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Abstract 
 

Particles in the atmosphere impact human health and climate. Knowledge of the sources of these 
aerosol particles, as well as how their physiochemical properties evolve once emitted, is key to 
accurately predict their impacts. As part of CalNex 2010, an aerosol time-of-flight mass 
spectrometer (ATOFMS) was used in ship and aircraft based measurements to obtain insight into 
the sources and properties of aerosol throughout California. Comparisons between this and other 
aircraft campaigns give a unique and unprecedented look into the different types of carbonaceous 
aerosol in California.   

Carbonaceous particles were ubiquitous throughout the LA basin. The ports in Long Beach 
showed higher fractions of soot, from ships and local diesel traffic, compared to other areas. 
These particles underwent processing and acquired secondary species, such as ammonium and 
nitrate, rapidly after emission. Aerosol measured near the ports in Long Beach contained high 
amounts of sulfate and soot, relative to aerosol measured inland which contained more nitrate. In 
southern California, particulate secondary species were primarily nitrate rather than sulfate as 
encountered in northern California. Northern California sources were dominated by 
carbonaceous species produced by secondary biogenic compounds reacting with pollution, 
agricultural emissions, and traffic.  Soot containing particles in northern California were 
generally much smaller (<100 nm) with less secondary coatings than in southern California. 
ATOFMS data were compared and validated against satellite optical retrievals. Secondary 
sources were classified well, but further improvement is needed for classification of primary 
sources. Six peer-reviewed scientific publications to date have used this dataset, highlighting that 
the results from the ATOFMS played an important role in improving our understanding of the 
sources of carbonaceous aerosols in California.  
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Executive Summary 
Background 
Numerous studies over the last decade have utilized ground-based measurements to characterize 
aerosol chemical composition in California, yet these measurements do not fully capture the 
spatial variations of aerosol sources and processes, both regionally and vertically.  These 
differences are critically important as the calculation of climate effects generally rely on the 
positioning of the aerosol regionally and in the atmospheric column.  Properties such as radiative 
forcing and cloud activity (formation, modification, disintegration) need spatial resolution to be 
calculated accurately.  The Research at the Nexus of Air Quality and Climate Change (CalNex) 
field campaign in 2010 was undertaken to better understand the regional impacts of different 
pollution sources in California. As part of this study, real-time, single particle mixing state 
aircraft and shipboard measurements were made.  The extensive regional coverage provided by 
these studies allowed for unique insights into the variation of particle chemistry and sources in 
California. 

Methods 
The key instrument used in both aircraft and ship studies was an aerosol time-of-flight mass 
spectrometer (ATOFMS), which measures the size and chemical composition of individual 
particles in real time.  Additional complementary instrumentation was on-board the aircraft and 
ship sampling platforms and each is discussed when mentioned or referenced.  The mobile 
monitoring platforms included instrumentation for gas (SO2, CO, O3) and particulate (CPC, UF-
CPC) measurements.  Additionally, the CalNex data were supplemented with data from the 
routine ground-based air quality monitoring network.  

Results and Conclusions  
This project accomplished specific objectives specified for the CalNex campaign. Two published 
accounts utilize the extensive regional coverage provided by the CalNex study [Cahill et al., 
2012; Gaston et al., 2012].  Using the ship ATOFMS data, important differences were observed 
between the northern and southern California port regions.  Soot containing aerosol was found to 
represent the largest number fraction of submicron particles in the south, while organic carbon 
was more dominant in the north. Interestingly, much of the organic carbon in northern California 
was biogenic organic aerosols formed by local vegetation emissions mixing and reacting with 
local pollution.  Soot particles at the Ports of Los Angeles and Long Beach were mixed with 
sulfate due primarily to freshly emitted shipping and port pollution.  In northern California, 
amines and nitrate were more prevalent likely from local agricultural emissions.  Using the 
aircraft-ATOFMS (A-ATOFMS) measurements during CalNex and CARES (Carbonaceous and 
Radiative Effects Study), comparisons of aerosol chemical composition over much broader 
regions in northern and southern California were possible. The results show a unique difference 
between port and regional aerosol characteristics.  Nearly 88% of all A-ATOFMS measured 
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particles (100-1000 nm in diameter) were internally mixed with secondary species, with 96% and 
75% of particles internally mixed with nitrate and/or sulfate in southern and northern California, 
respectively.  Interestingly, the chemical composition was very different from that measured 
using CalNex ship measurements, providing unique contrast between measurements covering 
entire regions (i.e., aircraft) to those near port-influenced regions. In summary, northern 
California was dominated by biogenic, agriculture, and vehicle emissions and less aged than 
southern California PM.  In contrast, southern California PM was dominated by vehicle and ship 
emissions with no evidence of biogenic organic species. Table 1 summarizes these findings. 

Given the impact of soot on radiative forcing, calculations and the potential additional effects of 
organic coatings, understanding the spatial differences between these two species is important.  
Optical properties of an aerosol population, specifically the Absorption Ångström Exponent 
(AAE) and the Scattering Ångström Exponent (SAE), have become increasingly important, and 
have even been used to estimate aerosol chemistry [Barnaba and Gobbi, 2004; Higurashi and 
Nakajima, 2002; Jeong and Li, 2005; Kaskaoutis et al., 2007; Kaufman et al., 2005; Kim et al., 
2007; Torres et al., 2005; Yu et al., 2009].  The single particle and gas phase data provided by 
the CalNex study, as well as other studies in California between 2010 and 2011, were used to 
compare the chemical speciation using optical properties.  Secondary sources were well-
classified; however, emissions from primary sources, such as dust and fossil fuel, were often 
underestimated.  As optical techniques are increasingly being used to estimate the composition of 
the aerosol, these results provide important insight into the limitations and improvements needed 
for these optical techniques.  

Aircraft studies did not reach as high of altitudes as expected in the original proposal. 
Nevertheless, the differences in chemistry as a function of altitude were investigated. Soot was 
present in higher number fractions at low altitudes, while at altitudes near the boundary layer the 
aerosol had significant sulfate and nitrate present indicating the aerosol was more highly 
processed. Sulfate was the predominant secondary species seen at low altitudes, while nitrate 
was more prevelant at higher altitudes. 

 

Table 1: Summary of the predominant chemistry measured by the ATOFMS in regions 
measured by both ship and aircraft measurements 

 

 

Region Predominant Chemistry (ATOFMS) Measurement
ports of Long Beach Soot+Sulfate Ship
inland Southern California Soot+Nitrate Air
Bay Area/Sacramento Soot/OC+Amines/Nitrate Ship
inland Northern California Soot/OC+Sulfate Air
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Body of Report 
1.1  Introduction 
1.1.1 Research Objectives 
This project exploited the larger regional coverage provided by aircraft and ship-based 
measurements as part of the Research at the Nexus of Air Quality and Climate Change (CalNex) 
campaign and the unique single particle aerosol time-of-flight mass spectrometer (ATOFMS) to 
investigate the spatial (horizontal and vertical) variability in aerosol chemical composition.  The 
immediate task was to compare the chemical composition of aerosols from northern and southern 
California with specific focus on the mixing state of carbonaceous aerosol such as soot and 
organic carbon.  This aerosol project met one of the major goals of the CalNex program: to 
examine the air quality and climate effects of air pollution over California.  Another objective 
was to examine how aerosol mixing state affects optical properties by incorporating and 
analyzing the collocated optical measurements during CalNex.  

The aerosol mixing state provides a measure of how different chemical components are 
combined in an aerosol particle mixture.  At the individual particle levels, mixing state refers to 
whether those components are internally mixed (i.e., homogeneous), externally mixed (i.e., each 
chemical is separate), or both. Ambient air usually contains a combination of both types, where 
there are external mixtures of particle types, like sea salt and soot, but those types are mixed with 
their own unique blend of other chemical species, like sulfate or nitrate. The cartoon in Figure 1 
demonstrates these difference types of mixing states.  Filter-based methods which collect and 
measure the composition of all particles at once must assume all particles have identical 
compositions (far left) and thus are internally mixed.  In contrast, ATOFMS and other single 
particle methods measure the composition of each particle one by one.  Knowing precisely the 
mixing state of a particle will ultimately help determine its chemically relevant properties. For 
example, a soot aerosol is highly absorbing, but in the presence of an organic coating this 
absorption can be enhanced beyond soot alone [Moffet and Prather, 2009].  Thus, prediction of 
the various effects of aerosols on climate depends upon knowledge of aerosol mixing state. 
Furthermore, the mixing state can be used to determine the original source of the aerosol as well 
as the degree of aging the aerosol has undergone in the atmosphere. 
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Figure 1: Exemplary cartoon of different aerosol mixing states and how they commonly appear 
in the atmosphere. 

The goals for this project were adapted based on the limits of plane flight plans in the CalNex 
study, determined by the chief scientist. CalNex was comprised of ship and aircraft 
measurements between the dates, 14 May to 8 June 2010 and 5 May 2010 – 18 May 2010, 
respectively.  Flights were generally limited to within the boundary layer (i.e., <1000 m).  As 
such, it was not possible to obtain high altitude chemical data during the CalNex study.  In 
general, the concentrations of aerosols at the highest altitudes were much lower, 1000-1500 
particles/cm3 compared to ~1700-2500 particles/cm3, when above and within the boundary layer, 
respectively.  

Interestingly, the amount of PM pollution encountered in northern California during the study 
period was much lower than that in southern California. This is shown in Figure 2 below. 
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Figure 2: PM2.5 mass concentration (µg/m3) measured in northern (red) and southern (black) 
California. 

In general, the pollution levels in northern California remained below 20 µg/m3 whereas those in 
southern California approached 50 µg/m3.  Northern California particles had undergone far less 
processing and thus contained less secondary species.  The soot particles in general were much 
smaller (<100 nm) in northern California except for the very end of the study in June when more 
nitrate and secondary species accumulated on the particles.  Interestingly, a large contribution 
from biogenic emissions in the form of secondary organic species were detected in northern 
California.  Southern California sources included ships and vehicles with higher amounts of 
ammonium and nitrate on the particles. It is not surprising the levels were so much higher in 
southern California as the population in the LA region is much larger than that of Sacramento.  
Thus, vehicle emissions are known to strongly impact air quality in southern California both in 
the form of primary as well as secondary aerosols. 

Many of the original questions specified in the proposal were predicated on the initial plan that 
the flights would obtain high altitude data. However, high altitude flights were not performed 
during this study, and thus it was not possible to address some of the original questions proposed. 
However, the dataset obtained with the flights in CalNex was rich with information about the 
horizontal spatial gradients in aerosol sources and chemistry that is now being used to answer 
important questions about the major sources of aerosol pollution in the state of California. The 
overall goal of the proposal was, “… to obtain detailed data on aerosol size and chemical mixing 
state during CalNex in May 2010 and link it with measured optical and hygroscopic properties”. 
The data collected during CalNex fulfills this over-arching goal. Specifically, the CalNex dataset 
was used to address the following questions: 
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1. What are the major sources contributing to black carbon or soot aerosols in California? 
2. What are the differences in aerosol sources and secondary chemistry between northern 

and southern California? 
3. What are the differences in chemical mixing state across the LA basin? 
4. How accurate are the optical retrievals from satellite measurements? 
5. What is vertical profile of chemical mixing state within and just above the boundary 

layer? 
6. How does aerosol mixing state impact hygroscopic properties?  

This report summarizes data obtained from both ship and aircraft measurements. The ATOFMS 
data were used in the publication of six peer-reviewed papers [Cahill et al., 2012; Cazorla et al., 
2013; Gaston et al., 2012; Hersey et al., 2013; Weiss-Penzias et al., 2013; Zaveri et al., 2012].  
The scope of these publications fulfills the broad array of questions to be answered in this 
project.  As the scope of each result section of this report is sufficiently unique, a comprehensive 
introduction for each chapter is given below for the scientific questions to be addressed in that 
result.  This layout was chosen to help the reader understand the specific objectives answered in 
each chapter.  

1.1.2 The impact of shipping, agricultural, and urban emissions on single particle 
chemistry observed aboard the R/V Atlantis during CalNex 

Atmospheric aerosols contribute to air pollution, have adverse effects on human health, and 
perturb the Earth’s radiative balance [Poschl, 2005]; both aerosol size and composition play key, 
yet uncertain, roles in these effects.  One aim of the Research at the Nexus of Air Quality and 
Climate Change (CalNex) field campaign was to elucidate the links between aerosols, air 
pollution, and climate in order to guide policies regarding emission regulations in California.  
Diverse particle sources impact California, including ships, vehicle exhaust, oil refineries, meat 
cooking, and animal husbandry and agricultural emissions.  The Ports of Los Angeles (LA) and 
Long Beach (LB) are the busiest container ports in the United States, contributing high levels of 
ship and port emissions (e.g., trucks, trains, cranes, oil refinery emissions) to Southern 
California.  Locations in inland Southern California (i.e., Riverside) and the Sacramento and San 
Joaquin Valley areas in Northern California are impacted by dairy farm and agricultural 
emissions leading to high mass concentrations of particulate matter that contain large fractions of 
secondary species [Chen et al., 2007; Chow et al., 2006b; Docherty et al., 2008; Grover et al., 
2008; Hughes et al., 2000; Hughes et al., 2002; Magliano et al., 1999; Pastor et al., 2003; Qin et 
al., 2012; Sorooshian et al., 2008b].  Furthermore, biogenic emissions from forested regions 
such as the Sierra Nevada foothills and from marine biological activity along the California coast 
also contribute to the aerosol burden in California [Creamean et al., 2011; Gaston et al., 2010].  
Assessing how these regional differences in particle sources and secondary atmospheric 
reactions impact the physicochemical properties of aerosols represents a key step in fulfilling the 
goals of the CalNex field campaign.  
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Single-particle mass spectrometry is well-suited for providing the high temporal resolution and 
mass spectral fingerprints necessary for distinguishing between diverse particle sources and 
assessing the impact of atmospheric processing (e.g., gas-to-particle partitioning, heterogeneous 
reactions, etc.) on particle size and chemistry [Pratt and Prather, 2011; Sullivan and Prather, 
2005].  Aerosol time-of-flight mass spectrometry (ATOFMS), an on-line single-particle analysis 
technique, has been successfully used for the source apportionment of particulate matter in 
California for 17 years [Ault et al., 2010; Creamean et al., 2011; Gaston et al., 2010; Hughes et 
al., 2000; Moffet et al., 2008; Noble and Prather, 1996; Pastor et al., 2003; Pratt and Prather, 
2009; Qin et al., 2012; Toner et al., 2008; Whiteaker et al., 2002].  Herein we present real-time 
measurements of single-particle composition and size using ATOFMS during the CalNex 
campaign onboard the R/V Atlantis sampling platform.  Atmospheric measurements were made 
off the California coast, targeting specific sources, including the Ports of LA and LB, continental 
outflow from the LA basin, and emissions from northern California, including the inland 
Sacramento area.  This paper describes the significant differences observed in single-particle 
mixing state and the emission sources between these regions.  The implications of these findings 
are also discussed.  
 

1.1.3 The mixing state of carbonaceous aerosol particles in northern and southern 
California measured during CARES and CalNex 2010 

Carbonaceous aerosols, comprised of soot and/or organic carbon (OC), affect climate directly 
through scattering and absorbing radiation and indirectly by influencing cloud formation, albedo, 
and lifetime [Ackerman et al., 2000; Poschl, 2005; Ramanathan et al., 2007; Rosenfeld and 
Givati, 2006].  Soot, formed by incomplete combustion processes, is strongly absorbing and 
hence plays a key role in affecting climate through radiative forcing [Jacobson et al., 2000; 
Kanakidou et al., 2005; Ramanathan and Carmichael, 2008; Solomon et al., 2007].  OC from 
vehicular, biogenic, and biomass burning emissions, as well as from secondary aerosol 
formation, can exhibit a wide range of optical properties that depend on the mixing state of 
particles [Hand and Malm, 2007; Jacobson et al., 2000; Kanakidou et al., 2005; Rudich et al., 
2007].  Soot and OC particles can form internal mixtures with one another as well as other 
secondary species, such as nitrate, sulfate, and ammonium, which strongly affect their optical 
and physical properties [Moffet et al., 2010; Prather et al., 2008; Spencer and Prather, 2006].   

Internal mixtures of OC and soot increase the absorption coefficient, leading to greater radiative 
forcing than predicted for either species alone [Moffet and Prather, 2009; Schnaiter et al., 2005; 
Schwarz et al., 2008].  For example, Schnaiter et al. [2005] measured absorption amplification 
factors of 1.8 to 2.1 times higher for soot with coatings than without and similarly, Moffet and 
Prather [2009] found an absorption enhancement of 1.6 for soot particles coated with OC and 
secondary species over pure soot.  Previous studies have determined that water soluble coatings, 
such as sulfuric acid, lead to enhanced absorption over that of externally-mixed particles 
[Khalizov et al., 2009; Naoe et al., 2009].  In addition to absorption enhancement, coatings can 
alter particle hygroscopicity, which in turn affects the particle’s optical and physical properties, 
as particles that are more hygroscopic will absorb more water, scatter radiation more efficiently, 
and have a higher potential to become cloud condensation nuclei (CCN) [Hand and Malm, 2007; 
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Mochida et al., 2006; Wang et al., 2010].  Laboratory and field studies show altered 
hygroscopicity for photochemically aged soot, due in part to the condensation of secondary 
species [Cappa et al., 2011; Furutani et al., 2008; Petters et al., 2006; Wang et al., 2010].  For 
example, Petters et al. [2006] observed that as hydrophobic soot particles age they can become 
hydrophilic due to the addition of a sulfate or nitrate coating.  Wang et al. [2010] determined that 
nitrate partitioned onto aerosols leads to increased CCN activity.  Multiple studies have shown 
that particles can acquire coatings rapidly, sometimes in only a few hours; hence, the amount of 
ambient particles existing as internal mixtures may represent a sizable fraction of total ambient 
aerosols [Jacobson, 2001; Moffet and Prather, 2009; Riemer et al., 2010; Wang et al., 2010].  In 
addition, the aerosol optical and CCN activation properties may be sensitive to the degree of 
internal mixing even after 1 to 2 days [Zaveri et al., 2010]. 

Despite the importance of mixing state on particle optical and physical properties, atmospheric 
models generally represent the particle population as an internal mixture [Koch et al., 2011].  
Chung and Seinfeld [2002] found a difference of ~0.4 W/m2 in radiative forcing depending on if 
internal or external mixing state was used.  Jacobson estimated that global radiative forcing of 
soot increases by a factor of 2.9 when varied from an external to an internal mixture [Jacobson, 
2001].  Additionally, numerous studies have shown the sensitivity of climate to large aerosol 
perturbations [Kloster et al., 2010; Leibensperger et al., 2012; Mickley et al., 2012; Solomon et 
al., 2007].  The potentially large effect on radiative forcing calculations due to mixing state of 
the aerosols necessitates empirical measurements to determine the extent of soot and non-
absorbing species, such as OC, present in the atmosphere as internal or external mixtures.  

Single particle mixing state is gradually becoming a more prevalent measurement in field studies 
[Brands et al., 2010; Gard et al., 1997; Murphy and Thomson, 1995; Zelenyuk and Imre, 2005].  
Ground-based measurements have shown the large variability in the mixing state of 
carbonaceous aerosols, even within just California [Chow et al., 2006b; Chow et al., 1993].  For 
example, Qin et al. [2012] found carbonaceous aerosols in Riverside, California were internally 
mixed with sulfate from photochemical processing during the summer, while nitrate was the 
dominant secondary species in the fall due to semi-volatile partitioning of ammonium nitrate.  In 
Bakersfield, California, carbonaceous aerosols were found to be internally mixed with 
ammonium, nitrate, and sulfate from partitioning of ammonium nitrate and ammonium sulfate 
[Whiteaker et al., 2002]. An inherent limitation in ground-based measurements is the 
susceptibility of a single sampling site to local sources.  Aircraft sampling can cover large areas 
over short timescales, providing measurements that are indicative of an entire region and 
therefore may be more useful for evaluation of model predictions over large areas.  Relatively 
few aircraft studies to date have measured single particle mixing state [Murphy et al., 2007; Pratt 
and Prather, 2010; Zelenyuk et al., 2010].  Herein, in situ measurements of carbonaceous aerosol 
mixing state were determined using an aircraft-aerosol time-of-flight mass spectrometer (A-
ATOFMS) over two major aircraft campaigns in California during the late spring and early 
summer of 2010 to elucidate: 1) the fraction of carbonaceous particles that are internally and 
externally mixed and 2) the differences in mixing state of carbonaceous particles between the 
two regions studied.  

The Research at the Nexus of Air Quality and Climate Change (CalNex) campaign primarily 
sampled aerosols over southern California, with the goal of understanding the role of particle 
composition on air quality and climate change (www.esrl.noaa.gov/csd/calnex/).  A large area of 
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northern California was characterized during the Carbonaceous Aerosols and Radiative Effects 
Study (CARES), a study that sought to follow the evolution of soot as particles are transported 
from fresh urban sources in Sacramento into the more remote Sierra Nevada foothills 
(campaign.arm.gov/cares/).  These two studies overlapped, with CalNex beginning in May and 
CARES in June of 2010, and provide an assessment of particle mixing states throughout much of 
California during late spring and early summer. 

1.1.4 Relating aerosol absorption due to soot, organic carbon, and dust to emission 
sources determined from in-situ chemical measurements 

Atmospheric aerosol particles are one of the most variable components of the Earth’s 
atmosphere, and affect the Earth’s radiative balance and climate directly by absorbing and 
scattering solar radiation [Haywood and Shine, 1995; Solomon et al., 2007], and indirectly by 
acting as cloud condensation nuclei, changing the microphysical properties of clouds [Kaufman 
et al., 2005; Solomon et al., 2007]. 

Carbonaceous particles (elemental carbon, EC, and organic carbon, OC) and mineral dust are the 
most strongly absorbing aerosol particles.  The absorbing fraction of carbonaceous aerosols has 
been estimated as the second largest contributor to global warming [Jacobson et al., 2000; 
Ramanathan and Carmichael, 2008].  However, the absorbing properties strongly depend on the 
mixing state of the particles [Bond and Bergstrom, 2006; Schnaiter et al., 2005].  Further, current 
model estimates of aerosol forcing ascribe solar absorption entirely to EC, treating the organic 
fraction (OC) as scattering [Koch et al., 2007; Myhre et al., 2008] and therefore may be 
underestimating the aerosol warming potential.  Though this is a reasonable assumption in 
regions dominated by fossil fuel combustion, not only does carbon from all emission sources 
contain both elemental and organic fractions [Chow et al., 2009], but non-soot OC, particularly 
that emitted from biomass burning processes has a significant absorbing component at short 
wavelengths that may be comparable to the EC absorption[Andreae and Gelencser, 2006; Hoffer 
et al., 2006; Jacobson, 1999; Kirchstetter et al., 2004; Magi et al., 2009].  A separation of the 
total aerosol absorption into different source specific chemical species is therefore essential, both 
for constraining the large uncertainties in current aerosol forcing estimates [Solomon et al., 2007] 
and for informing emissions based control policy.  Detailed studies of the chemical composition 
and size distribution of aerosol particles, and how they relate to the optical properties is therefore 
essential to evaluate their impact on climate.  

Russell at al. [2010] highlighted that many recent studies have shown the persistent connections 
between aerosol absorbing species and the wavelength dependence of absorption.  Thus, 
numerous studies have classified absorbing aerosol types from optical properties measured on 
ground stations [Coen et al., 2004; Dubovik et al., 2002; Eck et al., 1999; Fialho et al., 2005; 
Giles et al., 2012; Giles et al., 2011; Kalapureddy et al., 2009; Meloni et al., 2006; Mielonen et 
al., 2009] and from satellites [Barnaba and Gobbi, 2004; Higurashi and Nakajima, 2002; Jeong 
and Li, 2005; Kaskaoutis et al., 2007; Kaufman et al., 2005; Kim et al., 2007; Torres et al., 2005; 
Yu et al., 2009].  In this study, in-situ optical properties and single particle chemical composition 
measured during three aircraft field campaigns are combined in order to validate a methodology 
for the estimation of absorbing aerosol types using spectral optical properties.  In addition, this 
approach is extended and applied to a longer term remote sensing optical measurements database 
(i.e., AERONET [Holben et al., 1998], using data from California stations).  
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1.1.5 Characterization of single particle chemistry over the enitre LA Basin using aircraft 
measurements during CalNex 

Carbonaceous aerosols have numerous effects on climate, whether by directly and indirectly 
affecting it [Ackerman et al., 2000; Poschl, 2005; Ramanathan et al., 2007; Rosenfeld and 
Givati, 2006].  The chemical identity (or mixing state) directly relates to the potential affects the 
aerosol can have on climate. For example, Soot, formed by incomplete combustion processes, is 
strongly absorbing [Jacobson et al., 2000; Kanakidou et al., 2005; Ramanathan and Carmichael, 
2008; Solomon et al., 2007] while organic carbon has many optical properties [Hand and Malm, 
2007; Jacobson et al., 2000; Kanakidou et al., 2005; Rudich et al., 2007].  The major sources of 
these particles, and areas where they are localized can help to predict potential forcing and health 
affects in the region. Hence, identification of the chemical mixing state resolved in space is 
important for prediction of their potential effects. 

The sources and chemical composition of aerosols vary greatly both spatially and vertically. As 
described in 1.1.3, an inherent limitation to ground-based studies is the susceptibility of one 
particular sampling site to local sources.  Aircraft sampling can cover large areas over short 
timescales, providing measurements that are indicative of an entire region and therefore may be 
more useful for evaluation of model predictions over large areas.  Herein, in situ measurements 
of carbonaceous aerosol mixing state were determined using an aircraft-aerosol time-of-flight 
mass spectrometer (A-ATOFMS) flown during CalNex.  This dataset was analyzed in detail to 
determine differences in chemical mixing state within separate regions of the LA basin, 
determine the size resolved chemistry observed during CalNex, as well as probe the vertical 
mixing state of aerosols.  The aircraft data provide an unprecedented view of the chemical 
mixing state and sources of aerosols within the LA Basin. 

1.1.6 Summary of Chapters 

1.1.6.1 Introduction 

The ATOFMS instrumentation and CalNex study are introduced.  The objectives and 
motivations of the study are described along with the project deliverables.  The instrumental 
technique, as well as the data analysis procedure, is presented.  A brief summary of each chapter 
of the report is included. 

1.1.6.2 Materials and Methods 

The aerosol time-of-flight mass spectrometer is introduced.  Common data analysis techniques 
used in the following chapters are described.  

1.1.6.3 Results and Conclusions 

Chapter 1 discusses the similarities and differences of particle mixing state as measured by 
ATOFMS ship-based measurements.  Heterogeneous reactivity, water uptake, and cloud-forming 
abilities depend on the mixing state of the aerosol.  Determining the dominant sources and 
secondary species in a region is extremely important for accurate climate forcing calculations.  
Port-influenced regions can have dramatically different aerosol composition compared to the 
surrounding region.  This chapter describes the mixing states of the aerosols in these regions.  
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The ship-based measurements covered a large range of California, from Los Angeles to 
Sacramento.  In Southern California, particles containing soot made up the largest fraction of 
submicron particles while organic carbon containing particles comprised the largest fraction of 
submicron number concentrations in Northern California.  The mixing state of these 
carbonaceous particle types varied during the cruise with sulfate being more prevalent on soot-
containing particles in Southern California due to the influence of fresh shipping and port 
emissions in addition to contributions from marine biogenic emissions.  Contributions from 
secondary organic aerosol species, including amines, and nitrate were more prevalent in 
Northern California, as well as during time periods impacted by agricultural emissions.  These 
regional differences and changes in the mixing state and sources of particles have implications 
for heterogeneous reactivity, water uptake, and cloud-nucleating abilities for aerosols in 
California. 

The content of Chapter 2 is similar to Chapter 1 but discusses aircraft measurements.  The 
shipboard measurements in Chapter 1 were highly impacted by port and ship emissions.  The 
CalNex and CARES (Carbonaceous Aerosol and Radiative Effects Study) aircraft campaigns 
were used collectively to provide aerosol mixing state measurements over extremely large 
regions of Northern and Southern California.  In Southern California, the aerosol was primarily 
soot mixed with nitrate while in the north, there was a significantly higher fraction of organic 
carbon mixed with sulfate.  Single particle peak ratios show that there is large heterogeneity of 
sources and composition in Southern California; meaning that a significant number of particles 
were mixed with high amounts of sulfate as well as nitrate.  In Northern California nearly all 
particles were heavily mixed with sulfate.  These associations have implications for the water 
uptake properties in the respective regions.  

In Chapter 3, the chemical speciation from AERONET sites based on the Absorption Ångström 
Exponent (AAE) and the Scattering Ångström Exponent (SAE) are compared to ATOFMS-
measured mixing states across three aircraft campaigns.  Optical properties are increasingly 
being used to provide insights into chemical composition; however, before these techniques can 
be broadly utilized, comparisons with direct measurements are necessary.  The aircraft 
campaigns of CalNex, CARES, and CalWater were used to validate the methodology used for 
the estimates of aerosol chemistry using optical properties.  The method was found to 
underestimate primary sources but classified secondary sources well.  Dust sources were also 
misclassified in some cases.  These results help to improve the classification procedure for 
aerosol compositions determined via optical properties.  

Chapter 4 discusses the aircraft dataset obtained for CalNex in more detail.  The chemical mixing 
state is described as a function of size, altitude, and region. Different particulate chemistry was 
seen depending upon the area of the LA basin being sampled. Soot from port emissions was 
observed near Long Beach, with a notable increase in the fractions of soot and soot-OC particles 
in this area.  In addition, secondary species associated with these particles differed than particles 
measured in the rest of CalNex, containing higher peak ratios of sulfate compared to nitrate. A 



 

10 
 

chemically resolved vertical profile obtained during CalNex shows higher number fractions of 
soot aerosol at lower altitudes, while at altitudes near to the boundary layer have higher fractions 
of HP particles, indicating that particles acquire significant amounts of sulfate and nitrate as they 
increase in altitude. Upon closer examination, nitrate and sulfate containing number fractions 
actually cross as altitude increases, with nitrate resulting in a higher number fraction than sulfate 
at higher altitudes.   ATOFMS data are compared with in flight hygroscopicity data. Sub-
saturated hygroscopicity and super-saturated hygroscopicity parameters showed opposite trends 
for both biomass influenced and non-biomass influenced periods. This could be a result of 
organic coatings on these particles leading to reduced water uptake. 

While some of the original questions of the proposal could not be answered, due to aircraft 
limitations in going to high altitudes, the results described in this report accomplished the main 
objective of the proposal, “… to obtain detailed data on aerosol size and chemical mixing state 
during CalNex in May 2010 and link it with measured optical and hygroscopic properties”.  
ATOFMS data obtained in the CalNex study were used in the publication of six peer-reviewed 
papers in atmospheric journals [Cahill et al., 2012; Cazorla et al., 2013; Gaston et al., 2012; 
Hersey et al., 2013; Weiss-Penzias et al., 2013; Zaveri et al., 2012]. 

1.2 Materials and Methods 
1.2.1 Instrumentation 
Measurements by the aerosol time-of-flight mass spectrometer (ATOFMS) are the primary data 
resource used in this report.  The ATOFMS acquires single particle chemical composition (i.e. 
the aerosol mixing state) and size in real time.  A detailed description of the ATOFMS and 
aircraft-ATOFMS (A-ATOFMS) has been reported previously [Gard et al., 1997; Pratt et al., 
2009b]; only a brief description is provided here.  Figure 3 identifies the key components of the 
ATOFMS and A-ATOFMS.  Aerosols first enter the instrument and are focused into a narrow 
beam where they enter a low pressure region and are accelerated to their terminal aerodynamic 
velocities.  They then pass through two 532nm scattering lasers (JDSU, Crystal Laser) spaced 
6cm apart, which provide a measurement of the aerosol terminal velocity.  The velocity is then 
used to calculate the size of the particle, via calibration of particles of known size, and to time 
the firing of a third ionization laser (266nm Nd:YAG, Quantel) which ablates and ionizes the 
particle at ~0.5-1.5mJ per pulse.  A dual time-of-flight mass spectrometer collects the ions and 
outputs a positive and negative mass spectrum for each individual particle.  The particle source is 
determined using positive spectra, while negative spectra typically provide information on the 
secondary species and chemical processing that the particle has undergone [Guazzotti et al., 
2001; Noble and Prather, 1996; Prather et al., 2008].  Mass spectra are calibrated against known 
standards. It should be noted that if particles do not absorb the ionization laser wavelength, 
266nm, the particle will not be ionized.  This causes certain known particle types, for example 
ammonium sulfate, to be missing from ATOFMS data (though most other particle types can be 
sampled).  Relative fractions presented later in this report should be interpreted as the fraction of 
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ATOFMS particles sampled, not necessarily all particles; however, particles within the size 
range of the ATOMFS are typically mixed with absorbing species, such as nitrate and carbon, 
thus it is unlikely that many particle types are not measured. The fraction of particles that are 
ionized, or hit rate, is an indicator of periods containing particles types that are invisible to the 
laser.  During the course of the studies used in this report, the hit rate was relatively constant so it 
is unlikely that the ATOMFS is missing a large fraction of particle types.  

 

Figure 3: Schematic representation of the typical ATOFMS (top) and aircraft-ATOFMS 
(bottom) used in this report. 

The standard ATOFMS can measure particles across the size range of ~200-3000 nm, while the 
A-ATOFMS has a smaller size range of ~200-1000 nm.  The aircraft instrument utilizes an 
aerodynamic lens system that is significantly more efficient at transmitting particles than the 
typical converging nozzle used in a normal ATOFMS.  Note that the difference in sizes 
transmitted by the ATOFMS instruments results in different chemistry and sources probed, with 
more supermicron particles being sampled by the standard ATOFMS used for ship 
measurements.  This may result in some differences between the two instruments even when 
sampling within the same region. 



 

12 
 

It should be noted that the ATOFMS data is very different than standard PM2.5 measurements.  
First, the ATOFMS measures particle number rather than particle mass; however, spectral peak 
area can be used to relate qualitatively with particle mass. All fractions in this report are based on 
particle number fraction, unless otherwise noted.  Second, the ATOFMS has a different size 
range (discussed above) than PM2.5 measurements. This could lead to discrepancies when size 
dependent chemistry is occurring in an area.
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1.2.2 Data Analysis and Techniques 
The ATOFMS can easily collect spectra on thousands of particles during a study.  User analysis 
of individual spectra quickly becomes unmanageable, and alternate methods of analysis must be 
used.  Particle mass spectra are loaded into Matlab (The MathWorks, Inc.) using the YAADA 
toolkit for Matlab (www.yaada.org).  Then an adaptive resonance theory (ART-2a) algorithm 
groups spectra with similar peak patterns and intensities into clusters.  New clusters are created if 
the dot product of a spectrum and a cluster does not pass a given threshold denoted as the 
vigilance factor (typically having a value of 0.80).  Additional details on the analysis technique 
are provided elsewhere, [Allen, 2002; Rebotier and Prather, 2007; Song et al., 1999].  The 
algorithm outputs a manageable number of clusters, indicative of spectra obtained throughout a 
whole study.  Clusters are then identified manually and attributed to specific species based on 
previous studies.  Mass spectral peaks are identified according to the most probable ions at a 
given mass-to-charge (m/z) ratio.   

1.2.2.1 Interpretation of mass spectra 

ATOFMS mass spectra contain a wealth of chemical information about a single particle. 
However, this detail can make interpretation and correlations with outside measurements 
difficult.  The presence and intensities of specific ions in a mass spectrum is dependent upon the 
concentration of the chemical species, ionization laser intensity, and the presence of all chemical 
components on the particle, known as matrix effects. Matrix effects can suppress or enhance 
certain peaks based on the electron affinities or ionization potentials of all ions for negative and 
positive ions, respectively.  Because of this, mass spectral peaks are not generally quantitative; 
however the intensity of the peaks is generally qualitatively representative of ion concentration.  
Additionally using relative mass spectral peak intensities (i.e. fractional intensities) helps to 
mitigate discrepancies caused by matrix effects and hence is typically used over absolute peak 
areas.  In the case of the CalNex, the vast majority of particles were carbonaceous and so have 
similar matrices. Further, carbon containing ions typically have high ionization potentials 
making the matrix effects for these particles relatively small (as compared to metal containing 
particles like sea salt).  Additionally, because most particles were carbonaceous the matrix 
effects between different particles would be similar.  This allows for comparisons of relative 
peak areas to comment on increased or decreased content of specific species on particles.  

1.2.2.2 Goal of specific data analysis 

As has been demonstrated above, ATOMFS mass spectra can be extremely complex.  There are 
many ways ATOFMS data can be analyzed depending on the scientific question. For example, 
one can cluster particles based on source (i.e. Soot), or on secondary species (i.e. nitrate/sulfate 
containing), or even both (i.e. Soot-Nitrate or Soot-Sulfate)? Hence, each chapter has a unique 
designation of particle types in order to better address each of the specific questions of this 
project. To help the reader understand how the data were generated for each section, a method 
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and materials section has been included with each result chapter to describe the specific data 
analysis procedures used within each chapter.  

1.3  Results 
1.3.1.1 The Impact of Shipping, Agricultural, And Urban Emissions On Single Particle 

Chemistry Observed Aboard The R/V Atlantis During Calnex  

1.3.1.2 Materials and Methods 

1.3.1.2.1 Aerosol Measurements: ATOFMS  
The size-resolved chemical composition of individual aerosol particles from 0.2 to 3.0 µm 
aerodynamic diameter was measured in real time using aerosol time-of-flight mass spectrometry 
(ATOFMS).  The operating principles of the ATOFMS have been described previously [Gard et 
al., 1997; Prather et al., 1994].  Briefly, particles are sampled through a converging nozzle inlet 
into a differentially pumped vacuum chamber causing particles to be accelerated to a size-
dependent terminal velocity.  Particles next enter the sizing region of the instrument consisting of 
two continuous wave (532 nm) lasers separated by a fixed distance.  The time taken to traverse 
the laser beams is recorded giving the terminal velocity of the particle, which is used to calculate 
the aerodynamic diameter of the particle.  The particle velocity is also used to time the firing of a 
Q-switched neodymium:yttrium/aluminum/garnet (Nd:YAG) laser (266 nm) operating at ~1.2 
mJ laser power that simultaneously desorbs and ionizes compounds from individual particles 
creating positive and negative ions, which are analyzed in a dual polarity time-of-flight mass 
spectrometer.  Particle detection efficiencies are dependent on the ability of particles to interact 
with the 266 nm radiation [Dall'Osto et al., 2006; Qin et al., 2006; Wenzel et al., 2003].  Dual-
polarity spectra provide complementary information regarding the source (e.g., ships versus sea 
salt) and age of the particle (e.g., fresh versus reacted sea salt) [Guazzotti et al., 2001; Noble and 
Prather, 1996].  A lack of negative ion spectra indicates the presence of tightly bound particle 
phase water, which suppresses negative ions produced by laser desorption/ionization [Neubauer 
et al., 1997; Neubauer et al., 1998].  Conditioning particles to 60% relative humidity (RH) 
decreases some of this water, thus increasing the formation of negative ion spectra.  

The YAADA software toolkit was used to import ion peak lists into MATLAB v 6.5.1 (The 
MathWorks, Inc.) for processing of ATOFMS data [Allen, 2002].  Single particle mass spectra 
were then analyzed using a clustering algorithm (ART-2a), which groups spectra together with 
similar characteristics into distinct “clusters” [Song et al., 1999].  These “clusters” are then 
merged into distinct particle types based on the prevalent mass spectral ions and intensities, 
which are indicative of particle sources and chemistry [Noble and Prather, 1996].  The 
prevalence of these particle types was averaged into 1 h time bins and separated into submicron 
(0.2–1.0 µm) and supermicron (1.0–3.0 µm) particles.  Each ion peak assignment presented in 
this paper corresponds to the most likely ion produced at a given mass-to-charge (m/z).  Particle 
types described herein are defined by characteristic ion peaks and/or possible sources and do not 
reflect all of the species present within a particular particle class.  
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Figure 4: Cruise track for the R/V Atlantis (blue line) along the California coast during CalNex.  
The Port of Los Angeles (grey triangle), the Santa Monica area (grey dot), Riverside area (grey 
square) and the Sacramento area (grey diamond) are shown along with the start and end points of 
the cruise.  

1.3.1.3 Results and Discussion 

Temporal variations of single-particle measurements were analyzed to discern differences in 
particle composition between sources in southern and northern California.  The temporal 
variability of the most frequently observed particle types detected by ATOFMS as well as the 
latitudinal position of the ship is shown in Figures 5a and 5b for submicron and supermicron 
particles, respectively.  Several patterns in single-particle mixing state were identified based on 
differences in particle source, meteorological conditions, and aging processes.  To illustrate this, 
six distinct time periods are identified by colored boxes in Figure 5; the time periods are defined 
as Riverside Transport (Period 1, boxed in red), Stagnant / Ports Transport (Period 2, boxed in 
black), Marine/Coastal Transport (Period 3, boxed in cyan), Ports of Los Angeles/Long Beach 
(LA/LB) (Period 4, boxed in green), Inland/Valley Transport (Period 5, boxed in orange), and 
Bay Area/Sacramento (Period 6, boxed in purple).  The following sections provide a detailed 
comparison and discussion of the gas-phase species and meteorological conditions, prevalent 
particle types and sources, the mixing state of carbonaceous particles, and the secondary 
particulate species present during each time period.  

1.3.1.3.1 Characteristics of Each Period  

During the Riverside, Stagnant/Ports, and Marine/Coastal Transport periods, measurements took 
place along the Southern California coast focusing on emissions from the LA Basin, whereas 
measurements during the Ports of LA/LB period were entirely performed in the Ports of LA and 
LB and surrounding shipping lanes.  During the Inland/Valley Transport period, measurements 
extended farther north to include the Santa Barbara region; the Bay Area/Sacramento period 
measurements were made in Northern California when the ship remained in the Deep Water 
Channel/Sacramento region for three days.  Table 2 shows the corresponding dates and 
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meteorological and gas phase measurements for each time period. Figure 6 shows the 48 h air 
mass back trajectories at the 500m height [Draxler and Rolph, 2011] for each time period to 
highlight differences in air mass transport conditions.  The Stagnant/Ports and Ports of LA/LB 
periods were heavily influenced by emissions from the Ports of LA/LB while the Riverside, 
Stagnant/Ports, Inland/Valley, and Bay Area/Sacramento periods were influenced by agricultural 
and urban emissions from Riverside and/or the Central Valley.  The Marine/Coastal Transport 
period was influenced by oceanic emissions and serves as a background period. 

 

Figure 5: Hourly temporal profile of single-particle mixing-state observed by ATOFMS in UTC 
as a function of day of year (DOY) and latitude (white line).  The top (a) and bottom (b) panels 
show the single-particle chemistry for submicron particles (0.2-1.0 µm) and supermicron 
particles (1.0-3.0 µm), respectively.  Colored boxes highlight six different periods when 
differences in particle composition were observed due to different meteorological conditions, 
gas-phase concentrations, and aging processes. 
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Table 2: Meteorological and Gas Phase Data for Six Different Air Mass Transport Conditions. 
Day of Year (DOY), date and time (UTC), latitudinal and longitudinal range, average meteorological conditions (wind speed, RH, air temperature), and average 
gas-phase concentrations (radon, SO2, ozone, and the toluene/benzene ratio) for measurements made during each of the six different time periods are highlighted 
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Figure 6: 48-hour HYSPLIT air mass back-trajectories at 500 m (red lines) shown during the 
R/V Atlantis cruise (grey dotted line) corresponding to: a) Period 1: Riverside Transport boxed 
in red, b) Period 2:  Stagnant/Ports Transport boxed in black, c) Period 3:  Marine/Coastal 
Transport boxed in cyan, d) Period 4:  Ports of LA/LB Transport boxed in green, e) Period 5:  
Inland/Valley Transport boxed in orange, and f) Period 6:  Bay Area/Sacramento boxed in 
purple.  Red dots on the HYSPLIT trajectories denote 12 hour increments.  The Port of Los 
Angeles (grey triangle), the Santa Monica area (grey dot), Riverside (grey square) and the 
Sacramento area (grey diamond) are also shown. 

1.3.1.3.1.1 Period 1: Riverside Transport  

During the Riverside Transport period, Hybrid Single-Particle Lagrangian Integrated Trajectory 
(HYSPLIT) analysis indicates that the sampled air masses were transported from the Riverside 
and Imperial Valley regions before traversing the port and Santa Monica regions (see Figure 6a).  
Thus, the Riverside Transport period is expected to be influenced by urban, port, and agricultural 
emissions.  Particulate matter in Riverside typically is well-aged as indicated by high 
concentrations of secondary species such as nitrate, amines, ammonium, and secondary organics 
[Hughes et al., 2000; Hughes et al.; Liu et al., 2000; Pastor et al., 2003; Pratt et al., 2009a; Pratt 
and Prather, 2009; Qin et al., 2012].  The ratio of toluene to benzene was not available during 
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this period; however, available NOx/NOy ratios indicated that the air masses during this period 
were photochemically aged.  The average radon concentration was high (2500±760 mBq/m3) 
indicating that continentally influenced air masses were sampled.  The daily mean temperature 
was low (13.2±0.6 °C) while the daily mean RH was high (89±3%).  

1.3.1.3.1.2 Period 2: Stagnant/Ports Transport  
Sampled air masses stagnated around the coast, near the ports of LA/LB and Santa Monica 
region, during the Stagnant/Ports Transport period.  Thus, port emissions (e.g., emissions from 
vehicles, ships, etc.) contributed more significantly to the aerosol burden during the 
Stagnant/Ports Transport than during the Riverside Transport period.  Some air masses also 
originated from the inland Central Valley area toward the end of the Stagnant/Ports Transport 
period, potentially carrying agricultural emissions.  The lowest average toluene to benzene ratio, 
0.4, was observed during air masses originating from the Central Valley suggesting that air 
masses sampled during this period were photochemically aged.  High daily mean RH (91±3% on 
average) and low daily mean temperatures (13.4±1.1 °C) were observed.  

1.3.1.3.1.3 Period 3: Marine/Coastal Transport  
During the Marine/Coastal Transport period, most air masses followed a north to south trajectory 
along the California coast.  Wind speeds reached 14.5 m/s, which enhanced the production of 
fresh sea spray particles from bursting bubbles generated by breaking waves [Blanchard and 
Woodcock, 1957; Monahan et al., 1983; O'Dowd and De Leeuw, 2007].  Thus, the 
Marine/Coastal Transport period is characterized by ocean-derived aerosol composed of both 
fresh sea salt and biogenic organics.  This period, however, is not necessarily representative of 
clean marine conditions based on the relatively high radon concentrations (1550±1080 mBq/m3) 
and high average particle number counts (5721±2680 cm-3) [Fitzgerald, 1991; Hawkins et al., 
2010; O'Dowd and De Leeuw, 2007; Twohy et al., 2005].  Further evidence that the 
Marine/Coastal Transport period is not entirely a clean marine period also stems from the toluene 
to benzene ratio, which ranged from 0.03 during clean marine conditions to 3.74 when fresh 
urban emissions were encountered with an average of 0.85.  

1.3.1.3.1.4 Period 4: Ports of LA/LB  
The Ports of LA/LB period was characterized by relatively high SO2(g) concentrations (3.4±5.2 
ppbv on average with a maximum of 40 ppbv) compared to the previous three Periods when 
average SO2 concentrations ranged from 0.06 to 0.45 ppbv.  Furthermore, low wind speeds 
(2.4±1.2 m/s) and low radon concentrations (740±320 mBq/m3) were also encountered.  Toluene 
to benzene ratios were high with an average of 1.89 and a maximum of 6.1, indicating a fresh, 
photochemically-unprocessed, air mass.  It is likely that local urban, port, and shipping emissions 
dominated the particle composition during this period with little influence from other continental 
or transported sources.   
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1.3.1.3.1.5 Period 5: Inland/Valley Transport  

Figure 6e shows air masses traveling across the Central Valley and the desert before traversing 
the LA basin and Santa Barbara regions during the Inland/Valley Transport period.  Higher 
radon and O3 concentrations were measured during this time period compared to other time 
periods with averages of 3200±3000 mBq/m3 and 44±11 ppbv, respectively.  Toluene to benzene 
ratios had an average of 0.84 indicating that air masses sampled during this period were fairly 
well-aged.  Similar to Riverside, aerosol from the Central Valley is typically characterized by 
high concentrations of secondary species, namely, secondary organic aerosol and ammonium 
nitrate due to contributions from dairy farms and other agricultural emissions in addition to urban 
emissions from sources such as vehicles [Chen et al., 2007; Chow et al.; Chow et al., 2006b; 
Eatough et al., 2008]. Hence, particulate matter observed during this period is expected to show 
similar signs of particle aging as the Riverside Transport period.  

1.3.1.3.1.6  Period 6: Bay Area/Sacramento  

During the Bay Area/Sacramento period, air masses traveled over the San Francisco Bay area 
prior to arriving in the Sacramento region, which is within the Central Valley.  Diurnal 
temperature and RH profiles were observed with night and day values ranging from 16 to 30 °C 
and 24 to 93%, respectively.  High toluene to benzene ratios were observed with an average of 
1.74, suggesting that the sampled air masses were relatively fresh, similar to the Ports of LA/LB 
period; however, unlike the Ports of LA/LB period, sampling during the Bay Area/Sacramento 
period occurred within the Central Valley and not within a major port region.  

1.3.1.3.2 Observed Particle Types  

1.3.1.3.2.1 Submicron Particle Composition  

Particle composition varied based on sources and transport conditions (Figures 5 and 7).  High 
number fractions of soot-containing particles (up to ~89% of submicron particles by number 
with an average of ~38±27%) were observed in Southern California, particularly during the 
Riverside Transport, Stagnant/Ports Transport, and Ports of LA/LB periods (Periods 1, 2, and 4) 
when port and urban (e.g., vehicles) emissions were dominant.  The main exception to this trend 
in high soot-containing number fractions in Southern California occurred during the 
Marine/Coastal Transport period (Period 3) when submicron particle composition was dominated 
by sea-salt particles (~63±17% of submicron particles on average) due to transport of marine air.  
The dominance of soot-containing particles in Southern California is in agreement with aircraft 
ATOFMS measurements made during CalNex where Cahill et al. [2012] reported high soot-
containing number fractions in the Southern California/LA Basin region.  
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Figure 7: Fraction of particle types as a function of size observed during the six different time 
periods.  Submicron particles (0.2-1.0 µm) are plotted in 0.05 µm bins while supermicron 
particles (1.0-3.0 µm) are plotted in 0.1 µm bins. 

Particles from residual fuel combustion (e.g., emissions from ships and oil refineries) were also 
observed, primarily during the Stagnant/Ports Transport and Ports of LA/LB periods when port 
and shipping emissions strongly influenced particle composition.  This residual fuel combustion 
particle type represented at most ~25% of the submicron particles and is characterized by ion 
peaks associated with transition metals found in residual fuel oil, notably vanadium (51V+, 
67VO+), nickel (58,60Ni+), and iron (54,56Fe+), in addition to organic carbon, sulfate (97HSO4

-) and, 
to a lesser extent, nitrate (46NO2

-, 62NO3
-) (see Figure 8a for an example mass spectrum); these 

particles are herein referred to as vanadium-organic carbon (V-OC) particles [Agrawal et al., 
2008; Ault et al., 2010; Ault et al.; Corbett and Fischbeck, 1997; Healy et al., 2009; Murphy et 
al., 2009].  During the Ports of LA/LB period, additional industrial particle types were observed, 
including metals concentrated in the submicron size mode, which most likely represent 
emissions from incineration [Moffet et al., 2008] and are the subject of a different paper [Weiss-
Penzias et al., 2013].  Additionally, organic carbon (OC) represented a much higher fraction of 
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the detected submicron particles during the Ports of LA/LB period (~14±14% of the total 
submicron particles detected, on average) than previous periods likely due to elevated fossil fuel 
emissions in the Ports of LA and LB from vehicles, heavy-duty diesel trucks, and ships, which 
have been shown to contribute high mass concentrations of organic carbon to the aerosol burden 
[Lack et al., 2009; Murphy et al., 2009; Russell et al., 2000; Sodeman et al., 2005].  

In contrast, soot-containing and V-OC particles made smaller contributions to the number 
concentration in southern California during Inland/Valley Transport conditions and in the 
northern California, especially the Sacramento region, during the Bay Area/Sacramento period 
(Periods 5 and 6).  As shown in Figures 5 and 7, particles from biomass burning were elevated in 
the submicron mode during these two periods representing up to ~61% of submicron particles.  
Biomass-burning particles are characterized by an intense potassium peak (39K+) in addition to 
carbonaceous peaks (both elemental and organic), organic nitrogen peaks (26CN-, 42CNO-), ion 
peaks associated with potassium salts (113K2Cl+, 213K3SO4

+, etc.), and secondary species such as 
sulfate and/or nitrate (Figure 8b) [Pratt et al., 2010; Qin and Prather, 2006; Silva et al., 1999].  

The key difference in particle composition observed in Northern California during the Bay 
Area/Sacramento period (Period 6) was the high percentage of submicron OC particles detected, 
constituting ~29±23% of submicron particles by number on average and up to ~78%.  Unlike the 
OC detected during the Ports of LA/LB period, which originated from fossil fuel sources in the 
Ports of LA and LB, OC detected in Sacramento is likely the result of biogenic emissions due to 
the fact that biogenics were dominant during the first half of the Carbonaceous Aerosol Radiative 
Effects Study (CARES) in the Sacramento Valley [Cahill et al., 2012].  Numerous new particle 
formation (NPF) events were observed across the Sacramento Valley during CalNex and the first 
part of CARES during this period [Ahlm et al., 2012; Setyan et al., 2012].  While the lower size 
limit of the nozzle-inlet ATOFMS (~0.2 µm) cannot be used to probe the composition of newly 
formed particles, ATOFMS measurements can provide insight into the composition of these 
particles as they grow to sizes detectable by the instrument [Creamean et al., 2011].  Figure 9 
shows particle number concentration as a function of diameter measured by a differential 
mobility particle sizer [Bates et al., 2012].  Two distinct events are highlighted in black boxes 
when high number concentrations of small particles (~0.02 µm) were observed followed by rapid 
growth, which is indicative of NPF events [Creamean et al., 2011; Hegg and Baker, 2009; 
Kulmala, 2003].  As shown in Figure 9, the percentage of OC particles was smallest when the 
NPF event was actually occurring.  This is because the size of the newly formed particles is 
below the size detection limit of the instrument.  The percentage of OC particles increased 
primarily after these NPF events occurred as the newly formed particles grew to sizes detectable 
by the instrument suggesting that organics contributed to this growth in agreement with previous 
studies [Creamean et al., 2011; Kulmala, 2003; Smith et al., 2008; Zhang et al., 2004], and with 
recent measurements during CARES in the Sacramento Valley from an aerosol mass 
spectrometer [Setyan et al., 2012].  The formation of new particles occurred under conditions of 
lower RH and intense solar radiation; these low RH conditions also favor the formation of high 
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molecular weight secondary organic aerosol from biogenic emissions that may have contributed 
to particle formation and/or growth [Nguyen et al., 2011].  Growth of these particles into sizes 
detectable by the ATOFMS occurred as RH increased with many of the detected OC particles 
lacking negative ion spectra (85±16% on average) indicating that an appreciable amount of 
particulate water was associated with these particles [Neubauer et al., 1997; Neubauer et al., 
1998].  
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Figure 8: Representative mass spectra of a) Residual Fuel Combustion from ships, b) Biomass 
Burning, c) Biological/Spores, d) Soot/OC (No Negatives), e) Soot/OC (Sulfate), f) Soot/OC 
(Nitrate), g) Soot/OC (Neg OC), h) OC (No Negatives), i) OC (Sulfate), j) OC (Nitrate) particles 
are shown.  For mass spectra containing both positive and negative ions, dashed lines separate 
negative ions (left side) and positive ions (right side). 
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Figure 9: Size distributions of particle number concentrations as a function of size and DOY are 
shown on a log scale.  The percentage of submicron OC particles detected by ATOFMS (pink 
line) and RH (grey line) are shown as a function of DOY.  Time periods when new particle 
formation events were observed are shown in black boxes. 

1.3.1.3.2.2 Supermicron Particle Chemistry  
Aged sea salt dominated the supermicron particle composition during most periods, making up 
50±27% of total supermicron particles on average, as shown in Figures 5 and 7.  Aged sea-salt 
particles result from heterogeneous reactions with gas-phase nitrogen oxides (e.g., N2O5(g), 
HNO3(g)), which lead to the displacement of chloride and the formation of particulate nitrate 
[Behnke et al., 1991; Chang et al., 2011; Gard et al., 1998; Vogt et al., 1996].  In addition to 
nitrate, methanesulfonic acid (MSA) and sulfate were also found on ~14% of aged sea-salt 
particles, on average, possibly contributing to the observed particulate chloride displacement 
[Hopkins et al., 2008; Laskin et al., 2012].  During the Marine/Coastal Transport period (Period 
3), fresh sea salt and marine biogenic particle types dominated the supermicron particle 
composition making up 33±11% and 30±17% of supermicron particles, respectively.  Marine 
biogenic particle types include Mg-type [Gaston et al., 2011] and sulfur-type particles (C. J. 
Gaston et al., manuscript in preparation, 2013), which represent ocean-derived particle types 
associated with marine biological activity and/or dissolved organic material.  The combined high 
wind speeds in addition to the elevated biological activity, as evidenced by the presence of red 
tide blooms along the Southern California coast (www.sccoos.org), explain the dominance of 
fresh sea salt and marine biogenic emissions during this period.  

Marine particle types were negligible in the inland Sacramento region during the Bay 
Area/Sacramento period.  Instead, dust particles were found to represent 39±23% of supermicron 

http://www.sccoos.org/
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particles, and biological particles were found to constitute up to ~64% of supermicron particles 
as shown in Figures 5 and 7f.  Most of the biological particles detected by ATOFMS were 
determined to be spores containing dipicolinic acid, a compound that is easily detected using 
laser/desorption ionization at 266 nm radiation and serves as a unique matrix allowing for the 
detection of amino acids, which typically have low absorption cross sections at 266 nm [Silva 
and Prather, 2000; Srivastava et al., 2005].  Consistent with previous measurements of spores 
using laser/desorption ionization at 266 nm, spores detected during CalNex contained 39K+, 
59(CH3)3N+, 74(CH3)4N+, m/z +86 due to either (C2H5)2NCH2

+ or the amino acids [leucine- HCO2] 
and [isoleucine-HCO2], m/z +104, which is yet to be identified, phosphate (63PO2

-, 79PO3
-), 

organic nitrogen (26CN-, 42CNO-), and m/z -123, which is most likely due to dipicolinic acid-
HCO2 (Figure 8c) [Srivastava et al., 2005].  Spores have rarely been detected by ATOFMS in 
ambient environments and represent a very unique particle type most likely detected due to 
agricultural and biogenic emissions from the Sacramento area.  

1.3.1.3.3 Variations in the Mixing State of Carbonaceous Particle Types  

1.3.1.3.3.1 Soot Particle Mixing State  
In addition to probing overall particle composition, observed differences in the mixing state of 
soot-dominated particles were also investigated (Figure 10a). These particles are characterized 
by intense elemental carbon ion peaks (12C+, 36C3

+, 48C4+, Cn
+). A small percentage of freshly 

emitted elemental carbon particles, herein referred to as “soot,” contained intense elemental 
carbon peaks indicative of long-chain elemental carbon (e.g., elemental carbon ion peaks 
extending out to higher masses in both the positive and negative ion spectra) with only low-
intensity peaks from secondary species such as sulfate and/or nitrate [Cahill et al., 2012; Moffet 
and Prather, 2009]. Most of the soot-containing particles, however, contained intense elemental 
carbon peaks that did not extend out to higher masses and were internally mixed with low-
intensity organic peaks (27C2H3

+, 43C2H3O+, etc.) in addition to other secondary species (e.g., 
nitrate and/or sulfate) in agreement with aircraft observations during CalNex [Cahill et al., 2012; 
Metcalf et al., 2012].  This second class of soot-containing particles is herein referred to as Aged 
Soot particles, consistent with Cahill et al. [2012], and is further subdivided into Aged Soot (No 
Negatives), Aged Soot (Sulfate), Aged Soot (Nitrate), and Aged Soot (Neg OC) particle classes.  
Overall, the majority of Aged Soot particles (~62±20% of soot-containing particles on average) 
lacked negative ion spectra and are classified as Aged Soot (No Negatives) (see Figures 8d and 
9a), with sizes peaking in number concentration at ~0.5–0.6 µm and extending up into the 
supermicron size range (Figure 7).  The lack of negative ion spectra and larger sizes suggests that 
these particles were hydrated (contained appreciable water) [Moffet et al., 2008; Neubauer et al., 
1997; Neubauer et al.], possibly due to cloud or fog processing.  

The most striking feature shown in Figure 10a is the high percentage of Aged Soot (sulfate) 
particles detected in Southern California (representing, on average, ~30±18% of detected 
submicron soot-containing particles during the Riverside Transport, Stagnant/Ports Transport, 
Marine/Coastal Transport, and Ports of LA/LB periods) that decreased significantly to ~11±10% 
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as the ship moved north along the California coast.  Aged Soot (sulfate) particles are 
characterized by intense sulfate peaks (80SO3

-, 97HSO4
-; Figure 8e) [Moffet and Prather, 2009].  

This feature in the Aged Soot (sulfate) particles measured on the R/V Atlantis is in contrast to 
the aircraft measurements made by ATOFMS, which mainly observed internal mixtures of soot 
and nitrate as opposed to sulfate in Southern California [Cahill et al., 2012] due to the 
accumulation of ammonium nitrate coatings [Metcalf et al., 2012].  The most likely explanation 
is that soot-containing particles were measured in the western port regions of the LA basin 
onboard the R/V Atlantis where fresh shipping and port emissions prevailed as opposed to the 
more aged emissions sampled onboard the aircraft.  Fresh emissions from industrial sources at 
the port and ocean-going vessels contain high levels of SO2 leading to elevated levels of 
particulate sulfate [Agrawal et al., 2008; Ault et al., 2010; Corbett and Fischbeck, 1997; Corbett 
and Koehler, 2003].  During CalNex, Aged Soot (sulfate) particles were typically found to peak 
at ~0.55 µm on average, which is larger than expected for freshly emitted soot particles [Moffet 
and Prather, 2009]; this is likely due to condensation and aqueous phase processing of SO2, 
which has been shown to contribute high quantities of sulfate to particles in this size range in the 
LA basin [Hegg, 1985; Hering and Friedlander, 1982; Meng and Seinfeld, 1994].  It should be 
noted that regulations were adopted in 2009 requiring ships to switch from high-sulfur to low-
sulfur fuel within 24 nautical miles of the California coast [CARB, 2009].  In addition to fresh 
port and shipping emissions, another potential source of elevated sulfate on soot particles, 
particularly during Marine/Coastal Transport conditions (Period 3), is the presence of red tide 
blooms in Southern Californian waters during CalNex (www.sccoos.org) of Lingulodinium 
polyedrum, a marine organism that has been shown to contribute biogenic sulfur to aerosols 
[Gaston et al., 2010].  Although ATOFMS cannot be used to distinguish biogenic and 
anthropogenic sulfate, MSA, an ocean-derived biogenic form of sulfur, can be detected and used 
to assess the possibility of biogenic contributions to detected sulfate levels [Gaston et al., 2010].  
In fact, ~38% of Aged Soot (sulfate) particles, on average during the Riverside, Stagnant/Ports, 
Marine, and Ports of LA/LB periods, were found to also contain MSA with the highest 
percentage (~62% of Aged Soot (sulfate) particles) occurring during the Marine/Coastal 
Transport period while the lowest percentage (~13% of Aged Soot (sulfate) particles) was 
observed during the Ports of LA/LB period.  This suggests that at least some of the observed 
sulfate was from a biogenic source.  

Agricultural emissions were also found to impact soot mixing state by contributing Aged Soot 
(nitrate) particles, particularly during the Riverside Transport and Bay Area/ Sacramento periods 
and toward the end of the Stagnant/Ports Transport period, when air masses were transported 
from the Central Valley.  These particles had similar positive ion markers to the Aged Soot 
(sulfate) particles, but contained nitrate peaks (46NO2

-, 62NO3
-) that were more intense than 

sulfate (see Figure 8f).  This particle type has been shown to result from the acquisition of nitrate 
namely formed through photochemically-produced nitric acid (HNO3(g)), which condenses onto 
particles causing them to grow; aqueous phase processing may also contribute to this growth and 
the acquisition of nitrate [Moffet et al., 2008; Moffet and Prather, 2009].  This particle type 

http://www.sccoos.org/data/habs/history.php
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represented up to ~33% of soot-containing particles and was observed to peak at a larger size 
mode than the other soot-containing particle types at ~0.75 µm during the campaign (Figure 7).  

In addition to Aged Soot (nitrate) particles, unique Aged Soot particles containing sulfate and 
intense ions at m/z -43, -57, and -71 (see Figure 8g) were detected during a period of agricultural 
influence (Inland/Valley Transport conditions).  To the best of our knowledge, mixtures of soot 
and these ions have never been detected before by ATOFMS.  Since organic peaks in Aged Soot 
particles typically appear as positive ions, this particle type has been labeled Aged Soot (Neg 
OC).  It is most likely that this particle type is derived from a unique, fresh source near the 
sampling site, as these ion markers were not observed on other particle types.  Further evidence 
for this speculation comes from the fact that this particle type peaks at a smaller size (~0.35 mm) 
than the other soot-containing types, as shown in Figure 7e, suggesting a local source.  The 
unique organic markers likely correspond to 43CH3CO-, 57C2O2H-, and 71C3H3O2

- [McLafferty 
and Turecek, 1993; Silva et al., 1999; Silva and Prather, 2000] possibly due to contributions 
from levoglucason and/or methylglyoxal (m/z -71), glyoxal (m/z -57), and acetaldehyde (m/z -43) 
[Silva et al., 1999].  These organic species could represent secondary organic aerosol (SOA) 
formed from the photolytic processing of organics in the aqueous phase [Bateman et al., 2011]; 
this mechanism was suggested to contribute organic components with elevated atomic O:C ratios 
during CalNex [Duong et al., 2011].  Additional field and laboratory measurements are required 
to confirm the identification of these ion peaks.  
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Figure 10: Hourly temporal variations in carbonaceous mixing-state.  The top panel a) shows 
hourly temporal trends for different soot particle types:  Soot (black), Soot/OC (No Negatives) 
(grey), Soot/OC (Sulfate) (green), Soot/OC (Nitrate) (pink), and Soot/OC (Neg OC) (blue) in 
addition to latitude (white line).  The bottom panel b) shows hourly temporal variations for 
different organic particle types:  OC (No Negatives) (grey), OC (Sulfate) (green), and OC 
(Nitrate) (pink) in addition to latitude (black line).  White spaces denote periods when no OC 
particles were present.  The six different time periods are shown with different colored boxes. 

1.3.1.3.3.2 The Mixing State of Organic Particles  
In addition to soot-containing particles, the mixing state of OC particles (e.g., non-soot-
containing OC particles) was also investigated by examining temporal trends.  These non-soot-
containing OC particles are distinguished from the Aged Soot types described above in that these 
particles are not characterized by intense elemental carbon peaks at m/z +12, +24, +36, etc., but 
instead have m/z +27, +37,  and/or +43 as the main positive ion peaks.  Three types of OC 
particles were identified during CalNex: OC (no negatives), OC (sulfate), and OC (nitrate).  
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Temporal trends of the OC particle types are shown in Figure 10b.  Most OC particles were 
found to lack negative ion spectra (~67±37% on average; see Figure 8h) and peaked in the 0.5–
0.6 µm size range (Figure 7) suggesting that they contained appreciable particulate water similar 
to soot-containing particles.  However, during Marine/Coastal and Inland/Valley Transport 
conditions (Periods 3 and 5), OC particles containing intense sulfate peaks (see Figure 8i) were 
more common, representing ~55±40% of organic particles on average, likely due to 
photochemically-produced sulfate possibly derived from biogenic emissions.  In addition to 
sulfate, OC particles with intense nitrate peaks (see Figure 8j) were also observed, primarily at 
night during the Marine/Coastal Transport, Ports of LA/LB, Inland/Valley Transport, and Bay 
Area/Sacramento periods (Periods 3–6) and represented ~9±17% of organic particles, on 
average.  Overall, OC (nitrate) particles peaked at a smaller particle size (~0.35 µm) suggesting 
that not all of the nitrate on these particles was photochemically-produced nitrate, which 
typically leads to larger particle sizes.  Instead, these observations suggest possible contributions 
of organonitrates formed from reactions with gas-phase precursors and nitrate radical at night 
that then condense onto particles [Ng et al., 2008]; organonitrates were also found to contribute 
to the organic aerosol burden during CalNex in Bakersfield, CA [Rollins et al., 2012].  

The OC types described above also frequently contained aromatic peaks (51C4H3
+, 63C5H3

+, 
77C6H5

+, etc.) [Silva and Prather, 2000], which have been associated with secondary processing 
of organic species in vehicle exhaust [Shields et al., 2007; Sodeman et al., 2005; Spencer et al., 
2006; Toner et al., 2008] and humic substances formed from biomass burning [Holecek et al., 
2007; Mayol-Bracero et al., 2002; Qin and Prather, 2006].  OC particles also contained ion 
peaks indicative of amines (e.g., 59(CH3)3N+, 86(C2H5)2NCH2

+, 101(C2H5)3N+, 118(C2H5)3NOH+, 
etc.), which are semi-volatile species that can partition onto preexisting particles [Angelino et al., 
2001; Pratt and Prather, 2009; Schade and Crutzen, 1995], and oxidized organic markers (e.g., 
43C2H3O+) that indicate the presence of SOA (see Figure 8h) [Qin et al., 2012].  Ternary plots 
were used to examine the prevalence of these compounds and to further elucidate the mixing 
state and sources of OC particles using the ion peaks 59(CH3)3N+, 43C2H3O+, and 77C6H5

+ as 
markers for amines, SOA/oxidized organics, and aromatics, respectively (see Figure 11).  

Amines were found to dominate the OC mixing state during the first two periods, with 65±33% 
of OC particles containing intense amine markers during the Riverside Transport period and 
48±44% during the Stagnant/Ports Transport period (Figure 11).  Dairy farm emissions from the 
Chino and Central Valley regions, in addition to possible contributions from traffic emissions 
wherein ammonia and amines can be produced from catalytic converters [Fraser and Cass, 
1998; Sodeman et al., 2005], explain the dominance of amines during these two time periods 
[Hughes et al., 2002; Pastor et al., 2003; Pratt and Prather, 2009; Qin et al., 2012; Schade and 
Crutzen, 1995; Sorooshian et al., 2008b].  Furthermore, during these two periods, low 
temperatures and the highest average RH values were measured on the ship; similar 
meteorological conditions encountered during transport would also favor the detection of amines 
during these periods [Angelino et al., 2001].  Furthermore, 18±23% of OC particles contained 
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intense amine markers during the Ports of LA/LB period even though inland transport conditions 
were not encountered suggesting that the ports could contribute an industrial source of amines, 
possibly from vehicular emissions, including heavy-duty diesel vehicles [Bishop et al., 2012; 
Fraser and Cass, 1998; Sodeman et al., 2005].  Amines could also have resulted from marine 
biogenic emissions [Facchini et al., 2008a; Sorooshian et al., 2009].  

Oxidized organics were prevalent during Inland/Valley Transport conditions (Period 5; Figure 
11e).  The high O3 concentrations and photochemically-aged nature of the sampled air masses 
suggest that the organics during the Inland/Valley Transport period resulted from secondary 
rather than primary sources [Na et al., 2004; Qin et al., 2012].  Oxidized organics at m/z +43 
were also prevalent during the Stagnant/Ports Transport period, when photochemically-aged air 
masses were sampled, and dominant during Marine/Coastal Transport conditions (Period 3), 
likely due to secondary contributions.  Another source of the oxidized organics during the 
Marine/Coastal Transport period could be organics from marine biogenic sources, such as 
lipopolysaccharides, that have higher oxygen content than organics from anthropogenic sources 
[Facchini et al., 2008b; Ovadnevaite et al., 2011; Russell et al., 2011; Russell et al., 2010].  

SOA from aromatics was more prevalent during the Ports of LA/LB and Bay Area/Sacramento 
periods than during any other periods; however, oxidized organics were still the most prevalent 
type of organics during these two periods.  The increased frequency of aromatic markers in the 
Ports of LA and LB is likely due to increased emissions from diesel combustion by trucks 
[Kasper et al., 2007; Maricq, 2007; Shields et al., 2007; Spencer et al., 2006] in addition to 
emissions from ships [Kasper et al., 2007; Lack et al., 2009; Murphy et al., 2009; Russell et al., 
2009].  Oxidized organics and amines in Sacramento are likely from agricultural and biogenic 
emissions [Chow et al., 2006a; Setyan et al., 2012; Sorooshian et al., 2008b] while the observed 
SOA from aromatics are likely humic substances derived from biomass burning [Holecek et al., 
2007; Mayol-Bracero et al., 2002].  
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Figure 11: Ternary plots for individual OC particles observed for the six different time periods.  
The top corner of the ternary plots corresponds to OC particles containing only the oxygenated 
organic peak (43C2H3O+), the left bottom corner denotes OC particles containing only the amine 
peak (59(CH3)3N+), and the right bottom corner corresponds to OC particles containing only the 
aromatic peak (77C6H5

+).  
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1.3.1.4 Conclusions and Implications for California  

Overall, this study showed that the chemical properties of aerosol particles differed widely across 
California based on particle source and transport conditions.  As evidenced by the particle 
chemistry and mixing state measured onboard the R/V Atlantis, Southern California was 
impacted by fresh shipping and vehicular emissions from cars and diesel trucks in addition to 
marine biogenic emissions.  Soot-containing particles were the most prevalent submicron 
particles in southern California and were typically mixed with sulfate while aromatic markers 
were found to contribute to organics due to residual fuel, distillate fuel, and gasoline combustion.  
These fresh emissions were episodically mixed with inland, agricultural emissions leading to the 
presence of secondary species such as amines.  It is important to note that the particles measured 
in southern California contained elevated levels of sulfate because these measurements focused 
on fresh emissions from the Ports of LA and LB; if these measurements were made farther inland 
of the ports, enhancements in nitrate due to particle aging and contributions of ammonium 
nitrate, as seen by other measurements, would have been observed instead [Cahill et al., 2012; 
Metcalf et al., 2012].  

In contrast, northern California was impacted by biogenic emissions from the forested Sierra 
Nevada foothills and agricultural emissions as evidenced by the prevalence of organic carbon 
[Cahill et al., 2012; Setyan et al., 2012].  Oxidized organic compounds were frequently 
associated with particles during Inland/Valley transport conditions and, in Sacramento, are likely 
due to contributions from SOA while aromatic markers observed in Sacramento are likely due to 
contributions from biomass burning.  

Overall, we found that the mixing state of particles in California varies significantly on a 
regional scale due to diverse local sources.  Furthermore, the mixing state of particles from these 
local emissions can be significantly altered based on differences in meteorological conditions 
and air mass histories, which will most likely result in regional differences in the health, optical, 
and cloud-nucleating properties for the aerosol populations observed across California.  This 
should be taken into account when determining which emissions sources to regulate in order to 
mitigate the adverse effects of aerosols on both human health and climate change.  
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1.3.2 The Mixing State of Carbonaceous Aerosol Particles In Northern And Southern 
California Measured During CARES and Calnex 2010 

1.3.2.1 Methods and Materials 

1.3.2.1.1 Aircraft Aerosol Time-of-Flight Mass Spectrometer  

A description of the A-ATOFMS is given in detail elsewhere [Pratt et al., 2009b]. In brief, the 
A-ATOFMS measures the vacuum aerodynamic diameter (dva) and chemical composition of 
single particles in real time for particles between ~100 – 1000 nm, with peak transmission 
between 200 – 700 nm. After passing a Polonium (Po210) neutralizer and pressure controlled inlet 
[Bahreini et al., 2008], particles are focused through an aerodynamic lens [Liu et al., 1995a; Liu 
et al., 1995b], where they are accelerated to their aerodynamic terminal velocity.  The particles 
then pass through two continuous wave 532 nm lasers (JDSU) spaced 6.0 cm apart.  The time 
difference between the scattering signals is used to calculate the velocity and size (dva) of the 
particle.  The velocity is used to queue the firing of a 266 nm Nd:YAG laser (Quantel), operating 
at 0.5-1.5 mJ, for desorption and ionization of the particle.  Dual polarity mass spectra are 
acquired after ions pass through a time-of-flight mass spectrometer (Tofwerk).  The particle 
source is determined using positive spectra, while negative spectra provide information on the 
secondary species and chemical processing that the particle has undergone [Guazzotti et al., 
2001; Noble and Prather, 1996; Prather et al., 2008]. 

The Twin Otter aircraft (CalNex) inlet transmitted ~100% of particles up to 3500 nm [Hegg et 
al., 2005], and the Gulfstream-1 (CARES) transmitted near unity up to 5000 nm [Zaveri et al., 
2012].  The Twin Otter inlet is sub-isokinetic while the Gulfstream-1 inlet is isokinetic (leading 
to the lower size cutoff compared to the Gulfstream-1). However, the transmission of both inlets 
is near unity within the A-ATOFMS size range (100-1000nm). In both aircraft sampling lines 
were reasonably similar, ~2 m long and unheated, so no further corrections are warranted.  

Single-particle mass spectra were imported into Matlab (The MathWorks, Inc.) using the 
YAADA software toolkit (www.yaada.com).  An adaptive resonance theory-based clustering 
algorithm (ART-2a, vigilance factor of 0.80, learning rate of 0.5, 20 iterations, and regroup 
vigilance factor of 0.85) was used to group spectra into clusters based on similar mass spectral 
characteristics [Allen, 2002; Rebotier and Prather, 2007; Song et al., 1999].  Data from each 
campaign were grouped and then analyzed separately using ART-2a.  Greater than 95% of ART-
2a analyzed particles were grouped into clusters, which were further combined manually into 11 
general particle types based on characteristic ion markers.  Mass spectral peaks were identified 
according to the most probable ions at a given mass-to-charge (m/z) ratio.  Particle source 
classifications were established based upon characteristic peaks identified in previous studies; 
however, these labels do not reflect all of the species present in a particle type (i.e., the presence 
of secondary species, such as sulfate or nitrate).  Calculated standard errors of number fractions 
were small, <1%, and hence are not included in this discussion.  

High sensitivity of the A-ATOFMS detectors occasionally led to the acquisition of gas phase 
species ionized by a laser pulse.  These signals were occasionally counted as particles, and were 
removed from analysis by retroactively raising the peak area threshold above the gas phase 
baseline.  During CalNex, sampling inlet pressures were changed for flights after 10 May 2010; 
hence, the transmission efficiency of the aerodynamic lens was altered. Therefore, a direct 

http://www.yaada.com/
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comparison of particle number between early fights and later fights is not possible.  However, 
fractional compositions of particles can still be compared as there was no noticeable change in 
size distribution with the differing inlet pressure, just overall transmission, as indicated by a high 
correlation of size distributions before and after inlet pressure change (R2 = 0.97).   
 

1.3.2.1.2 CalNex - Southern California 
Measurements were taken onboard Twin Otter operated by the Center for Interdisciplinary 
Remotely-Piloted Aircraft Studies (CIRPAS).  Flight operations were based out of Ontario, CA 
through the Guardian Jet Center, a part of the Los Angeles (LA)/Ontario International Airport.  
There were nine flights during the study period of 5 May 2010 – 18 May 2010, with each flight 
lasting ~4 hours with a usual start time of ~11 AM local time (PDT).  All flight tracks are shown 
in Figure 12 and flight dates can be found in Table 3.  Flights focused on the LA basin, often 
making multiple circuits over the same area.  Results from the CalNex campaign are hereafter 
referred to as southern California.  Particle concentrations and sizes from 100 – 3000 nm were 
measured by a Passive Cavity Aerosol Spectrometer Probe (PCASP), and two Condensation 
Nuclei Counters (CPC, TSI models 3010 and 3025), detecting particles down to 10 and 3 nm, 
respectively. Both instruments maximum size exceeds the maximum of the aircraft inlet (3500 
nm). The A-ATOFMS collected data for 8 out of 9 flights, measuring the chemical composition 
and size of 75,969 particles during this study.  
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Table 3: Mean (± std dev) meteorological data and particle concentrations over all of CalNex, 
CARES, NoCal-1, and NoCal-2. 

Campaign Flight Name1  

(yyyymmdd)
Temperature 

(°C)
RH      
(%)

UF-CPC 
(#/ccm)*104

CPC   
(#/ccm)*103

PCASP/UHSAS2 

(#/ccm)*103

20100504a 20.8 ± 2.6 39 ± 12 1.5 ± 1.0 11.6 ± 5.0 1.5 ± 0.4
20100505a 18.8 ± 2.4 51 ± 33 1.0 ± 0.5 N/A 5.8 ± 5.1
20100506a 17.0 ± 1.9 58 ± 54 1.2 ± 0.6 10.6 ± 4.5 1.4 ± 0.4
20100507a 21.6 ± 2.3 35 ± 22 1.4 ± 0.6 11.4 ± 4.3 3.3 ± 3.9
20100510a 13.7 ± 1.3 61 ± 37 1.3 ± 0.7 11.0 ± 4.9 0.7 ± 0.3
20100512a 18.8 ± 3.2 35 ± 15 1.4 ± 0.8 11.2 ± 5.3 2.9 ± 3.8
20100513a 21.3 ± 3.9 31 ± 14 1.1 ± 0.7 8.2 ± 4.1 1.0 ± 0.6
20100514a 16.6 ± 2.3 64 ± 10 1.5 ± 0.8 12.1 ± 5.2 1.3 ± 0.4
20100515a 19.3 ± 3.2 56 ± 29 1.2 ± 0.5 10.8 ± 4.0 1.6 ± 0.4
All Flights 18.6 ± 3.6 48 ± 31 1.3 ± 0.7 10.9 ± 4.8 2.2 ± 2.9
20100603a 20.2 ± 4.0 60 ± 7 2.2 ± 1.9 18.1 ± 12.5 N/A
20100606a 23.5 ± 2.1 55 ± 5 2.2 ± 1.8 18.0 ± 11.4 N/A
20100606b 24.4 ± 6.7 41 ± 9 1.3 ± 1.0 10.8 ± 6.4 N/A
20100608a 20.1 ± 2.0 56 ± 10 2.0 ± 2.0 1.0 ± 0.8 N/A
20100608b 20.5 ± 4.6 40 ± 14 1.3 ± 1.3 0.9 ± 0.7 N/A
20100610a 17.4 ± 3.8 38 ± 8 1.7 ± 1.0 1.0 ± 0.3 1.1 ± 0.6
20100612a 20.9 ± 2.7 28 ± 2 1.2 ± 1.8 0.5 ± 0.7 0.9 ± 0.2
20100612b 25.1 ± 2.5 25 ± 4 1.4 ± 1.0 0.7 ± 0.3 1.5 ± 0.8
20100614a 23.8 ± 2.9 32 ± 9 2.8 ± 2.4 1.3 ± 1.0 2.1 ± 1.9
20100615a 17.3 ± 1.9 55 ± 12 2.2 ± 1.9 1.1 ± 1.5 1.6 ± 1.9
20100615b 20.7 ± 5.5 42 ± 9 1.5 ± 0.9 1.1 ± 0.6 2.6 ± 0.8
20100618a 21.5 ± 5.7 25 ± 12 2.2 ± 1.6 1.1 ± 0.8 2.3 ± 1.9
20100619a 18.5 ± 3.6 39 ± 9 2.0 ± 1.0 1.5 ± 0.7 1.9 ± 1.0
20100621a 18.8 ± 1.7 43 ± 7 1.9 ± 2.2 1.1 ± 1.2 1.9 ± 1.1
20100621b 25.2 ± 6.6 21 ± 7 1.1 ± 0.9 0.8 ± 0.5 1.8 ± 1.1
20100623a 19.6 ± 4.0 40 ± 10 0.8 ± 1.2 0.6 ± 1.0 3.2 ± 1.0
20100623b 25.0 ± 6.8 30 ± 8 1.3 ± 0.7 0.9 ± 0.5 3.9 ± 1.8
20100624a 19.1 ± 2.1 44 ± 15 2.1 ± 2.1 1.0 ± 1.0 1.2 ± 0.8
20100624b 22.1 ± 3.8 37 ± 8 2.1 ± 1.6 2.4 ± 3.1 2.3 ± 1.0
20100627a 25.6 ± 2.1 41 ± 10 0.6 ± 0.9 0.5 ± 0.6 3.4 ± 3.1
20100628a 28.2 ± 2.6 38 ± 7 1.0 ± 1.0 0.8 ± 0.8 3.9 ± 1.9
20100628b 35.5 ± 5.7 25 ± 4 0.8 ± 0.5 0.6 ± 0.3 3.5 ± 1.6
All Flights 22.4 ± 5.7 39 ± 14 1.6 ± 1.6 2.7 ± 6.1 2.2 ± 1.7
NoCal-1 21.0 ± 4.7 41 ± 14 1.9 ± 1.6 3.9 ± 7.6 1.8 ± 1.4
NoCal-2 24.3 ± 6.5 36 ± 1 1.3 ± 1.5 1.0 ± 1.3 2.7 ± 1.9

1   Flight names labeled "a" occurred in the morning, while those labeled with a "b" were in the afternoon
2   PCASP was used during CalNex while the UHSAS was used during CARES

CalNex

CARES
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Figure 12: Operational areas for CARES and CalNex. All flight paths are overlaid on each 
other. Yellow dots represent Sacramento (CARES) and Los Angeles (CalNex). 

 

1.3.2.1.3 CARES – Northern California 
Flights were operated out of the McClellan Airfield in Sacramento, CA from June 2 – 28, 2010 
onboard the Department of Energy Gulfstream-1.  This study focused on the surrounding urban 
Sacramento area and Sierra Nevada foothills.  Thus, results from this campaign are 
interchangeably referred to as northern California.  Usually each sampling day consisted of a 
flight in the morning, ~8AM local, and in the afternoon, ~2 PM local, with most flights lasting 
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~4 hours.  Flight dates are given in Table 3, while the flight paths for all 22 flights during the 
study are shown in Figure 12.  More details on the campaign and instrumentation aboard the 
aircraft can be found elsewhere [Zaveri et al., 2012].  Gas-phase concentrations of SO2 and NOX, 
as well as other species, were measured in flight.  Total condensation nuclei (CN) concentrations 
were measured using the same CPC models used in the CalNex campaign (TSI models 3010 and 
3025).  Number concentration and size for particles with sizes from 55-1000 nm were detected 
using an Ultra-High Sensitivity Aerosol Spectrometer (UHSAS) probe (Droplet Measurement 
Technologies).  For direct comparisons of gas-phase species and particle concentrations between 
CalNex and CARES, representative average concentrations were calculated using data from the 
California Air Resources Board (CARB, http://www.arb.ca.gov) ground based measurements 
from North Main Street in LA and from Del Paso Manor in Sacramento to represent CalNex and 
CARES, respectively.  The A-ATOFMS was on-line for 20 of 22 total flights, chemically 
analyzing 60,230 particles. 

A noticeable shift in particle composition, particulate mass, and meteorology occurred during 
CARES after June 21 (Figure 15).  The sources and processes contributing to these two periods 
were quite different. To examine these differences in detail, the CARES study was separated into 
two periods, Northern California-1 (NoCal-1) and Northern California-2 (NoCal-2), representing 
fights from June 2 – 19, 2010 and June 21 – 28, 2010, respectively.  These two periods are 
discussed in more detail a later section. 

 

Figure 13: Number fractions of A-ATOFMS particle sources, determined by the most dominant 
ions in A-ATOFMS mass spectra, for California (a), southern California (b), and northern 
California (c).   

http://www.arb.ca.gov/
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1.3.2.2 Results and Discussion 

1.3.2.2.1 Particle sources throughout California 

As shown in Figure 13a, predominant particle sources by number fraction in the 
boundary/residual layers of both campaigns were identified as biomass burning (BB), highly 
processed (HP), soot mixed with OC (Aged Soot), OC, and soot, which represented 28, 22, 21, 
16, and 5% of total particle counts measured by the A-ATOFMS in both studies, respectively.  
BB originated from agricultural and residential burning, which is most prevalent in the rural 
regions of northern California.  These spectra are characterized by an intense potassium peak at 
mass/charge (m/z) 39K+ (Figure 14a) in addition to less intense OC and soot peaks at m/z 12C+, 
24C2

+, 27C2H3
+/CHN+

, 
29C2H5

+, 36C3
+, and 43C2H3O+/CHNO+ [Bi et al., 2011; Guazzotti et al., 

2001; Hudson et al., 2004; Silva et al., 1999].  HP particles are particles for which only negative 
ion spectra were acquired.  Because the core, which is shown in the positive ion spectra, was not 
obtained, the source of these particles cannot be identified; however, they are hypothesized to be 
carbonaceous particles that have undergone extensive processing based on the high sulfate and 
nitrate content. Additionally this type was only seen after takeoff in both studies. The size 
distributions of these particles are nearly identical to those of Aged Soot particles (R2 = 0.98) and 
to a lesser extent BB and OC particles (R2 = 0.93 and 0.89, respectively) and lend support to the 
hypothesis that they are most likely heavily-coated soot particles.  Thus, these particles will be 
included as carbonaceous aerosol in subsequent discussions.  
 
Negative ion spectra were absent in 13% of particles in California. This has previously been 
attributed to significant amounts of water present on the particle which inhibits the formation of 
negative ions [Neubauer et al., 1997; Neubauer et al., 1998].  However, due to the low average 
relative humidity (RH) during the studies, 49±30% and 39±14%, for CalNex and CARES 
respectively, and typical deliquescent RH thresholds of >60% [Neubauer et al., 1998], it is 
unlikely that there was significant water present on the particles to justify the lack of negative 
spectra. Similar conclusions were deduced from modeling of the CARES study [Fast et al., 
2012].  Further, spectra with only positive ions were less frequent during CalNex (4%) than 
CARES (24%) despite the higher RH during CalNex.  Temporal comparisons of positive only 
spectra with RH do not indicate any correlation between the two. Further, significantly higher 
fractions of particles contain negative ion spectra during NoCal-1, 94%, compared to NoCal-2, 
62%.  This is despite the higher RH of 41±15% compared to 36±12% for NoCal-1 and NoCal-2, 
respectively.  It is hypothesized that for these studies the acquisition of negative ion spectra was 
dependent on the presence of secondary species, like sulfate or nitrate, rather than the amount of 
water present.  
 
Aged Soot, formed primarily through fossil fuel combustion and subsequent coagulation with or 
condensation of semi-volatile organic species, has intense elemental carbon Cn

+ peaks (12C+, 
24C2

+, 48C3
+) with weaker OC peaks, m/z 27C2H3

+, 29C2H5
+, 37C3H+, 39C3H3

+/K+, 43C2H3O+ [Moffet 
and Prather, 2009; Spencer and Prather, 2006] (Figure 14b).  Peaks at m/z 27C2H3

+/CHN+, 
29C2H5

+, 37C3H+, 39C3H3
+/K+, and 43C2H3O+/CHNO+ are indicative of OC species from vehicle 

and biogenic emissions (Figure 14c).  Peaks at m/z 50C4H2/C3N+, 59C3H9N+ and peaks at m/z 12C+, 
24C2

+, 48C3
+, similar to soot, were occasionally also seen on OC particles but at significantly 

lower relative intensities [Spencer and Prather, 2006].  Figure 14d shows soot spectra which 
consist of almost entirely elemental carbon Cn

+ peaks out to the high mass range (i.e., m/z 12C+, 
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24C2
+ … 180C15

+, and Cn
- peaks from m/z 12C-, 24C2

- … 72C6
- in negative spectra).  As this particle 

type doesn’t typically contain secondary species, it is thought to be relatively fresh.  Other 
carbonaceous and non-carbonaceous particle types, like vanadium mixed with OC (V-OC) [Ault 
et al., 2009], high mass OC (HMOC) [Silva and Prather, 2000], amine (AM) [Angelino et al., 
2001; Pratt and Prather, 2010; Sorooshian et al., 2008b], biological (BIO) [Fergenson et al., 
2004; Pratt and Prather, 2010; Russell, 2009], dust (D) [Pratt and Prather, 2010; Silva and 
Prather, 2000], and sea salt (SS) [Gard et al., 1998], each represented <3% of the total aerosol 
measured by the A-ATOFMS (2.78, 0.86, 0.56, 0.30, 0.50, 2.80%, respectively).  Vanadium 
mixed with OC (V-OC) that was emitted from the combustion of ship fuels composed ~3% of 
particles measured by the A-ATOFMS [Ault et al., 2009].  This particle type has intense peaks at 
51V+ and 67VO+ as well as OC peaks at m/z 27C2H3

+/CHN+, 29C2H5
+, 37C3H+, 39C3H3

+/K+, and 
43C2H3O+/CHNO+ [Ault et al., 2009].  HMOC consists of OC peaks at m/z 27C2H3

+/CHN+, 
37C3H+, 39C3H3

+/K+ as well as many intense peaks >100 m/z.  These types likely represent 
polycyclic aromatic hydrocarbons or other oligomers formed through cooking processes [Silva 
and Prather, 2000].  Occasionally this particle type contained peaks similar to organosulfates 
(OS) that may lead to an overestimation of OS number fractions, especially during CalNex 
where HMOC was more prevalent (1.42% compared to 0.16% for CalNex and CARES, 
respectively).  However the number fractions of HMOC are significantly smaller than the 
observed number fraction of OS (28 and 35% for CalNex and CARES, respectively); hence, 
overestimation of OS number fractions is likely small.  Amines are OC particles that contain an 
intense peak at m/z 56C2HNO+, 59C3H9N+,86(C2H5)2NCH2

+, and/or 118(C2H5)3NOH+ and originate 
from agricultural processes, animal husbandry, or photochemical processing [Angelino et al., 
2001; Pratt and Prather, 2010; Sorooshian et al., 2008b].  Biological particles contain intense 
40Ca+, 56CaO+, and 96Ca2O+ peaks along with OC (27C2H3

+/CHN+, 37C3H+, 39C3H3
+/K+), soot 

(12C+, 24C2
+, 48C3

+), and phosphate (79PO3
-) peaks [Fergenson et al., 2004; Pratt and Prather, 

2010; Russell, 2009].   

Dusts contained a wide variety of metals (Na, K, Ti, Ca, and Fe), as well as phosphate (79PO3
-) 

and silicate (44SiO-
, 

60SiO2
-, and 103Si2O3

-).  Sea salt is characterized by an intense sodium peak 
(23Na+) and chlorine peaks (35Cl- and 37Cl-) as well as clusters of the two (81Na2Cl+) [Gard et al., 
1998; Pratt and Prather, 2010; Silva and Prather, 2000].  Often SS was aged significantly, 
containing significant nitrate, sulfate, and OC peaks.  Most particle types did not have a strong 
dependence on size (Figure 16) with the one exception of SS particles, which had a clear 
dependence towards larger (> 600 nm) sizes.   

Negative ion spectra were absent in 13% of particles for both studies, with the majority of these 
occurring during the CARES (24%) rather than the CalNex campaign (4%).  This has previously 
been attributed to significant amounts of water present on the particle, which inhibits the 
formation of negative ions [Neubauer et al., 1997; Neubauer et al., 1998].  However, due to the 
low average relative humidity during the studies, 49±30% and 39±14%, for CalNex and CARES 
respectively, and typical deliquescent RH thresholds of >60% [Neubauer et al., 1998], it is 
unlikely that there was significant water present on the particles to justify the lack of negative 
spectra.  Similar conclusions were deduced from modeling of the CARES study [Fast et al., 
2012].  Further, spectra with only positive ions were less frequent during CalNex (4%) than 
during CARES (24%) despite the higher RH during CalNex.  Temporal comparisons of positive 
only spectra with RH do not indicate any correlation between the two.  Further, significantly 
higher fractions of particles contain negative ion spectra during NoCal-1, 94%, compared to 
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NoCal-2, 62%.  This is despite the higher RH of 41±15% compared to 36±12% for NoCal-1 and 
NoCal-2, respectively.  It is hypothesized that, for these studies, the acquisition of negative ion 
spectra was dependent on the presence of secondary species, like sulfate or nitrate, rather than 
the amount of water present.  
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Figure 14: A-ATOFMS particle types for the main carbonaceous species: a) biomass burning, b) soot mixed with organic carbon 
(Aged Soot), c) organic carbon (OC), and d) soot.  A wide array of negative ions, indicative of secondary species, was observed for 
these particle sources (hence are not show here), but common negative ions are discussed in the text and can be found in Figure 18.  
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Figure 15: A-ATOFMS relative fractions of particle types and average PM2.5 mass concentrations for each flight during the CARES 
study.  Flight labels indicate the date of the flight and if it was in the morning (a) or afternoon (b).  A change in chemistry and a 
general increase in PM2.5 mass were observed after 6/19/10. 
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Figure 16: Size resolved mixing state for (a) southern and (b) northern California. 

1.3.2.2.2 Particulate secondary species in California 
For particles with the same base chemical signature (i.e., biomass, soot, OC, etc.), relative peak 
areas (RPA) qualitatively reflect the amount of a species on a particle in relation to other species 
[Bhave et al., 2002; Gross et al., 2000; Prather et al., 2008].  Previous studies in California have 
shown that the presence of ammonium nitrate [Langridge et al., 2012; Sorooshian et al., 2008b] 
and ammonium sulfate [Qin et al., 2012] can influence single particle mixing state.  During this 
study, partitioning of methanesulfonic acid (MSA) and OS to particles was likely to occur in the 
vicinity of marine and heavily forested areas where MSA and OS, respectively, originate 
[Gaston et al., 2010; Hatch et al., 2011].  To examine the mixing state of particles with biogenic, 
marine, and anthropogenic species, single particle mixing state was examined by identifying 
peaks of ammonium (18NH4

+), sulfate (97HSO4
-, 195H2SO4HSO4

-), nitrate (46NO2
-, 62NO3

-, 
125H(NO3)2

-) [Silva and Prather, 2000], MSA (95CH3SO3
-) [Gaston et al., 2010], and/or OS 

(derived from glycolic acid (m/z -155), 2-methylglyceric acid (m/z -199), and isoprene epoxydiol 
(m/z -215)) [Hatch et al., 2011].  Other secondary species were investigated, but no significant 
trends were seen.  A particle is considered to contain these species if the RPA for m/z ratios 
indicative of those species exceeds 0.5% of the mass spectrum.  For example, a particle contains 
sulfate if the RPA at m/z -97 or -195 is greater than 0.5% of the ions in the entire mass spectrum.   



 

45 
 

Most particles in California were found to be internally mixed with secondary species, with 
nearly 88% of particles by number containing sulfate, nitrate, MSA, OS, or ammonium 
individually or internally mixed together.  Commonly, particles contained sulfate (82%) or 
nitrate (82%), and 76% of particles had both, but, as discussed below, the magnitude of these 
species varied greatly between southern and northern California.    

 

Figure 17: Fraction of particles containing soot and OC with RPA > 0.5% in southern California 
(left panel).  Single particle OC:soot peak ion ratio distributions are shown in the right panel.  
Values < 0 indicate more soot than OC on single particles and values > 0 indicate more OC than 
soot.  Ratios representing 1:1, 2:1, and 10:1 are shown by solid, dotted, and dashed lines, 
respectively.  
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Figure 18: Fraction of particles containing sulfate and nitrate with RPA > 0.5% in southern 
California (left panel).  Sulfate:nitrate ion ratio distributions are shown in the right panel.  Values 
< 0 indicate more nitrate than sulfate and values > 0 indicate more sulfate than nitrate.  Ratios 
representing 1:1, 2:1, and 10:1 are shown by solid, dotted, and dashed lines, respectively.  

1.3.2.2.3 Southern California aerosol mixing state 
In the LA basin, which is frequently capped by a temperature inversion, a prevalent sea breeze 
typically transports air to the east toward the outflow pathways of the basin.  Most Twin Otter 
flights in southern California were carried out at low altitudes, <700 m, sampling within the 
boundary layer.  The number fractions of the main carbonaceous aerosol types from southern 
California differed greatly from those in California as a whole, as shown in Figure 13b.  Particles 
were generally highly-aged, as seen by the high fraction of HP aerosols in the region (33%).  
Particles are often entrained within the basin, where they can undergo significant atmospheric 
processing [Schultz and Warner, 1982; Ulrickson and Mass, 1990].  Aged Soot, BB, OC, and 
soot were the other main particle types present, comprising 21, 18, 13, and 7% of A-ATOFMS 
total particle counts in southern California.  V-OC, AM, HMOC, and BIO represented 3.0, 0.8, 
1.4, and 0.5% of total particles, respectively.  Excluding HP particles, nearly 96% of submicron 
particles measured by the A-ATOFMS in southern California contained carbonaceous material.  
Though some variability was seen from flight to flight during CalNex, number fractions for the 
main particle types did not generally deviate greatly from the number fractions reported above.   

Representative soot (36C3
+, 48C4

+, 60C5
+) and OC (27C2H3

+, 29C2H5
+, 37C3H+, 43C2H3O+) ions > 

0.5% of the mass spectrum were present in 62% and 63% of total particles, respectively (Figure 
17, left panel) [Spencer and Prather, 2006].  Normally soot is emitted at sizes below the 
detection limit of the instrument (100 nm).  The fact that particles with intense soot peaks were 
seen indicates that soot particles had grown into the A-ATOFMS size range.  Secondary species, 
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such as nitrate, sulfate, and OC, contribute to this growth, but the extent each component plays in 
particle growth is unknown.  OC RPA cannot be compared directly to sulfate and nitrate RPA as 
their ion formation mechanisms are different.  However, OC and soot RPAs can be compared to 
determine the relative amount of OC mass on a particle.  If the magnitude of OC peaks is low, 
then other species must have contributed to the growth of soot into larger sizes.  To elucidate the 
magnitude of soot with OC in the same particle, a peak ion ratio of OC:soot was calculated by 
dividing the total RPA for each species by the other.  These ratios form a distribution of values 
that represents all of the variance in magnitude of these species on particles ranging from pure 
OC to pure soot.  Since these ratios are calculated for a single particle, they are not dependent on 
laser fluence or matrix effects, assuming that the entire particle is completely ablated and that 
matrix effects suppress the selected ions equally [Morrical et al., 1998; Wenzel and Prather, 
2004].  It should be noted that OC particles could contain a soot core that was not ablated fully, 
which would affect these calculations, and that HP particles were not included in this analysis 
since they did not contain positive ions [Morrical et al., 1998; Pratt and Prather, 2009; Steele et 
al., 2003].  

The OC:soot ion ratio distribution for particles in southern California is shown in Figure 17, right 
panel.  For visual clarity, the OC:soot ratio has been normalized so that ratios < 1 will approach -
1 as it proceeds to -∞ (i.e., soot without OC) using the formula (Rationormalized = Ratio - 1), and a 
ratio > 1 will approach 1 as the ratio proceeds to +∞ (i.e., OC without soot) using the formula 
(Rationormalized = 1 – {1/Ratio}). It should be emphasized that as ratios approach -1 or 1, they are 
exponentially increasing, while nearing zero the RPA of each species is essentially the same.  
This results in a broader range of ratios for bins near -1 or 1, while near 0 bins include a smaller 
range of ratios.  As expected, a distribution of OC:soot ratios exists, demonstrating the variability 
in mixing state observed in southern California.  As shown in Figure 17, right panel, a nearly 
equal number of particles have ratios above and below 0, although pure soot has nearly seven 
times as many particles as pure OC.  On days when OC dominates the mass spectra, influences 
from BB were significant, which is expected since BB is composed of nearly 62% OC by mass 
for smoldering fires [Reid et al., 2005].  Soot likely originated from fossil fuel vehicle emissions 
in the LA basin [Ying and Kleeman, 2006]. 

Most particles in southern California had been processed to some degree, as indicated by ~96% 
of particles producing negative ion spectra with secondary species.  Similarly, Metcalf et al. 
[2012] found that most soot particles were present with coatings of varying thicknesses during 
the CalNex study.  Nitrate appeared on 95% of particles by number, and 90% of particles 
contained sulfate peaks (Figure 18, left panel).  Ratios of sulfate:nitrate RPAs, calculated in the 
same manner as OC:soot ratios, for every particle (including HP) are shown in Figure 18, right 
panel.  Most particles contain more nitrate than sulfate, but still a significant number of particles 
contain more sulfate than nitrate.  This largely corroborates findings reported from other 
measurements during CalNex [Langridge et al., 2012; Metcalf et al., 2012].  To see if there is 
preferential partitioning of nitrate or sulfate to any particular source, the ion ratio distribution in 
Figure 18, right panel was split into particle sources.  Most particle sources have very similar ion 
ratio distributions that cover a wide range of sulfate:nitrate values, indicating that nitrate and 
sulfate partitioned to particles regardless of the original source/core.  SS and V-OC are the only 
exception, as both of these types are present with ion ratio distributions exclusively favoring 
nitrate.  Nitrate is known to heterogeneously replace chloride on SS particles as they age, which 
may explain the preference of nitrate to SS observed in peak ratios [Gard et al., 1998].  Ault et 
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al. [2010] measured V-OC particles near to the emission source and hypothesized that vanadium 
acted as a catalyst to produce sulfate from SO2.  In the present work, particles were measured 
farther from the source and are processed to a higher degree such that nitrate might have replaced 
sulfate on those particles.  This analysis demonstrates that ion ratio distributions may be used to 
identify different processing mechanisms when preferential partitioning of species to distinct 
types is observed.  

Large nitrate fractions can be attributed to high NOx concentrations over Los Angeles, an 
average of 32 ppb for the study period (CARB, 2009).  In addition, ammonium nitrate originates 
from animal husbandries surrounding the Los Angeles area near Chino, which have been shown 
to be a large source of ammonia in the region [Kleeman and Cass, 1998; Singh et al., 2002; 
Sorooshian et al., 2008b; Ying and Kleeman, 2006].  Ammonium was found to be present in 37% 
of total particles, so the high nitrate seen in CalNex could in part be due to the presence of 
ammonium nitrate.  Nearly 98% of particles internally mixed with sulfate were also mixed with 
nitrate, whereas only 93% of particles internally mixed with nitrate were mixed with sulfate in 
southern California.  MSA was present on 52% of total particles in southern California, 
indicating that sulfate originating from marine sources was prevalent in the region, as expected 
due to the close proximity of LA to the ocean (~30 km) [Ying and Kleeman, 2006].  A small 
fraction of particles contained organosulfate peaks (28%), likely due to smaller biogenic 
influence in the LA basin.   

 
Figure 19: Fraction of particles containing soot and OC with RPA > 0.5% in northern California 
(left panel).  OC:soot ion ratio distributions are shown in the right panel.  Values < 0 indicate 
more soot than OC and values > 0 indicate more OC than soot.  Ratios representing 1:1, 2:1, and 
10:1 are shown by solid, dotted, and dashed lines, respectively.  



 

49 
 

 

Figure 20: Fraction of particles containing sulfate and nitrate with RPA > 0.5% in northern 
California (left panel). Sulfate:nitrate ion ratio distributions are shown in the right panel.  Values 
< 0 indicate more nitrate than sulfate and values > 0 indicate more sulfate than nitrate.  Ratios 
representing 1:1, 2:1, and 10:1 are shown by solid, dotted, and dashed lines, respectively.  

 

1.3.2.2.4 Northern California aerosol mixing state 
The Sacramento region is characterized by consistent southwesterly flow that carries air into the 
Sierra Nevada foothills during the day and recirculates the air back towards Sacramento at night, 
forming a residual layer of aged air the next day [Fast et al., 2012; Zaremba and Carroll, 1999].  
Most flights sampled at low altitudes, <700 m, in either the boundary layer or residual layer.  
Number fractions of particles in northern California are shown in Figure 13c.  Unlike in southern 
California, BB represented a more significant fraction of particles (41% by number), due to 
increased residential and agricultural burning in the rural regions in northern California.  HP 
particles did not represent as large a fraction in northern California, comprising only 9% of 
particles versus 33% in Southern California.  Furthermore, only 76% of particles contained 
negative ion spectra, suggesting that particles in northern California had not undergone as much 
processing as in southern California.  Often the lack of negative ion spectra is attributed to the 
presence of water [Neubauer et al., 1997; Neubauer et al., 1998], however relative humidity was 
lower on average during the CARES study (39±14%) compared to CalNex (49±30%); hence, the 
potential impact of water on suppressing negative ion spectra should be less relative to CalNex.  

As was observed in southern California, OC and Aged Soot comprised a significant fraction of 
total aerosol in northern California, 21% and 20%, respectively.  Pure soot was present at lower 
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number fractions (3%) than in southern California (7%), though a better representation of soot 
and OC content can be found through peak areas and peak area ratios.  Significant soot and OC 
peaks were found in 84% and 87% of total particles, respectively (Figure 19, left panel).  The 
single particle ion ratio distribution of OC:soot (Figure 19, right panel), which are directly 
comparable between studies, indicates that OC was more significant in northern California as 
compared to southern California, with nearly 64% of ratios >1 (having more OC than soot).  This 
fraction is significantly higher than that in southern California (48%) and is likely due to the 
heavily-forested Sierra Nevada foothills lying to the northeast of Sacramento, which act as a 
source of biogenically-derived OC particles. 

In contrast to southern California, most particles in northern California were primarily mixed 
with sulfate rather than with nitrate. Sulfate peaks were internally mixed with 72% of particles in 
northern California (Figure 20, left panel).  Of those particles containing sulfate, 59% contained 
nitrate, though sulfate markers were usually many times more prominent than nitrate markers on 
the same particle.  Few particles contained only nitrate (~3%), while 13% of particles comprised 
only sulfate.  Figure 20, right panel shows the sulfate:nitrate ion ratio distribution for particles 
containing sulfate or nitrate in northern California.  80% of particles contained more sulfate than 
nitrate and ~51% of those particles had a ratio >10:1.  Similar to southern California, ratios 
covered a wide range of values, though in northern California ion ratio distributions did not 
indicate preferential partitioning of sulfate or nitrate to any particle type, with the exception of 
SS which was present with high ratios of nitrate, as in southern California.  The decreased 
prevalence of nitrate in northern California can be attributed to lower NOX emissions in northern 
California as compared to southern California, with 1-hour averages of 4 and 32 ppb, 
respectively, based on measurements at ground sites in Sacramento and LA (CARB, 2009).  
Ammonium was present in amounts similar to those in southern California, representing nearly 
42% of total particles, suggesting the presence of ammonium sulfate.  Recently published 
findings from AMS measurements at the T1 rural ground site during CARES, near the Sierra 
Nevada foothills, determined that much of particulate sulfate was indeed present as ammonium 
sulfate [Setyan et al., 2012].  

One can gain insight into the source of sulfur species by examining the presence of MSA 
(originating from marine air) and OS (originating from biogenic aerosol) on single particles. 
While OS and MSA peaks were detected on 35% and 50% of particles, respectively, sulfate was 
present on 72% of particles, and usually exhibited higher peak intensities. Fast et al. [2012] 
hypothesized that a significant fraction of SO2 present in the CARES region originates from the 
oil refineries in the Carquinez Strait, near San Francisco, as no substantial sources of SO2 exist in 
the Sacramento area. While anthropogenic SO2 from this source is likely responsible for the high 
sulfate present on single particles, some days were observed to have high fractions of particles 
containing OS and MSA, indicating significant contributions from natural sources. For example, 
on June 14, nearly 70% of the particles contained OS, and on June 3, 72% of particles contained 
MSA. These elevated fractions occurred toward the beginning of the study and, as will be 
discussed in the following section, particle composition exhibited significant temporal variability 
during the CARES study. It should be noted that the current CARB inventory of sulfur from 
natural sources is zero, while the data here suggests some fraction due to natural sources. 
Additional studies focused just on the potential sources of OS (forest) and MSA (ocean derived) 
could shed more insight into these natural sources of sulfate. 
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Figure 21: Size distributions measured by A-ATOFMS during NoCal-1 (red) and NoCal-2 
(blue).  

 

Figure 22: Number fractions of A-ATOFMS particle types for two periods in the CARES 
campaign, NoCal-1 and NoCal-2. 
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Figure 23: Fraction of particles containing soot and OC with RPA > 0.5% in NoCal-1 (red) and 
NoCal-2 (blue) (left panel).  OC:soot ion ratio distribution are shown in the right panel.  Values 
< 0 indicate more soot than OC and values > 0 indicate more OC than soot.  Ratios representing 
1:1, 2:1, and 10:1 are shown by solid, dotted, and dashed lines, respectively.  
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Figure 24: Fraction of particles containing sulfate and nitrate with RPA > 0.5% in NoCal-1 (red) 
and NoCal-2 (blue, left panel).  Sulfate:nitrate peak ratios are shown in the right panel.  Values < 
0 indicate more soot than nitrate and values > 0 indicate more sulfate than soot.  Ratios 
representing 1:1, 2:1, and 10:1 are shown by solid, dotted, and dashed lines, respectively.  

1.3.2.2.5 Temporal differences in northern California aerosol: NoCal-1 and NoCal-2 
As mentioned previously, the particle sources during CalNex were quite stable over the duration 
of the study.  However, a noticeable shift in particle composition, particulate mass, and 
meteorology occurred during CARES after June 21 (Figure 15 and Table 3).  The sources and 
processes contributing to these two periods were quite different. To examine these differences in 
detail, the CARES study was separated into two periods, Northern California-1 (NoCal-1) and 
Northern California-2 (NoCal-2), representing fights from June 2 – 19, 2010 and June 21 – 28, 
2010, respectively.  Particle number concentrations, RH, and temperature can be found in Table 
3. NoCal-1 was relatively clean compared to NoCal-2, which was influenced more by local 
sources as evidenced by an increase of particulate matter < 2.5 µm (PM2.5) by 12% measured at 
the CARB Del Paso Manor site, from 5.7 to 8.0 µg/m3 for NoCal-1 and NoCal-2, respectively.  
Mean gas-phase concentrations of SO2 and NOX measured in flight increased as well from 
NoCal-1 to NoCal-2 by 23% (1.7 vs. 2.1 ppb) and 25% (1.3 vs. 1.6 ppb), respectively.  Similarly, 
Fast et al. described increased O3 and weaker winds during the same approximate period as 
NoCal-2 [Fast et al., 2012].  Mean UF-CPC particle concentrations decreased by ~32%, while 
larger particles measured by the UHSAS, which are detected more efficiently by the A-
ATOFMS, increased in number by 56%.  Correspondingly, A-ATOFMS average particle counts 
per flight increased between the first and second half of CARES by 71%. ATOFMS size 
distributions also broadened from NoCal-1 to NoCal-2 (Figure 21). 
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As shown in Figure 15, the relative fractions of particle types for each flight during CARES 
change after 19 June 2010, which coincides with an increase in average PM2.5 mass.  NoCal-2 
exhibited significantly higher fractions of Aged Soot and BB than in NoCal-1 (Figure 22), an 
increase of 17 and 19% by number, respectively, and a corresponding decrease in the fraction of 
OC, suggesting less biogenic influence in the region.  Interestingly, the particulate chemistry in 
NoCal-2 and southern California was remarkably similar, with the exception of the relative 
magnitudes of sulfate and nitrate on particles.  Since it is unlikely that a new source of soot 
emerged from Sacramento during NoCal-2, the increased detection of soot-containing particles 
resulted from the growth of preexisting soot particles through condensation of organic vapors 
and SO2, manifested as more Aged Soot mixed with sulfate in A-ATOFMS data.  The number 
fractions of particles containing peaks of soot, 75% and 90%, and OC, 78% and 93%, for NoCal-
1 and NoCal-2 respectively, were similar in magnitude during both periods but increased in 
NoCal-2 (Figure 23, left panel).  However, a comparison of the OC:soot ion ratio distributions 
from NoCal-1 to NoCal-2 indicates a shift in the OC:soot ion ratio distribution towards a nearly 
identical distribution as that observed in southern California (Figure 17, right panel), where 
nearly half of the ion ratio distribution favored soot (Figure 23, right panel).  In contrast, the 
OC:soot ion ratio distribution for NoCal-1 (Figure 23, right panel) was dominated by OC.  
Higher UF-CPC concentrations during NoCal-1 indicate that soot particles were present over the 
urban Sacramento region during this first period, but at sizes below the A-ATOFMS detection 
limit (<100 nm).  During NoCal-1, OC content can primarily be attributed to biogenically-
derived OC from the surrounding forested regions, whereas during NoCal-2 OC primarily 
existed as a coating on a soot core similar to observations in southern California.  With higher 
NOX emissions, soot particles in LA exhibit higher number fractions mixed with nitrate observed 
by the A-ATOFMS.  Similarly to LA, higher SO2 and NOX concentrations during NoCal-2 led to 
the faster growth of soot, and an increase in the fraction of ratios favoring soot measured by the 
A-ATOFMS.  

Sulfate:nitrate ion ratio distributions were relatively unchanged between NoCal-1 and NoCal-2 
(Figure 24).  However, the fractions of MSA and OS on total particles decreased significantly 
from NoCal-1 to NoCal-2, from 66% to 38% and 49% to 24% for MSA and OS, respectively.  
One concludes that particulate sulfate was heavily influenced by natural sources during NoCal-1 
while anthropogenic sources dominated during NoCal-2.   
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Figure 25: Spectral difference plots of a) BB, b) OC, and c) Aged Soot particles from southern 
(top) and northern (bottom) California.  Secondary species show the greatest difference between 
the two regions. 
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1.3.2.2.6 Comparison between northern and southern California aerosol mixing state 
The most striking difference between mixing states in northern and southern California is the 
greater magnitude of single particles mixed with sulfate in the north and nitrate in the south.  
Figure 25 shows the difference in RPA from averaged BB, OC, and Aged Soot mass spectra 
obtained in southern (top) and northern (bottom) California.  Positive intensities indicate peaks 
that were more prevalent in southern California while negative intensities indicate prevalence in 
northern California.  All three particle types clearly indicate more intense sulfate peaks in the 
north and more intense nitrate peaks in the south.  Both Langridge et al. [2012] and Metcalf et al. 
[2012] found significant contributions of nitrate and OC to the aerosol in LA as well.  In 
contrast, previous ground-based measurements in the LA and Port of Long Beach areas found 
higher fractions of sulfate on particles [Pastor et al., 2003; Qin et al., 2012; Whiteaker et al., 
2002], and recent findings during the CalNex ship campaign [Gaston et al., 2012] observed a 
higher abundance of sulfate in southern California than northern California, though the latter is 
likely more indicative of port regions which are known to have large sources of sulfate from ship 
emissions [Ault et al., 2009].  

The contributions of soot and OC to single particle mixing state were found to vary greatly 
depending upon the region, with soot having a larger influence in the south and OC being more 
prevalent in the north, as shown by measured OC:soot ion ratio distribution.  The largest 
difference in the nature of particles between southern California and NoCal-1 occurred when the 
influence of biogenic OC was the greatest in the north.  During this period, the number fraction 
of OC particles was nearly 18% higher in the north than in the south.  Both NoCal-2 and 
southern California aerosol exhibited similar chemistry, with most particles containing a soot 
core with OC, sulfate, and nitrate coatings, though the large difference in magnitude between 
sulfate and nitrate peaks in each region is a persistent feature.  Distributions of OC:soot ratios 
during NoCal-2 and southern California (Figure 17 and 23) correlate very well, R2 = 0.92, as 
compared to NoCal-1 and southern California, R2 = 0.56, highlighting the similarity between 
NoCal-2 and southern California.   

1.3.2.3 Conclusion 

Two aircraft field campaigns, CalNex and CARES, provide insight into the distribution and 
mixing state of carbonaceous aerosols in California during the late spring and early summer of 
2010.  Most submicron particles (~97%) in California contain carbonaceous material, and nearly 
88% of all particles show signs of atmospheric aging.  Particles are internally mixed with 
secondary species, including sulfate, nitrate, MSA, OS, and ammonium.  Most strikingly, nitrate 
is more prevalent on particles in southern California, whereas this is the case for sulfate in 
northern California.  This suggests that different sources are impacting particles in the two 
regions.   

OC:soot ion ratio distributions in southern California show that most particles are soot-
dominated with an OC coating, whereas OC-dominated particles from biogenic sources are more 
prevalent in northern California.  Single-particle measurements also show that many particles 
contain both OC and soot, which will lead to increased radiative absorption and scattering 
[Moffet and Prather, 2009; Schnaiter et al., 2005; Schwarz et al., 2008].  A shift in chemistry 
was observed during the latter half of the CARES campaign, from OC-dominant to soot-
dominant, as particles in northern California became very similar in composition to particles in 
southern California.  In addition, total PM2.5 reflected this change in particle composition, as 
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PM2.5 concentrations increased significantly in the latter half of the study.  This suggests similar 
particle mixing states are present during periods of relatively higher PM2.5 levels in California.  
Thus, regionally specific mixing states, as well as temporal changes in mixing state, will need to 
be taken into account for accurate regional aerosol-climate modeling.  
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1.3.3 Relating Aerosol Absorption Due To Soot, Organic Carbon, and Dust To Emission 
Sources Determined From In-Situ Chemical Measurements 

1.3.3.1 Materials and Methods 

Russell et al. [2010] used the Absorption Ångström Exponent (AAE) as an indicator of aerosol 
chemical composition and they showed a clustering by absorbing aerosol types on an AAE vs. 
EAE (Extinction Ångström Exponent) scatter plot.  In this study, we apply a similar 
methodology, based on a previous study by Bahadur et al. [2012], dividing the AAE vs. SAE 
(Scattering Ångström Exponent) space, called the Ångström matrix, into different regions that 
are associated with different absorbing aerosol types.  

1.3.3.1.1 Remote sensing measurements  

Most previous studies showing a connection between absorbing aerosol types and optical 
properties were based on remote sensing measurements at locations with a strong dominant 
aerosol source type (e.g., deserts, urban polluted areas, regions prone to wildfires).  

AERONET [Holben et al., 1998] is an optical ground-based aerosol monitoring network that 
provides globally distributed observations of aerosol spectral optical depths (AOD), and other 
properties derived by inversion such as aerosol size distributions and single scattering albedo 
(SSA).  AERONET follows a protocol for the quality assured data (Level 2.0).  AERONET 
Level 2.0 data are cloud-screened and only measurements with an AOD at 440 nm greater than 
0.4 are used, for which the uncertainty of the AOD is between 0.01 and 0.02, depending on the 
wavelength [Holben et al., 1998], and this uncertainty results in a variation of 0.03 to 0.04 in the 
Ångstrom exponent [Schuster et al., 2006] and of 0.03 to 0.07 in the SSA [Dubovik et al., 2002].  

In this study, we used AERONET measurements from 33 stations around the world with a 
dominant absorbing species (Table 4).  In addition, we used measurements from a total of ten 
operational AERONET stations in California.  The stations are divided by region, into Northern 
California for the stations with latitude above 36ºN and Southern California for the stations 
below 36ºN. Southern California is characterized by densely populated cities, such as Los 
Angeles or San Diego where the main source is anthropogenic.  On the other hand, northern 
California is, in general, a less-populated region with the Central Valley characterized by 
extensive agricultural activity.  Data are also divided by seasons.  Due to the limited availability 
of Level 2.0 AERONET data, seasons were grouped using winter and spring in one season and 
summer and autumn in another season.  Table 5 presents the name, location, available period of 
time in years, and number of valid Level 2.0 measurements for the 10 California AERONET 
stations.  The stations are also shown on the map in Figure 26.  

In order to calculate the AAE and SAE, the Single Scattering Albedo (SSA) derived by inversion 
in AERONET is used to calculate the Absorption and Scattering components of the aerosol 
optical depth (AOD).  This way, AAOD = AOD*(1-SSA) and SAOD = AOD*SSA are 
calculated.  Then, AAE and SAE are calculated using Eq. (1) and Eq. (2) respectively: 
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where the wavelengths, λ1 and λ2, are 440 and 675 nm, respectively [Bahadur et al., 2012]. 

The spectral dependence of the absorption coefficient, AAE in Eq. (1), can be related to the 
dominant absorbing aerosol type for a mixture of aerosols. Black carbon typically follows an 
inverse wavelength ( λ-1) spectral dependence, yielding an AAE of 1 [Bergstrom et al., 2002], 
while organic carbon in biomass smoke aerosols and mineral dust contribute to light absorption 
in the ultraviolet and blue spectral regions yielding an AAE greater than 1 [Kirchstetter et al., 
2004], with a magnitude depending on the range of wavelengths used for its calculation.  
Gyawali et al., [2009] and Lack and Cappa [2010] found that values of AAE > 1 are also 
possible on particles with BC cores and a non-absorbing coating.  On the other hand, the spectral 
dependence of the scattering coefficient, the SAE as shown in Eq. (2), depends primarily on the 
dominant size mode for a mixture of aerosols, ranging from 4 to 0 where larger numbers 
associate with small particles (i.e., fine mode) and smaller numbers suggest the dominance of 
large particles (i.e., coarse mode) [Bergstrom et al., 2007]. 

Thus, in a very intuitive way, the AAE vs. SAE space partitions into regions that correlate to 
combinations of a dominance of fine and coarse modes, and a dominance of particles that follow 
the λ-1 trend for absorption, and those with absorption enhancement at the shorter wavelengths.  
The principal advantage of this dual size-chemistry partitioning is that, in the ideal case, it 
separates the three aerosol absorbing species – EC, OC, and mineral dust.  First, measurements 
representing dust separate along the SAE axis, as dust is primarily found in the coarse mode as 
compared to carbonaceous aerosols that are primarily in the fine and ultra-fine mode close to 
emission sources.  Second, EC is an efficient absorber at all wavelengths compared to OC which 
absorbs strongly only at short wavelengths, separating these species along the AAE axis.  In 
addition to these ideal cases, we can relate the remainder of the phase space to aerosols with 
predicted combinations of SAE (representing size) and AAE (representing chemistry), and their 
mixtures.  This partition is based on a simplified division published by Bahadur et al. [2012].  In 
the supplemental material of Bahadur et al. [2012], a threshold value of AAE=1.5 was found to 
demarcate the dust-dominated region fairly well, containing 72% of all measurements in dust-
dominated regions, but only 17% of measurements in fossil fuel-dominated regions.  Therefore, 
the condition of AAE>1.5 has been retained to delineate the aerosols that have an enhanced 
absorption at shorter wavelengths (i.e., dust and OC) with smaller values of AAE considered to 
have an influence of EC leading to more complex mixtures.  Similarly, SAE of 1.5 was found to 
reasonably delineate the fine mode aerosols (EC and OC) with smaller values of SAE considered 



 

60 
 

to have an influence of larger particles (such as dust or other non-absorbing species), again 
leading into the mixture containing regions of the phase space.  In this new partition, the 
inclusion of mixtures requires the addition of new phase boundaries.  Thus, the phase boundaries 
for large particles and “EC-dominated” particles were set to 1.0.  

Figure 27 illustrates the division of the Ångström matrix with labels that represent the three 
absorbing aerosol species and their mixtures.  The lower-left quadrant has been labeled as 
“coated large particles” indicating that it contains a species with AAE<1 but larger in size.  Lack 
and Cappa [2010] showed that black carbon particles with a sulfate coating might present those 
optical properties, and polluted dust with strong absorbers might also present the same spectral 
response.  Figure 27 also shows data from the 33 AERONET stations, color-coded by dominant 
type.  Table 4 lists the stations, locations, and dominant aerosol species at each site.  

Measurements from dust-dominant stations (orange squares) fall mainly into the dust dominant 
area (upper left quadrant); however, some measurements fall into the phase space representing 
polluted dust, mixed aerosols, or the coarse coated type.  On the other hand, there is a larger 
overlap between absorbing particles from fossil fuel (cyan triangles) and biomass burning 
sources (red circles) since all combustion produces both EC and OC, and there are no pure EC or 
OC present in field measurements.  However, the fossil fuel category presents more variability in 
size than the biomass burning category due to the origin of the measurements.  Whereas biomass 
burning-dominant stations are mainly areas prone to wildfires, the stations marked as fossil fuel-
dominant correspond to urban areas that are expected to contain a large amount of primary 
carbonaceous aerosols, but likely also contain larger aerosol particles (either lofted dust, or non-
absorbing aerosols), and likely also contain aged secondary aerosols due to high NOX and ozone 
conditions.  
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Figure 26: Map of California with the flight paths of the aircraft campaigns and the location of 
the AERONET stations. 
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Figure 27: Division of the Absorption Ångström Exponent vs. Scattering Ångström Exponent 
space, the Ångström matrix, overlapped with the AERONET measurements from stations with a 
dominant sources (fossil fuel in cyan triangles, biomass burning in red circles or dust in orange 
squares). 
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Table 4: List of the AERONET stations around the world with dominant sources used for the 
creation of the Ångström matrix. 

AERONET 
station 

Latitude 
(°) N 

Longitude 
(°) W 

Main source 

Billerica 42.53 71.27 Fossil Fuel 

CCNY 40.82 73.95 Fossil Fuel 

Dayton 39.77 84.11 Fossil Fuel 

Fresno 36.78 119.77 Fossil Fuel 

GSFC 38.99 76.84 Fossil Fuel 

Halifax 44.64 63.59 Fossil Fuel 

Hamburg 53.57 -9.97 Fossil Fuel 

Hong Kong  22.21 -114.26 Fossil Fuel 

IFT Leipzig 51.35 -12.43 Fossil Fuel 

Mainz 49.99 -8.3 Fossil Fuel 

Maryland Sci. 
Cen. 

39.28 76.62 Fossil Fuel 

New Delhi 28.63 -77.17 Fossil Fuel 

Palaiseau 48.7 -2.21 Fossil Fuel 

Philadelphia 40.04 75 Fossil Fuel 

Rome Tor 
Vergata 

41.84 -12.65 Fossil Fuel 

Sandy Hook 40.45 73.99 Fossil Fuel 

UCLA 34.07 118.45 Fossil Fuel 

Abracos Hill 10.76 62.35 Biomass 
Burning 

Alta Floresta -9.87 56.1 Biomass 
Burning 

Belterra -2.65 54.95 Biomass 
Burning 

Campo Grande -20.45 54.62 Biomass 
Burning 

CELAP-BA -34.57 58.5 Biomass 
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AERONET 
station 

 Latitude 
(°) N 

Longitude 
(°) W 

Data 
Availability 

Data points 
with SSA 
retrieval 

Fresno  36.782 119.773 2002-2011 208 

La Jolla  32.870 117.250 1994-2011 15 

MISR-JPL  34.119 118.174 1996-2009 28 

Monterey  36.593 121.855 1998-2011 6 

Moss Landing  36.793 121.788 2004-2006 2 

San Nicolas  33.257 119.487 1997-2007 14 

Table 
Mountain 

 34.380 117.680 1998-2011 3 

Trinidad Head  41.054 124.151 2005-2011 13 

UCLA  34.070 118.450 2000-2009 55 

UCSB  34.415 119.845 1994-2011 10 

 

Table 5: Location and data availability of the AERONET stations in California. 

 

1.3.3.1.2 In-situ aircraft measurements 

In-situ data were collected by aircraft during three atmospheric measurement campaigns 
performed in California.  CalNex 2010 was a joint field study coordinated by the California Air 
Resources Board (CARB) and, the National Oceanic and Atmospheric Administration (NOAA) 
and the California Energy Commission (CEC), with a primary goal to study atmospheric 
processes over California and the eastern Pacific coastal region.  Measurements used in this work 
were taken onboard the Center for Interdisciplinary Remotely-Piloted Aircraft Studies (CIRPAS) 
Twin Otter, flying mainly in the Los Angeles basin during May 2010.  CARES (Carbonaceous 
Aerosols and Radiative Effects Study), was a field study designed to increase scientific 
knowledge about evolution of black carbon and secondary organic aerosols from both 
urban/manmade and biogenic sources.  Data used from this campaign were measured onboard 
the DOE Gulfstream–1 (G–1), based in Sacramento during June 2010.  The CalWater 2011 field 
campaign was designed to better assess the effects of aerosols on precipitation in the Sierra 
Nevada during the winter season.  Data used from this campaign were collected onboard the 
DOE G–1, based in Sacramento between February and March 2011.  Figure 26 shows the flight 
paths for the three campaigns.  

The different aircraft contained instrumentation for the retrieval of the optical properties of 
aerosols (i.e., absorption and scattering coefficients) and for the measurement of the chemical 
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composition of aerosol particles.  The Absorption coefficient, σa, was derived using a Particle 
Soot Absorption Photometer (PSAP) operating at 462, 523 and 648 nm and sampling from an 
iso-kinetic inlet.  The Scattering coefficient, σs, was measured using a nephelometer at 450, 550 
and 700 nm during CARES and CalWater, also sampling from an iso-kinetic inlet, and derived 
from a Passive Cavity Aerosol Spectrometer Probe (PCASP) size distribution, in the range of 0.1 
to 3 µm, applying Mie theory (using a refractive index of 1.5) during CalNex.  PSAP data were 
corrected for scattering aerosol and spot size based on Bond et al. [1999] and Ogren [2010] using 
the nephelometer data for CARES and CalWater data, and the calculated scattering for CalNex.  
The uncertainty associated with σa is about 20% [Bond et al., 1999].  Nephelometer data were 
corrected based on Anderson and Ogren [1998].  The uncertainty associated with σs is about 5%.  

As discussed by Schmid et al. [2006] the Twin Otter samples aerosol from an iso-kinetic inlet 
whose passing efficiency was tested in airborne and wind tunnel experiments by Hegg et al. 
[2005].  They found no appreciable loss in efficiency for particles smaller than 3.5 µm 
aerodynamic diameter at the Twin Otter sampling velocity of 50 ms-1.  For larger particles, the 
efficiency decreases rapidly but levels off at an efficiency of slightly better than 0.6 for particles 
5.5 - 9 µm (the latter being the upper diameter of their characterization).  The G-1 iso-kinetic 
inlet used in CARES and CalWater has not yet undergone the same testing.  Manufacturer 
specifications call for passing efficiency near unity dropping to 50% at 5 µm diameter at the G-1 
research speed of 100 ms-1.  This claim has been substantiated with comparisons with ground-
based nephelometers during fly-bys in CARES [Zaveri et al., 2012]. 

Measurements of the chemical composition of individual particles during the three aircraft 
campaigns were performed using the aircraft aerosol time-of-flight mass spectrometer (A‐
ATOFMS) [Pratt et al., 2009b].  The A-ATOFMS measures, in real time, the size and chemical 
composition of individual particles ranging in size from 100 to 2500 nm during CalWater and 
from 80 to 1000 nm during CalNex and CARES.   

Using the in-situ optical properties and chemical composition measured during the three aircraft 
sampling campaigns, we can establish a link between the optical properties, in this case the AAE 
and the SAE, and the measured chemical composition of the aerosol particles.  

AAE and SAE were calculated applying Eq. (1) and (2) respectively using σa instead of the 
column-integrated value (AAOD) and σs instead of the SAOD.  Wavelengths used as λ1 and λ2 
were 462 and 648 nm for the PSAP and 450 and 700 for the nephelometer because those are 
closer to the AERONET wavelength used in section 1.3.3.1.1.  

For the chemical composition of the particles from the A-ATOFMS, spectra from individual 
particles (i.e., their chemical signature) are grouped into chemically similar clusters using the 
ART-2-a algorithm [Song et al., 1999].  The initial clusters are then manually grouped into a 
small set of clusters based on the identification of the mass spectral peaks that correspond to the 
most probable ions for a given mass-to-charge ratio (m/z) based on previous lab and field studies.  
These clusters are then classified into different absorbing particle types: primary fossil fuel, 
secondary fossil fuel, primary biomass burning, secondary biomass burning and dust, excluding 
other non-absorbing particle types.  Figure 28 shows a representative mass spectrum for each 
aerosol type where the mass-to-charge ratio (m/z) is on the x-axis, and the intensity of the ion 
peaks is on the y-axis (in arbitrary units).  
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Briefly, primary fossil fuel particles are characterized by the presence of carbon cluster ion 
peaks: Cn

+ and Cn
-, representative of the elemental carbon (EC), and spectra that also contain 

weak intensities at m/z 27(C2H3
+), 37(C3H+) and 39(C3H3

+).  Secondary fossil fuel particles contain 
signals at m/z 27(C2H3

+/CHN+), 37(C3H+), 39(C3H3
+) and 43(C2H3O+) in the positive spectra and 

mainly nitrate and sulfate ion peaks in the negative ion mass spectra: m/z -62(NO3
-) and -97(HSO4

-

), respectively [Moffet and Prather, 2009; Silva and Prather, 2000; Spencer and Prather, 2006].  
Biomass burning particles are characterized by an intense potassium peak at m/z 39(K+) with less 
intense carbonaceous markers (e.g., m/z 12(C+), 27(C2H3

+), 36(C3
+), 37(C3H+) [Hudson et al., 2004; 

Silva et al., 1999].  The difference between primary and secondary biomass burning is 
established by looking at the negative spectra that presents carbon clusters in the case of primary 
biomass burning or mainly nitrate/sulfates in the case of secondary biomass burning.  Finally, 
dust is characterized by inorganic ion peaks (e.g. m/z 27(Al+), 39(K+), and/or 40(Ca+), and the 
presence of silicates: -60(SiO2

-) and -76(SiO3
-) [Silva and Prather, 2000].  

In order to validate the Ångström matrix, we matched the spectral optical properties and the 
aerosol absorbing types measured by the A-ATOFMS during the flights.  For each flight, we 
calculated the 5-minute average of the AAE and SAE.  On the other hand, for the same 5-minute 
periods, we calculated the fraction of the different aerosol absorbing types detected with the A-
ATOFMS.  We only considered periods with a dominant aerosol absorbing type (i.e., 75% of the 
particles detected by the A-ATOFMS are from one type).  Thus, we screen the data using the 5-
minute average values that correspond with a dominant aerosol absorbing type detected by the 
A-ATOFMS.  This way we have, on one hand, the spectral optical properties (AAE and SAE) 
and we can obtain an estimation of the type of absorber using the Ångström matrix and, on the 
other hand, the actual aerosol chemical composition determined by the A-ATOFMS that 
correspond to those optical properties.  
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Figure 28: Representative A-ATOFMS spectra for different aerosol sources a) Primary fossil fuel, b) Secondary fossil fuel, c) Primary 
biomass burning, d) Secondary biomass burning, and e) dust.  
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  Ångström Matrix 

  EC 
dom. 

EC/OC 
mix 

OC 
dom. 

OC/Dust 
mix 

Dust 
dom. 

Dust/EC 
mix 

Coated Mixed 

A
-A

TO
FM

S 
Prim. Fossil 
Fuel 

1.20 27.71 31.33 21.69 1.20 0 10.84 6.02 

Sec. Fossil 
Fuel 

0 0 10.47 27.91 8.14 39.53 9.30 4.65 

Prim. 
Biomass 

0 0 25 25 0 0 0 50 

Sec. 
Biomass 

0 3.70 18.52 40.74 14.81 0 18.52 3.70 

Dust 14.29 7.14 28.57 7.14 7.14 0 14.29 21.43 

Table 6: Contingency matrix constructed from the aircraft measurements representing the percentage of aerosol sources from the A-
ATOMFS classified into the different Ångström matrix classes. 
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Figure 29: Estimated number fraction of the different aerosol absorbing types by the Angstrom 
matrix using aerosol properties from AERONET stations in California separated by region and 
season: a) Northern California – winter/spring, b) Northern California – summer/autumn, c) 
Southern California – winter/spring, and d) Southern California – summer/autumn. 

 

1.3.3.2 Results 

To gain a better understanding on how the optical properties of aerosols relate to chemical 
composition, we use aerosol data from California as an initial test case, where the Ångström 
matrix can be compared to a large wealth of field data.  Applying the Ångström matrix to all the 
available Level 2.0 AERONET data, we obtain an estimate for the percentage of absorbers in 
different regions of California by means of optical properties.  Figure 29 shows the fraction for 
the different regions and seasons in pie charts.  Panel a) shows the fraction for Northern 
California during winter/spring; panel, b) shows the fraction for northern California during 
summer/autumn, while panels c) and d) show the fraction for southern California during 
winter/spring and summer/autumn, respectively.  Due to the number of retrievals for each site 
(Table 5), the northern California is strongly biases by Fresno site, and southern California by 
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the Los Angeles basin measurements.  Both seasons in northern California show a similar 
fraction of aerosol absorbing types and they are dominated by a mixture of EC and OC aerosol 
that comprise over 40% of all measurements.  The difference lies in the coated large particles 
and mix types.  For southern California, the summer/autumn season is dominated by a mixture, 
or EC and OC aerosol (almost 40%) as well as OC and OC mixed with dust type.  The 
winter/spring season is dominated by dust (over 45%) and coated large particles (almost 30%).  

On the other hand, a summary of the overall aerosol absorbing types detected with the A-
ATOFMS during the three campaigns is shown in Figure 30.  Each pie chart represents the 
number fraction of absorbing types detected during CalNex on the left panel, CARES in the 
middle, and CalWater on the right panel, calculated using all the available particles detected 
during the campaign flights.  Also each campaign, because of the location and dates, can be 
associated with a region and season.  CalNex corresponds with southern California during the 
summer, or more concretely, with the Los Angeles basin area, CARES with northern California 
also during the summer, and CalWater with northern California during the winter.  We need to 
take into account that we are using different instruments and methodologies.  On one hand, 
AERONET data represent a long term data set and Figure 29 represents the fraction of 
occurrences falling into one or another region in the Ångström matrix and, on the other hand, A-
ATOFMS data shown in Figure 30 represents the fraction of particles detected at a specific 
location and time.  Furthermore, for northern California, the AERONET retrievals are biased by 
the Fresno measurements and the aircraft measurements are mainly over the Sacramento area.  
Both seasons in northern California present similar aerosol absorbing type fraction with 
dominance of secondary fossil fuel aerosol and biomass burning particles.  Also, more dust is 
detected during the winter.  In southern California, the primary fossil fuel particles (35%) and 
secondary fossil fuel (47%) dominate in the summer.  

In the validation process, the AAE and SAE values, calculated from the in-situ aircraft data, that 
match the dominant aerosol type criteria presented in section 1.3.3.1.1 are presented in Figure 
31, on an AAE vs. SAE scatter plot with color representing the dominant aerosol type 
determined by the A-ATOFMS.  Panels a), b), and c) correspond to each different field campaign 
(CalNex, CARES, and CalWater, respectively).  Because the AAE is related to the chemical 
composition of aerosol, panel d) in Figure 31 shows a frequency histogram of the AAE 
associated to the aerosol types detected by A-ATOFMS showing that primary fossil fuel particles 
have a mean value of AAE = 1.1±0.6, which is close to the expected 1.0 for black carbon 
[Bergstrom et al., 2002].  Secondary fossil fuel particles can be associated with an AAE = 
1.5±0.3, which is in agreement with what was found by Gyawali et al. [2009] and Lack and 
Cappa [2010] for BC cores with non-absorbing coatings, and biomass burning to AAE = 1.8±0.4 
[Kirchstetter et al., 2004].  The AAE was smaller on average during CalNex than during 
CARES, consistent with the type of dominant aerosol detected, mainly primary fossil fuel during 
CalNex (i.e., elemental carbon) in contrast with the secondary fossil fuel particles that dominated 
during CARES.  The number of samples from the CalWater campaign is small, as the flights 
focused on clouds and not many data samples were acquired from cloud-free air.  The SAE 
exhibited less variability during CalNex than during CARES, but we need to take into account 
that the scattering coefficient measurements were taken differently for those campaigns and the 
range of particle sizes is different.  Also, the data filtering might be introducing a bias, since we 
are using data corresponding to periods with a dominant aerosol source.  
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Finally, we apply the Ångström matrix to the in-situ optical properties, obtaining an estimate of 
the aerosol chemical composition using optical properties that can be compared with the actual 
aerosol chemical composition determined by the A-ATOFMS.  Table 6 shows a contingency 
table where the rows are the chemical composition detected with the A-ATOFMS and columns 
are the different estimated aerosol types from the Ångström matrix.  Values presented are 
percentages of measurements classified in one type or another and they sum 100 across rows. 
Primary fossil fuel particles (i.e., elemental carbon) were classified mainly as organic carbon or a 
mixture of organic carbon and elemental carbon or dust.  Secondary fossil fuel particles (i.e., 
secondary organic aerosols) fall mainly into the dust/EC mix (almost 40%) indicating that those 
were particles with absorption properties similar to organic carbon, but larger in size, probably 
due to non-absorbing coating on the carbonaceous core.  On the other hand, primary biomass 
burning sources were classified as organic carbon, organic mixed with dust, or well-mixed types.  
Secondary biomass burning sources are classified, almost 60% of the time, into the organic 
carbon or organic carbon mixed with dust categories.  Finally, dust sources were only significant 
during CalWater.  However, the Ångström matrix does not classify them correctly as the dust-
dominated type mainly because the number of dust measurements is small.  
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Figure 30: Overall aerosol sources detected with the A-ATOFMS in the three aircraft campaigns: a) CalNex, b) CARES, and c) 
CalWater.
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Figure 31: Absorption Ångström Exponent vs. Scattering Ångström Exponent scatter plot of in-
situ aircraft measurements for a) CalNex, b) CARES, and c) CalWater where the color code 
represents the dominant aerosol source detected with the A-ATOFMS for each measurement.  
Panel d) is a frequency histogram of the Absorption Ångström Exponent for each aerosol source. 

 

1.3.3.3 Discussion 

The estimates of aerosol types applying the Ångström matrix to the California AERONET 
stations (Fig. 26) show similar aerosol contributions in both seasons in northern California.  Over 
40% of the contribution is due to a mixture of EC and OC, about 10% due to EC, and 11% due to 
OC or OC/dust mixture.  For southern California, during the summer/autumn season almost 40% 
of the aerosol contribution corresponds to a mixture of EC and OC, 27% corresponds to OC or 
OC/dust types and 5% corresponds to EC.  The winter/spring season is dominated by dust (over 
45%) and coated large particles (almost 30%) and no EC type is present. 
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The EC/OC mixture type seems to dominate in the Ångström matrix classification and indicates 
the difficulty of separating the sources from column-integrated measurements.  More fossil fuel 
sources (primary and secondary) were expected in southern California since it is a more 
populated, urban area and, in our particular case, the AERONET data are biased by the Los 
Angeles basin sites.  The chemical composition detected during the aircraft campaigns for 
southern California (Fig. 27) shows about 35% of aerosol contribution being due to primary 
fossil fuel sources, 47% due to secondary fossil fuel sources, and about 15% due to biomass 
burning sources.  Figure 31d shows that the chemistry component of the Ångström matrix (the 
AAE) has a mean value of 1.1 for primary fossil fuel sources, 1.5 for secondary fossil fuel 
sources and 1.8 for biomass burning.  All those sources would fall into the EC/OC mixture type 
or the OC type, with some overlapping on the different sources, and leaving the EC type 
misclassified.  On the other hand, northern California was expected to have more biomass 
burning sources with respect to the south because of the less populated and more rural 
environment (in particular the AERONET data are bias by the Fresno site in the Central Valley).  
The aircraft data in northern California (Fig. 27b and 27c) indicates about 40% of the 
contribution due to secondary fossil fuel sources and about 30% due to biomass burning sources 
with a small contribution due to primary fossil fuel sources (about 7 to 10%).  Again, the 
overlapping of the optical properties results in the EC/OC mixture type dominating the 
classification scheme. 

Pure dust was only a significant source for southern California during winter/spring.  This is 
most likely a misclassification.  The dust type measurements were concentrated in the UCLA 
and MISR-JPL AERONET stations, both in the Los Angeles metropolitan area, and dust is not 
expected to make such large contributions in urban areas, where fossil fuel sources are expected 
to dominate.  This suggests that those dust cases were instead larger hygroscopic organic carbon 
particles that had undergone aqueous phase processing.  The aerosol species producing strong 
absorption at short wavelengths and primarily in the coarse mode are most likely humic-like 
substances (HULIS) species formed by fog or cloud processing.  These aerosols have been 
detected in California in previous studies (e.g. [Qin et al., 2012; Qin and Prather, 2006]) and 
represent organic carbon particles, but are larger than 1µm due to their water content, therefore 
they might have spectral properties similar to dust, i.e. they are large particles and absorb more 
radiation at shorter wavelengths (AAE>1) which can fall in the dust dominant or dust/EC 
mixture types in the Ångström matrix.  On the other hand, the in-situ chemical composition from 
the aircraft campaigns indicates the larger contribution due to dust from northern California 
during the winter as compare to the summer (14% vs. 6%).  During the CalWater flights, dust 
particles were detected mainly at higher altitudes in layers, while during CARES, flights were 
focused at much lower altitudes. Long range transported dust crossing the Pacific has been 
detected at higher altitudes during the winter in northern California and it is thought to have an 
impact on the precipitation in California [Ault et al., 2011; Creamean et al., 2013]. 

Most of the AERONET stations used in California are coastal (Fig. 23), and the dominance of 
sea salt could be important.  However, Smirnov et al. [2011; 2002] studied optical properties in 
maritime environment and found that the AOD has a mean value of 0.07 with standard deviation 
of 0.03 to 0.05.  This means that, in a clean maritime environment dominated by sea salt, the 
AOD is far below the limit for AERONET Level 2.0 data.  Values above the limit (the values 
included in this study) must be dominated by anthropogenic aerosol or dust.  The limitation 
imposed by AERONET for the Level 2.0 data (AOD greater than 0.4) indicates that 
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anthropogenic aerosols or dust are dominating species in the mixture.  Since the SAE is an 
intensive property that gives an idea of the dominant size mode, this must reflect the dominance 
of the anthropogenic aerosol or the dust.  Moreover, we did not observe a significant bias in the 
spectral optical properties from inland and coastal AERONET sites.  Other non-absorbing 
species that might be important such as nitrate or sulfate have been found internally mixed with 
carbonaceous aerosols in other studies in California (e.g. [Cahill et al., 2012; Pratt and Prather, 
2009]) rather than as single nitrate or sulfate particles.  

The differences in sources associated with absorption in the various regions of California, as 
shown in Figure 30, could be biased by the objectives of the flights during each of the 
campaigns.  During CalNex, the flights were comprised of mainly low-level passes within the 
boundary layer in the Los Angeles area, very close to the sources of pollution.  On the other 
hand, CARES also had flights with passes over the Sierra foothills (away from urban sources in 
the Sacramento area), and intercepting plumes from fires when they were present. CalWater 
focused on clouds and most of the flights were either over the Sierra foothills or over the coastal 
area.  

The overall in-situ AAE data agree with the detected chemical composition.  By looking at 
Figure 31, we can see that the chemical component of the Ångström matrix, the AAE, is smaller 
on average during CalNex than during CARES, consistent with the type of dominant aerosol 
detected, more primary fossil fuel during CalNex, in contrast with the secondary fossil fuel and 
biomass that dominate during CARES.  The number of samples for CalWater is small, as the 
flights focused on clouds.  Also, Figure 31d shows that the AAE has a mean value of 1.1±0.6 for 
primary fossil fuel sources, secondary fossil fuel sources can be associated with an AAE = 
1.5±0.3, and biomass burning to an AAE = 1.8±0.4.  These values agree with the results shown 
by other authors for BC (AAE = 1) [Bergstrom et al., 2002], and OC (AAE > 1) [Kirchstetter et 
al., 2004] and for secondary aerosols (AAE>1) [Gyawali et al., 2009; Lack and Cappa, 2010].  
More dust data are needed to establish good statistics for this source.  On the other hand, the size 
component of the Ångström matrix, the SAE, shows less variability during CalNex than during 
CARES, but we need to take into account that the SAE was calculated differently.  In addition, 
the data shown are filtered using the A-ATOFMS, and the different particle size- cuts used in the 
different campaigns directly affects the ability to sample the largest aerosol.  

Finally, the application of the Ångström matrix to the in-situ aircraft measurements and the 
comparison with the chemical composition of the aerosol (Table 6) shows some of the 
limitations of the Ångström matrix.  Particles detected as a primary fossil fuel source (i.e., 
elemental carbon) were classified mainly as organic carbon or a mixture of organic carbon and 
elemental carbon or dust. Taking into account that the classification is based on considering that 
75% of the particles detected by the A-ATOFMS are of that type, the optical properties might 
contain particles from other types, the same way the external mixing of aerosol on a column 
integrated value like the AOD, or its absorption and scattering components, would yield to a 
higher AAE value and, therefore misclassifies the EC type (primary fossil fuel source).  This 
reinforces the conclusions extracted from the comparison of the overall chemical composition for 
the different regions and seasons in California.  Particles detected as secondary fossil fuel (i.e., 
secondary organic aerosols) fall mainly into the dust/EC mix (almost 40%) indicating that those 
were particles with absorption properties similar to organic carbon (AAE > 1), but larger in size, 
probably due to the internal mixture with non-absorbing aerosols.  This could be biased by the 
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size detection limit of the sampling inlets onboard the aircraft and the A-ATOFMS.  Primary 
biomass burning measurements were limited: 5.7, 2.3 and 0.6% of the overall particles detected 
in CalNex, CARES and CalWater, respectively (Fig. 5), but when detected as dominant, the 
Ångström matrix classified them as organic carbon or organic mixed with dust (50%), or well-
mixed types (the other 50%).  The amount of data from this source is very limited and more 
values are necessary for accurate statistics. Secondary biomass burning dominant sources are the 
ones that the Ångström matrix classifies the best, with almost 60% falling into the organic 
carbon or organic carbon mixed with dust.  Finally, the dust source is only significant during 
CalWater (14% of total) but more data are necessary for accurate statistics.  

1.3.3.4 Conclusions 

Numerous studies have estimated aerosol chemical composition from spectral optical 
measurements using ground-based remote sensing measurements (e.g., AERONET or satellites).  
These networks or satellite platforms provide optical properties on a global scale, which are 
needed for the assessment of the contribution of aerosols to the radiative forcing and climate.  
Including information on the chemical composition of aerosols from discrete cases, specifically 
the absorbing particles sources, can help to identify the sources that contribute to the forcing 
globally.  

In this study, we presented a methodology to estimate absorbing aerosols speciation from 
spectral optical measurements, and explored its limitations using in-situ optical measurements 
and chemical composition.  Our estimates are based on the division of the Absorption Ångström 
Exponent vs. Scattering Ångström Exponent space and it is applied to ten AERONET stations in 
California.  In order to validate this approach, in-situ optical properties from three aircraft 
campaigns that took place in California between 2010 and 2011 with single particle chemical 
composition measurements were analyzed.  To explore the range of sources, the AERONET data 
and in-situ aircraft data were divided into regions (northern and southern California) and seasons 
(winter/spring and summer/autumn).  

In-situ chemical composition results reveal a higher contribution from fossil fuel sources in 
southern California in contrast with more biomass burning sources in northern California.  The 
estimation of aerosol types with spectral optical properties shows a dominance of mixed types.  
Pure EC is underestimated because it is often being classified as a mixture of EC and OC.  This 
is expected from column-integrated aerosol optical properties, and the overlapping of sources 
and optical properties is also revealed in the in-situ measurements.  Also, non-absorbing species 
internally mixed with carbonaceous species might lead to mixture types with relatively larger 
sizes.  Comparison of detailed chemical measurements and spectral properties reveals that 
secondary organic aerosols processed in the aqueous phase might be a significant contributor in 
urban areas with a predominance of smog events, such as the Los Angeles basin.  

On the other hand, applying the technique to estimate the chemical composition with spectral 
optical measurements, the Ångström matrix, to in-situ optical measurements including the actual 
chemical composition also show the limitations in the optical separation of the sources.  Primary 
sources are difficult to classify, because the column-integrated measurements result in particles 
being classified as a mixture.  Secondary species are well-classified but the separation between 
fossil fuel and biomass burning sources has limitations because of the overlapping optical 
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properties.  In general, OC is better identified as a biomass burning source than a secondary 
fossil fuel source.  

In conclusion, the availability of long-term global optical properties provides an opportunity for 
longer term estimates of aerosol types over a larger spatial scale.  However co-located studies for 
some overlapping period of time with actual chemical composition measurements are necessary 
in order to constrain the applicability of the technique to specific regions.  This will be necessary 
if we want to develop this tool into a general approach for accurately addressing the contribution 
of different aerosol sources to regional and global radiative forcing.  
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1.3.4 Characterization of Single Particle Chemistry Over The Entire LA Basin Using 
Aircraft Measurements During Calnex 

1.3.4.1 Materials and Methods 
The methods and particle types used for this section were identical to those discussed in section 
1.3.2.  Please refer to this section for more information. 

1.3.4.2 Results and Discussion 

1.3.4.2.1 Size Resolved Chemistry 
 
Particles sampled by the ATOFMS were classified as particular types, described in detail by 
Cahill et al. The particle types used herein were biomass burning (BB), organic carbon (OC), 
soot or elemental carbon, soot mixed with OC (Soot-OC), highly processed (HP), vanadium 
mixed with OC (V-OC), sea salt (SS), and amines (AM). Minor particle types seen during 
CalNex, such as dust, were grouped together into Other.  For overall number fractions of the 
different particle types please refer to Cahill et al [2012]. Briefly the most common particle types 
observed were carbonaceous in origin, namely BB, Soot, and Soot-OC. HP particles are also 
hypothesized to be carbonaceous in origin.  
 
Figure 32 shows the size resolved chemistry measured during the CalNex study.  At small 
particle sizes (< 200 nm) Soot and Soot-OC represent nearly 60% of all particles.  This is 
consistent with fresh combustion emissions.  As size increases to >800 nm, SS represents the 
highest fraction of particles. Typically, SS concentrations peak in the supermicron size range. At 
the mode of the size distribution, ~300 nm, biomass burning is at its highest fraction.  The high 
number fractions were primarily due to local fires during CalNex.      
 

 

Figure 32: Size resolved chemistry during the CalNex study. 
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1.3.4.2.2 Regional variations 
 
One of the goals of CalNex was to determine the various sources of soot in the LA Basin. Air 
flow within the basin generally travels eastward toward two outflow regions, known as the 
Banning and Cajon outflows. As particles are transported to these outflow regions they will 
undergo significant atmospheric processing or ‘aging’ which alters the chemical mixing state of 
the particle [Riemer et al., 2010; Rudich, 2003; Zaveri et al., 2010].  Understanding how single 
particle mixing state changes over time is incredibly important for accurate radiative forcing 
calculations [Moffet and Prather, 2009; Schnaiter et al., 2005; Schwarz et al., 2008].  Recent 
publications of CalNex data have targeted several different regions for more detailed analysis 
[Metcalf et al., 2012]. This can provide insights into the changes in chemistry throughout the 
basin. A-ATOFMS data has been separated into different regions shown in Figure 33.  Layered 
on top of these regions are flight paths for which the A-ATOFMS was on board the CIRPAS 
Twin Otter.  East and west sections of the basin were separated to compare to the entire basin as 
a whole.  Additionally, the chemistry below and above 700 m, the typical height of the boundary 
layer during CalNex, were compared as well.  
 
ATOMFS particle fractions for each region are shown in Figure 34. The Long Beach region 
exhibited the highest fraction of soot aerosol, 24%, of the regions sampled, which had an average 
of 9%.  This is expected as this region is highly impacted by port emissions and thus should 
exhibit a higher presence of combustion-generated aerosol.  Aerosol in Pasadena, located to the 
northeast of Long Beach, had low fractions of soot aerosol relative to Long Beach.  Instead the 
predominant fraction was the highly processed particle type, i.e. particles that had significant 
amounts of sulfate and nitrate.  This is consistent with previous findings of particulate aging 
during transport within the region.  Unfortunately, ATOFMS data on the outflow regions 
(Banning Pass, Banning Outflow, and Imperial Valley) is only available for one flight during the 
CalNex study. During this flight, a local fire along the flight path overwhelmed all signals 
besides biomass burning in the outflow regions.  Therefore, we are unable to comment on the 
continued aging of aerosol as they travel out of the LA Basin.  There were relatively minor 
differences between East and West sections of the LA Basin (Figure 34). The only difference in 
fractions was due to increased soot in the West Basin and, as already discussed, this can be 
traced back to Long Beach and port emissions.  
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Figure 33: Different regions analyzed in detail are shown for CalNex. Flight paths with the A-
ATOFMS are shown in blue. 

 
To elucidate the magnitude of nitrate and sulfate in the same particle, a peak ion ratio of 
sulfate:nitrate was calculated by dividing the total RPA for each species by the other.  These 
ratios form a distribution of values that represents all of the variance in magnitude of these 
species on particles.  Since these ratios are calculated for a single particle, they are not dependent 
on laser fluence or matrix effects, assuming that the entire particle is completely ablated and that 
matrix effects suppress the selected ions equally [Morrical et al., 1998; Wenzel and Prather, 
2004]. Figure 35 shows the sulfate:nitrate single particle peak ratio distributions for every region.  
Ratios using data from the entire LA Basin have already been reported in Cahill et al.  To 
summarize, most of the particles in the region are dominated by nitrate. Both east and west 
sections of the basin exhibit the same nitrogen dominated characteristic. Interestingly in Long 
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Beach, where ship emissions are high, particles are seen to contain a significant fraction of 
sulfate, contrary to the LA basin in general. These findings agree with ship based measurements 
made in the LA port regions and presented in Gaston et al. [2012].  It is clear that very different 
particulate chemistry exists near the port regions compared to the area as a whole.  The fact that 
the surrounding area is dominated by nitrate suggests highly rapid replacement of sulfate after 
emission.  
 
As particles travel eastward, from the west side of the basin to the Banning outflow, there is a 
shift in single particle peak ratios from mostly nitrate containing in the east to mostly sulfate 
containing in the outflow regions.  However, as previously discussed, the flight to the outflow 
region was impacted by fresh local biomass burning.  The fresh emissions would likely contain 
more sulfate, explaining the ATOFMS peak ratios.  After sufficient time, it is expected that these 
particles would replace sulfate with nitrate as was seen in the rest of the area.  

1.3.4.2.3 Vertical Profiles within CalNex 
 
There were few changes in particulate chemistry measured by the ATOFMS above and below 
the boundary layer, evidenced by similar chemical fractions found at altitudes above and below 
700 m (Figure 34). Soot was found at a slightly higher fraction at altitudes <700 m, 9 vs. 5% 
respectively, consistent with sampling closer to the source of these particles. Biomass burning 
occurred at slightly higher fractions, 19 vs. 16% respectively; however this can be explained by a 
local fire event occurring during the 13th, which was sampled at higher altitudes. The composite 
vertical profile over the CalNex study is shown in Figure 36.  Note that high altitude sampling 
was not done with the ATOFMS onboard during CalNex. Vertical profiles from ~200 – 1200 
meters were obtained by taking landing approaches to airports periodically during flights.  In this 
way chemical differences close to the source and after transport towards the boundary layer were 
probed. 
 
Passive Cavity Aerosol Spectrometer Probe (PCASP) number concentrations ranged from 
~1700-2500 particles/cm3 when below the boundary layer, and then decreased dramatically when 
sampling above the boundary layer.  At low altitudes, soot was detected at its highest fractions, 
~15%, compared to at altitudes at and above the boundary layer, ~5%. This is consistent with 
sampling soot closer to its source where it is relatively unprocessed. As altitude increases the 
particles become more processed, as evidenced by increased number fractions of HP particles. 
This is also demonstrated in Figure 37, which shows the number fractions of sulfate and nitrate 
containing particles as a function of altitude.  At low altitudes, sulfate containing particles are 
seen at a higher fraction than nitrate particles, 54 and 29%, respectively. At ~400 m these 
fractions intersect and by ~600 m the number of nitrate containing particles has become 
significantly greater than the number of sulfate containing particles, 70 and 30%, respectively.  
Note that the increased fraction of biomass burning particles at altitudes between 1000-1200 m is 
due to local fires.  As the only data for these altitudes were obtained while this contamination 
occurred, it was not removed.  It is expected that as particles are lifted higher in altitude, they 
will become even more processed with sulfate and nitrate. These findings suggest that soot 
particles underwent rapid aging processes, acquiring significant amounts of nitrate and sulfate 
within a relatively short travel period while within the boundary layer.  
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Figure 34: Relative number fractions of particle types in the regions analyzed by ATOFMS. 

 

Figure 35: Sulfate/Nitrate peak ratio distributions for different regions measured during the 
CalNex study. 
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Figure 36: Vertical profile of relative compositional fractions measured by the ATOFMS during 
CalNex. PCASP number concentrations are shown in gray. 
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Figure 37: Relative fractions of nitrate (green) and sulfate (blue) containing particles as a 
function of altitude in CalNex. 

1.3.4.2.4 Aerosol Hygroscopicity 
To investigate the hygroscopicity of aerosols in the LA basin, 100-300 nm particles sampled 
with the ATOFMS were compared to Differential Aerosol Sizing and Hygroscopicity 
Spectrometer Probe (DASH-SP) results. This size range, 100-300 nm, was chosen to overlap 
with the DASH-SP sampling size range. The DASH-SP takes aerosols, dries them, size selects 
them (150, 175, 200, and 225 nm dry diameter), sends them through humidified chambers with 2 
different RH values (74 and 92 %) and then sizes the resulting particles [Sorooshian et al., 
2008a]. The growth factor (GF) is calculated by taking the wet diameter size over the dry 
diameter size, which relates to how much the particles grew due to water uptake in the different 
RH conditions. A cloud condensation nuclei counter (CCNC) was used to calculate the fraction 
of aerosols that activate as cloud droplets. The CCNC works in a similar way to the DASH-SP, 
but exposes aerosols to RH above 100% or supersaturated conditions [Roberts and Nenes, 2005]. 
A single parameter for hygroscopicity, κ, as defined by Petters and Kreidenweis [2007] was used 
to relate subsaturated and supersaturated water uptake. For reference, an increase in κ 
corresponds to an increase in hygroscopicity. 
 
Figure 38 shows a comparison between aerosol chemistry, GF-derived κ, and CCN-derived κ, 
reprinted from Hersey et al. [2013]. The flight on May 10, 2010 (Figure 38a) was impacted by a 
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biomass burning episode and the hygroscopicity of aerosols from that flight were compared to 
aerosols from five flights that were not affected by biomass burning events (Figure 38b). CCN 
derived κ increased in the East Basin samples, with lower values for both the West Basin and 
outflow regions; however, the GF-derived κ shows a decrease from west to east. This behavior is 
consistent for both the biomass burning influenced flight and the non-biomass burning flights. 
These results can possibly be explained by the presence of organic coatings which often inhibit 
the accretion of water in subsaturated regimes, while in supersaturated regimes, the water can 
make it through the coating to the more soluble under layers, thus taking up the water. 
Additionally, due to dilution in the outflow regions, semi-volatile secondary species can then 
evaporate from the particles, resulting in outflow regions having similar CCN-derived κ to the 
West Basin samples.  

1.3.4.3 Conclusions 
Regional analysis of flight data indicates very different particulate chemistry depending upon the 
area of the LA basin being sampled. Near Long Beach, particle chemistry was significantly 
influenced by port emissions, evidenced by increased fractions of soot and soot-OC particles.  In 
addition, the secondary species associated with these particles differed from particles measured 
in the rest of CalNex, containing higher peak ratios of sulfate compared to nitrate. These results 
agree with ship-based measurements in the same region and explain the discrepancy between 
these two measurements as identified in Cahill et al. [2012] and Gaston et al. [2012]. 
  
The chemically resolved vertical profile of CalNex data shows higher number fractions of soot 
aerosol at lower altitudes, while particles at altitudes closer to the top of the boundary layer are 
more highly processed, indicating that particles acquire significant amounts of sulfate and nitrate 
coatings as they rise in altitude. When close to ground level, a higher fraction of particles contain 
sulfate than nitrate; however this quickly reverses as altitude increases with nitrate becoming 
more prevalent at higher altitudes. 
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Figure 38: Comparison of ATOFMS particle type fraction, GF-derived k, CCN-derived k 
(0.325% SS), and activation ratio for (a) 13 May 2010 and (b) five non-biomass burning-
influenced flights (6–7, 10, and 14–15 May 2010). 
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Conclusions and Recommendations 
 

Conclusions 

The results described in this report accomplished numerous objectives stated in the proposal. 
While some of the original questions of the proposal could not be addressed, due to aircraft 
measurements not reaching high altitudes, the dataset obtained in CalNex helped to answer many 
questions and fulfill the overall goal of the proposal “… to obtain detailed data on aerosol size 
and chemical mixing state during CalNex in May 2010 and link it with measured optical and 
hygroscopic properties”.  Towards this end, the ATOFMS data obtained in the CalNex study 
were used in the publication of six peer-reviewed papers [Cahill et al., 2012; Cazorla et al., 
2013; Gaston et al., 2012; Hersey et al., 2013; Weiss-Penzias et al., 2013; Zaveri et al., 2012]. 
The revised questions as listed in the introduction were:  

1. What are the major sources contributing to black carbon or soot aerosols in California? 
2. What are the differences in aerosol sources and secondary chemistry between northern 

and southern California? 
3. What are the differences in chemical mixing state across the LA basin? 
4. How accurate are the optical retrievals from satellite measurements? 
5. What is vertical profile of chemical mixing state within and just above the boundary 

layer? 
6. How does aerosol mixing state impact hygroscopic properties?  

For question (1), soot was found to be more predominant in southern California, with increased 
fractions found in regions near the ports in Long Beach.  Throughout the rest of the LA Basin, 
soot number fractions were relatively constant, most likely due to vehicle emissions throughout 
the basin. In addition soot aerosol was mixed with large amounts of secondary species, even 
when sampled near the source. This has implications for radiative forcing calculations.   Results 
1.3.1, 1.3.2, and 1.3.4 helped to answer question (2) and (3) by measuring the chemical mixing 
state of aerosols over both northern and southern California as part of the CARES and CalNex 
campaigns.  Aircraft measurements in northern California showed that particles were 
predominantly mixed with sulfate, while in southern California nitrate was the dominant 
secondary species present on particles.  This contrasts with ship-based measurements which 
showed nitrate in the north and sulfate in the south.  Upon closer examination of aircraft data, 
particles near the ports of LA contained significant amounts of sulfate. These particles quickly 
acquire nitrate as they move through the basin.  In section 1.3.3, ATOFMS data from many flight 
campaigns helped to develop a methodology and determine its limitations to estimate absorbing 
aerosols speciation from spectral optical measurements. Optical measurements were able to 
classify secondary fossil fuel and biomass burning sources well; however the separation between 
biomass burning and fossil fuel sources have overlapping optical properties making them 
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difficult to classify. Aerosol speciation with this technique should be used with these limitations 
taken into account. Question (5) was addressed in section 1.3.4. The fractions of chemical types 
observed by the ATOFMS were relatively uniform except at low altitudes, where soot was 
present at an increased fraction due to closer proximity to the source. Finally, ATOFMS 
measurements in combination with in flight hygroscopicity measurements uncovered that 
biomass burning aerosol may be active cloud condensation nuclei, but relatively non-
hygroscopic at sub-saturated RH.  The opposing sub- and super-saturated trends occurred on 
non-biomass burning influenced periods as well. This could be due to the presence of an organic 
coating with variable water uptake depending on sub- or super-saturated conditions. 

Recommendations 

Unfortunately, the lack of high altitude measurements limit our ability to address specific 
questions outlined in the original proposal.  High altitude sampling would allow for identification 
of the impact of long range transport of soot from other continents (i.e., Asia), as well as the 
distribution of soot vertically both as a function of concentration and mixing state.  The data 
obtained within the LA basin suggests rapid aging of these aerosols. It is possible that their 
continued aging at higher altitudes may significantly change their optical properties, something 
that is still poorly understood in the scientific community.  

The ATOFMS was on one flight (May 10, 2010) that sampled the outflow regions, but the region 
was contaminated by biomass burning aerosol on this particular day. Additional flights into the 
outflow region may shed more insight into hygroscopicity comparisons made in this report and 
Hersey et al. [2013].  A Lagrangian framework for flights into the outflow regions may provide 
more information on how quickly these particles age and acquire organic coatings. 

Comparisons of satellite retrievals provided a unique look at the strengths and weaknesses in 
using optical data to predict aerosol chemistry and sources. Accurate satellite retrieval would 
significantly enhance our understanding of particulate chemistry by providing unprecedented 
regional coverage. Additional studies focusing on limiting the errors discussed in this report 
would be extremely beneficial.  

The CalNex study was conducted in May 2010.  An additional study during the winter season 
would provide interesting contrast with this dataset.  It is important to determine the relative 
contributions of primary (soot, biomass burning, dust) and secondary species such a nitrate, 
sulfate, and amines for different seasons. 
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