data, such as a scanning 
mobility particle sizer (SMPS) (36).  As described in previous chapters, it has been 
shown that there can be sufficient size differences between the ATOFMS aerodynamic 
diameter and the SMPS mobility diameter for certain chemical particle types (48,292).  
Due to the limited knowledge of shape factor and density values for the specific trace 
metal-containing particle types in Riverside during this campaign, the ATOFMS data 
were not scaled and are presented in raw counts in this study.  Suitable scaling 
conversions between aerodynamic and mobility diameters are still under development. 

c. Data analysis 
This study uses a similar data analysis approach to that of Tolocka and coworkers 

(291), which involves pre-selection of potential spectra before running a clustering 
algorithm.  Because trace metal-containing particles represent only a small fraction of the 
millions of particle spectra collected during the SOAR campaigns, it was necessary to 
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isolate probable metal spectra based upon a relatively low threshold level for ion areas 
(peak area of 100) at the mass-to-charge ratio(s) (m/z) of the common isotope(s) (≥20% 
natural abundance) of the specified metal.  For example, three of the four main lead 
isotopes have a natural abundance greater than 20% (206Pb, 207Pb, and 208Pb), so only 
these three m/z values were used to extract the possible lead-containing particles.  Once 
the potential spectra were pulled out, the adaptive resonance theory neural network 
algorithm, ART-2a, sorted and classified particles with similar spectral characteristics 
(35).  The ART-2a learning rate, number of iterations, and vigilance factor (VF) were set 
to 0.05, 20, and 0.70, respectively, for this publication.  This work focuses on the main 
metal types, and therefore it was not necessary to use a higher VF value to produce 
highly specific clusters, which are more commonly used in source characterization 
datasets for source apportionment studies.  The VF value of 0.70 was sufficient to obtain 
distinct major classes.  The resulting ART-2a clusters then were examined manually for 
the presence of trace metals, confirmed by the appropriate isotopic patterns and/or metal 
oxides.  The trace metals examined in this study were V, Fe, Ni, Cu, Zn, Sr, Mo, Sn, Sb, 
Ba, W, and Pb. 

iii. Results and Discussion 
 Though trace metal-containing particles generally represent small percentages of 
the overall PM, correlations between trace metals and other pollutants have made trace 
metal concentrations a potential air quality index (293,294).  Day-of-week patterns in 
trace metal concentrations can provide insight into the ambient sources, particularly those 
based on dependent on human activities (295).  For instance, high concentrations on 
working days (weekdays) and low concentrations on non-working days (weekends) 
indicate an anthropogenic source, particularly standard business hour facilities rather than 
continuously operating industries.  Motor vehicle traffic is lightest on Sundays, and 
therefore, particle types with the lowest concentrations on Sundays compared to the rest 
of the week most likely originate from vehicle emissions.  Nevertheless, it is important to 
consider that not only do vehicle emissions decrease with reduced traffic but so does re-
suspended road dust (296).  Alternatively, natural sources would be expected to have no 
day-of-week trends.  However, when these considerations are applied to the bulk (24-
hour) data, it can be difficult to identify strong day-of-week patterns for trace metals.  
This day-of-week bulk-analysis approach may not perform well for locations like 
Riverside, where multiple sources of trace metals can convolute the daily patterns.  Such 
environments need more detailed analysis on smaller time scales.   

One of the advantages of ATOFMS is high time resolution, so the dataset is not 
limited to 24-hour periods, as normally shown for metals.  ATOFMS also yields highly 
resolved sizing data.  Details on the size distribution of trace metal-containing ambient 
aerosols are informative from a health perspective as well as for understanding the 
atmospheric fate of these particles; the particle size determines the extent of its 
penetration into the airways or lungs and thereby the extent of its toxicity, and it also 
dictates the range of transport and deposition rate (297).  In order to gain further insight 
into the temporal variability of metal-containing aerosols as well as their size, the 
following figures present high temporal (half-hour) resolution and size resolved number 
concentrations.   
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Because different particle classes can all contain the same trace metal, the metal-
specific figures provide the detailed features for three main particle types, based on the 
ART-2a clusters, for each of the most abundant trace metals: vanadium, iron, zinc, 
barium, and lead.  Nickel was excluded due to its correlation with vanadium, as explained 
below.  Plots (a)-(c) of each figure show representative mass spectra for the main particle 
types.  For each mass spectrum, the main ion m/z peaks are labeled, and the 
corresponding color is maintained throughout the remaining plots.  The half-hourly 
ATOFMS counts for the types are displayed in plots (d) and (e) for the summer and fall 
seasons, respectively.  These temporal plots utilize the same scale within each figure for 
easy seasonal comparison.  The gray line tracks all particles containing the specified 
element to help illustrate how well the three types represent all particles with that metal.  
Breaks in the continuous traces indicate intervals in which the instruments were offline 
due to daily quality control checks or maintenance.  The fractions each particle type 
represents relative to all chemically analyzed particles per size range are supplied in plots 
(f) and (g) for summer and fall, respectively.  Again, the gray trace represents all particles 
containing that metal, and the scale ranges are the same within each figure.  Finally, plots 
(h)-(j) show the wind directionality for each particle type, which can be used to help in 
identifying sources.  The distance each symbol is from the origin signifies the magnitude 
of the specific metal-containing particle counts per half-hour bin, and the angle represents 
the direction from which the wind was coming during that half-hour.  The open circle 
symbols indicate summer data, whereas the open triangles indicate fall data. 
Vanadium and vanadium compounds are hazardous; in fact, the oxidized form of 
vanadium, vanadium pentoxide, is even more toxic than the elemental form (298).  A 
study on urban particles around Seville, Spain determined that vanadium, compared to 
the other metals, had the highest percentage (50.4%) in the soluble and exchangeable 
fraction, meaning that vanadium is the most available metal to the human body via 
respiration (299).  The properties of vanadium allow it to be employed in a variety of 
products: its strength and hardness are ideal for alloy formation, such as nickel/vanadium, 
ferrovanadium, and chrome/vanadium; industries like printing, textiles, and ceramics use 
it as a drying or reducing agent in paints, inks, dyes, and pigments; and finally, vanadium 
compounds also manifest in crude oils in the form of organic complexes (298).  Thereby, 
human activities that rely on heavy oil combustion such as industrial boilers, ships, and 
power plants emit vanadium via residual fly ash (300-303).  The dominant m/z peaks in 
the representative mass spectrum of Type V1 are vanadium [+51V] and vanadium oxide 
[+67VO] (Figure 64).  Other positive ion peaks indicate the presence of iron [+56Fe], 
nickel [+58/60Ni], and carbonaceous species, mainly organic carbon (OC).  The main 
negative ion species are nitrates ([-46NO2], [-62NO3], [-  
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Figure 64: Trends of the three main vanadium particle types: representative mass spectra (a-c); 
half-hourly temporal variations in summer (d) and fall (e); size-resolved total particle fractions in 
summer (f) and fall (g); and half-hourly wind direction profiles based on particle counts (h-j). 
125H(NO3)2]) and sulfates ([-80SO3], [-97HSO4]).  Type V1 is clearly the dominant 
vanadium particle class temporally for both seasons and across all sizes.  Type V2 is 
similar to type V1, except that the inorganic species of iron and aluminum [+27Al] are the 
dominant positive peaks for V2.  However, type V2 tended to be observed in larger sized 
particles and was rarely observed by UF-ATOFMS which measures particles up to 350 
nm.  Type V2 could be agglomerates of type V1 with dust.  Type V3 is an elemental 
carbon (EC) vanadium-containing particle class, as indicated by the intense carbon peaks 
of [12C+], [24C2

+], and [36C3
+] without strong OC ion peaks that are present in type V1.  

No negative ions were detected for this particle type which indicates these particles were 
heavily aged and had taken up water (304). 

The two time series plots for vanadium demonstrate clear seasonal differences.  In 
the overview of the general particle classes observed by ATOFMS during the SOAR 
campaigns, Qin and coworkers characterized ambient particle trends as diurnal for the 
summer season and episodic for the fall season (31).  The vanadium particle classes 
appear to also follow the overall pattern of the ambient concentrations in both seasons, 
especially with the dramatic decline in number concentration during the Santa Ana 
periods (10/31-11/1 and 11/15-11/21).  Occurring in the fall and early winter months, 
Santa Ana wind episodes bring warm and dry easterly winds to Southern California, 
which normally experiences westerly winds from over the Pacific Ocean.  In the summer, 
the vanadium-containing PM2.5 number concentrations tended to peak during the 
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afternoon and early evening hours.  Figure 65 and Figure 66 include detailed plots on 
the local winds throughout both seasons.  Westerly winds produced the highest wind 
speeds and were the dominant wind direction during daylight hours in the  

 
Figure 65: Half-hourly wind direction and wind speed (color scale) distribution for all PM2.5 
particle types in summer (a) and fall (b).   
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Figure 66: Half-hourly wind direction based on time of day for summer (a) and fall (b).  Note that 
for the summer season, the meteorological data ended at 12:00 on August 14th. 

summer.  As shown in Figure 64 h-j, the wind direction plots specific to the particle 
types indicate foremost that vanadium-containing PM appear from all directions, since all 
the points are distributed around the center and there is no strong direction dependency 
based on the local winds.  However, the plots do show more of a southwesterly/westerly 
direction dependency for the summer data (circles), which agrees with the vanadium-
containing particles dominating during the afternoons when the westerly winds were the 
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strongest.  The emissions from the millions of vehicles that drive daily in the south coast 
region as well as from the ships at the major shipping ports (Port of Los Angeles and Port 
of Long Beach) could travel east to the sampling site in Riverside (see the map in Figure 
67).  In fact, back trajectories from HYSPLIT (HYbrid Single-Particle Lagrangian 
Integrated Trajectory) model analysis (305) confirm that the air masses resulting in 
summertime V peaks passed over the major port and freeway areas of LA county before 
reaching Riverside.  Currently, the source signatures for ship emissions are being 
investigated with a particular focus on the V particles (306).  

Iron-containing urban particles have important influences on the surrounding 
environment; determining the solubility of iron-containing PM is a key piece of 
information for understanding the extent of which iron particles play a role in ocean 
productivity, which in turn impacts global climate (307).  As expected, types Fe1 and Fe2 
resemble types V1 and V2, because these particle types all contain vanadium and iron 
species (Figure 68).  Additionally, the temporal trends, size profiles, and wind 
directionality also are similar to the corresponding V types.  However, the mass spectrum 
for type Fe3 looks different; it contains more inorganic species, such  

 
Figure 67: Reported annual atmospheric emissions of the specified metal and metal compounds in 
Riverside, Los Angeles, Orange, and San Bernardino counties in 2005 based on the data from the 
Environmental Protection Agency (EPA) Toxics Release Inventory (TRI). 



 158 

 
Figure 68: Trends of the three main iron particle types: representative mass spectra (a-c); half-
hourly temporal variations in summer (d) and fall (e); size-resolved total particle fractions in 
summer (f) and fall (g); and half-hourly wind direction profiles based on particle counts (h-j). 
 
as sodium [+23Na], aluminum, and potassium [+39K].  In addition to nitrates, the negative 
ions have oxygen [-16O] and hydroxide [-17OH] peaks.  Type Fe3 is a dust particle class, 
and its size distribution is quite distinct when compared to the other metal types.  The 
other profiles decrease sharply in the supermicron range, whereas the profile for type Fe3 
remains increases with size; this size difference likely indicates the difference between 
metals of crustal origin, found in larger sized particles, and anthropogenic metals, found 
in smaller particles (308).  Riverside particles that originate from urban Los Angeles 
anthropogenic sources are expected to be in the accumulation size mode due to the 
agglomeration of ultrafine and deposition of coarse particles via long-range transport 
(169).  Because dust is generally resuspended PM, one might expect type Fe3 to be 
correlated with wind speed and direction; actually, most of the higher number 
concentrations of type Fe3 occurred when the local winds came from the east, 
particularly during the Santa Ana wind episodes in the fall season.  According to the 
HYSPLIT results, the air masses with high Fe3 concentrations crossed desert areas east 
of the sampling site (Mojave Desert to the northeast and Sonoran Desert to the southeast). 
Zinc represents another major metal detected in particles during the fall and summer 
seasons.  Hunt and coworkers examined archival lung tissues from humans known to 
have passed away from exposure during the 1952 London Smog in order to characterize 
the PM of this high mortality event captured within the lung compartments; they found 
evidence that Pb and Zn particle types in particular could be related to mortality (282).   
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Zinc is one of those biologically essential metals that has the potential for toxicity at high 
concentrations (283).  Zinc-containing PM has several potential anthropogenic sources, 
such as tire wear, additives in lubricant oils, emissions from industries with galvanizing 
activities, and municipal and medical waste combustion emissions from incinerators 
(309,310).  The type Zn1 mass spectrum shows the presence of sodium, potassium, zinc 
[+64/66/68Zn], zinc chloride [+99/101/103/105ZnCl], lead [+206/207/208Pb], chloride [-35/37Cl], 
nitrates, and phosphate [-79PO3] (Figure 69).  Choel et al. studied the lead and zinc 
particle types downwind of a lead smelter and concluded that the association of sodium 
and chloride to these trace metals particles was due to internal mixing of aged marine 
particles (311).  However, they also determined a mean particle diameter larger than the 
size profile obtained for type Zn1.  Compared to the PbZn particle type observed in 
Mexico City, type Zn1 (which also has Pb) appears less aged and more freshly-emitted, 
based on its higher intensity of phosphate and zinc chloride peaks and the lower intensity 
of aging markers such as nitrate (304).  Type Zn3 is similar to type Zn1, though it lacks 
those dominant sodium and potassium peaks.  In contrast, type Zn2 has ammonium 
[+18NH4], zinc, zinc chloride, and nitrate, and has much larger diameters than the other 
two classes.  The time series for all zinc types are composed mainly of sharp spikes 
(lasting 1 to 3 hours long) at seemingly random time periods, though the highest summer 
peaks generally occurred in the early afternoon.  On a 24 hour basis which is typical for 
mass measurements, the zinc particles would appear extremely insignificant; whereas the 
high temporal resolution used here shows that there are short periods during which one is 
exposed to elevated concentrations of zinc particles.  The chloride in these particles most 
likely originated from the same zinc sources.  The presence of chlorine in waste 
combustion incinerators is known to influence the speciation of the metals, and chlorine 
compounds such as hydrochloric acid and zinc ammonium chloride, are used in hot-dip  
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Figure 69: Trends of the three main zinc particle types: representative mass spectra (a-c); half-
hourly temporal variations in summer (d) and fall (e); size-resolved total particle fractions in 
summer (f) and fall (g); and half-hourly wind direction profiles based on particle counts (h-j). 

batch galvanizing methods (312,313).  All three types generally have western wind 
direction preference.  Interestingly, two facilities that galvanize steel materials and are 
among the top three facilities with reported 2005 zinc and zinc compounds emissions are 
located northwest of the sampling site (see Figure 67).  These industries are the most 
likely source of this particle type.  The fact that there is no strong seasonal dependence 
supports the link between these zinc particles and the galvanizing industries, because 
such facilities operate year round.       

Barium and barium compounds are used in drilling, automotive brake pads and 
lubricant oils, bricks, tiles, and pesticides (314).  The dominant barium class Ba1 is an 
organic barium particle type, containing OC, barium [+138Ba], barium oxide [+154BaO], 
barium hydroxide [+155BaOH], chloride, nitrates, and intense peaks at m/z +59 and -101 
(Figure 70).  This unique type was also noted in Spencer et al. (48).  The other barium 
classes contain other inorganic species, like sodium, aluminum, potassium, iron, and 
nitrates, and are brake dust, which is a mechanically abraded source based on their larger 
size distributions (315,316).  The time series plots show clear seasonal differences, 
particularly for the organic Ba1 type; there were several consecutive summer days in 
which very low concentrations were detected, whereas significant concentrations were 
detected every day during the fall, including during the Santa Ana periods.  Additionally, 
the high number concentrations generally were observed during the late night to early 
morning hours, when the wind speeds were at the lowest.  Low wind speeds and the small 
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size of this particle type could imply a local source.  The exact origin of the Ba1 type 
remains inconclusive. 

 
Figure 70: Trends of the three main barium particle types: representative mass spectra (a-c); half-
hourly temporal variations in summer (d) and fall (e); size-resolved total particle fractions in 
summer (f) and fall (g); and half-hourly wind direction profiles based on particle counts (h-j). 
 
Lead is one of the oldest known environmental toxins (records date back to 4000 years 
ago), and because it was used in a broad variety of products, humans are still exposed to 
lead on a daily basis (317).  The Pb1 mass spectrum indicates an ECOC lead particle 
type, containing both elemental and organic carbon markers, lead, nitrates, and sulfates 
(Figure 71).  The ECOC signature suggest that the Pb1 type is a combustion particle 
type.  Types Pb2 and Pb3 are inorganic lead types, containing additional species such as 
sodium, potassium, iron, and nitrates.  Although leaded gasoline has been phased out, the 
deposition of over 20,000 metric tons of lead in LA and its suburbs during the decades of 
its use has made the resuspension of soil a potential source of atmospheric lead in the 
presence and the future (318).  Resuspended soil particles resemble mainly inorganic 
types like Pb2 and Pb3 and will generally be larger than 1 µm.  Both Pb1 and Pb2 types 
had higher particle counts during the fall compared to the summer.  These two classes 
both display southeast directionality, and local winds from this direction were more 
frequent during the fall season.  Figure 67 illustrates that over 100 facilities reported lead 
emissions for 2005, indicating a multitude of potential point sources for lead and the 
difficulty in discerning a single source.  However, as both the local wind and HYSPLIT 
results agree that the high lead concentrations came from the east of Riverside (where 
there are few facilities that report lead emissions), it is clear that there is a larger source 



 162 

or sources of lead than the reported anthropogenic emissions.  One of the largest sources 
of airborne Pb in the United States is aviation gasoline [Murphy et al., 2007], which is 
not accounted for in the point source based EPA TRI.  Aircraft emissions are the likely 
source for the  

 
Figure 71: Trends of the three main lead particle types: representative mass spectra (a-c); half-
hourly temporal variations in summer (d) and fall (e); size-resolved total particle fractions in 
summer (f) and fall (g); and half-hourly wind direction profiles based on particle counts (h-j). 

 
combustion-related Pb1 type, especially considering the proximity of the local airports 
harboring small aircraft. 
Although the analysis approach in this work focuses on the separate trace metals, it is 
clear that the individual particles often contain more than one trace metal.  The unique 
combination of species provides further insights into the identification of potential 
sources.  Table 11 presents the percentages of metal-containing particles associated with 
other trace metals.  For example, the V row provides the percentages of summer (S) and 
fall (F) vanadium-containing PM2.5 that also have Fe, Ni, Cu, Zn, etc.  All percentages 
greater than 5% are in bold for increased visibility.  It is important to understand which 
metals are in the same individual particles, because the combined toxicity of metals can 
be greater than the toxicity of a single metal (301).  Lead, as expected based on its history 
of broad uses, was detected in significant percentages (~20%) of several other trace metal 
particle types.  These associations have been noted before in both Switzerland and the 
United States [Murhpy et al., 2007].  The high correlations among vanadium, iron, and 
nickel also were expected based on the mass spectra described earlier.  In fact, nickel was 
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rarely detected in a particle that did not also have vanadium, although not every 
vanadium particle contained nickel, particularly during the summer.  Therefore, 
vanadium must have multiple sources, including one that also emits nickel.  Interestingly, 
barium has very little correlation with other trace metals studied here.  Because the 
highest percentage of another metal also associated with barium particles was only 1.7% 
(Fe in summer), this finding further exhibits how dominant the unique organic barium 
particle type was in comparison to the brake dust barium types, which both indicate the 
presence of iron in their spectra.  Additionally, the table demonstrates some strong 
seasonal differences, such as the percentage of iron on copper-containing particles (1.5% 
versus 56.7%) and zinc-containing particles (4.6% versus 38.3%) during the summer and 
fall, respectively.  The differences are likely a result of different sources due to the 
seasonal wind direction and atmospheric conditions described earlier. 
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Table 11: Metal association percentages (%) 

 In summary, the locations of potential sources and the wind direction dictate 
which metal-containing particles dominate during which season.  In general, 
anthropogenic sources, mainly in the industrial and transportation sectors, in the LA 
Basin produced the different metal-containing particles.  These observations made herein 
show the importance of conducting long term studies through multiple seasons to gain 
further understanding on how seasonal fluctuations and urban air dynamics influence 
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ambient particles, especially for particle types that show strong seasonal variations, such 
as trace metal-containing particles.   
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10. Impact of Emissions from the Los Angeles Port Region on San Diego Air 
Quality During Regional Transport Events 

i. Introduction 
 Atmospheric aerosols regionally and globally impact climate and health. 
Regionally transported particles contribute significantly to PM2.5 as observed in multiple 
studies (319,320). Oceangoing ships emit an estimated 1.2–1.6 million metric tons (Tg) 
of PM10 per year(321) and the 2006 California Air Resources Board emissions inventory 
estimates that ships emit more PM2.5 (4.94 tons/day) than refineries and power plants 
combined (3.45 tons/day), representing the second highest PM mobile source in Los 
Angeles County behind diesel trucks (5.87 tons/day) (322). In coastal regions, models 
show a significant impact from the emissions of ships and residual fuel combustion on air 
pollution levels.  Strong implications exist for human health (64,323,324), but major 
uncertainties exist regarding the spatial and seasonal variability of particulate pollution 
that need further investigation (325). Field observations have confirmed that ships 
produce significant amounts of soot, vanadium, nickel, and sulfate (168,326). Ships 
typically burn residual fuel oil, which produces higher concentrations of heavy metals 
and soot than distillate fuels such as gasoline and diesel (77,327,328). Additional residual 
fuel oil sources, such as refineries, are often located near large ports and emit metal-
containing particles that are particularly harmful to human health (303,329,330). These 
deleterious effects can be explained by the chemistry of the emissions as well as proposed 
synergistic relationships between coemitted chemical species such as soot and iron or 
vanadium and nickel (65,105,331). Recent studies in the Los Angeles and Long Beach 
(LA-LB) port region have shown vanadium as having the strongest correlation to reactive 
oxygen species using a macrophage assay (332). These negative health effects combined 
with the transport of particles from residual fuel combustion make it imperative to 
determine their contributions to the air pollution in coastal locations along the California 
coast.   

Regionally transported air pollution has been shown to influence the San Diego 
region in previous studies. Aircraft measurements have shown O3 transport from the Los 
Angeles (LA) basin and SO2 transport from offshore to San Diego (333). Particles 
transported from LA have also been observed in San Diego at an urban freeway location 
by ATOFMS (334). This paper discusses distinct episodes quantifying the impact of 
regional transport when the air masses originated near the vicinity of the Port of LA 
observed by real-time single particle mass spectrometry at the Scripps Institution of 
Oceanography (SIO) Pier in La Jolla, California. During these transport periods, the 
highest concentrations of submicron carbonaceous and transition metal particles (V, Ni, 
and Fe) were measured.  This study examines the impact of these transported aerosols on 
PM concentrations in the San Diego region. 

ii. Experimental 

a. Scripps Institution of Oceanography of Pier 2006 Study  
From August 17 to October 3, 2006, sampling was conducted at the end of the 

SIO Pier, three hundred meters from shore. Ambient particles were sampled through a 
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four meter mast, seven meters above the pier, and fifteen meters above the ocean. 
Different instruments sampled in parallel through insulated sampling lines into multiple 
instruments. A five hour period of sampling on September 28, 2006 was dominated by 
submicron particles from a local wildfire, as determined by the ATOFMS mass spectral 
signatures, and because the focus of this paper is on regional transport impacts, this 
period is not discussed.  Particle size distributions were optically measured using an 
aerodynamic particle sizer spectrometer (APS 3321, TSI Inc.), which measures size 
distributions between 0.5-3 µm. Air mass back trajectory calculations were made using 
HYSPLIT 4.8 (130).  

b. Real-Time Single Particle Mass Spectrometry 
The aerodynamic size and chemical composition of individual particles between 

0.2 and 3.0 μm were measured in real-time using an aerosol time-of-flight mass 
spectrometer (ATOFMS); the design and details have been described in detail elsewhere 
(127). Briefly, particles are introduced into the ATOFMS through a converging nozzle 
into a differentially pumped vacuum chamber where they are accelerated to a terminal 
velocity. The particles then pass through two continuous wave lasers (diode pumped 
Nd:YAG lasers operating at 532 nm) located 6 cm apart. The velocity of each particle is 
used to determine the aerodynamic size using speeds from calibration with polystyrene 
latex spheres of known aerodynamic size, shape, and density. The sized particles are then 
desorbed and ionized by irradiation from a Q-switched Nd:YAG laser (266nm, 1.2-1.4 
mJ/pulse) that is triggered when the particle enters the center of the mass spectrometer 
ion source. Positive and negative ions from each particle are detected using a dual-
polarity, reflectron time-of-flight mass spectrometer. During this study, ambient particles 
were dried using a silica gel diffusion drier prior to analysis with the ATOFMS to 
decrease particle water content and, therefore, increase negative ion signal intensities 
(82). The ATOFMS sized and chemically analyzed 3,502,907 particles during the study. 

c. Data Analysis 
Single particle size and mass spectral information were analyzed with YAADA 

1.2 (www.yaada.org) a data analysis toolkit for MATLAB 6.5.1 (The MathWorks, Inc.). 
Particles were analyzed via two approaches: (1) searching mass spectral, aerodynamic 
size, and temporal features and (2) clustering mass spectra using an adaptive resonance 
theory based neural network algorithm (ART-2a) at a vigilance factor of 0.8 (35). ART-
2a combines particles into clusters based on the intensity of ion peaks in individual mass 
spectra. General particle types are defined by the characteristic chemical species or 
possible source to simplify the naming scheme; these labels do not reflect all of the 
species present within a specific particle type, but reflect the most intense ion peaks. Peak 
identifications within this paper correspond to the most probable ions for a given m/z 
ratio.  

d. Scaling ATOFMS to Mass Concentrations 
ATOFMS counts were scaled to number and mass concentrations using APS size-

resolved number concentrations, a method shown previously to yield quantitative mass 
concentrations (128). Briefly, ATOFMS counts are binned into sizes that correspond to 
the APS size bins (0.5-2.5 µm) and scaling factors for each hour and size bin are 

http://www.yaada.org/�
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determined to account for ATOFMS transmission biases and busy time. After scaling the 
number concentrations, density is used to convert from number to mass concentrations. 
The bins were summed to give the mass of particulate matter less than 1 µm (PM1) or less 
than 2.5 µm (PM2.5). Scaled ATOFMS PM2.5 mass concentrations have been shown 
previously to be well correlated with standard mass measurements, including the beta 
attenuation monitor (BAM) and micro-orifice uniform deposit impactor (MOUDI) (128). 
ATOFMS scaled PM1 concentrations have been shown to track mass concentrations 
(335,336). Previous work has shown that with high relative humidity (129) or liquid 
water content conditions (48) particle density is low; thus, a density of 1.2 μg/m3 has 
been used for the scaling herein due to an average relative humidity of 93% during 
sampling.  

iii. Results and Discussion 
 Figure 72 shows the PM concentrations measured over the full study, 
highlighting the three high concentration regional transport periods.  During many of the 
regional events, daily PM concentration maxima were observed over several days due to 
diurnal changes in wind speed and direction.  Details on the impacts of the regional 
events on PM concentrations are described below. Table 12 lists each identified regional 
event with accompanying properties, discussed in detail in the following sections. The 
fraction of PM1 contributing to PM2.5 is shown per hour in Figure 73. During submicron 
events, PM1 mass accounted for 60% of the PM2.5 mass compared to 36% on average 
during non-event periods. 
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Figure 72: A) The lower portion of the graph shows time series of scaled PM2.5 mass 
concentrations at the SIO Pier (red line) and PM2.5 data from downtown San Diego (black line). 
B) Hourly size distributions measured by an aerodynamic particle sizer (APS) from 0.5-1 µm 
from August 17, 2006 – October 2, 2006. The overlaid blue line is the sum of ATOFMS counts in 
the 0.5-1 µm size range per hour. C) Scaled PM1 (green line) and PM2.5 (red line) mass 
concentrations are shown over the sampling period. The gray dashed line represents the average 
PM1 mass concentration during the study, and the black dashed line represents the PM1 threshold 
set for regional events. 
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Table 12: Properties of different regional events are listed including: peak PM1 and PM2.5 mass 
concentrations, fraction of PM1 contributing to PM2.5 mass, and the mass percentage of V-Ni-Fe 
and ECOC particles contributing to the PM1 mass. 

 

 
Figure 73: Fraction of scaled PM2.5 corresponding to PM1 hourly.  

a. Mass Concentrations Across San Diego County 
To verify that the scaled PM values at the SIO Pier were reasonable, the PM2.5 

measurements were compared to 3 other sites in San Diego County operated by the San 
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Diego Air Pollution Control District (SDAPCD). The average PM2.5 measured at the SIO 
pier during the study (16 μg/m3) was similar to the other sites (downtown 10 μg/m3, 
Escondido 18 μg/m3, and Alpine 16 μg/m3). The downtown San Diego site is the most 
comparable site to the SIO Pier due to its close proximity and air mass back trajectory 
patterns. Despite 12 miles separating the SIO Pier and downtown sites, similar trends in 
PM2.5 mass were observed at both sites during the study (Figure 72a). This suggests that 
these transport events described herein likely influence even larger portions of San Diego 
County. 

b. Identification of Regional Events 
During sampling at the SIO pier, time periods with high submicron particle 

concentrations were observed using average hourly submicron (0.5-1 µm) size-resolved 
particle concentrations from an APS. Trends in submicron ATOFMS particle counts are 
correlated with submicron APS particle concentrations as shown in Figure 72b. The 
relationship between the APS and ATOFMS submicron counts shows that, despite 
transmission biases from the ATOFMS inlet, temporal variations in submicron ATOFMS 
counts directly correspond to changes in atmospheric concentrations (128,337). Multiple 
time periods showed elevated PM1 mass concentrations. Figure 72c shows PM1 (blue 
line) versus PM2.5 (red line) mass concentrations calculated using the APS, as described 
above.  The average PM1 concentration during the study was 7 μg/m3 (dashed gray line); 
this represents an upper limit because certain time periods with low particle 
concentrations were excluded from the analysis as they did not have the requisite 
statistics for scaling the ATOFMS counts to mass.  Regional events are defined as any 
period when the peak PM1 mass was at least twice the average PM1 concentration (14 
µg/m3). During regional events, PM1 accounted for 52% of PM2.5 mass and 70% of PM2.5 
number concentrations. 

c. Air Mass History during Regional Events 
To determine the source(s) of the submicron particles at the SIO pier, HYSPLIT 

air mass back trajectories (48 hours) were calculated at 500 meters and patterns were 
verified by comparing to back trajectories at 200, 400, 600, 800, and 1000 meters (130). 
Back trajectories calculated for the peak hour of each submicron concentration spike are 
shown in Figure 74a. Many events had back trajectories coming from the vicinity of the 
LA-LB Port region, while a small number of additional events were more local and 
passed near the SD Port. These more local events most likely still had contributions from 
LA-LB transport that stagnated over the region for several days. Figure 74b shows air 
mass back trajectories during nonevent periods. These air masses either came from the 
west over the ocean or from inland locations but did not pass near the SD or LA-LB 
Ports.  

Figure 74c groups the main air mass back trajectories by type (Port of LA-LB, 
San Diego, inland, and oceanic) and includes how frequently each type was observed. 
Back trajectories came from the vicinity of the Ports of LA-LB (32% of the sampling 
period), the Port of SD (17%), inland (5%), and the ocean (46%). During periods when 
the air masses came from the LA-LB Port region, regional events were observed 40% of 
the time. Not all air mass back trajectories coming from the LA-LB port region produced 
high concentration regional events.  In order to create these conditions, high levels of 
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emissions at the port, consistent boundary layer height, relatively short air mass transport 
times, and meteorological conditions all have to occur simultaneously. It is important to 
note that the amount of ship traffic in the LA-LB Port region remained relatively constant 
(25-40 major ships per day) and thus the major factor contributing to the regional events 
appears to be proper meteorological conditions (338).  Based on the HYSPLIT 
trajectories, emissions from the Port of SD most likely contributed to two of the events. 
When oceanic back trajectories occurred, no regional events were observed; this indicates 
that ship traffic in the open ocean west of San Diego, which is much lower than traffic 
near the ports, did not contribute significantly to San Diego air quality.  During regional 
transport periods when trajectories came from the LA-LB Port region, it is likely 
additional sources and processes contributed along the way.  Also, the very limited 
recreational boating in close proximity to the pier and lower ship traffic at the Port of San 
Diego (1% of LA-LB) leads to lower emissions compared to the Ports of LA-LB and 
helps explain the lack of events during inland or oceanic time periods (339). 
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Figure 74: HYSPLIT (24 hour) back trajectory analysis at 500 meters for the peak hour of each 
regional event. Large diamonds represent 24 hours back from the source and small diamonds 
present 12 hours. A) Trajectories in red pass near the LA Port while trajectories in blue pass over 
the SD Port. B) Trajectories in purple are representative of non-transport time periods. C) The 
table included displays the frequency of different air mass types and source regions, as well as the 
number of regional events observed during each back trajectory type. 

d. Particle Chemistry during Regional Transport Events 
The most prevalent submicron particle types observed during these regional 

events were external mixtures of soot, organic carbon, biomass burning, metals, and sea 
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salt.  Figure 75 shows the average mass spectra of the two most common particle types 
observed during the regional events.  These included an elemental carbon (or soot) 
particle type mixed with organic carbon, sulfate, nitrate and water, labeled as 
ECOC(sulfate-nitrate). The second type included vanadium-nickel-iron particles mixed 
with sulfate, nitrate, carbonaceous species, and water, labeled as V-Ni-Fe(sulfate-nitrate). 
The particle labeling scheme used herein first indicates the most dominant peaks in the 
positive ion particle spectra, followed by secondary species detected in the negative ion 
spectra in parentheses.  The positive ion peaks indicate the primary source of the 
particles, whereas the negative ions provide insight into the atmospheric aging the 
particles have undergone during transport.  Notably, the primary source makes up a high 
number fraction of particles, but the secondary species make up the bulk of the mass of 
the particles. The mass spectra of the ECOC(sulfate-nitrate) or soot particles were 
characterized by elemental carbon cluster ions (12C1

+, 24C2
+,…, Cn

+) with less intense 
organic carbon markers (27C2H3

+, 29C2H5
+, 37C3H+, and 43C2H3O+) (81).  The V-Ni-

Fe(sulfate-nitrate) particle type is characterized by intense peaks at 51V+ and 67VO+ with 
less intense iron (56Fe+) and nickel (58,60Ni+) ion peaks. It should be noted that a small 
percentage of spectra in the other submicron particle types showed minor vanadium and 
vanadium oxide peaks during these events.  These mixtures were most likely formed by 
coagulation processes, but only represented 2-5% of the total particle spectra. 

 
Figure 75: Average negative and positive ion mass spectra for a) ECOC(sulfate-nitrate) and b) V-
Ni-Fe(sulfate-nitrate) particles. c) Time series of hourly ECOC(sulfate-nitrate) and V-Ni-
Fe(sulfate-nitrate) particle type counts. 
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e. General submicron particle types 
Average mass spectra of each particle type (beyond ECOC(sulfate-nitrate) and V-

Ni-Fe(sulfate-nitrate)) are shown in Figure 76 and described below. Elemental carbon 
particles were identified by carbon cluster ions (12C1, 24C2,…, Cn) as the dominant peaks 
in the positive and negative ion mass spectra, as well as sulfate and nitrate ions (97HSO4

-, 
62NO3

-, and 46NO2
-), markers that are associated with aging (81). Organic carbon particles 

have intense ion markers at 27C2H3
+, 29C2H5

+, 37C3H+, and 43C2H3O+ (81). Biomass 
burning particles have a dominant potassium peak (39K+), as well as elemental and 
organic carbon marker ions.  This particle type also has a significant sulfate ion peak 
(97HSO4

-) and a minor 213K3SO4
+ peak (not shown) which has been linked previously 

with biomass burning (87,162). Sea salt particles were identified by 23Na+, 62Na2O+, 
63Na2OH+, and 81,83Na2Cl+ (337). Sea salt with soot particles were characterized by an 
intense 23Na+ peak, elemental carbon cluster ions, organic markers, and other sea salt ion 
peaks (m/z 62, 63, 81, and 83). This particle type is formed from coagulation of SS and 
ECOC particles during transport (337,340). 
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Figure 76: Average negative and positive ion mass spectra for the top six particle types 
(excluding ECOC and V-Ni-Fe which are discussed in the main paper): a) Elemental carbon, b) 
Organic carbon, c) Biomass Burning, d) Sea salt, e) Sea salt with soot. 

f. Sulfate Formation and Aging Processes During Transport 
It is important to note that a high percentage (30-80%) of particles did not produce 
negative ion mass spectra. Based on optical measurements of single particles with similar 
chemical signatures (129), water has been shown to remain on the particles which can 
suppress negative ion formation (82,341). The larger (0.5-1 µm) size of these particles 
also suggests they have undergone a significant amount of chemical aging during 
transport. The aging processes include condensation of secondary species, aqueous phase 
processing of SO2, as well as coagulation with pre-existing sulfate marine background 
particles (158). 
Due to high SO2 concentrations in the port region coupled with high average ambient 
relative humidity (~93%), it is likely that the particles acquired sulfate due to SO2 
oxidative processing when initially formed. In addition, the particles most likely picked 
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up additional secondary species (sulfate and nitrate), water soluble organic carbon, and 
water during transport. This is supported by the fact that for both particle types, the 
limited particles with negative ion mass spectra showed a major bisulfate ion peak 
(97HSO4), as well as nitrate ion peaks (46NO2 and 62NO3).  The observations from this 
study, along with a previous study in the southern California coastal region showing 
marine background particles with high levels of sulfate, suggest that the ECOC and V-Ni-
Fe particles are likely composed of relatively small primary particle cores mixed with 
sulfate, nitrate, and water (158). Similar observations in previous studies of single soot 
particles, where core sizes of less than 0.2 µm were observed (84), show that sulfate and 
nitrate species contribute the majority of the mass to these aged particles. Previous work 
has also shown that sulfate is associated with ship emissions at the source (61,79). 
Concurrent filter-based triple oxygen isotope measurements of sulfate at the SIO Pier 
estimate that ships represent 10-44% of non-sea salt sulfate mass concentrations below 
1.5 µm (342). These co-located isotope measurements also suggest the ECOC(sulfate-
nitrate) and V-Ni-Fe(sulfate-nitrate) particles acquired significant quantities of sulfate 
and water at the point of emission as well as through secondary aging processing during 
transport.  

g. Temporal Variations by Particle Type 
Figure 77 shows the scaled a) relative fractions and b) contributions to PM1 mass 

of the different submicron particle types by hour throughout the study. The black line 
shows the hourly PM1 mass concentrations (μg/m3). The particle type representing the 
majority of submicron mass varies strongly with the concentration of submicron mass. 
When PM1 levels were high (>14 μg/m3), soot and V-Ni-Fe particles account for 24-86% 
(52% average) of submicron mass. Sea salt, the primary background submicron particle 
type, represented a significant fraction of submicron particles (75-80%) during periods 
when the lowest PM1 mass concentrations were observed and PM1 was the smallest 
fraction of PM2.5. These represent marine background periods with high wind speeds.  
Biomass burning and organic carbon showed low correlations with PM1 (R2 = 0.09 and 
R2

 = 0.11), suggesting these particle types did not come from the same sources as most of 
the submicron particles detected at the pier. 
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Figure 77: a) Time series of the relative fractions of submicrometer particles types b) Time series 
of counts of submicron particle types. The black line on both plots is the scaled PM1 mass 
concentration (μg/m3). 

h. Correlation between Major Particle Types 
Metal-containing particles composed of trace amounts of V, Fe, and Ni mixed 

with carbonaceous species are primarily emitted from residual fuel combustion processes 
and as such have limited sources, including ships and refineries (73,343). Since no 
refineries exist in San Diego or Orange County and residual fuel is burned only on large 
ocean going vessels, this limits likely sources to ships from the Ports of LA-LB and Port 
of SD, as well as refineries near the Ports of LA-LB. ECOC particles represent a general 
type produced by most combustion sources, including diesel truck and automobile 
emissions (36,344); however the larger sizes observed (> 0.5 µm) and low percentage of 
particles with negative ion mass spectra, indicate that the particles were highly aged and 
not from local vehicle sources. Figure 75c shows the high correlation (R2 = 0.64) 
observed between the number concentrations of V-Ni-Fe(sulfate-nitrate) particles and 
ECOC(sulfate-nitrate) particles with one hour resolution.  Ships burn a variety of fuels 
(i.e. distillate and residual) that produce the soot and V-Ni-Fe(sulfate-nitrate) particle 
types in different proportions (79,345), that depend on the type of engine, fuel, and 
operating conditions. The temporal correlation of the V-Ni-Fe(sulfate-nitrate) and 
ECOC(sulfate-nitrate) particle types (Figure 75c) and the significant contributions to 
PM1 mass (Figure 78) during regional events suggests that these two particle types 
originate from the same source and/or source region. The Supporting Information shows 
one specific event where a strong correlation between the mass concentrations of 
ECOC(sulfate-nitrate) and V-Ni-Fe(sulfate-nitrate) for a regional event and the number 
of ship radio contacts for that period. This occurred during the period with the most rapid 
(6 hours) transport from the LA-LB Port to the pier.  In general, the number of ship 
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counts in the LA-LB Port region was relatively constant.  As described, meteorology, 
rather than a change in source emissions, appeared to control the high concentrations and 
regional events observed at the SIO Pier during this study. 

i. Size-Resolved Chemistry of Regional Events 
The size-resolved chemical mass distributions, calculated using the APS method 

discussed above, are shown for the average of regional events (Figure 78a) as well as the 
average of non-event time periods for comparison (Figure 78b). Regional events showed 
higher mass concentrations across all submicron sizes (4.7-6.5 µg/m3) when compared to 
non-event time periods (2.9-3.8 µg/m3). During regional events, the ECOC(sulfate-
nitrate) particles represent the most significant fraction of submicron mass in each bin 
(35-44%), while V-Ni-Fe(sulfate-nitrate) particles contribute 10-19% of particle 
submicron mass. Note that this is a unique single particle perspective of the mass 
fractions, and it focuses on the mass fraction of the entire particle type.  As previously 
noted, the majority of the mass of these particles was most likely sulfate, nitrate, and 
water, as well as a smaller amount of carbonaceous species from residual oil and 
secondary organic carbon. Soot mixed with sea salt, which has been observed in previous 
studies during long range transport episodes, showed higher mass concentrations during 
the event periods (340). These particles were most likely formed by coagulation 
processes occurring during the longer transport periods.  Non-event time periods had 
much lower ECOC(sulfate-nitrate) (4-22%) and V-Ni-Fe(sulfate-nitrate) (2-10%) mass 
fractions, showing significantly higher fractions of background particle types.  These 
background types included more sea salt (16-81%) and biomass burning (9-43%) than sea 
salt (4-28%) and biomass burning during (11-28%) regional events. During these periods, 
PM1 mass represents only 36% of PM2.5 compared with 60% during regional events. The 
increase in the overall PM mass and contributions from ECOC(sulfate-nitrate) and V-Ni-
Fe during regional events shows the major influence of transported emissions on San 
Diego air quality. Notably, these transported aerosols (ships, refineries, and port vehicle 
traffic) make much higher contributions to PM concentrations than local San Diego 
sources during these events. 

 
Figure 78: Comparison of the average size-resolved mass distributions of major particle types 
during regional events and non-events. 

i. Correlation between Ships at Sea and Selected Particle Types 
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Radio transmissions of the location, speed, and heading were recorded in real time 
for ships in Southern California waters with an automated identification system (AIS) 
antenna in La Jolla, CA and binned as the number of transmissions per hour (75). These 
transmissions are required for ships at sea over 299 gross tons every minute by the 
International Maritime Organization (IMO). Figure 79 shows one major regional 
transport event, based on HYSPLIT back trajectories, from September 12-13 with the 
black line representing the number of recorded ship positions per hour. The transport time 
from the LA-LB port region during this particular event was ~6 hours and the peak in 
radioed positions occurred roughly 5-7 hours before the peaks in V-Fe-Ni and ECOC 
particles, suggesting ships were a contributor to the increase in particle concentrations. 
To observe this strong correlation required many conditions including favorable 
meteorology, air mass direction and speed, meteorology favorable to radio transmissions, 
and a sharp spike in the number of ships at sea. This correlation occurred only one time 
during sampling, but provides further evidence that the LA-LB port region is a significant 
source of PM in San Diego. 

 
Figure 79: Time series of hourly counts of the ECOC and V-Fe-Ni particle types during 6 day 
period with ship positions recorded per hour. 

j. Impact of Regional Events 
Regional transport periods resulted in PM1 mass concentrations that were 

increased by a factor of 2-4, showing how strongly ships, refineries, vehicles, and other 
port combustion sources from the Ports of Los Angeles and Long Beach impact air 
quality in the San Diego area. Emissions transported 12 miles north from the Port of San 
Diego, while less frequent, most likely mixed with regionally transported emissions and 



 181 

play a role in lowering the overall air quality of the San Diego region. Particles between 
0.5-1 µm contribute the most mass to PM1 and PM2.5 for the regional events. The 
majority of the mass for these particles is likely a mixture of sulfate, nitrate, and water, 
but identifying the core (ECOC or V-Ni-Fe) is critical to identifying the original particle 
source and allowing the proper regulations to be established. The adverse health effects 
of residual fuel combustion particles, which contain a complex mixture of carbonaceous 
and metals, on residents of San Diego county as well as other coastal cities could be quite 
significant (64).  

Long-term sampling at a coastal site with speciated aerosol number and mass 
concentration measurements will shed further light on the frequency and intensity of 
these transport periods and how they vary seasonally. The impact of regionally 
transported pollution on receptor site locations beyond San Diego needs to be considered 
when evaluating the health impacts of particles in urban and rural areas. These emissions 
will become even more important as vehicle emissions become further regulated and 
residual oil sources such as shipping continue to grow. The strong influence of regional 
transport on San Diego air quality in comparison to the impact of local emissions 
demonstrates the importance of monitoring and further regulating these sources in the 
future. 
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11. Single Particle Composition, Hygroscopicity, and CCN Activity during the 
2007 San Diego Wildfires 

i. Introduction 
  Biomass burning can be a significant source of aerosols in many regions 
of the world (346). Biomass burning aerosol particles (BBA) are a common component 
of tropospheric aerosol and have been observed to varying degrees in several locations 
with various  techniques including Proton-Induced X-ray Emission (PIXE), Scanning 
Electron Microscopy (SEM) and single particle mass spectrometry (SPMS) (346-352).  
Since most of BBA are smaller than 400nm(351,353,354), their removal from the 
atmosphere is not dominated by dry deposition, but preferably by cloud droplet activation 
and wet deposition (355). BBA can also become transported to high altitudes and 
undergo long range transport, affecting global climate (348,356,357). Risk of wildfires is 
an increasing concern because of increased dryness in certain regions due to climate 
change (358). Smoke and pollution aerosol can either increase or decrease cloud cover 
through indirect effects by modifying cloud microphysics, and can directly alter radiative 
transfer by absorbing and reflecting radiation. These aerosol-climate feedbacks are some 
of the largest uncertainties in climate research (359-364). Biomass burning can cause 
intense convection, where the aerosol is transported to high levels in the atmosphere 
(365). The resulting large updraft velocities can produce high water supersaturations and 
thus cause the BBA to nucleate cloud droplets.  

Due to the abundance, cloud interactions, and wet removal of BBA, it is 
especially important to understand its interaction with water. Uptake of water by aerosols 
is determined by their chemical content and thus hygroscopicity, and interactions with 
water can in turn alter their physical and chemical properties (366). Water content can 
alter the partitioning of semi-volatile species between the gas and particle phases, which 
further effects aerosol composition (367) and aqueous chemistry (368). Hygroscopicity 
strongly influences the light scattering, cloud condensation nuclei (CCN) activity, 
refractive index and size of aerosols. These properties are essential for understanding the 
aerosol direct and indirect effect on the global radiation budget (358,362).  

An important factor determining the composition of BBA is fire type, fuel type, 
and age of the smoke (369,370). Flaming fires (pyrolysis) tend to produce particles with 
higher inorganic content and more elemental carbon, while smoldering fires (charring) 
tend to produce more organic carbon rich aerosol (351,354,371-374), which include 
water-soluble sugars such as levoglucosan. If the particles contain relatively little 
inorganic salts that can absorb water, they may exist as tarballs (353). In fact, it has been 
shown that fire type is more important than fuel type for chemical signatures of the 
resulting particles (375), while others have shown large differences in chemical 
signatures with both fire type and fuel type (374). In general, the carbon content of the 
fuel is a limited range (~37-54%), therefore emission factors are a function of combustion 
conditions  for carbon, oxygen and hydrogen containing compounds (376). Other minor 
elements like nitrogen, sulfur and the halogens emission factors depend on the 
concentrations in the fuel and combustion conditions(376). The large fractions of soluble 
inorganic and organic compounds can make BBA hygroscopic and thus efficient CCN 
(368,377), and some of these organic compound are hygroscopic enough to cause cloud 
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droplet activation without the association of inorganic compounds (377). Previous studies 
have shown that knowledge of the contribution of water soluble organic carbon (WSOC) 
is essential to predicting the hygroscopicity of ambient aerosol (365,378-380). Using  
filter extractions of biomass burning aerosol, (381) have shown that hygroscopicity 
depended on the type of biofuel. A wide range of hygroscopicities (κ = 0.06-0.7) was 
measured from a variety of biomass materials that were strongly dependent on fuel type 
(370). 

Fresh biomass burning particles, consisting of mostly potassium, chloride, and 
organic carbon(382,383), can be readily converted to potassium nitrate (KNO3) and 
potassium sulfate (K2SO4) via heterogeneous reactions with secondary acids such as 
HNO3 and H2SO4 during atmospheric transport (371,384-386). These heterogeneous 
reactions have important implications for BBA hygroscopic properties, as the 
deliquescence relative humidity (DRH) of K2SO4 and KNO3 are 97.4 and 92.5%, 
respectively, while KCl is 84.3% (371); as well as releasing chlorine gases to the 
atmosphere.  

During the fall 2007 wildfires in San Diego, over 2,000 homes and 300,000 acres 
were burned in San Diego County for a total of 3069 homes and 516,465 acres in all of 
Southern California (387). Particle number concentrations were 10 times higher than 
normal background (36,748 ± 21,646 particles cm-3), especially for particles with 
diameters < 300nm.  In this study we compare CCN concentrations and aerosol 
hygroscopicity with submicron single-particle size and chemical composition in various 
air masses during October and November 2007 to investigate the different factors that 
influenced aerosol chemical composition and their resulting hygroscopicity during a 
period heavily influenced by biomass burning. 

ii. Experimental 

a. Sampling locations and instrumentation 
 Ambient particles were sampled from outside the laboratory on the second 

floor of Urey Hall (32°52’31.66”N, 117°14’28.64”W) on the campus of the University of 
California, San Diego (UCSD) from Sunday, October 21 to Thursday, November 1, 
2007. The aerosol was sampled through a 3/8” stainless steel tube that extended outside 
through the exterior wall, and delivered to the various instruments.  The lab is located 
approximately 1 km from the Pacific Ocean coastline at an elevation of ~130 m above 
sea level.  Single particle aerodynamic size and chemical composition were measured in 
real-time with an ultrafine aerosol time-of-flight mass spectrometer (UF-ATOFMS) 
instrument equipped with an aerodynamic lens that transmitted an aerodynamic diameter 
(Da) size range of 50 to 300nm.  Single particles are sized based on their time-of-flight 
between two 532 nm CW lasers and then ablated and ionized by a Q-switched 266 nm 
Nd:YAG laser. The resulting positive and negative ions are analyzed by a dual-polarity 
reflectron time-of-flight mass spectrometer. Further details on the UF-ATOFMS 
instrument design and operation are described elsewhere (388). The particle size 
distributions and number concentrations were measured concurrently by a scanning 
mobility particle sizer (SMPS, TSI Model 3936) with sheath and aerosol flows of 4.0 and 
0.4 lpm, respectively. CCN concentrations were measured with a streamwise thermal-
gradient CCN counter at a supersaturation of 0.29% (389). The instrument was calibrated 
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before use with ammonium sulfate aerosol (99.999%, Sigma Aldrich). Total particle 
condensation nuclei (CN) concentrations were measured with a condensation particle 
counter (CPC, TSI model 3007). The fraction of CCN active particles, or fCCN, was 
obtained from the CCN/CN ratio. A second CCN counter and CPC (TSI model 3010) 
was located at the Scripps Institution of Oceanography (SIO) Pier (32° 51'47.232"N, 117° 
15'21.6"W) and operated at a supersaturation of 0.13%. The sampling setup on the SIO 
Pier was approximately 50 feet above sea level and a quarter of a mile from the coast.  
We will refer to the Urey Hall CCN as CCN_0.3 and the SIO Pier CCN as CCN_0.1. 
Meteorological data was also obtained from the SIO pier. 

b. ATOFMS data analysis 
The UF-ATOFMS single particle data were automatically sorted and grouped into 

clusters of particles with similar mass spectral characteristics using the adaptive 
resonance theory neural network algorithm, ART-2a. The main user-defined parameters 
for ART-2a are the learning rate, number of iterations, and vigilance factor, which were 
set to 0.05, 20, and 0.85, respectively (390). The resulting clusters were then analyzed 
manually and classified into distinct particle types based on their mass spectral 
features(348,350,391-393). The dual polarity (having both positive and negative ion 
spectra) biomass clusters were combined to yield the subset of particles presented herein.  
We have observed no significant change in average chemical marker peak areas as a 
function of vacuum aerodynamic diameter 50-300nm on the BBA. 

c. Single hygroscopicity parameter 
To summarize the hygroscopicity measurements made with the CCNcs, a single 

parameter for particle hygroscopicity (κ) is used (394). The following equation defines 
the relationship between a growing particle’s equilibrium water saturation ratio, S, 
diameter, D, dry diameter, Ddry, and hygroscopicity, κ: 
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where A = 2.1x10-9 m is a constant evaluated for a surface tension of 0.072 J m-2
 (pure 

water) and temperature of 298.15 K (394). κ describes a particle’s water activity and 
typical values range from 1.4 (hygroscopic soluble salt) to about 0 (insoluble but 
wettable) for atmospherically relevant systems. Plotting the critical supersaturation of 
identical particles of varying size in log sc – log Ddry space yields kappa isolines where 
particles lying along one isoline will all have the same hygroscopicity (κ). The CCN 
activation diameter (Dact) of atmospheric aerosols at s = 0.29% (CCN_0.3) and s = 0.13% 
(CCN_0.1) was estimated using the measured size distributions, CN, and CCN 
concentrations. Dact was derived by  
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where Ntotal is the cumulative concentration obtained by integrating the observed size 
distribution of n(D), D is the electric mobility diameter selected by the SMPS and Do the 
smallest size measured by the SMPS (~11 nm). The CCN/CN ratio represents the fraction 
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of the CCN-active aerosols (fCCN). Therefore, the quantity 1-CCN/CN represents the 
fraction of non-CCN active aerosols. Eqn. (2) assumes that all chemical compositions are 
internally mixed (i.e. one particle composition). This approach was taken to simplify the 
data analysis and still reflects how much the relative degree of variation in the chemical 
composition affects CCN activity, as the size resolved chemistry was measured (391).  
We have estimated an approximate relationship between Dact and κ to be Dact ~ κ -1/3(395). 
In the estimation of Dact, contributions from particles larger than the range of the SMPS 
(upper range = 600 nm for our settings) were not considered, but were most likely 
relatively quite low and made minor contributions to the total aerosol concentration as 
biomass particles are primarily less than 400 nm (354). 

iii. Results and Discussion 
 This study can be described by five different time periods based on the Urey Hall 
laboratory-based CCN and fCCN (from now on referred to as CCN_0.3, fCCN_0.3), size 
distributions, particle chemistry and air mass back trajectories. HYSPLIT air mass back 
trajectories during different time periods are displayed in Figure 80. A summary of time 
periods and their CCN, fCCN, CN, size distributions, particle chemistry and HYSPLIT is 
provided in Table 13 and Table 14.  

 
Table 13: Overview of different  Urey Hall CCN periods based on CCN activity, size 
distributions, particle chemistry and hysplit back trajectories (see dividing lines in Figure 81). 
SMPS data is the average mode for that period with the min/max mode of dN/dlogDp in 
parenthesis. 

 

Period 
Name/time  fCCN_0.3 NCCN1_0.3  CN_0.3 Kappa_0.3 SMPS  Biomass 

Particle 
Chemistry  

HYSPLIT  

1. Santa 
Ana Fire 

10/22-10/23 

0.36 +/-
0.09 

 

7448 +/- 4453 
  
  

21984 
+/-17906 0.05 +/-0.05 125 nm 

(11.8/209.1) 

Larger 
inorganic 
signatures 

Strong 
Santa Ana 

2. 10/24-
10/25 12:00 

Local 
stagnation 

0.34 +/-
0.11 

4114 +/- 
1531 

 

12495 
+/-3485 

0.04 +/- 
0.008 

150 nm 
(25.9/209.1) 

Small 
increase in 
ammonium 

Stagnated; 
from ocean 
and inland 

3. 10/25 
12:00- 

10/26 12:00 
1

st
 

Ammonium 
Period 

0.36 +/-
0.10 

4013 +/- 
1208 

 

11047 
+/-2578 

0.05 +/- 
0.02 

190 nm 
(27.9/299.6) 

Large 
increase in 
ammonium From ocean 

4. 10/26 
12:00- 

10/28 00:00 
2

nd
 

Ammonium 
period 

0.17 +/-
0.06 

1195 +/- 
243 

 

7570 +/-
2627 

0.03 +/-
0.008 

60 nm 
(15.1/278.8) 

Ammonium 
signal still 

high 
From coast, 

ocean, 
inland 

5. 10/31 
12:00- 11/1 

12:00 
Local 

background 
0.20 +/-

0.09 

           1035 +/- 
275 

 

10038 
+/-13227 0.06 +/-0.03 20nm 

(14.6/117.6) 

Many 
particle 

types; none 
specifically 

tracking 
CCN 

From North 
along coast 
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Table 14: Overview of SIO Pier CCN, fCCN, CN and Dact during Urey Hall CCN periods (from 
table 1a). 

 

 

 
Period Name/time  fCCN_0.1 NCCN2_0.1 CN_0.1 Kappa_0.1* 

1. Santa Ana Fire 
10/22-10/23 a; b 0.60 +/- 0.15 9600 +/- 5974 15477  +/- 6896 0.5  +/- 0.4 

2. 10/24-10/25 12:00 
Local stagnation 0.47 +/- 0.13 4567 +/- 1437 9941 +/- 1948 0.3 +/- 0.08 

3. 10/25 12:00- 10/26 
12:00 1

st
 Ammonium 

Period 0.53 +/- 0.08 4267 +/- 990 8160 +/- 1843 0.4 +/- 0.4 

4. 10/26 12:00- 10/28 
00:00 2

nd
 Ammonium 

period 0.33 +/- 0.15 1610 +/- 446 5641 +/- 2136 0.3 +/- 0.1 

5. 10/31 12:00- 11/1 
12:00 

Local background 0.39  +/- 0.11 1177 +/- 352 3106 +/- 722 0.5 +/- 0.3 
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Figure 80: HYSPLIT back trajectories during wildfire sampling period. Each line is a 
representative 48 hour backtrajectory during that period at 500m. Corresponding periods for 
comparison to sampling data are in parenthesis. 

a. Temporal trends of UCSD CCN_0.3, UCSD CN 
 Period 1, Santa Ana fire, was dominated by Santa Ana winds and had UCSD 
CCN_0.3 concentrations up to 14,000/cm3 and UCSD CN concentrations up to 
58,000/cm3. Period 2, local stagnation, was dominated by air stagnated over the inland 
region; period 3 by high ammonium content in the particles and air masses from the 
ocean; period 4 also by high ammonium content and air from the coast and ocean; and 
period 5 by local coast/ocean air masses. Typical background CN concentrations are 
5,000-10,000/cm3, as were observed during Period 5. As shown in Figure 81, CCN_0.3  
and CN counts were very high (>10,000) during the Santa Ana fire period.  The fraction 
of CCN_0.3, or fCCN_0.3 (UCSD CCN_0.3/UCSD CN) was also high (0.23-0.47) 
during the Santa Ana fire period (period 1). Overtime, going from period 1 to period 4 
there is a gradual decrease in both CCN_0.3 concentrations, and fCCN_0.3 with notable 
spikes in fCCN_0.3 along the way. During the first ammonium period (period 3), there is 
a large increase in UCSD fCCN_0.3 from 0.2 to 0.5. There is also a large increase in 
relative humidity (RH) during this period. 
 

 
Figure 81: Overview of Urey Hall CCN (UCSD CCN_0.3) and  SIO CCN (SIO CCN_0.1) 
concentrations (s=0.29, 0.13 respectively), fCCN_0.3, fCCN_0.1, Dact_0.3, meteorological data 
and Urey Hall SMPS 

b. Composition, size and CCN 



 188 

Single particle size and chemical composition was measured concurrently with 
fCCN_0.3. As the majority of BBA are < 400 nm (353,354), by comparing the 
composition of particles at these sizes will help determine the relationship between 
particle size, chemistry and hygroscopicity that control Dact. As shown in Figure 82, the 
majority (70-95%) of the particles during periods 1 through 3 were BBA. After period 3, 
other particles types including elemental carbon and amines had an increased 
contribution (30-60%) to the total particles < 300nm. Period 5 occurred well after the 
fires ended began and represents more typical background conditions in the San Diego 
area (Figure 81 and Figure 82). The SMPS size distribution (Figure 81) shows that 
during the Santa Ana fire period, the BBA dominated (Figure 82) and had a mean 
diameter around 125 nm (Table 13). 

 
Figure 82: Particle classification temporal. Shown is the classification of particles detected between 50 and 
300 nm by the ATOFMS during the study. Biomass is shown in red and is the dominant type during most 
of the period. Gray is elemental carbon (EC) and grows in as biomass decreases. 

Using single-particle mass spectrometry in real time with an ATOFMS allows us 
to track single-particle mixing state with high time resolution. Each particle that is 
ionized via laser desorption gives both a positive- and negative-ion mass spectrum.   
During this study the dominant submicron particle type between 50-300 nm was biomass. 
The ATOFMS has previously been used to determine biomass burning markers from 
Southern California biota (393). Fine particle potassium with carbonaceous signatures are 
known to be markers for biomass combustion (347,354,371,393,396). The concentration 
of potassium can range depending on the type of fuel. It has been shown that both sulfate 
and nitrate can be internally mixed with potassium in biomass burning single particles 
produced from flaming fires (393). Levoglucosan has also been used as a marker for 
biomass burning (397). Due to the variability in the laser desorption process, we cannot 
be strictly quantitative, but due to the relatively constant ionization matrix of the BBA 
particles, we can look at relative abundances of various chemical species by tracking their 
peak areas on a specific particle type. Main ion peaks used in this manuscript are: NH4 
(m/z +18); K (m/z +39); (C2H5)2NCH2 (m/z +86);  (C2H5)3N(m/z +101);  Cl (m/z -35); 
CHO2 (m/z -45); NO2 (m/z -46); CH3CO2 (m/z -59); NO3 (m/z -62);  C3H3O2 (m/z -71); 
CH3CH2CHO2 (m/z -73); SO3

 (m/z -80); CH3COCO2
 (m/z -87); COOHCO2

 (m/z -89) and 
HSO4

 (m/z -97). 
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Figure 83: Comparison of CCN_0.3 and CCN_0.1 for entire study. 

 
Figure 84: Single parameter hygroscopicity (Kappa) values  of the particles during different air 
mass periods for CCN_0.3.  The top of the boxes are the 3rd quartile of kappa values for that 
period, the bottoms are the 1st quartile values for that period.  Whiskers show the minimum and 
maximum values for each period. Median values are the middle lines dividing the top and bottom 
of the boxes. Black diamonds are average CCN concentrations for those periods with standard 
deviation as error bars. 
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Figure 85: Single parameter hygroscopicity (Kappa) values  of the particles during different air 
mass periods for CCN_0.1.  The top of the boxes are the 3rd quartile of kappa values for that 
period, the bottoms are the 1st quartile values for that period.  Whiskers show the minimum and 
maximum values for each period. Median values are the middle lines dividing the top and bottom 
of the boxes. Black diamonds are average CCN concentrations for those periods with standard 
deviation as error bars. 

c. Air Mass and hygroscopicity 
Shown in Figure 82 and Figure 83 are the κ values for the various air masses 

sampled during the fires, derived from CCN_0.3 with corresponding average CCN 
concentrations for each time period. The Santa Ana fire period’s CCN activity was fairly 
constant with a κ range 0.015 - 0.07, with a median value of 0.045, close to κ of fresh 
anthropogenic emissions (0.05) when compared to previous studies (391). (391) 
measured the effect of atmospheric aging on the CCN activity of atmospheric aerosols by 
comparing different air masses with different degrees of aging during a research cruise in 
November 2004 along the southern coast of California over the Pacific Ocean. The local 
stagnation period (period 2) had κ values from 0.019 - 0.16, with a median value of 
0.045, close to fresh anthropogenic emissions (0.05). The 1st ammonium period (period 3) 
had κ ranging from 0.019 - 0.15, with a median of 0.047, close to fresh anthropogenic 
emissions (0.05. Period 4 (2nd Ammonium period) κ ranged from 0.016 to 0.18, with a 
median of 0.041, close to fresh anthropogenic emissions (0.05). During period 5 (local 
ocean) the κ values had the widest range, from 0.004 to 0.3, with a median value of 
0.052, where the air was stagnant and had mixing from various sources. Periods 1 -3 were 
the most dominated by BBA. The range of κ values during these periods was 0.015 – 
0.16 with a median around 0.045. During a biomass influenced period in China (398) a κ 
value of 0.2 was measured, that of levoglucosan.  Previous measurements of BBA 
hygroscopicity show a range of κ starting from 0.01 for fresh soot-rich biomass (358), 
0.06 for ponderosa pine (370) up to a of κ of 0.55 for grass burning (358) and 0.7 for 
swamp sawgrass (370). (358) have noted aged biomass κ ranging from 0.1 to 0.3. (381) 
have observed a κ of 0.064 for filter of burned duff core extracted in methanol and 0.252 
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of burned sagebrush extracted in water. Therefore, it appears that the BBA in San Diego 
during October 2007 were somewhat below the range of previously determined biomass 
hygroscopicities, and likely had a large fraction of weakly hygroscopic and/or insoluble 
compounds present, producing the lower κ range observed.  The large variability during 
the local ocean period (period 5) is most likely due to local meteorological events that 
were not captured during the HYSPLIT back trajectories, such as local sources. It is also 
important to note that κ values during the Santa Ana fire and local stagnation periods are 
just as CCN active as the κ values measured during the local ocean period, which is well 
after the fires that represents more typical background conditions in the San Diego area 
(Figure 80 and Figure 81). While there could be influence from very local sources, these 
show that the BBA are moderately CCN active and as hygroscopic as ocean influenced 
periods, as shown in period 5.  In addition, during period 5 CCN concentrations were 
600-1200 cm-3 and particle counts were 3,000-23,000 cm-3, those of a more typical San 
Diego background. However, as the wind started to shift from inland to from the 
coast/ocean, there was also a decrease in the fraction of biomass particles < 300nm, and 
an increase in elemental carbon particles (Figure 81). 

iv. Conclusions 
During the San Diego Wildfires 2007, aerosol size, composition and 

hygroscopicity were measured in real-time.  With the decreased contribution of flaming 
fires, both Urey Hall CCN_0.3 concentrations and fCCN_0.3 decreased overtime, 
indicating the dominant contribution of inorganic compounds to the CCN activity and 
particle hygroscopicity. As CCN concentrations and fCCN decreased overtime, total 
particle concentrations and the average particle size were both decreasing. The decrease 
in particle concentrations was caused by a decrease in the contribution of biomass 
particle counts. In addition, the decrease in contribution of inorganic compounds to the 
BBA could explain the decrease in CCN concentrations as the wildfires died out and the 
BBA became less dominant and more aged. Elemental carbon (EC) particles then became 
more dominant as the relative contribution of BBA decreased, but had no notable 
temporal variations, and did not correspond to changes in fraction of active particles or 
the CCN concentration. Therefore the changes in CCN activity and hygroscopicity can be 
contributed to BBA chemistry changes (aging, change from flaming to smoldering 
phase); and not to overall aerosol chemistry changes with the influx of EC particles’ 
increasing contribution to total aerosol fraction < 300nm during the duration of this 
study.  

The lower κ range observed in this study for Urey Hall CCN (0.004 – 0.3) 
indicates that there were non-hygroscopic or insoluble compounds also present in the 
biomass burning aerosol. Previous studies have indicated that soot rich biomass has a κ 
value of 0.01 (358); therefore biomass emissions in San Diego during the October 2007 
Wildfires were generally lower than previously determined biomass burning 
hygroscopicities (0.06 - 0.7)(370).  

BBA are important contributions to global CCN concentrations because they are 
significantly large in initial size for combustion particles, and hygroscopic enough to 
activate into cloud droplets under typical supersaturations. Changes in the BBA 
chemistry and a dominating contribution of BBA to total particles, as we have shown 
here, can have a large effect on CCN concentration and particle hygroscopicity. 
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Development of Source Apportionment Algorithms 
 

12. Using mass spectral source signatures to apportion exhaust particles from 
gasoline and diesel powered vehicles in a freeway study using UF-ATOFMS 

 

i. Introduction 
Many studies have shown that vehicle emissions represent a major source of 

pollution in urban areas (399-403). With growing concern over the health effects 
pertaining to pollution from vehicles (280,404,405), a goal of major federal and state 
agencies is to set regulations which will lead to a reduction of pollutants from these 
sources. The first step in this process involves distinguishing between the emissions from 
gasoline powered light duty vehicle (LDV), heavy duty diesel vehicle (HDDV), and other 
combustion sources in ambient aerosols which will allow state and federal air control 
agencies to quantify the relative contributions from the major pollution sources and 
develop effective control strategies. 

Several methods have been used for aerosol source apportionment using a variety 
of techniques.  Filter and impactor sampling methods, such as Micro Orifice Uniform 
Deposit Impactors (MOUDI), are useful in collecting particles that can be chemically 
analyzed using a variety of off-line techniques.  These techniques have proved useful in 
determining organic markers for various aerosol sources in the atmosphere 
(170,406,407).  On-line measurements are being used more and more for source 
apportionment.  Some of these instruments include Scanning Mobility Particle Sizers 
(SMPS), where particle source contributions are estimated based on the measured size 
modes of the particles (408-410).  Other on-line instruments, such as Thermal Desorption 
Particle Mass Spectrometers (TDPMS) and Aerosol Mass Spectrometers (AMS) have 
been used for particle source apportionment as well (411-413).  However, these thermal 
desorption techniques are unable to detect refractory components (such as inorganic 
compounds and elemental carbon), and they do not sample single particles.  Single 
particle techniques such as aerosol time-of-flight mass spectrometry (ATOFMS) provide 
an alternative method for source apportionment (87,414-416).  The ATOFMS uses a laser 
to desorb and ionize species from individual particles and thus can detect all chemical 
species (refractory and non-refractory) of each particle simultaneously with a dual 
polarity time-of-flight mass spectrometer (127,417).  An ultrafine aerosol time-of-flight 
mass spectrometer (UF-ATOFMS) was used in this study, because the majority of 
particles emitted in both LDV and HDDV exhaust are in the ultrafine size range 
(aerodynamic diameter (Da) < 100nm). 

The purpose of this study involves determining whether mass spectral signatures 
obtained from previous vehicle dynamometer characterization studies are representative 
of those detected in an area with fresh roadside emissions (37,418,419).  Logistically, a 
freeway-side location was chosen in a coastal “clean” environment so there would be 
little influence from sources other than vehicles.  Also, in such a location, the particles 
would be less aged which would “skew” the mass spectral signatures.  A major objective 
of this study is to test whether the ART-2a neural network clustering algorithm matching 
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method can be used to distinguish mass spectral signatures from very similar vehicle 
sources.  Finally, upon method validation, the goal is to apportion aerosols near the 
roadway and determine their overall contribution to the total ambient aerosol at the 
freeway location. 

ii. Experimental 
 This study was conducted in San Diego, California from Jul. 21-Aug. 25, 2004.  
The sampling site was stationed in a low-use parking lot during the summer on the UCSD 
campus directly adjacent to the I-5 freeway (GPS position 32°52’49.74”N 
117°13’40.95”W) with the sampling line within 10 meters of the freeway.  The site 
housed a suite of instruments including an UF-ATOFMS.  This same UF-ATOFMS 
instrument was used in two previous studies for the characterization of aerosols from 
LDVs and HDDVs (37,418).  A summary of the instrumentation operated at the site (that 
will be discussed in this paper) is provided in Table 15.  Meteorological stations were 
operated on each side of the freeway for complete wind trajectory information.  A digital 
Webcam was used for freeway traffic monitoring and recorded digital video continuously 
throughout the study.   

Traffic counts were determined by counting individual LDVs and HDDVs on 
both sides of the freeway for the first five minutes of each hour.  The number of vehicles 
counted in the first five minutes was multiplied by twelve in order to approximate the 
total LDV and HDDV counts for the entire hour.  The LDV fleet consisted primarily of 
newer vehicles (model year 2000 or newer), which was determined by routine traffic 
observations and from the video.  The HDDV fleet along this portion of the freeway was 
predominantly tractor trailers, with a much smaller contribution from buses and medium 
sized diesel delivery trucks. 

 

 
Table 15: List of instrumentation. 
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The particle mass spectra from the vehicles studies were previously analyzed and 
clustered with the ART-2a clustering algorithm as described in Sodeman et al and Toner 
et al (37,418).  The ART-2a algorithm and its use for single particle characterization are 
described in detail elsewhere (10,420).  ART-2a has been compared to other approaches 
(8) where it is shown that ART-2a yielded very comparable results to other clustering 
techniques including several variants of hierarchical clustering as well as K-means 
clustering.  For the PM emissions in vehicle studies, the ART-2a parameters used were a 
vigilance factor (VF) of 0.85, learning rate of 0.05, and 20 iterations.  The resulting mass 
spectral signatures (clusters) were used to apportion particles detected near the freeway 
using the same ART-2a algorithm, but using a matching approach.  The match-ART-2a 
function (YAADA v1.20 – http://www.yaada.org) uses existing ART-2a clusters as 
source “seeds” for the purpose of determining whether other particles match those seeds.  
In this case, ART-2a runs normal with prescribed particle clusters unable to be changed 
by the addition of new particles to each cluster.  Since the clusters do not change as 
particles are matched to them, this function allows the clusters to stay “true” to the 
original source signature.  Particles being considered in the matching are either matched 
exclusively to a particular cluster (above the VF) or not at all.  If a particle matches above 
the threshold for two or more clusters, it will be added to the one with which yields the 
highest dot product.  The VF used for match-ART-2a for this study is 0.85 which 
represents a very high VF.  If the dynamometer signatures are truly representative of the 
signatures from vehicles, this VF should be effective because the vehicle emissions are 
expected to be fresh near the freeway.  In a more aged environment, it is likely a lower 
VF will be necessary to match a reasonable number of particles.  The effect of varying 
VF for source matching is discussed in Appendix 2. 

The results obtained from match-ART-2a were compared to various peripheral 
data, to validate the results of the matching technique.  Such peripheral instruments are 
described in Table 15.  The outcome of these comparisons will be discussed below. 

iii. Results and Discussion 

a. Creation and Comparison of Particle Seeds From Source Studies 
As described in the Experimental section, the particles detected with the UF-

ATOFMS during the freeway-side study were analyzed via a matching version of the 
ART-2a algorithm.  The particle clusters used for matching (as the reference library) 
were obtained in previous LDV and HDDV dynamometer studies (37,418,419).  While 
the papers written on these studies refer to distinct particle classes, these classes are 
descriptive of the many (~100) ART-2a clusters resulting from the studies.  Since ART-
2a does not converge, these classes were grouped by running ART-2a and then regrouped 
using a function that combines resulting ART-2a clusters that match above a set vigilance 
factor (regrouped VF = 0.90).  These regrouped clusters can then be even further grouped 
based on visual inspection of the ion patterns.  Similar clusters that appear to belong 
within the same “class” as each other based on the presence or absence of key species 
(i.e. elemental carbon (EC), organic carbon (OC), sulfate, nitrate) are regrouped by hand.  
Such classes have minor differences in the relative ion peak patterns among their 
collective clusters, however; the overall chemical species making up each major type of 
cluster are the same. 
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For matching purposes, instead of using the combined weight matrices from the 
regrouped representative particle classes, the top ART-2a clusters that account for ~90% 
of the particles from each vehicle study were used.  Additionally, it was hypothesized that 
the top particle types detected in the vehicle studies should also be the top types detected 
in the fresh emissions near the highway.  In order to create source seeds more 
representative of the freeway environment, only particles generated during warm/hot 
engine conditions for both HDDV and LDV studies were used to make the source seed 
clusters.  These clusters still correspond to their representative classes described in 
previous papers (as stated earlier), however, there are minor differences in some clusters 
that make it more advantageous to use the separate ART-2a clusters for matching 
purposes.  In addition, clusters generated by running ART-2a on the UF-ATOFMS 
freeway detected particles were also incorporated into the source seed library.  The 
majority of these clusters were attributed to HDDVs, as their weight matrices correlated 
much better to the HDDV library source seeds than to the LDV seeds.  The seeds are also 
separated by size, where ultrafine (50–100nm) and accumulation mode (100–140nm & 
140-1000nm) mass spectral libraries have been created for each source.  This is done 
because there are distinct chemical differences for each source based on size, and these 
size ranges show the largest chemical distinctions.  For example, as found in the 
dynamometer studies using UF-ATOFMS, LDVs produce more organic carbon than 
elemental carbon particles for sizes above 100 nm.  Two separate libraries were made for 
the accumulation mode to compensate for a regional background elemental carbon 
particle type that was detected above 140nm during the freeway study.  This particle type 
will be discussed in a future publication (421).  For this manuscript, the matching results 
obtained from both accumulation mode libraries are combined to represent the UF-
ATOFMS accumulation mode results (100-300nm).  This was done because the trends in 
HDDV/LDV apportionment were found to be very similar between the two accumulation 
mode libraries once the regional background EC particles above 140 nm were identified 
as non-freeway particles.  Further details on the number of seeds in the vehicle source 
library and the frequency at which they match particles for this study are provided in 
Appendix 1.   

Since HDDVs and LDVs combust chemically similar fuels, it is important to first 
investigate the similarity between the HDDV and LDV exhaust particle types from the 
dynamometer source studies.  The first method used to compare these particle types 
involved taking the representative area matrix for each class described for each study and 
calculating the dot product between them.  The area matrices used to represent the 
particle classes are similar to the weight matrices that ART-2a yields except that the area 
matrices are not weighted.  The area matrices represent an average of all particles within 
a particular class.  Since ART-2a distinguishes particle types bases on their dot products, 
this type of comparison between the two studies allows one to determine if the area 
matrices of the general particle types would be distinguishable using ART-2a.  Figure 86 
displays a color mapped table of this comparison, with cooler colors (i.e. blue) indicating 
less similarity (lower dot product) and warmer colors (i.e. red) indicating more similarity 
(higher dot product).  The labels for the classes are based on the most abundant ion peaks 
in the mass spectra and are described in detail in previous source characterization 
manuscripts by Sodeman et al. and Toner et al. (37,418).  Figure 86 shows that some of 
the dot product comparisons between the two 
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Figure 86: Dot product comparisons of the representative area matrices between the general 
classes from the HDDV and LDV dynamometer experiments using UF-ATOFMS.  Classes are 
labeled in the same manner as in the manuscripts from Sodeman et al. 2005 and Toner et al. 
2006. 

source studies result in strong matches (i.e. orange and red colors).  As expected, those 
classes that match the best are chemically similar types; i.e. the EC, Ca, OC, Phosphate 
classes from HDDV matching to the EC-Ca-PO3 class from LDV (note this was produced 
by a smoking LDV).  Also, the OC, EC, Phosphate, and Sulfate classes from HDDV 
match to the OC-N class from LDV.  While these classes have dot products above the 
vigilance factor used for ART-2a analysis (VF = 0.85), they are visually distinct (as 
described in the two manuscripts) and still readily distinguishable using the matching 
procedure.  One of the major problems with this comparison is the fact that the area 
matrices represent an average of the particles within the class and are not weighted to the 
majority.  As stated previously though, the representative spectra of the general classes 
are not used for apportionment matching purposes.  Instead, the size segregated mass 
spectral libraries for HDDV and LDV particles, as described above, are used.  Using size 
information in the apportionment turns out to be quite important because those particles 
that are chemically similar between sources fall into quite different size ranges.   

Another method for comparing the two studies involves taking the particles from 
the dynamometer studies detected with the UF-ATOFMS and matching them to the 
HDDV/LDV reference library clusters using a non-exclusive matching process with 
ART-2a.  This process adds a matched particle to HDDV, LDV, or combination of both 
cluster types if the particle matches above a vigilance factor of 0.85.  This method of 
matching allows for determining the amount of similarity of the particle types between 
the two studies.  Between 19 – 33% of the HDDV dynamometer particles and 30 – 49% 
of the LDV dynamometer particles matched both the HDDV and LDV reference clusters.  
These results are shown in Figure 87.  With such a large degree of overlap between the 
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Figure 87: ART-2a matching error analysis using non-exclusive matching of HDDV and LDV 
dynamometer particles.  For each, the fraction of HDDV and LDV particles that matched to the 
HDDV, LDV, or both HDDV and LDV clusters from the HDDV/LDV reference library are 
shown for ultrafine (50–100nm) and accumulation (100–300nm) mode particles. 

particle types from both clusters, it would appear to be a challenging task to distinguish 
between HDDV and LDV particles using the ART-2a matching method.  This is not the 
case though as particles within the overlapping region turn out to be quite distinguishable 
for reasons described below. 

The main goal of this paper involves using ART-2a to distinguish between HDDV 
and LDV particles in an environment dominated by relatively fresh vehicle emissions.  
To accomplish this, an exclusive matching procedure was used where particles were 
matched to the HDDV/LDV reference clusters and they either matched exclusively or not 
at all.  If a particle matched to more than one cluster above the vigilance factor, it was 
placed in the cluster to which it matched the most closely (i.e. the highest dot-product 
value).  If a particle did not match to either HDDV or LDV, it was placed into the “other” 
category.  Particles falling into the “other” category included sea salt, dust, biomass 
burning, and other sources not related to LDV or HDDV exhaust emissions.  Quality 
assurance of this matching technique was carried out by using the same HDDV/LDV 
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cluster library to match to particles from the previous source studies.  The amount of 
error in matching was calculated based on the number of particles from the known source 
that matched to the incorrect source.  Figure 88 shows the matching fraction of particles 
from each study to the same HDDV/LDV reference library.  The most error 
(mismatching) is about 4%, which occurs for the larger accumulation mode particles 
from the LDV source particles matching to HDDV clusters within the reference library.  
Given this low error, this provides confidence in the ART-2a apportionment approach 
used in this study.  The errors associated with matching to the source seeds at varying 
VF’s, as well as results from using source seeds created at a lower VF, are discussed in 
Appendix 2. 

 

 
Figure 88: ART-2a matching error analysis using exclusive matching of HDDV and LDV 
dynamometer particles.  For each, the fraction of HDDV and LDV particles that matched to the 
HDDV or LDV clusters from the HDDV/LDV reference library are shown for ultrafine (50–
100nm) and accumulation (100–300nm) mode particles. 

b. Particles Detected that Match to HDDV/LDV Source Seeds 
The ART-2a algorithm was used to cluster the particles detected with the UF-ATOFMS 
during the freeway-side study using a VF of 0.85.  This approach creates the top particle 
types separately from the match-ART-2a technique to determine how closely the 
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resulting clusters compare with those from the vehicle studies.  Figure 89 (A-D) shows 
the representative ART-2a weight matrices (WM) /spectra from this analysis that match 
to the top particle types from the dynamometer studies.  The top particle classes from the 
HDDV and LDV vehicle source characterization studies were used for this comparison 
because they should theoretically be the top particle types seen in a vehicle dominated 
environment.  Indeed, this is the case, where the majority of the top ten freeway ART-2a 
results match to the top HDDV dynamometer classes.  The top HDDV particle type 
detected from the dynamometer studies is the top type detected during this freeway-side 
study (as shown in Figure 89A) and matches with an R2 of 0.97 when the m/z peak 
pattern and intensities are plotted against each other.  Figure 89B shows the second most 
abundant type from the HDDV dynamometer studies compared to the second most 
abundant type detected during the freeway study which matches with an R2 of 0.98.  This 
particle class is also the most abundant type detected in 100 – 400 nm particles detected 
with a standard inlet ATOFMS (419).  The spectra shown in Figure 89C represent the 
third cluster from the freeway ART-2a results which match the top LDV type from the 
dynamometer study with an R2 of 0.99.  The last 
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Figure 89: Weight matrices of the top particle types detected during freeway study that match to 
vehicle study signatures. 

spectra (Figure 89D) show the sixth freeway particle cluster that matches the third most 
abundant type from the LDV dynamometer study (R2 = 0.98).   
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There has been speculation as to whether mass spectral signatures from different 
sources obtained from laboratory and dynamometer experiments can be detected during 
ambient studies and used for source apportionment purposes.  Such questions result from 
the concern that the dilution and residence systems used during source characterization 
studies do not properly mimic real-world dilution and aging conditions that occur in on-
road driving exhaust (422,423).  The freeway-side study was chosen to lessen the effects 
of aging on the particle signatures.  It was expected that the “fresh” emissions would be 
more comparable to the particle signatures obtained from the dynamometer experiments.  
The high R2 values for the comparison of particle classes confirms the chemistry of the 
particle types detected in dynamometer studies are consistent with those produced in 
ambient environments.   

The high R2 values serves as further validation that the ART-2a clustering 
technique is a reliable method for ATOFMS particle mass spectral clustering.  A 
discussion of whether mathematical clustering algorithms can properly separate and 
cluster similar particle types has been addressed in the literature (6,414,424).  Some 
concerns about ART-2a have included that too low of a vigilance factor will yield a 
manageable number of end clusters, but will not distinguish between different types of 
particles.  Also, too high of a vigilance factor will yield too many clusters to properly 
classify all particles.  Through laboratory work conducted with ATOFMS data of known 
particle types, the proper vigilance factor for source apportionment using ART-2a has 
been found to be 0.85 (245).  While this tends to create many clusters for ambient data 
sets, the number is quite manageable because similar clusters can still be mathematically 
regrouped (which greatly reduces the number of clusters).  For example, in this freeway 
study 2,763 clusters were generated after running ART-2a (VF = 0.85) on fine mode 
particles, but mathematically regrouping these clusters using a VF of 0.90 reduces the 
number to 370 clusters (of which, the top 72 represent 90% of the total freeway-side 
particles detected with the UF-ATOFMS).  The R2 values obtained for these comparisons 
show that these techniques work very well and should lessen concerns about their 
legitimacy. 

c. Temporal Trends and Correlations with UF-ATOFMS Data 
A number of peripheral instruments accompanied the UF-ATOFMS instrument 

for this study to test the apportionment process being used.  Previous vehicle 
apportionment studies show that NOx emissions can be used as a tracer gas for HDDV 
emissions (425-427).  Also, an aethalometer measures absorptivity by particles and can 
be used as an indicator of elemental carbon (or soot) containing particles (particularly at 
λ = 880nm).  Indeed, previous HDDV and LDV source studies show more EC associated 
with HDDVs (37,418,419).  CO gas emissions have been shown to act as a tracer for 
LDV emissions (426); however, the CO monitor used in this study was not running 
during all the time periods.  Figure 90 (A,B) shows a plot of NOx vs. aethalometer data 
as well as HDDV counts (from video footage) vs. aethalometer.  The time periods for the 
two plots are different as the NOx monitor began later in the study.  However, the plot 
between the NOx and aethalometer (Figure 90A) show a good 
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Figure 90: Temporal plots of A) NOx gas data vs. aethalometer data; and B) HDDV video counts 
vs. aethalometer data.  Both NOx and aethalometer data show a good correlation with each other 
(R2 = 0.7).  The HDDV video counts also track the aethalometer data. 
 
correlation (R2 = 0.7), tracking for the remainder of the study, which suggests it is safe to 
assume that they most likely tracked during the time period before the NOx instruments 
arrival.  This correlation can allow the use of the aethalometer data trends as a surrogate 
for the NOx concentrations during periods when the NOx data were not available.  Figure 
90B shows the comparison of HDDV video counts versus the aethalometer trends.  The 
breaks in the counts come at night when there is insufficient light to properly distinguish 
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between vehicles.  The trends in HDDV counts versus aethalometer data also show a very 
strong correlation.  Since HDDV’s are shown to emit a larger mass of black carbon 
compared to LDV’s (428,429), it is expected that the HDDV counts should be closely 
correlated with the aethalometer data.  HDDVs make up about 2% of the fleet for this 
particular region of the freeway, and when HDDV traffic counts peak, there is generally a 
very large amount of LDV traffic as well.  Even though HDDVs make such a low 
contribution to the traffic on this stretch of freeway, their particle emissions are quite 
prevalent and readily discernable. 

Figure 91 and Figure 92 shows the time series of the ART-2a matching results 
for the fine and ultrafine mode particles, respectively.  Using the fractions from both the 
ultrafine and fine mode temporal plots, on average 83% of the aerosols detected near this 
roadside with the UF-ATOFMS are attributed to vehicle exhaust emissions, with 32% 
apportioned to LDV and 51% to HDDV emissions.  For the fine mode particles (Da = 
100–300nm), 66% of the aerosols are attributed to vehicle exhaust emissions, with 25% 
from LDV and 41% from HDDV.  And, for ultrafine particles (Da = 50–100nm), 95% of 
the aerosols are apportioned to vehicles, with 37% from LDV and 58% from HDDV.  
The fact that such a large number of particles in the roadside environment matched to the 
vehicle seeds using a relatively high vigilance factor (0.85) produces confidence that the 
seeds used in the source library are representative of a broad range of vehicles.  If a 
particular particle type had been missed in the seeds, it would be apparent in a large 
number of "other" particles.   

Figure 91 shows the ART-2a matching results for fine mode particles (Da = 100–
300nm) along with wind data and video traffic counts for July 24 to Aug 03, 2004.  This 
time period is of particular interest because MOUDI samplers ran at the same time and 
the source apportionment results from both approaches will be compared in a future 
study.  The plot of the unscaled matching counts shows that both wind and traffic counts 
play a major role in the particle concentrations for this site.  The matching counts peak 
around 9:00 each morning, which is when HDDV traffic counts peak. This also occurs 
just prior to, and during the beginning of daily peak wind speeds.  The sampling site was 
located on the east side of the freeway because the prevailing daily wind blows from the 
west (270o).  This allowed for the ideal positioning to detect freeway traffic exhaust 
particles.  The matched fraction and unscaled count plots show that there is a larger 
number of diesel particles detected (relative to LDV matched particles), which follow the 
trend in diesel traffic observed from the video footage.  It is interesting to note that the 
detection of LDV particles is always lower than that of HDDV particles for the fine 
particle mode.  This was expected, as roadside and ambient studies have shown that 
HDDV’s contribute a much higher concentration of particles even in LDV dominated 
areas (410,430-432).  Vehicle studies have also shown that HDDV’s emit a significantly 
higher fraction 
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Figure 91: Top: Wind data (blowing from: N = 0o/360o, E = 90o, S = 180o, W = 270o) along with 
LDV & HDDV traffic counts (from video). HDDV counts are multiplied by 20 to keep them on 
the same scale as LDV traffic counts. Middle: HDDV/LDV/Other ART-2a matching result 
unscaled counts from UF-ATOFMS data.  Bottom: HDDV/LDV/Other ART-2a matching 
fraction results from UF-ATOFMS data. Data shown are accumulation mode particles (Da = 100–
300nm) for July 24 to Aug 03, 2004. 
 
of fine particles compared to LDV’s (37,418,419).  Another note to make about Figure 
91 is that the temporal trend for the fraction of particles attributed to other sources has no 
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correlation with the fractions matched to HDDV or LDV.  This randomness of the 
accumulation mode “Other” type indicates that the particles within this class are not 
associated with either fresh HDDV or LDV emissions. 

Figure 92 shows the times series of the ART-2a matching results for ultrafine 
particles (Da = 50–100nm) along with SMPS data and video traffic counts for July 24 to 
Aug 03, 2004.  Traffic counts are shown on both Figure 91 and Figure 92 to allow for 
comparison.  This figure depicts how strong of a role the traffic counts play on the 
particle concentrations detected at this site.  Comparing the ultrafine unscaled matched 
counts to the SMPS data illustrates how well the UF-ATOFMS particle detection tracks 
the changes in particle concentrations at this site.  Since ultrafine particles provide an 
indication of freshly emitted particles, it was expected that the UF-ATOFMS ultrafine 
counts would track the SMPS data and the vehicle counts.  This figure also shows how 
strong an influence the LDV emissions, though still less than HDDV emissions, have on 
the ultrafine particle concentrations in this area versus the fine mode particles.  The 
fraction plot shows that there is a fairly consistent trend between the LDV and HDDV 
contribution to the ultrafine mode.  As was discussed for Figure 91 in reference to the 
fine particles, HDDV’s are known to emit a greater number of ultrafine particles in 
comparison to LDV’s (37,418,419).  Once again, this can account for the larger number 
of HDDV particles detected by the UF-ATOFMS than for LDV’s, despite the dominating 
LDV traffic counts.  Another note 
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Figure 92: Top: SMPS data along with LDV & HDDV traffic counts (from video). HDDV counts 
are multiplied by 20 to keep them on the same scale as LDV traffic counts. Middle: 
HDDV/LDV/Other ART-2a matching result unscaled counts from UF-ATOFMS data. Bottom: 
HDDV/LDV/Other ART-2a matching fraction results from UF-ATOFMS data. Data shown are 
ultrafine mode particles (Da = 50–100nm) for July 24 to Aug 03, 2004. 
 
to make about Figure 92 is that it clearly shows a difference in weekday versus weekend 
traffic and particle detection.  The first Saturday (7/24/04) had a high amount of traffic, 
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including HDDV traffic, and shows almost the same amount of matching contributions as 
the weekdays.  The first Sunday (7/25/04), as well as the following weekend show a 
reduced amount of HDDV traffic and, hence, a lower number of particles matching to 
HDDVs.  When HDDV traffic increased on the weekdays, the number of HDDV 
apportioned particles were much greater than those apportioned to LDV’s.  It wasn’t until 
Friday (7/30/04) that the LDV detected UF particle counts began to resemble those for 
HDDV’s, and they remained about even through the weekend.  Then, on Monday 
(8/02/04), the HDDV emissions began to dominate again.  Also, an interesting feature to 
note about Figure 91 & Figure 92 is that while the weekend LDV video counts remained 
relatively high (especially compared to the HDDV counts), the fraction of LDV and 
HDDV particles did not seem to change by the same magnitude.  The weekend HDDV 
fraction goes down by about 10% for the UF particles and 9% for the accumulation mode 
particles, while the LDV fraction goes up by 7% for the UF particles and 2% for the 
accumulation mode.  Also, the LDV apportioned counts go down despite the video traffic 
counts staying relatively high due to the fact that the winds were not as strong towards 
the site on the weekend as they were throughout the week. On 8/1, in addition to the 
winds not being as strong, they had more of an influence from the southwest and the east. 

Figure 93 shows correlation plots along with a temporal plot of particles matched 
to HDDV and LDV along with aethalometer data (λ = 880nm).  There is a stronger 
correlation between the aethalometer and the HDDV matched particles (R2 = 0.77) than 
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Figure 93: Time series of aethalometer data with HDDV/LDV apportioned particles.  The R2 
values for aethalometer to HDDV is 0.77, and 0.56 for the aethalometer to LDV. 
 

with the LDV matched particles (R2 = 0.56).  Aethalometers measure the absorptivity of 
particles in the UV to IR regions, and since HDDVs emit a larger number of elemental 
carbon than do LDVs, the trends of aethalometer data should reflect trends in HDDV 
exhaust particles.  Based on the trends of the NOx and aethalometer data with the 
ATOFMS data, the observed correlations provide support to the ART-2a apportionment 
approach used in this study.  The results presented in this paper represent the first step in 
using mass spectral source signatures acquired in LDV and HDDV dynamometer source 
characterization studies for ambient source apportionment.  As expected, a high 
percentage (83%) of the ultrafine and accumulation mode aerosols sampled near the 
freeway are attributed to vehicle exhaust emissions, with 32% and 51% being attributed 
to LDV and HDDV, respectively.  Future studies using different algorithms, including 
Hierarchical clustering and Positive Matrix Factorization, will be performed and the 
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results will be compared to those obtained in this study.  Also, comparisons will be made 
between single particle source apportionment results and standard organic tracer methods 
(433).  Such comparisons will be necessary for determining the most appropriate method 
for performing source apportionment using single particle mass spectral data.   
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13. Source apportionment of freeway-side PM2.5 using ATOFMS 

i. Introduction 
 Recent studies have shown that vehicle emissions are a major source of pollution 
in urban areas (399-403,434,435). With an ever growing concern over the health effects 
associated with vehicle emissions, a goal of major federal and state agencies is to set 
regulations which lead to a reduction in these pollutants (280,404,405). The ability to 
apportion gasoline powered light duty vehicles (LDV), heavy duty diesel vehicles 
(HDDV), and other combustion emissions in ambient aerosols will allow city and state 
agencies to channel their efforts and resources into targeting the major polluters (LDV, 
HDDV, and other combustion sources) in their area. Distinguishing between LDV and 
HDDV exhaust aerosols may represent the greatest challenge (compared to other 
combustion sources) due to the similar chemical characteristics of the PM in their 
emissions, which result from their similar fuel and oil composition (403,436-440).  

The purpose of this work is to test whether aerosol mass spectral source 
signatures acquired from ATOFMS source characterization studies, including vehicle 
dynamometer studies, can be used to apportion ambient aerosols in a freeway-side study.  
A freeway-side location was chosen in a coastal area because this location should be 
dominated by particles from fresh vehicle exhaust emissions and should display a 
relatively low concentration of aged or transformed particles.  The background particles 
are expected to be mostly sea salt since this is a coastal region.  The steps involved in 
data quality assurance will be discussed as well as how particle size measurements and 
gas phase instrumentation can be incorporated for aerosol source apportionment.  

ii. Experimental 
The experimental setup used for this study has been described in Chapter 4 (441).  

The study was conducted from July 21 to August 25, 2004 at two sites.  First, a “clean” 
upwind site was stationed at the Prather Laboratory in Urey Hall at the University of 
California, San Diego (UCSD) with the goal of determining the signatures of background 
ambient aerosols (GPS position 32°52’31.66”N 117°14’28.64”W).  This site is relatively 
close to the ocean (within 950 meters) so the prevailing winds (from the west) should 
introduce little-to-no fresh source emissions.  This site housed a standard inlet ATOFMS 
instrument (127) along with an aerodynamic particle sizer (APS) (TSI Model 3321 – 
Minnesota) and a scanning mobility particle sizer (SMPS) (TSI Model 3936L10 – 
Minnesota).  The second site was located at a trailer stationed in a 
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Table 16: List of Instrumentation used at the freeway and upwind sampling sites. 

 
low-use parking lot (particularly during the summer) on the UCSD campus directly 
adjacent to the I-5 freeway (GPS position 32°52’49.74”N 117°13’40.95”W) with the 
sampling line within 10 meters of the freeway.  The trailer housed a suite of instruments 
including an ATOFMS and UF-ATOFMS (417).  A detailed summary of the 
instrumentation operated at both sites is provided in Table 16.  Dr. Michael Kleeman's 
research group (UC Davis) also sampled PM at both sites with micro orifice uniform 
deposit impactors (MOUDI’s), Anderson Impactors, an APS, and an SMPS.  The 
Kleeman group sampled from July 21 - August 1.  Their measurements focused on 
obtaining size-resolved concentrations of organic and metal tracers to be used for 
conventional source apportionment.  Ultimately, when their results become available, a 
comparison will be made between the ATOFMS apportionment results and the impactor-
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based predictions.  Meteorological stations were operated on each side of the freeway for 
complete wind trajectory information.   

iii. Results and Discussion 

a. Quality Assurance of ATOFMS Data 
Data from the three ATOFMS instruments as well as all peripheral instruments 

were loaded into a database that allows for direct comparison of the temporal trends of 
gas phase, particle phase, and meteorological data.  Before beginning data analysis of the 
ATOFMS particle types, quality assurance (QA) graphs were prepared for all three 
instruments over the relevant size ranges of the study.  The purpose of these graphs is to 
examine whether any anomalies occurred during sampling that would result in improper 
interpretation of the acquired data. 

A question that often arises with ATOFMS data concerns whether any chemical 
biases are leading to particles being “missed” in the LDI analysis step. In order to check 
for the presence of chemical biases, temporal plots are compared of the number of 
particles which scatter light to the number of particles which scatter light and produce a 
mass spectrum. If there is a chemical bias, where a particular type is being “missed”, it 
will show up as lots of “scatters” with very few “scatters + mass spectra” (442).  These 
plots were made for all three ATOFMS instruments over multiple size ranges for the full 
duration of the study.  An example of this type of plot is shown in Figure 94A for the 
UF-ATOFMS.  As can be seen, there are no major deviations between the scatters and 
scatters + mass spectra over the time of the study, indicating that there are major period 
with missed particle types.  It is important to note that the smallest sized particles have 
the highest probability of showing a chemical bias since smaller particles are more “pure” 
(i.e. less chemically complex).  In the freeway study, there was no major evidence of any 
particle types being missed by the ATOFMS in any of the size ranges examined (50 – 
3000 nm).  This is not surprising since the particle emissions from vehicles strongly 
absorb the ultraviolet light at 266 nm used for the laser desorption/ionization process with 
the ATOFMS.  It should also be noted that all temporal plots for ATOFMS data shown in 
this manuscript show unscaled ATOFMS number concentrations.  As will be shown, the 
unscaled temporal trends of the ATOFMS track the peripheral instruments without 
scaling; the main reason for scaling is to obtain atmospherically representative 
concentrations that can be directly compared to results from other studies. 
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Figure 94: A) QA plot of UF-ATOFMS particle scatters vs. particles scattered that produced a 
mass spectrum to determine if there are any chemical biases or particle types being missed.  B) 
Comparison of the two standard inlet ATOFMS instruments particle detections when running 
side-by-side at the freeway site.  Plots are in one hour resolution. 

As part of the QA process, it is also important to compare the temporal trends for the two 
standard inlet ATOFMS instruments when they were sampling side-by-side for the last 
part of the study near the freeway. Figure 94B shows this comparison, demonstrating 
how when the instruments were located at the same site almost identical trends in particle 
counts are obtained, demonstrating the reproducibility of the ATOFMS systems. 

b. Comparison with standard particle counts 
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Comparing the ATOFMS size distribution measurements with those from other 
particle size measuring instruments is an additional method for determining whether the 
trends observed with the ATOFMS reflect ambient particle concentrations.  Figure 95A 
shows a comparison of the SMPS against the UF-ATOFMS for sub-100 nm particle 
counts.  Despite being on different absolute scales, it is evident that the basic temporal 
trends measured by these two instruments track one another quite well (R2 = 0.60), 
providing additional validation of the ATOFMS temporal trends.  In general, the ultrafine 
counts increased during periods when the winds were blowing from the west directly 
from the freeway to the sampling site.  At night, the wind speeds typically became quite 
low (< 1.0 m/s), the traffic was reduced, and the ultrafine particle counts were at their 
lowest.  This pattern was repeated each day over the entire study.  

The two standard inlet ATOFMS systems measured particles in the larger size 
modes (200 – 3000 nm).  Figure 95B shows a comparison of the ATOFMS by the 
freeway with the APS for submicron counts.  The APS only samples particles down to 
500 nm so a slightly different size range is covered.  The standard ATOFMS detected 

 

 
Figure 95: A) Comparison of sub-100 nm particle counts with the SMPS to sub-100 nm particles 
detected (that produced mass spectra) with the UF-ATOFMS at the freeway site.  B) Comparison 
of fine mode particles (500 – 1000 nm) with the APS to fine mode particles (200 – 1000 nm) 



 216 

detected (that produced mass spectra) with the standard inlet ATOFMS at the freeway site.  Plots 
are in one hour resolution. 

very few particles below 300 nm due to limitations in the transmission efficiency of the 
inlet.  The important thing to note about this comparison is how strongly correlated the 
trends are (R2 = 0.70), offering further credence to the temporal variations measured with 
the ATOFMS.  Figure 95A-B shows the ATOFMS instruments tracking particle number 
concentrations measured using traditional particle sizing instruments over a broad range 
of sizes.  This validation step is extremely important to future studies probing the 
temporal variability of different source contributions to the various ambient particles 
sampled by ATOFMS. 

c. Comparison of particle phase and gas phase data 
It is interesting to compare the UF-ATOFMS measurements with gas phase 

measurements.  Figure 96A and Figure 96B show a comparison of gas phase CO and 
NOx concentration measurements versus UF-ATOFMS counts, indicating time periods 
when fresh emissions were impacting the sampling site.  Figure 96C shows an expanded 
view of each gas phase species plotted over a larger time span.  Typically it is expected 
that time periods where UF particles and CO peak may be related to LDV exhaust 
periods (426), whereas increases in NOx concentrations could be more indicative of 
HDDV emissions (425-427).  When comparing the trends between CO and NOx 
emissions though, their trends tracked each other very closely (R2 = 0.71).  Since the 
trends are so similar, one cannot generalize that the CO is for LDVs and the NOx 
represents HDDVs in this case.  More likely, these trends follow so closely because they 
are tracking both the trends in traffic as well as wind patterns.  The CO and NOx values 
presented here (where the CO emissions are 
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Figure 96: A) Comparison of sub-100 nm UF-ATOFMS particles detected that produced mass 
spectra with CO measurements.  B) Comparison of sub-100 nm UF-ATOFMS particles detected 
that produced mass spectra with NOx measurements.  C) Comparison of CO and NOx 
measurements at the freeway site.  Plots are in one hour resolution. 

continuously higher than the NOx emissions) are consistent with previous findings for 
areas with similar traffic conditions (426,443). 

d. Comparison of temporal trends from peripheral instruments 



 218 

Analysis of gas phase species such as NOx and CO coupled with aethalometer 
data can provide insight into the time periods when vehicle exhaust plumes were 
impacting the sampling site.  There is some speculation as to whether this combination of 
instruments coupled with ultrafine size distribution measurements made with an SMPS 
can be used to identify HDDV impacted events (408,409,444-446).  Figure 97A shows a 
comparison of the aethalometer and NOx measurements made over a time period when all 
instruments were operational.  In general, the trends observed between the ultrafine 
particle concentrations (<100 nm), CO, aethalometer, and NOx measurements tracked 
each other, following peak wind speeds, which occurred mostly during daytime hours.  
Likewise, in Figure 97B, the data from the nephelometer (which detects light scattering 
particles) has similar trends as the aethalometer.  This correlation is a strong indication 
that the local winds control when the particles reach the sampling site. 

By comparing the aethalometer and NOx concentrations, one can see the trends 
track extremely well.  In addition, one can see increases during weekdays versus 
weekends as has been reported in previous studies (444,445,447).  This has been 
attributed to a relative increase in HDDV traffic during the week in Chapter 4.  However, 
based on traffic count data, in addition to fewer HDDVs being on the road on weekends, 
there are also fewer LDVs 
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Figure 97: A) Comparison of aethalometer and NOx measurements at the freeway site.  B) 
Comparison of aethalometer and nephelometer measurements at the freeway site.  Plots are in one 
hour resolution. 

overall (441).  Therefore, the traffic flow is lower on this stretch of freeway during the 
weekends compared to the weekdays. 

e. Upwind/Downwind Sampling 
A major goal of the freeway study involved determining the contributions of 

vehicle emissions to ambient air near a major freeway.  As previously described, an 
upwind sampling site was established so a comparison could be made between source 
contributions at a freeway-impacted site and a background (upwind) site.  In addition to 
composition measurements being made with the ATOFMS and filters (Kleeman, UC-
Davis), size distribution measurements were made using an APS and SMPS at both 
locations.  

Figure 98A shows the APS and SMPS concentrations for the period between Jul. 
24 and Aug. 3, 2004 at the freeway sampling site.  Figure 98B shows the same data for 
the upwind sampling site.  As can be seen, there is a constant band of particles with sizes 
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from 250 – 800 nm at the two locations, suggesting a strong regional contribution to the 
ambient PM levels at both sites.  It is important to note that the wind was blowing from 
the upwind site (onshore) towards the freeway site during daytime hours when the 
concentrations show maxima at both locations.  This figure shows that the concentrations 
of accumulation mode particles above 200 nm at the upwind/background site were not 
always lower than those at the freeway site as one would expect if the freeway was the 
major source of PM in this area.   

The ultrafine mode and low size end of the accumulation mode (50 – 300 nm) 
show higher concentrations at the freeway location (Figure 98A), suggesting fresh 



 221 

 
Figure 98: A) SMPS and APS particle number concentrations at the freeway site from.  B) SMPS 
and APS particle number concentrations at the upwind sampling site.  Both plots are shown from 
Jul. 24 to Aug. 3, 2004 in order to directly compare the two sites.  The data is shown in log scale. 
 
vehicle emissions from the freeway are contributing to particles in the 50 – 300 nm size 
range.  However, it is interesting to note that on July 27 and 28, at around noon, 
significantly higher ultrafine and accumulation mode concentrations are observed at the 
upwind lab site indicating contributions from a local source.  The standard instrument 
(ATOFMS-2) was sampling at the upwind location during this period.  An examination 
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of the single particle composition revealed a unique single particle signature that has been 
detected as a major particle type in meat cooking emissions in previous meat cooking 
studies conducted in our laboratory (448).  A large potential source of PM on the UCSD 
campus near the sampling site is a cafeteria where food is grilled.  The peak in emissions 
corresponds to the period of the day when the most people eat at this establishment.  
Notably, a meat cooking aroma is often detected at the upwind site. 

On July 29 and 30, ultrafine concentrations at the upwind site peaked at 
approximately 6:00 am (Figure 98B) and most likely came from traffic on a local road 
that borders the UCSD campus located close to the upwind site (about 300 m away) 
which is highly traveled at this hour of the day.  In general, ultrafine particle 
concentrations show the highest spatial variability and represent ideal markers for local 
source inputs, as they spike only near the emission source.  The ultrafine particles are 
also the most straightforward to identify and apportion since they have undergone very 
little aging and thus their signatures closely resemble the source (in this case 
dynamometer testing) signatures.  

As shown in Figure 98, regional background PM concentrations made significant 
contributions to the accumulation mode.  Figure 99 compares the size distributions of the 
ATOFMS instruments [upwind (5.6A) and freeway (5.6B,C)] for the same time period as 
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Figure 99: Particle size distribution data of:  A) Standard inlet ATOFMS at the upwind sampling 
site.  B) Standard inlet ATOFMS at the freeway sampling site.  C) UF-ATOFMS at the freeway 
site.  The particle size data shown is only for particles that were detected that produced a mass 
spectrum with the particular ATOFMS instrument.  The data shown is from Jul. 24 to Aug. 3, 
2004 in order to compare the two sites and to the APS and SMPS data shown in Figure 98. 
 

the comparison of APS and SMPS data compared in Figure 98.  One can see that the 
accumulation mode size distributions show very similar trends between the upwind and 
freeway sites.  While the freeway site shows higher concentrations in the accumulation 
mode, the upwind site shows peaks at the same times.  The difference in concentrations 
may be due to the topography of the area.  Since the freeway site is located in a lower, 
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valley-like area, the background aerosols may be more prevalent at this site than at the 
upwind site which is closer to the coast and at a higher elevation.  Evident in this figure is 
a relatively high PM concentration in the accumulation mode from July 24-27.  It can 
also be seen that the accumulation mode peaks at nighttime and early morning hours, 
which corresponds to when the local wind speeds are at their lowest levels.  This suggests 
that the accumulation mode particles are either due to smaller particles growing via 
condensation and/or agglomeration or from background particles at higher altitude 
settling to ground level.  The latter of these scenarios is the most likely because of 
specific particle types detected that are unique to these time periods.  

Due to these accumulation mode background contributions, other particle types 
were detected during this study that did not match to the vehicle dynamometer signatures.  
Figure 100 (A,B) shows the mass spectra for two such particle types: vanadium and 
elemental carbon (EC).  These particle types peaked during the first few days of the study 
(July 24-27) in the accumulation mode at both sites usually when the local winds were 
low, likely indicating a regional contribution.  The temporal trends for the vanadium and 
EC particle types are shown in Figure 100 (C,D).  HYSPLIT model (449) 24-hour back 
trajectories during these peak times show the winds at 500 m coming (southward) down 
along the California coastline, passing directly over the major shipping 



 225 

 
Figure 100: Positive and negative ion mass spectra for the regional background (A) vanadium and 
(B) EC particle types.  (C) The temporal trends of the vanadium particle type detected with all 
three ATOFMS instruments compared to wind data.  (D) Temporal trends (and correlation) of 
total background vanadium particles versus the total background EC particles for the three 
ATOFMS instruments. 
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ports in Long Beach and San Pedro.  The HYSPLIT model back-trajectories are shown in 
Figure 101.  When comparing the temporal trends of the vanadium & EC particles to the 
HYSPLIT back trajectories, it can be seen that largest peaks (7/24-7/26) occur when the 
nighttime wind trajectories are strong and coming straight down the southern California 
coast from the Los Angeles area.  The days with smaller peaks occur when the nighttime 
trajectories are either not as strong, or are coming into the sampling site from out over the 
ocean.   

Oil combustion has been shown to be the primary source for atmospheric 
vanadium aerosols (168,291,450,451).  Vanadium particles have also been shown to 
come from vehicles, dust, and industrial sources (418,452,453).  The correlation between 
V, Fe, and Ni associated with this type (as shown in Figure 100A) agree with findings by 
Xie et al. 2006 for ship oil combustion emissions (168).  It is interesting to compare the 
temporal trend for these V-particles in the accumulation mode versus the ultrafine mode.  
On August 1, the number concentration of these particles shows a spike with the UF-
ATOFMS that is not apparent in the accumulation mode, mostly likely indicating a local 
source.  The temporal trends for the background vanadium and EC type, as well as the 
correlation between EC and V particle types, are shown in Figure 100D.  As can be seen, 
the EC and vanadium trends track each other very strongly (R2 = 0.85), especially from 
7/24 to 7/30, with only minor variations occurring between 7/30 and 8/1.  This correlation 
is an indication that the EC and V particle types are transported together and are likely 
from the same source.  The relationship between these types of vanadium and elemental 
carbon particles and the use 
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Figure 101: Hourly HYSPLIT model 24-hour back trajectories at 500 m for each day at the 
freeway study site. 
 
of these signatures for apportioning ship emissions will be discussed in a future 
publication (454). 

In general, all of the major particle types observed at the freeway site were also 
detected at the laboratory site.  The similarities between the major particle types sampled 
by the standard ATOFMS instrument that was initially located at the upwind site 
(ATOFMS-2) and then moved to the freeway site were compared by taking the dot 
product of the top clusters detected at each site.  All of the particle types detected at both 
sites had matching clusters with vigilance (similarity) factors of 0.85 and greater, 
meaning their mass spectral signatures were very similar to one another (a dot product of 
1 indicates they are identical to one another).  It is important to keep in mind that slight 
modifications due to uptake of organic carbon, ammonium, nitrate, and other secondary 
species will not have much of an effect on the comparison as the ART-2a weight vectors 
are sensitive to the most intense peaks in the spectra.  The particle types deemed as 
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“unique” at both sites were mainly sea salt particles.  This is because they had undergone 
less processing in general at the upwind site since it is closer to the ocean.  The spectral 
modifications due to heterogeneous processing involve the loss of one peak from a 
relatively complex particle spectrum and the addition of another.  For example, the 
uptake of NOx or SOx species on a sea salt particle will displace the chlorine on the 
particle which will result in the ATOFMS spectrum of the “aged” particle having 
different negative ion peaks than a fresh sea salt spectrum (455).  Reducing the vigilance 
factor to 0.7 instead of 0.85 resulted in all particle types at the freeway site, including sea 
salt, matching the clusters at the upwind site.  As would be expected, the rank order 
(based on the number of particles in each cluster) of the various types and their relative 
contributions to ambient PM was different at the two sites (i.e. there was more sea salt 
detected at the upwind site than at the freeway site, and more vehicle emissions detected 
at the freeway site than at the upwind site). 

f. Data Analysis Used for Apportionment 
The same method described in Chapter 4 for source apportionment using mass 

spectral source signatures was also used here (441).  In short, several ATOFMS source 
characterization studies have been conducted for the purpose of obtaining unique mass 
spectral signatures for each source.  The particle source library includes signatures for 
HDDV and LDV exhaust emissions, coal burning, biomass burning, meat cooking, sea 
salt, dust, and industrial emissions; as well as non-source specific signatures for aged 
elemental carbon (aged EC), aged organic carbon (aged OC), amines, NH4-containing, 
vanadium-containing, EC particles, and PAH-containing particles.  These source 
signatures are used as a “seed” database, where the mass spectra of particles from other 
studies can be compared to the seeds using a matching version of the ART-2a algorithm 
(456,457) (YAADA v1.20 – http://www.yaada.org).  Each particle mass spectrum is 
compared to all the mass spectra (ART-2a weight matrices) in the source database one at 
a time taking the dot product between each.  If the particle matches to a particular source 
seed above a designated dot product vigilance factor (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 from 0 to 1 with a value of 1 indicating the particle types are 
identical.  For this analysis, a relatively high VF of 0.85 was used.   

The ART-2a matching method has shown that a significant fraction of the HDDV 
and LDV particle types acquired during dynamometer sampling are indeed representative 
of those produced near a roadway (37,441).  The results in Chapter 4 also show that the 
particles detected near the freeway are readily matched to particles from the vehicle 
dynamometer studies (441).  These previous results focused on particles sampled with the 
UF-ATOFMS sampling near the freeway in the 50 – 300 nm size range, because particles 
in this size regime denote freshly emitted particles that would have a greater probability 
of originating from vehicular traffic on the freeway.  The previous results also focused 
mainly on matching LDV and HDDV particles, since those would be the most similar 
types and thus, the potentially hardest to distinguish from one another.  For this paper, the 
particles from the UF-ATOFMS and the two standard ATOFMS instruments were 
subjected to the same mass spectral matching procedures.  However, since there is such a 
large size range sampled by these instruments, particles are only matched to source 
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library particles of the same size range.  Therefore, ultrafine particles (50 – 100 nm) are 
only matched to source particles in the same size range, and likewise for small 
accumulation mode particles (SAM) (100 – 140 nm), larger accumulation mode particles 
(LAM) (140 – 1000 nm), and supermicron particles (1000 – 3000 nm).  Size segregated 
matching ensures that particle types from one source that may be similar to those of 
another source, but having very different particle size ranges, don’t conflict with each 
other.  The reason the accumulation mode was split into two libraries (for this study) was 
because of the regional background EC and vanadium types discussed earlier which were 
found to influence the apportionment of the accumulation mode particles with sizes 
above 140 nm (441).  As previously mentioned, the source library currently contains 
signatures for HDDVs, LDVs, dust, sea salt, biomass, and meat cooking, along with non-
source specific signatures for aged organic carbon, aged elemental carbon, amine 
containing particles, PAH’s, ammonia rich particles, vanadium particles, and elemental 
carbon particles.  The signatures for HDDVs and LDVs were primarily obtained from 
dynamometer studies.  Additionally, some of the HDDV and LDV signatures were 
obtained directly from ambient sampling after such particles were found to match with 
the dynamometer seeds.  Other sources, such as biomass, dust, sea salt, and meat cooking 
were obtained from both lab studies and previous ambient measurements.  The seeds for 
aged organic carbon, aged elemental carbon, amine containing particles, PAH’s, 
ammonia rich particles, vanadium particles, and elemental carbon particles were obtained 
directly from classified ambient data from several different studies.  As mentioned earlier 
though, the vanadium and elemental carbon seeds (many of which were derived from this 
study) may actually be signatures for ship emissions (454). 

g. Source Apportionment Using ART-2a 
As described, ART-2a analysis was used to “match” ambient data to source seeds 

for the duration of the study.  Figure 102 shows the size resolved apportionment for the 
first part of the study (Jul. 24 to Aug. 3, 2004) and averaged over those days.  In Chapter 
4, the one hour temporal apportionment of LDV and HDDV particles is shown for this 
same time period (441).  From those results, it was shown that for ultrafine 
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Figure 102: Size resolved source apportionment of the particles detected at the upwind (top) and 
freeway (bottom) sampling sites.  Both plots are averages for ATOFMS data acquired from July 
24 to Aug 3, 2004.  In the bottom plot for the freeway site, the sizing region of overlap between 
the UF-ATOFMS and standard inlet ATOFMS is 200 – 300 nm. 

 
particles, 37% of the particles were apportioned to LDVs and 58% to HDDVs.  For 
accumulation mode particles (Da = 100 – 300 nm), 25% were LDV and 41% were 
HDDV.  It was also shown that the trends of the apportioned particles tracked very well 
with LDV and HDDV vehicle counts.  It is important to note that those results were only 
for particles detected with the UF-ATOFMS.  Thus, when examining Figure 102, the 
ultrafine apportionment at the freeway site shows the same apportionment percentages as 
in Chapter 4.  With the data from the standard ATOFMS being incorporated into the 
apportionment, size fraction trends through the region between 200 – 300 nm (where the 
two instruments overlap in particle size detection) for the HDDV apportionment is not as 
smooth due to the low number counts between 200 – 300 nm for both ATOFMS 
instruments.  The trends of the other particle types in the 200 – 300 nm region are also 
not as smooth for the same reason as for the HDDV and LDV trends.  The UF-ATOFMS 
was tuned to transmit ultrafine particles most effectively for this study by sampling 
ambient air drawn through a MOUDI with a 50% size cut at 100 nm to remove most of 
the particles larger than 200 nm, and thus making the transmission of particles above 200 
nm relatively low (417).  Likewise, the detection of particles below 300 nm by the 
standard inlet ATOFMS was low for this study.  These size detection barriers for each 
instrument can be seen quite clearly in Figure 99 (B,C).  The relatively low detection 
efficiency of particles for each instrument between 200 and 300 nm during this study 
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accounts for the lack of a smooth transition for the particle types in the 200 – 300 nm size 
range.   

As shown in Figure 102, ATOFMS allows for the determination of aerosol 
apportionment with very fine (10 nm) size resolution.  This is important, because it can 
be seen that the fraction of particle types changes with size, especially above 100 nm.  
Above 100 nm, particles associated with biomass burning start to contribute to the 
ambient particles at the site, as well as particles apportioned to aged EC and aged OC.  
Most noticeable is the contribution from the EC (background) and vanadium-containing 
particle types starting around 140 nm (particularly for the EC background period).  As 
discussed earlier, the regional background types were detected primarily at night, when 
local wind speeds were very low and when HYSPLIT back trajectories (Figure 101) come 
down the California coastline over Long Beach.  These regional background types make 
up a major fraction of the particles from 200 – 1000 nm.  The overall apportionment 
fractions stay relatively constant between 300 – 800 nm.  Above 800 nm, sea salt 
particles start to contribute and become the dominant type above 1000 nm.   

While seeds for non-aged and aged sources are included in the source signature 
library for non-vehicle sources, it should be noted that the sources are not currently being 
distinguished between aged and non-aged species to keep the apportionment simple.  
However, the majority of the particles from non-vehicle sources above 100 nm are coated 
with sulfate, nitrate, ammonium, as well as secondary organic aerosols (SOA) and that 
the amount of sec species increases with size based on ion intensities as one would 
expect.  

When comparing the upwind site to the freeway site in Figure 102, one can see 
that sea salt particles dominated the detected particles at the upwind site.  Interestingly, 
the particles apportioned to LDVs and HDDVs at the upwind site were primarily detected 
from 300 – 1000 nm.  This observation could be an indication of growth of the vehicle 
particles as they were transported from the nearby roadway that is 200 meters upwind 
from this site.  Unfortunately, there was not another UF-ATOFMS at the upwind site to 
see if there was an influence of vehicle emission on the UF mode.  As shown in Figure 
98B, there was very little contribution to the UF mode at the upwind site except when 
cooking emissions from a nearby cafeteria impacted the site.  Over the 400 – 1000 nm 
size range, there is a greater fraction of amine-containing particles that do not match to 
any source library particles, a possible indication of aging occurring on the vehicle 
particles as they were transported to this site.  A commonality between the freeway site 
and the upwind site is the detection of the regional background vanadium and EC 
particles over the same size range.  As explained earlier, while the freeway site shows a 
higher contribution than the upwind site (40% of the total particles at the freeway versus 
10% at the upwind site over the 140 – 1000 nm size range), the difference may be due to 
the topography of the area.  The fact that the EC and vanadium particles are detected over 
the same size range is further evidence that these particles are part of a regional 
background as shown in Figure 100. 

h. Size Resolved Source Apportionment Temporal Series 
As previously mentioned, the initial time series of the ATOFMS source 

apportioned freeway particles using the mass spectral source library was presented in 
Chapter 4.  In that chapter, the focus was on the apportionment of HDDV and LDV 



 232 

emissions in the ultrafine size range.  The particles that were not apportioned to HDDV 
and LDV were designated as “other” particles (441).  For this current study, a mass 
spectral source signature library with additional clusters besides HDDV and LDV 
signatures was used.  Therefore, many of the particles originally designated as “other” are 
now apportioned, as can be seen in size resolved apportionment results presented in 
Figure 102.  Figure 103 (A-D) shows the time series of the ultrafine and accumulation 
mode apportionment results at the freeway site, similar to those shown in Chapter 4, but 
with less particles in the “other” category.  Figure 103 is ordered from the smallest size 
range at the top down to the largest size range at the bottom.  Evident in this figure is the 
influence of non-vehicle particle types with the increase in particle size, just as Figure 
102 shows.  Also, the time series shows that certain particle types, such as biomass, are 
more prevalent on the weekends than the weekdays.  Another interesting feature is the 
Aged OC class spikes on July 27, 2004 in the UF-ATOFMS 140 – 300 nm size range and 
the ATOFMS 200 – 1000 nm size range.  This spike can also be seen in the ATOFMS 
number concentration plot in Figure 99, occurring at the same time across the same size 
ranges.  The particles that matched to the Aged OC signatures during this time are fairly 
unique, as they only spiked with the two instruments on this one day during the study.  
One of the main points of Figure 103 is to show that even near a freeway, one is not just 
being exposed to freeway aerosols.  During times with a high regional background 
influence, the freeway related PM above 100 nm represented a relatively small fraction of 
the overall concentrations. 

The time series of the ATOFMS (300 – 1000 nm) particle fractions in Figure 103 
compliment Figure 100 & Figure 102.  As shown in Figure 103, the EC background 
type dominates the particles between 300 and 1000 nm, with a strong contribution from 
the vanadium particles as well.  The time series in Figure 100 shows that the EC & 
vanadium made a large contribution to the particle concentrations from 7/24 – 7/27.  This 
is also quite evident in Figure 103 for the ATOFMS 300 – 1000 nm time series.   
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Figure 103: Time series of the size segregated source apportionment fractions for the freeway site 
ultrafine and accumulation mode particles detected with the UF-ATOFMS and ATOFMS. 
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One should note that all results presented here are based on a relatively simplistic 
univariate data analysis approach using ART-2a.  However, even with this simplistic 
approach, the results demonstrate how single particle data can be used to apportion 
source contributions to ambient data.  Particle aging, coating, agglomeration, and water 
uptake will play important roles in affecting particle source apportionment in other 
studies using this source library technique. These changes will, undoubtedly, make 
matching to source signatures more challenging, particularly at locations further from the 
source.  Many of the sources, such as biomass, sea salt, and dust are readily 
distinguishable whether or not the particles are aged.  The biggest challenge with aging 
will be with differentiating LDV and HDDV exhaust particles from one another.  
However, there are unique features to the HDDV and LDV sources that should make 
matching consistent, whether the particles have aged or not.  One of the most important 
factors is that HDDV particles tend to have more calcium and phosphate associated with 
them in an elemental carbon/calcium type particle (EC-Ca) (37,419).  LDV particles have 
much less calcium and/or phosphate associated with them, but do produce elemental 
carbon particles in the UF size mode (418).  These kinds of distinctions could be used to 
identify HDDV and LDV particles in highly aged environments that do not match to the 
source seeds. 

One of the ultimate goals of this study is to eventually compare single particle 
source apportionment with impactor filter samples acquired during this study.  Single 
particle measurements hopefully can distinguish between unique vehicle source 
signatures superimposed on a high ambient background concentrations that may not be 
apparent in MOUDI mass concentrations where only slight changes are due to vehicle 
emissions (at least for the accumulation mode).  Also, once the data are available, the 
source percentage predictions made with ART-2a on the ATOFMS data will be compared 
with organic tracer MOUDI and impactor based method results from this study obtained 
by the Kleeman research group from UC-Davis.  Additionally, future analysis using 
different clustering algorithms, such as Hierarchical clustering and Positive Matrix 
Factorization, will be used in comparison to the results found in this chapter and Chapter 
4 (441). 
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14. Aging effects on source apportionment from the single particle 
perspective 

i. Introduction 
 Landmark cohort studies published over a decade ago recognized an association 
between mortality and long term exposure to air pollution (specifically to particulate 
matter with diameters less than 2.5 µm or PM2.5) (458,459), but improvements in recent 
epidemiological studies have allowed for better linkage between specific sources and 
their adverse health effects (460).  Through understanding the health impacts and the 
ambient contributions to a particular region by specific sources (a process which is called 
source apportionment), government agencies can establish necessary regulations to 
effectively reduce the pollutants from targeted anthropogenic sources and, therefore, the 
negative health effects. The alternative for these agencies are blanket reductions, which 
are far more expensive and less effective than source-specific ones. 

The majority of source apportionment methods rely on data from bulk aerosol 
sampling techniques coupled with off-line chemical analysis; these traditional receptor-
orientated techniques include chemical mass balance (CMB) modeling, which utilizes 
unique nonreactive or stable tracer species, and factor analysis modeling by principal 
component analysis (PCA) or positive matrix factorization (PMF) (461-463).  Recently, a 
new approach to source apportionment has been developed that compares all of the 
chemical information of individual ambient particles to the mass spectral signatures in a 
library of known sources (41,344).  Designed for the single particle technique aerosol 
time-of-flight mass spectrometry (1), this new method has the advantage of producing 
size-segregated and high temporal resolution results.  One of the potential challenges of 
using the source signature library approach involves its ability to accurately apportion 
aerosols that have “aged” or undergone atmospheric processing since being freshly 
emitted.  Aerosol aging by physical and chemical processes such as reactive uptake, mass 
transfer, and condensed-phase processes can change the chemical composition and 
properties of individual particles (464,465).  In fact, recent laboratory and field studies 
have demonstrated that the aging of aerosols increases their cloud condensation nuclei 
(CCN) activity or ability to form cloud droplets, which is part of one of the largest 
uncertainties in the radiation balance of the earth (466-470).  The issue for source 
apportionment with the source signature library is whether or not the aging of a particle 
alters its chemical signature enough from that of the original source fingerprint that the 
particle is mislabeled or unassigned. 
 It has been established that the source signature library approach works 
successfully (matching 97% of the particles) for relatively “fresh” environments, such as 
directly alongside a major freeway (41,344).  The goal of this study is to apply the library 
matching technique in order to evaluate and improve its performance on ambient 
measurements made during two different seasons (summer and fall) in the highly aged 
environment of Riverside, California.  Located east and downwind of the Los Angeles 
(LA) Basin, Riverside is a receptor site for the LA air pollutants which have time to age 
during transport, as already described in Chapters 3 and 4.  The source apportionment of 
Riverside represents an extreme challenge, as this environment is both highly polluted 
and aged.  Two different approaches (lowering the “matching” factor and introducing 



 236 

new aged source signatures to the library) to handling the aging effects of particles are 
examined.  An area of particular interest in this study includes the aging effects on similar 
particle types, such as the combustion exhaust emissions of heavy duty diesel vehicles 
(HDDV) and light duty gasoline vehicles (LDV) which can be distinguished and 
separated under fresh conditions (38,41,344).  Also in this study, which secondary 
chemical species on particles apportioned to such primary sources are dominate will be 
investigated.  

ii. Experimental 

a. Sampling location and instrumentation 
Ambient sampling on the campus of the University of California, Riverside 

(33°58′18″N, 117°19′22″W) during the summer (July-August) and fall (October-
November) of 2005 occurred in conjunction with the Study of Organic Aerosols at 
Riverside (SOAR) field campaign.  Details on the sampling location and inlets of the 
mobile laboratory can be found elsewhere (31) and in previous chapters (3 and 4).  Single 
particle size and chemical composition were measured by two collocated aerosol time-of-
flight mass spectrometers (ATOFMS).  An ultrafine ATOFMS (UF-ATOFMS), equipped 
with an aerodynamic lens system, detected particles with aerodynamic diameters between 
50 and 400 nm, while a standard nozzle inlet ATOFMS measured particles with 
aerodynamic diameters between 140 and 3000 nm.  Details of the transportable 
instrumentation have been described previously (1,2).  During the summer, the UF-
ATOFMS operated continuously from July 23rd to August 15th, whereas the standard 
ATOFMS ran from July 29th to August 15th.  Both instruments operated from October 
31st to November 21st during the fall season.  All results are presented in Pacific Standard 
Time (PST), which is one hour behind local time during the summer. 

b. Data analysis 
During the SOAR campaigns, the combined ATOFMS instruments acquired 

millions of individual particle mass spectra.  Using a matching function of the ART-2a 
clustering algorithm (35), these spectra were apportioned and classified based on their 
similarity to a set of predefined seeds (or signatures) based on the dot product of their 
vectors.  ART-2a has a user-defined threshold parameter called the vigilance factor (VF), 
which represents the minimum degree of similarity necessary for a particle spectrum to 
match a seed; with a range of 0 to 1.0, the main VF used in this study (0.85) represents a 
relatively high VF value.  The ambient particles are matched to predefined seeds in a 
source signature library, as developed and described in detail by Toner et al. (41,344).  
Briefly, this size-segregated source signature library contains mass spectral signatures 
from a series of source and ambient characterization studies (including vehicle 
dynamometer studies) for sources including HDDV and LDV exhaust emissions, dust, 
sea salt, biomass, and meat cooking.  The representative seeds were made from the top 
(most populated) ART-2a clusters that accounted for ~90% of the particles in the datasets 
of the source characterization studies.   For example, roughly 30 ART-2a clusters account 
for 90% of the particles in the HDDV (36-38,471) and LDV (36-38,471) studies.  The 
library also contains non-source specific signatures such as aged elemental carbon (EC), 
aged organic carbon (OC), amine-containing particles, ammonium-rich particles, 
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vanadium-rich particles, EC, and polycyclic aromatic hydrocarbon (PAH)-containing 
particles.  Certain specific sources, such as sea salt, dust, biomass burning, and meat 
cooking, have proven to be readily distinguishable in previous ATOFMS ambient 
characterization measurements; therefore, representative seeds for these particle types 
were made from several lab and ambient studies and incorporated into the library.  The 
studies used to obtain the source signatures included: freeway 2004 (FWY) study 
(41,344), SOAR 1 & 2 (31), the Cloud Indirect Effects Experiment in Trinidad Head, CA 
(CIFEX) study (472,473), the ABC Post Monsoonal Experiment in Hanimaadhoo, 
Republic of Maldives (APMEX) study (474), and the Megacity Initiative: Local and 
Global Research Observations in Mexico City, Mexico (MILAGRO) study (475).  The 
library is separated into three different size ranges, because there are distinct chemical 
differences for each source based on size.  It was determined that these size ranges (50-
100 nm, 100-140 nm, and 140+ nm) reflect the largest chemical, and hence source 
specific, differences.  Currently, there are 322, 369, and 423 total seeds in the 50-100 nm, 
100-140 nm, and 140+ nm libraries, respectively.  Table 17 provides the number of seeds 
used for each source in the original source signature library based on size.   
 After matching the ambient particles to the source signature library, a significant 
fraction of particles were not assigned to any category.  Some of these unclassified 
particles had noisy spectra due to poor signal-to-noise ratios or erroneous peaks and need 
to be removed from the dataset.  With cluster analysis, these particles form many clusters 
occupied by a single particle, because the peaks are noise and randomly occur at various 
mass/charge values.  In order to isolate these noisy spectra in each size range, ~20,000 
(due to computer memory limitations) unclassified particles spread temporally across the 
study were analyzed by ART-2a with a VF of 0.85.  Of the resulting clusters, all singly-
occupied clusters were removed, so that the remaining clusters could be used as seeds.  
Next, all of the unclassified particles in that size range were compared to these seeds at a 
VF of 0.85.  All particles that did not match one of these seeds were removed from the 
dataset.  This removal process was verified by selecting a different set of ~20,000 
particles to create the seeds.  The resulting unmatched particles agreed with the 
unmatched particles obtained from the first set of ~20,000 particles, indicating that the 
first set was indeed representative of all the unclassified particles in that size range.  In 
the end, approximately 8.2% of the ~2.1 million particles obtained by the standard inlet 
ATOFMS and approximately 9.6% of the ~5.3 million particles obtained by the UF-
ATOFMS were removed from all future analysis.  

iii. Results and Discussion 

a. Source signature library matching 
The hourly temporal results from matching the ambient particles detected during  
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Table 17: Number of library seeds for each source per size range 
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the summer and fall SOAR field campaigns to the original source signature library are 
shown in Figure 104 and Figure 105, respectively.  The results are size-segregated to 
better illustrate the size dependence of the different particle types.  Size-segregated 
source apportionment also is useful for linking sources with specific health effects.  The 
top three plots represent the relative chemical class fractions for ultrafine (UF: 50-100 
nm), small accumulation mode (SAM: 100-140 nm), and large accumulation mode 
(LAM: 140-400 nm) particles as detected by the UF-ATOFMS.  The last two plots 
provide the combined relative fractions for submicron (SUB: 140-1000 nm) and 
supermicron (SUPER: 1000-3000 nm) particles as detected by the standard ATOFMS.  
The missing periods (white effective density measurements (48), or low particle statistics 
in that hour (<10 particles).  As additional information, Figure 106 and Figure 107 
illustrate the matching process with the summer and fall data, respectively, by providing 
the number of particles that matched to each source seed in the library. 
 Of all the different size ranges, the plot for the ultrafine particles show the 
smallest percentage (~3%) of particles that did not match the source signature library at a 
VF of 0.85 or above, which are labeled as the unclassified particles.  Actually, the initial 
percentage of unclassified ultrafine particles was ~64% mainly due to detector 
“crosstalk” issues.  Detector “crosstalk” is produced in the UF-ATOFMS negative ion 
mass spectra due to the interference of extremely intense peaks in the positive polarity.  
These crosstalk issues are not accounted for in the source signature library; therefore, 
after the initial matching, the ~64% of unclassified particles were matched again to the 
bars) are due to instrument downtime for quality control procedures and maintenance, 
source signature library at a VF of 0.85 using only the positive mass spectral information  
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Figure 104: Hourly temporal series of the size segregated source apportionment fractions (VF = 
0.85) for the summer SOAR ultrafine (UF), small accumulative mode (SAM), large accumulation 
mode (LAM), submicron (SUB), and supermicron (SUPER) particles detected with the UF-
ATOFMS and ATOFMS. 
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Figure 105: Hourly temporal series of the size segregated source apportionment fractions (VF = 
0.85) for the fall SOAR ultrafine (UF), small accumulative mode (SAM), large accumulation 
mode (LAM), submicron (SUB), and supermicron (SUPER) particles detected with the UF-
ATOFMS and ATOFMS. 
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Figure 106: Number of summer particles matched to each source seed for a) UF (50-100 nm), b) 
SAM (100-140 nm), c) LAM (140-400 nm), d) SUB (140-1000 nm), and e) SUPER (1000-3000 
nm) particles. 
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Figure 107: Number of fall particles matched to each source seed for a) UF (50-100 nm), b) SAM 
(100-140 nm), c) LAM (140-400 nm), d) SUB (140-1000 nm), and e) SUPER (1000-3000 nm) 
particles. 
 
(344,476).  As the ultrafine particles are the ones most strongly impacted by crosstalk 
issues, the second matching iteration using only positive ion information was performed 
only on this size range.  The resulting relative fractions show that over 80% of the 
ultrafine particles are apportioned to vehicle exhaust emissions with the HDDV 
emissions being nearly three times that of the LDV emissions.  Previous studies have 
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already shown that fresh local vehicle exhaust emissions are the dominant source of 
primary ultrafine particles in Riverside, though they did not distinguish between HDDV 
and LDV emissions (44,45).  The ultrafine plots in Figure 104 and Figure 105 show that 
the relative contributions by HDDV and LDV exhaust emissions stay fairly constant with 
time.  A focused study (Chapter 3) on the ultrafine particles observed during the SOAR 
campaigns determined that the raw number counts, rather than the relative percentages, of 
ultrafine particles detected by the UF-ATOFMS represent a good proxy for traffic 
activity (477).  Although some of the particles in the 100 to 140 nm size range are also 
impacted by crosstalk issues, a second matching iteration with positive only information 
was not run on this size range.  The spectra of ultrafine particles (seeds and ambient) are 
relatively simple and chemically pure, which allows the positive only matching to work 
well.  When the spectra become more complex (as with particles of a larger size), the 
results from positive only matching become less reliable.  When manually inspecting the 
unclassified category left after matching the 100 to 140 nm particles to the source 
signature library, it was determined that the top unclassified type was impacted by 
crosstalk issues and that this type belonged in the HDDV category.  The positive ion 
spectra of this top type contained an elemental carbon with calcium signature that closely 
resembled one of the dominant chemical classes from HDDV exhaust emissions during 
dynamometer studies (36-38,471).  Therefore, the SAM results shown in Figure 104 and 
Figure 105 include the matching results from the source signature library and the top 
crosstalk particle type that was manually added to the HDDV category.         

As particle size increases, the relative fraction of particle apportioned to HDDV 
and LDV become less dominant and the contributions of the other particle types emerge.  
For example, Figure 104 and Figure 105 illustrate that for the two size ranges covering 
140-1000 nm, there is no obvious prevailing particle source, as none of them (excluding 
the unclassified category) contribute more than 16% of the ambient particles, indicating 
that submicron ambient Riverside particles originate from a mixture of sources.  On the 
other hand, the supermicron size ranges for both summer and fall are clearly dominated 
by the mechanically-generated sources of sea salt (26.3% and 19.8%) and dust (13.0% 
and 33.0%).  As described in Chapter 1, it is expected that the mechanically-generated 
sources, such as sea salt and dust, dominate the supermicron size range, whereas particles 
from combustion and chemical processes dominate the submicron size range.  It is worth 
noting that the percentage of Riverside particles apportioned to the aged non-source 
specific particle types (aged EC, aged OC, amine, and NH4 rich: ~27% of the 140-1000 
nm size range) is far greater than at sampling sites in Athens, Greece (August 2003) and 
Mexico City, Mexico (March 2006), due to the aged nature of the particles that have 
advected across the LA Basin (476).  This observation shows how highly aged the 
ambient environment is in Riverside, compared to these other large urban cities.  A more 
detailed view of how highly aged the Riverside aerosol is will be examined in the next 
section.    

As mentioned earlier, Riverside is typically downwind of the LA Basin due to an 
onshore flow.  However, seasonal differences are expected based on two distinct 
meteorological conditions involving a high pressure system over the desert areas that 
occur primarily in the fall and winter months: a weak system counterbalances the onshore 
flow, creating stagnant conditions; and under a strong system, there are warm and dry 
easterly (offshore) winds, known as Santa Ana winds (204).  Both of these conditions 
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were observed during the fall SOAR field campaign.  In fact, the summer measurements 
followed a diurnal pattern, whereas the measurements made during the fall season were 
episodic (31).  These seasonal differences are clearly illustrated in Figure 104 and 
Figure 105, especially with the larger sized particles.  During the Santa Ana wind periods 
at the beginning (October 31 0:00 – November 1 19:00) and end (November 15 5:00 – 
November 21 10:00) of the fall study, resuspended dust was the dominant supermicron 
source as the easterly winds crossed the deserts before reaching Riverside.  Qin et al. 
reported stagnant conditions from November 1 19:00 – November 7 18:00 during a 
buildup and high mass periods, when the hourly PM2.5 mass concentrations reached 106 
µg m-3 which clearly exceeded the 24-hour national ambient air quality standard of 35 µg 
m-3 (31).  During this time frame, the aged EC particle type made its strongest 
contribution to both the submicron and supermicron size ranges.  Additionally, there was 
an extremely strong spike in NH4 rich particles; the nearby Chino dairy area is the largest 
single source of ammonia emissions in the LA area (150).  The particles during this spike 
have intense ammonium and nitrate cluster peaks.  The smallest size ranges shown in 
Figure 105 show little episodic variation.  These fresh emissions are mainly dependent 
on very local sources, and, as described in Chapter 3, their number concentrations do 
vary but this trend is not reflected in the relative percentage plots.  

b. Aging effects 
Particles in the unclassified category were examined closely to determine why these 
particles were not apportioned to either a primary source or a non-source specific class 
using the original source signature library.  There are a few reasons why a particle may 
have not been classified: crosstalk issues (as discussed above), miscalibrations in the 
spectra, or no appropriate seed exists in the source library.  Miscalibrations occur when 
the peak area is listed under the incorrect m/z; often the mass spectral information is 
shifted by a single unit as in the common example of observing the 62NO3

- peak at m/z -
61.  Even though the peaks may be shifted by only one unit, the dot product of a 
miscalibrated spectrum with a source seed will yield a very different (lower) value than 
that of a properly calibrated spectrum.  How often miscalibrations affect the spectral 
information varies from dataset to dataset.  The lack of the proper seeds in the source 
library could be due either by missing sources that have yet to be characterized and added 
to the library or by heavy aging of the particles.  The source library does contain some 
pseudo-aged signatures of the primary sources (41,344).  These aged signatures did a fair 
job of matching the aged particles from primary sources, because the majority of the 
properly calibrated unclassified particles are heavily aged and would best fit in the aged 
non-source specific categories (mainly aged OC and amine).  Because the purpose of this 
study is to understand how aging impacts the source apportionment results, aged particles 
that ended up in the unclassified category are the primary focus. 
One approach to decreasing the percentage of aged particles that are placed into the 
unclassified category is to the lower the matching factor used with the source library.  To 
examine how lowering the matching factor impacts the apportionment results, Figure 
108 provides the average source contribution pie charts when the ambient particles are 
matched with a VF of 0.85 or a VF of 0.75.  Lowering the matching factor does reduce 
the percentage of unclassified particles, but previous error analysis has shown that the 
percent of error in properly apportioning 100 nm+ particles increases nearly fourfold 
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when using a VF of 0.75 instead of 0.85 (41,344).  The percent error continues to 
increase with lower and lower VF values.  An example of how the lower matching factor 
increases the error in apportionment is illustrated in Figure 109.  This figure shows the 
average mass spectral information of summer particles in the 140 to 400 nm size range 
that were apportioned to the LDV category.  The top plot (red) shows an average mass 
spectrum for all particles in that size range that were apportioned to LDV at a matching 
factor of 0.85.  The middle plot (blue) shows an average mass spectrum for all of the 
additional particles that matched to LDV when the matching factor was lowered to 0.80 
from 0.85.  Likewise, the bottom plot (green) shows an average mass spectrum for all of 
the additional particles that matched to LDV when the matching factor was lowered 
to 0.75 from 0.80.  Figure 109 illustrates that the particles that were added to the LDV 
category when using a lower matching factor than 0.85 have mass spectral signatures that 
are more indicative of an aged OC particle type than that of LDV exhaust emissions.  It is 
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Figure 108: Average source contribution particles matched to the source library at different VF 
per size bin. 
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Figure 109: Average mass spectra obtained by lowering the matching factor for summer SOAR 
LAM (140-400 nm) particles apportioned to LDV. 
 
possible that some of these additional particles are indeed aged LDV particles, but until 
controlled laboratory experiments can verify that this is the signature of aged LDV 
particles, they are being falsely labeled as LDV and should be in the aged OC category.  
Additional figures like Figure 109 for LDV and HDDV particles in the other size ranges 
are provided in the Appendix.  
 The better method to reduce the unclassified category is to add appropriate seeds 
to the library and to use a matching factor of 0.85.  By adding more aged seeds to the 
source library, the apportionment results of ambient particles in aged environments will 
have smaller fractions of unclassified particles and better estimations of the aged 
categories.  The new aged seeds were created from the ART-2a results (VF = 0.85) of the 
unclassified category.  ART-2a was run separately on the SAM, LAM, SUB, and SUPER 
unclassified particles for both summer and fall datasets.  The top 30 clusters resulting 
from each of these ART-2a runs were manually examined to find all aged particle types 
that were not miscalibrated.  A total of 47 properly calibrated aged seeds (22 for aged 
OC, 16 for amine, 7 for aged EC, and 2 for NH4 rich) were found and all were added to 
both the 100-140 nm and 140+ nm size ranges of the source library.  These seeds were 
not added to the ultrafine size range of the library, because particles of this small size are 
still relatively fresh and show little sign of aging.  In fact, when the aged seeds were 
added to the ultrafine source library for testing purposes, it was determined that these 
additional seeds impacted the apportionment of less than 0.2% of all the ultrafine 
particles, thus justifying that the aged seeds need not to be added to the ultrafine size 
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range of the library.  All particles (except for ultrafine particles) were matched to the 
updated source library, and the temporal results are shown in Figure 110 and Figure 111.   

 
Figure 110: Hourly temporal series of the size segregated source apportionment fractions (VF = 
0.85) for the summer SOAR ultrafine (UF), small accumulative mode (SAM), large accumulation 
mode (LAM), submicron (SUB), and supermicron (SUPER) particles using the updated source 
signature library. 
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Figure 111: Hourly temporal series of the size segregated source apportionment fractions (VF = 
0.85) for the fall SOAR ultrafine (UF), small accumulative mode (SAM), large accumulation 
mode (LAM), submicron (SUB), and supermicron (SUPER) particles using the updated source 
signature library. 
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Table 18: Percent difference between particles matched to the original source library and particles 
matches to the updated source library. 
 
Table 18  provides the percent differences of matched particles to each category between 
using the old and the updated source libraries.  Negative values indicate how much the 
percent of particles matched to that category dropped with using the updated library, 
whereas positive values indicate how much the percent of particles matched increased.  
The figures and table illustrate that not only were the percentage of particles matched to 
the aged categories increased and the percentage of unclassified particles decreased, but 
they also show that the percentage of particles apportioned to other categories (mainly 
LDV and HDDV) was also impacted by the addition of the aged seeds to the library.  
This result was expected, because the LDV seeds are largely OC and the HDDV seeds 
are largely EC.  Some of aged ambient particle (aged OC and aged EC) could have 
matched these “fresh” OC and EC signatures, because they did not have a better 
alternative. However, with the addition of the new aged seeds, they matched the new 
signatures better (with a higher dot product value) and were properly placed into the aged 
categories.  For example, it would be expected that the fraction of fresh OC (LDV) 
particles in the accumulation mode would be less at this location than another sampling 
site located closer to the major freeway; in fact, the average LAM LDV percentage at a 
roadside study during the summer (18.4%) is double the equivalent percentage (9.2%) in 
Riverside during the summer (41,344).   The shift of LDV particles to the aged OC 
category was most highly anticipated for particles in the supermicron size mode, because 
on-road and laboratory (dynamometer) studies of LDV exhaust indicate that the number 
of particles emitted by gasoline or spark ignition engine fall off significantly well before 
1000 nm (478,479).  Therefore, it was expected that the LDV contribution to supermicron 
particles would be very small, which is the case (~1%).  Kittelson and coworkers show 
that the number of particles emitted by diesel engines does not drop off as rapidly as 
those from gasoline engines [Kittelson et al., 2006], which explains why the HDDV 
contribution to supermicron particles is much larger than the LDV contribution.      
 The improved source library successfully reduced the large spikes of unclassified 
particles during the afternoon/evening periods that were especially predominant in 
Figure 104 (summer season).  Figure 110 shows that the contribution of aged types 
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(mainly aged OC and amine) are strongest during this time of day, as expected in the 
summer.  Now the source apportionment results more closely match the hand-classified 
ART-2a results presented in Qin et al. (31).  For example, Qin and coworkers determined 
that the average contribution of the aged OC and amine classes in the submicron size 
range during the summer was 40-45% by manually classifying the top 50 populated 
clusters from running ART-2a analysis at a VF of 0.80, and the combined contribution as 
determined by the updated source library for submicron particles during the summer was 
~37%.  Similarly, the average contribution of the aged OC and amine classes in the 
submicron size range during the fall was ~25% by manual classification and ~21% by the 
source library.  The ART-2a method is slightly higher, because some of the fresh OC 
particles were placed into the aged OC clusters at the lower VF value and also the 
miscalibrated spectra were added to the appropriate category.  The source signature 
library contains no miscalibrated seeds, so these ambient particles are currently placed in 
(and make up the majority of) the unclassified category.  Improvements are presently 
being made on the peak writing program to reduce the number of particles with 
miscalibrated spectra.  The remaining properly calibrated particles in the unclassified 
category (~35%) from using the updated source library are unique types for which there 
is no appropriate seed, such as the unique OC type with Ba that was described in Chapter 
9.  As more sources are characterized in future studies, new seeds (and source categories) 
can be added to the library, which will further reduced the unclassified category.         

This episodic behavior of the fall season can be further examined by comparing 
the source contributions based on the different air masses.  Using HYSPLIT (HYbrid 
Single-Particle Lagrangian Integrated Trajectory) model analysis, it is possible to 
determine the back trajectories of air masses arriving at the sampling site at specified 
heights (305).  The 48 hour back trajectories at a starting height of 100 m (also verified at 
500 m) were calculated for each hour of the study so that the air masses could be 
separated into 6 regions of origin.  Representative back trajectories for each region are 
shown in Figure 112.  Most air masses during the summer had LA and marine 
influences, though some traveled north along the Baja, San Diego (SD), and LA coastline 
or through Baja (inland) and over the Salton Sea (SS).  On the other hand, the air masses 
sampled during the fall derived from all directions around Riverside, including from the 
San Joaquin Valley (SJV) in central California.  Starting in Canada, the long trajectory 
representing the Santa Ana air masses illustrates how quickly these air masses transported 
to Riverside.  The short trajectory representing the Northeastern (NE) Desert air masses 
indicates how stagnant they were.  Under these stagnant conditions, higher concentrations 
of NH4 rich particles are expected, as shown in Figure 113.  This figure provides the 
relative source fraction based on HYSPLIT region and size range.  Also as expected, the 
dust and sea salt apportionments are at their highest and lowest under the  
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Figure 112: Representative 48 hour HYSPLIT back trajectories at a height of 100 m for six 
defined regions.  (LA = Los Angeles, SD = San Diego) 
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Figure 113: Relative class abundance based on air mass origin and size range. (LA = Los 
Angeles, SD = San Diego, SS = Salton Sea, SJV = San Joaquin Valley, NE = Northeastern) 

c. Secondary species as aging markers 
Since many of the Riverside aerosol particles are aged due to being freshly emitted in a 
highly aging environment, it is interesting to examine the extent of aging for particles 
apportioned to a source.  There are a number of markers that can indicate the presence of 
specific secondary species.  For example, the peak at m/z 18NH4

+ indicates the presence of 
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ammonium, the peak at m/z 43C2H3O+ indicates oxidized organic compounds, and the 
peak at m/z +86 commonly indicates the presence of amines in ATOFMS data.  For the 
negative ion peaks, nitrate species are denoted by peaks at m/z 46NO2

-, 62NO3
-, or 125 

H(NO3)2
- and sulfate by 97HSO4

-.  By comparing how the average amount of these 
secondary species adjusts with increasing size for each source, it should be possible to 
infer how the chemistry of particles of a particular source influences the aging processes.  
Based on the source characterization studies, it is already known that the original particle 
chemistry from HDDV (more EC) and LDV (more OC) is different, so the particles from 
these two types of vehicle exhaust can be expected to age differently (36-38,471).  
Figure 114 shows the average area of these secondary markers (for both the UF-
ATOFMS and ATOFMS data combined) on particles matched to the top primary sources 
(HDDV, LDV, dust, sea salt, and biomass) using the updated aged library.  Particles 
detected by UF-ATOFMS cover the 50 to 400 nm range in 50 nm bins, and particles 
detected by the  
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Figure 114: Size-resolved average area of secondary markers for particles matched to specific 
sources during the summer (left column) and fall (right column). 
 
standard inlet ATOFMS cover the 400 to 2400 nm range in 200 nm bins.  Some of the 
plots display a jump around 400 nm due to the transition between instruments measuring 
different size range.  Each source has its own plot for both summer (left column) and fall 
(right column) measurements. 
 The average areas for several of the secondary species remain rather constant 
across all size bins above 100 nm.  They include the relative areas for +43, +86, -125 and 
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sometimes +18.  Therefore, there must be little addition of oxidized organics and amines 
as the particles emitted by these sources grow compared to nitrate and sulfate.  Recall that 
particles whose spectra had significant amounts of +86 (heavily aged) were separately 
apportioned to the amine class.  On the other hand, the average area markers for the 
secondary species of nitrate (-46 and -62) and sulfate (-97) do show changes with particle 
size and account for significant amounts of negative ion intensities.  The general trend for 
all sources is an increase in the area of nitrate with increasing diameter.  For most of the 
sources, the nitrate marker at m/z -62 is the dominant secondary species.  This finding is 
not surprising, because in a previous study in nearby Mira Loma, it was determined that 
nitrate contributed to 26% of the total PM2.5 mass (480).  Large quantities of the reactive 
gas NO2 are transported across the LA Basin.  The plots in Figure 114 suggest that there 
are different seasonal sources or mechanisms of nitrate on Riverside particles.  During the 
fall season, the area of ammonium increases with the increasing diameter of HDDV and 
LDV particles, whereas the ammonium area stayed relatively flat for the same particles 
during the summer.  This observation implies that while ammonium nitrate is important 
during the fall season, there is a different photochemical source of nitrate during the 
summer or that HNO3 partitions with some other species during the summer, besides 
ammonium and amines (also flat).  It is also interesting to note that -46 is the dominant 
nitrate peak on dust.  In the ATOFMS reference mass spectra of unprocessed mineral 
dusts (obtained by analyzing Asian dust samples collected from various source regions), 
the peak at m/z -46 [NO2]- is the only nitrate ion detected and there is no significant peak 
at m/z -62 (134).  As with dust, nitrate represents the main secondary species on sea salt 
particles.  Neither dust nor sea salt indicate a significant presence of sulfate.  In previous 
ATOFMS studies of sea salt particles, sulfate has been observed at m/z 165 [Na3SO4]+; 
however, this peak is not significant for other particle types and, thus, was not chosen as 
a marker of focus.  The lack of sulfate (at m/z -97) on the dust particles contrasts the 
observation of large sulfate ion signals on ambient aged dust particles analyzed aboard a 
ship in the Pacific Ocean during the ACE-Asia campaign (134).  One of the key findings 
of that study was that dust particles could contain large amounts of either nitrate or 
sulfate but rarely would they contain both ions (134,481).  On the other hand, sulfate is 
shown on particles of HDDV and LDV emissions during the SOAR campaign, but not 
for dust and sea salt particles.  Understanding which particle types are internally mixed 
with sulfate is important, because sulfate associated particles have been shown to have 
the potential to modify the radiation budget of the atmosphere (482).  Relatively fresh 
emissions of HDDV, LDV, and biomass burning already show the presence of sulfate 
ions (36-38,471), so m/z -97 can also represent primary sulfate.  However, sulfate on dust 
could be secondary in nature.  In Riverside, there is no sulfate present on dust, because 
the LA Basin has less SO2 than locations in and nearby Asia (due to coal-fired power 
plants).  A modeling study determined that the available surface area is a critical factor in 
the preferential deposition of secondary sulfate by SO2/H2SO4 (12).  In locations such as 
Riverside, the particle types with the most available surface area dominate the submicron 
size mode, and so if there were any significant secondary sulfate, it would prefer the 
carbonaceous types (HDDV, LDV, and biomass).  In fact, this preference may explain 
the seasonal differences with the sulfate marker for LDV particles.  The peak in average 
area for sulfate occurs in smaller sized LDV particles during the summer than in the fall.       
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In summary, a source signature library was used to determine the relative 
contributions of primary sources and non-source specific types to ambient particles 
collected in Riverside during the summer and fall of 2005.  It was determined that local 
vehicle exhaust emissions (specifically HDDV) account for the majority of the small (50-
140 nm) particles detected.  Varying meteorological conditions caused seasonal 
differences in the apportionment of the larger (140+ nm) particles during the summer 
(diurnal trends) and fall (episodic behavior).  These results were supported by the air 
mass back trajectories calculated with HYSPLIT.  The main impacts of aging effects on 
the original source apportionment results were an increase in the unclassified fraction and 
thereby an underestimation of the contributions by aged non-source specific types.  
Therefore, it was determined that the aging of a particle can alter its chemical signature 
enough so that the particle is unassigned.  Adding aged seeds obtained from this dataset 
to the source signature library did reduce the impact of aging effects and improved the 
ability of the source signature library to perform successfully for future source 
apportionment studies in highly aged environments.  Depending upon the size range, 
these additional seeds reduced the percentage of unclassified particles by ~1 to 14% and 
increased the percentage of particles categorized to aged categories by ~4 to 20%.  
Finally, a close examination of markers of secondary species revealed that nitrate, despite 
having different seasonal sources, is the dominant secondary species for aged particles 
from all of the primary sources in Riverside. 
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III. Summary and Conclusions 
 Through a combination of ground based measurements in different locations 
during different seasons new details regarding single particle mixing state were 
discovered. A key element leading to these findings was the development of the mobile 
laboratory that was used 6 of the 8 principle studies conducted during the course of this 
grant. The mobile laboratory allowed for rapid and flexible deployment while lowering 
the barriers to sampling in locations with varying availability of power.  

The list of objectives accomplished during this study included: investigations into 
time and size resolved chemical composition detailing short term changes in composition, 
monitoring spatial variability of particulate matter and sources, seasonal and interannual 
variability in particulate matter size and composition, mass comparisons and 
investigations into the volatile and semivolatile fraction of particles, analyzing changes in 
particle composition linked with meteorology and air mass back trajectories, and 
development of source apportionment algorithms. With respect to short term changes in 
composition two chapters (Chapters 1 and 2) demonstrate the ability of the ATOFMS to 
measure ultrafine particles and ship plumes on the time scale of a few minutes. This 
increase in time resolution allowed us to detect and characterize processes that would not 
have been possible previously. In the future higher time resolution will allow for greater 
investigations into the transformative processes that convert fresh aerosols to aged 
background particles.  

Investigations into spatial variability were made possible by the ability to move 
site to site multiple times within a day, as made possible by the mobile laboratory. 
Chapter 3 describes mobile laboratory results showing the difference between a clean 
background day and a moderately polluted day. In the two cases for San Diego both 
spatial and temporal (diurnal) patters were observed, with temporal patterns playing a 
larger role in the accumulation mode with spatial and temporal being roughly equal 
within the ultrafine mode. Future investigations focusing on ultrafine particles will link 
well with the high time resolution capabilities described above to monitor source to 
background transitions.  

One of the primary objectives of this report was to investigate seasonal and 
interannual differences in aerosol size and chemical composition within California. 
Chapter 4 focused on SOAR I and II in 2005 provides a detailed analysis of the change 
from diurnal patterns in the summer to buildup periods in the fall over several days. A 
more detailed analysis comparing seasonal differences in the chemistry of alkylamines is 
described in Chapter 5. By analyzing particle volatility ATOFMS was able to show that 
acidic particle cores in summer led to the formation of aminium nitrate and sulfate salts, 
while less acidic cores during the fall led to more volatile amine species. Linking the 
chemistry to volatility demonstrates the utility of exploring further systems using the 
thermodenuder-ATOFMS system discussed. Chapter 6 details the changes in particle size 
and chemistry interannually and finds that the summers of 2005, 2006, and 2007 had 
considerable differences between them. The chapter then discusses how best to 
characterize the chemistry observed and simplify it for incorporation into future modeling 
efforts.  

A key advance with respect to quantifying ATOFMS measurements has been the 
ability to convert to mass concentrations from the raw counts measured by the ATOFMS. 
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A method to quantitatively scale the data using an aerodynamic particle sizer (APS) is 
described in Chapter 7 and compared with standard mass measurements including the 
micro-orifice uniform deposit impactor (MOUDI) and beta attenuation monitor (BAM). 
Variation within the calculations used for this conversion are discussed in detail in 
Chapter 8 and when taken together demonstrate the ability to present ATOFMS data on 
both a number and mass basis. This method is used in both Chapter 3 and Chapter 10 to 
present meaningful comparisons to standard mass measurements in the field and in trailer 
and will be used frequently in future analysis.  

The intercomparison of ATOFMS data with meteorology and air mass back 
trajectories for the purpose of understanding sources and secondary contributors to 
particulate matter (PM) concentrations was a key focus of this report. The impact of trace 
metals in the particle phase on human health has received considerable attention in recent 
years and in Chapter 9 meteorology and air mass history are used to predict source 
regions for a plethora of metals in the urban atmosphere of Riverside, CA. Transported 
aerosols (including those containing metals such as vanadium) have also been studied in 
detail. The impact of transported emissions from the Los Angeles Port region on San 
Diego are discussed in detail in Chapter 10, where it is shown that port sources can make 
a significant contribution to local PM in San Diego. The impact of transported emissions 
during unique episodes such as the 2007 San Diego wildfires were also studied as a part 
of this report and Chapter 11 describes both the types of particles observed as well as 
their ability to act as cloud condensation nuclei (CCN), which has important implications 
for clouds and precipitation.  

Significant advances have been made in our ability to apportion the sources of 
different particles in the atmosphere. Chapter 12 ties our initial dynamometer studies that 
were conducted as part of a previous CARB grant with field measurements to determine 
the fraction of cars and trucks in an urban environment. The methods that originated with 
car/truck differentiation are then expanded to incorporate major sources of PM2.5 in 
Chapter 13. These two chapters provide detailed information both on the location studied, 
but also led to development that will allow for future analysis of sources from a more 
mathematical perspective. Lastly, the issue of aging and its impact on source 
apportionment are discussed in Chapter 14. The ability to determine the sources of aged 
particles in critical in a polluted urban environment and considerable advances in our 
ability to apportion this quantitatively are shown.  

Together the research described in this report depicts a number of advances in 
field capabilities, analysis capabilities, as well as the answers to many of the complex 
scientific questions posed in the initial proposal. In the future single particle analysis has 
considerable potential to provide information on mixing state with impacts ranging from 
source apportionment to climate and precipitation patterns.  
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