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Aerosols affect the radiative balance of earth, alter cloud formation, and 

adversely impact human health. Knowledge of the physicochemical properties of 

particles, which can rapidly change, is essential to predict and mitigate their negative 

impacts. Hence, in-situ measurements of single-particle composition and physical 

properties are needed. Aerosol time-of-flight mass spectrometry (ATOFMS), which 

measures the size-resolved chemical mixing state of individual particles, was used to 

study aerosols at different locations in California.  

Soot particles internally mixed with soluble ammonium, nitrate, and sulfate 

transported from the Central Valley were found to be a major source of cloud 

condensation nuclei in the Sierra Nevada during winter 2010, never identified before. 
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These aged soot particles may be affecting regional cloud microphysics and potentially 

precipitation.   

Rapid aging of biomass burning aerosols during intense urban fires were 

analyzed for the first time via single-particle mass spectrometry throughout the 2007 

San Diego Wildfires. Furthermore, estimated size-resolved mass concentrations of 

particulate matter during the wildfires showed for the first time that particles < 400 nm 

contributed significantly to mass, with maximum PM0.4=148 µg/m
3
. These observations 

are essential for predicting climate and health impacts of biomass burning aerosols. 

Measurements during May, 2011 at the Port of Los Angeles coupled to air mass 

back-trajectories indicate that transport from the Central Valley brings amines to the 

Los Angeles air basin, which has not been documented previously. Unexpectedly, 

nearly 60% of all ambient particles sampled contained amines. These results are 

important because amines cause adverse health problems. 

In addition to these ambient studies, work was done to improve the ATOFMS 

technique. Due to concern over health and climate impacts, a novel method was 

developed to study ultrafine (<100 nm) particles by coupling condensational growth to 

the ATOFMS. In a separate study, ion peak areas were successfully scaled into mass 

concentrations for the first time by comparison with data obtained from the particle-

into-liquid sampler coupled to ion chromatography (PILS-IC) allowing the 

quantification of chemical data from the ATOFMS. By being able to probe smaller 

particles and quantify ATOFMS data, further insights into the variability of aerosol 

chemistry and sources can be gained. 
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Chapter 1. Introduction 

1.1 Atmospheric aerosol particles 

An aerosol is a liquid or solid particle suspended in a gaseous medium. Herein, 

the gaseous medium is the atmosphere. Aerosols are directly emitted as primary 

particles or formed and modified in the atmosphere through secondary processes. 

Aerosols are ubiquitous in the troposphere, even in remote environments (Heintzenberg, 

1982; Patterson et al., 1980; Weber et al., 1999), but are present in higher number and 

mass concentrations in urban environments than in rural and clean regions (Laakso et 

al., 2003; Wiedensohler et al., 2002). Aerosols are key players in the atmosphere 

affecting climate and human health, which are further discussed in sections 1.2.1 and 

1.2.2. 

Aerosols are composed of complex mixtures of inorganic and organic species, 

which depend mainly on their source but are also affected by transport and atmopsheric 

conditions. Many naturally-occuring particles can be emitted directly into the 

atmosphere through mechanical processes, such as wind and abrasion which resuspend 

mineral dust and soil into the atmosphere (Morales, 1986), or through wave breaking 

which aerosolize sea salt particles (de Leeuw et al., 2000; Fitzgerald, 1991). Dust and 

sea salt particles are mostly comprised of different mixtures of inorganic species. 

Combustion generated aerosols, including emissions from diesel and gasoline engines, 

biomass and coal burning, are a dominant source of ambient particles, specially in urban 

regions (Lighty et al., 2000; Ning and Sioutas, 2010); these particles are composed of 

mostly carbonaceous material. Additionally, particles are formed in the atmosphere 

through secondary gas-to-particle conversions (Fitzgerald, 1991; Kulmala et al., 2004); 

gases that can nucleate new particles include biogenic emissions and combustion by-

products, such as various organic carbon species and sulfur dioxide (SO2). Therefore, 

these new particles can be composed of inorganic and/or organic species mixed to 

various degrees. All of these sources of aerosols are highly variable in space and time.
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Aerosol particles are typically divided by size range into supermicron, 

submicron, and ultrafine with diameters (D) > 1, < 1, and < 0.1 µm, respectively. Dust 

and sea salt particles are predominantly supermicron. Typically, freshly emitted 

combustion particles occur in the ultrafine and accumulation (0.1-1 micron) size modes, 

while newly formed particles occur between 1-10 nm. Larger particles have 

significantly more mass compared to smaller particles, as mass is proportional to D
3
. 

Thus, particles above 1 micron make up most of the mass, whereas ultrafine particles 

are typically the most abundant by number.  

Aerosols are continuously undergoing physical and chemical changes in the 

atmosphere. As aerosols age, they can grow rapidly in size by coagulating with each 

other (Ning and Sioutas, 2010) and by the condensation of semi-volatile compounds, 

which may result from oxidation of larger organic species, onto pre-existing particles 

(Kerminen, 1999; Li et al., 2011; Ning and Sioutas, 2010). Under some conditions, 

combustion-generated and newly formed particles can grow to be 10-100 times their 

original size. In addition, gas phase species, like nitric and sulfuric acids (HNO3 and 

H2SO4), can react with compounds on the particle, like sodium chloride (NaCl), calcium 

carbonate (CaCO3), or potassium chloride (KCl), via heterogenous reactions to form 

secondary particulate sulfate (SO4
2-

) and nitrate (NO3
-
) (Gard et al., 1998; Gaudichet et 

al., 1995; Usher et al., 2003). These reactions depend on the availability of gaseous 

precursors and on particle composition (Sullivan et al., 2007).  

Meteorology also influences particle composition. Semi-volatile species, such as 

ammonium nitrate (NH4NO3), volatilize during periods of high temperatures and low 

humidity and condense onto particles during periods of low temperature and high 

humidity (Stelson and Seinfeld, 1982). In humid environments, particles may contain 

more water, thus influence which reactions occur (Mozurkewich and Calvert, 1988). 

During intense solar radition, compounds are aged through photooxidation (Hennigan et 

al., 2011; Miracolo et al., 2010; Presto et al., 2010; Presto et al., 2009; Robinson et al., 

2007). In addition, meteorological parameters that drive wind play a role in the 



3 

 

 

transport of air masses from one region to another, across continents, and even globally 

(Husar et al., 2001; Liu et al., 2009b; Morales, 1986). Meteorology can sometimes 

produce temperature inversions, which trap pollution near the boundary layer, thus 

allowing particles more time to further age and concentrate (Lu and Turco, 1995; 

Watson and Chow, 2002). Overall, the diversity of chemical reactions that occur, the 

concentrations of gas-phase precursors, meteorology, and the transport of particles and 

trace gases across continents, all contribute to the large temporal and spatial variability 

in the composition of aerosols. 

1.2 Environmental impacts of aerosols 

Governements, including the United States, regulate ambient particles in order 

to mitigate their impacts. For example, the U.S. National Ambient Air Quality 

Standards (NAAQS) limits the mass of particulate matter of diameters < 10 and 2.5 µm 

(PM10 and PM2.5, respectively). The 24-hour average PM2.5 (fine) and PM10 (coarse) 

NAAQS limits are 35 and 150 µg/m
3
, respectively. These mass metrics are relatively 

easy and inexpensive to measure compared to speciated size-resolved mass and number 

concentrations. A critism of these NAAQS standards is that they treat all particulate 

matter similarly by not differentiating particles of different compositions and sizes 

(Green et al., 2002). Furthermore, the number concentrations of ultrafine particles do 

not correlate with PM2.5 mass concentrations (de Hartog et al., 2005; Ruuskanen et al., 

2001). As elaborated upon in the remainder of this section, particle size, number 

concentrations, and mixing state, or the associations between chemical species in 

individual particles, also influences how the aerosols will impact climate and health. An 

internal aerosol mixture is defined by all particles having the same composition, while 

external mixtures are comprised of particles with distinct combinations of chemical 

species. Thus, knowing the composition of individual size-resolved particles is key for 

predicting their environmental impacts. 
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1.2.1 Climate effects of aerosols 

Aerosols have a large, albeit highly uncertain, impact on the climate system. 

Particles directly absorb and scatter solar and terrestrial radiation, known as the aerosol 

direct effect, which alters the radiative balance of the atmosphere (Solomon et al., 

2007). After carbon dioxide, black carbon (or soot) emissions are the second strongest 

contributor to global warming (Ramanathan and Carmichael, 2008). The composition of 

each particle helps determine the strength of its radiative forcing, therefore knowing 

particle composition is essential for predicting the effects that particles will have on 

Earth’s radiative balance. As mentioned previously, black carbon is a strong absorber 

and its absorption can be made stronger by mixing with secondary species, like sulfate 

(Moffet and Prather, 2009). Modeling and in-situ studies have shown that soot particles 

coated with secondary species, such as sulfate, have a stronger radiative forcing than 

fresh soot particles that have not been atmospherically processed (Chung et al., 2012; 

Jacobson, 2001; Moffet and Prather, 2009). Although relatively well understood, the 

aerosol direct effect is not well constrained over land, on regional scales, or with a 

temporal resolution less than one day because of the lack of detailed spatial 

characterizations of aerosols including their distribution with altitude and in time (Yu et 

al., 2006).  

In addition to impacting Earth’s radiation budget directly, a subset of particles 

serve as cloud condensation nuclei (CCN) upon which water will spontaneously 

condense and form cloud droplets (Solomon et al., 2007). The CCN number 

concentrations help determine cloud droplet size, which may in turn affect cloud 

lifetime, cloud albedo, and regional precipitation patterns, thus affecting the climate 

system (Albrecht, 1989; Lohmann, 2006; McFiggans et al., 2006; Tao et al., 2012; 

Twomey, 1977). These aerosol indirect effects are currently the largest uncertainty in 

climate change (Solomon et al., 2007), which is due to not being able to accurately 

predict the spatial and temporal distribution of CCN concentrations and sources 

(Andreae and Rosenfeld, 2008; Pierce and Adams, 2009) and from lack of 

understanding of cloud formation and microphysics (Khain et al., 2000). 
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The ability of an aerosol to serve as a CCN can be predicted based on its size 

and chemical composition at a given supersaturation (SS) using Kohler theory (Seinfeld 

and Pandis, 1998). Kohler theory balances the Raoult effect, which defines how the 

equilibrium vapor pressure above a surface is lowered by the presence of a solute, and 

the Kelvin effect, which states that the vapor pressure over a curved surface is always 

larger than that of a flat surface. At higher supersaturations, particles activate more 

easily. Therefore, ambient CCN number concentrations depend on particle size, amount 

of soluble mass, and ambient supersaturation. Given two particles of equal size, the one 

with a greater mass of soluble species, such as NaCl, will preferentially activate because 

soluble species reduce the vapor pressure above the surface. Given two particles with 

the same mass of soluble species, the larger one will preferentially activate because 

increased curvatures in smaller particles lead to higher vapor pressures. While particles 

with diameter < 50 nm are rarely CCN-active because of their large curvatures, particles 

> 200 nm are typically always CCN-active. Therefore, 50-200 nm particles usually 

represent the CCN activation size range where particle composition is a key factor 

determining cloud droplet activation. However, it is analytically challenging to 

determine the soluble mass and size of individual particles in this size range because of 

the small amount of material in particles in this size range.  

1.2.2 Health effects of aerosols 

Even though the exact biological mechanisms are not fully understood, human 

exposure to aerosols has been associated with adverse health impacts, such as increased 

morbidity and mortality due to respiratory and cardiovascular diseases and cancer (Pope 

et al., 2002; Pope and Dockery, 2006; Schwartz et al., 2002). Previous epidemiological 

studies have found a linear correlation between PM2.5 mass concentrations, even at low 

concentrations, and premature deaths (Pope, 2004; Schwartz et al., 2002); reduced 

PM2.5 mass concentrations are associated with decreased mortality rates (Laden et al., 

2006). Exposure to aerosol pollution is an international problem because particles are 

transported to regions outside of where they were emitted (Liu et al., 2009b). 
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Approximately 380,000 premature deaths worldwide are associated with exposure to 

foreign PM2.5 each year (Liu et al., 2009a). 

In addition to total particle mass, particle size also influences the health impacts 

of aerosols. Compared to larger particles, ultrafine particles can penetrate more deeply 

into the lungs and be translocated to other organs including the brain (Oberdorster, 

2001; Oberdorster et al., 2004; Oberdorster et al., 2002). Laboratory studies have shown 

that ultrafine particles cause pulmonary inflammation and more oxidative stress than 

fine and coarse particles (Li et al., 2003; Oberdorster, 2001). When rats were exposed to 

titanium oxide particles, the ultrafine dose had a greater inflammatory response than the 

fine dose of equal mass (Oberdorster, 2000). Furthermore, epidemiological studies have 

also confirmed that increased exposure to ultrafine and fine particles are correlated to 

adverse health effects in humans compared to larger particles (Delfino et al., 2005; 

Peters et al., 1997; Ramgolam et al., 2009).  

In some studies, chemical composition determined the health outcomes of 

particulate matter exposure. For example, human subjects exposed to fine and ultrafine 

magnesium oxide particles had no detectable inflammatory pulmonary response in 

contrast to those exposed to zinc oxide particles (Kuschner et al., 1995; Kuschner et al., 

1997). Also, previous studies have shown that polystyrene latex particles coated with 

amines may induce clotting (McGuinnes et al., 2011; Nemmar et al., 2002). 

Additionally, particle toxicity may be exacerbated due to synergy between different 

chemical compounds on the same particle. A study which exposed rats to soot particles 

internally mixed with iron oxide generated measurable oxidative stress, whereas 

exposure to only soot or iron particles did not (Zhou et al., 2003). Similarly, rats 

exposed to aerosolized particles containing both vanadium and nickel resulted in higher 

biological responses than exposure to particles with just one of these species (Campen 

et al., 2001). In order to advance the epidemiological field of how aerosol particles 

affect human health, it is important to know the number concentrations and size-

resolved composition of individual particles across all size ranges that humans are 

exposed to in our daily lives.  



7 

 

 

1.3 Air quality in California  

In 2012, the American Lung Association ranked five California regions as 

having the worst particulate matter pollution in the U.S. based on PM2.5 mass 

concentrations (Nolen 2011); these areas are located in the Central Valley and the Los 

Angeles (L.A.) metropolitan area. One of the most agriculturally productive regions in 

the world, the Central Valley is surrounded by mountains, including the Sierra Nevada 

on east, the Coastal Range on the west, and the Tehachapi Mountains on the south. 

Emissions from agriculture, traffic, and biomass burning become trapped in the valley 

when temperature inversions are present resulting from topologically driven air flow, 

typically in the winter (Chow et al., 2006; MacDonald et al., 2006; Watson and Chow, 

2002). These meteorological phenomena result in high concentrations of particulate 

matter that are difficult to control. During high particulate matter events, pollution from 

the Central Valley can be transported to the Sierra Nevada foothills, as investigated in 

Chapter 3 & 4, and may affect regional cloud properties.  

Although pollution levels have improved over time, the Los Angeles area has 

had a long history with high particulate pollution (Magill, 1949). The Los Angeles basin 

is a large metropolitan region, surrounded by mountains and the Pacific Ocean to the 

southwest. Most primary pollution is generated on the western side of the basin by 

traffic, including gasoline passenger cars, heavy-duty diesel trucks, and sea-faring ships. 

Specifically, the Ports of Los Angeles and Long Beach have a significant number of 

trucks and ships that emit high concentrations of aerosols (Agrawal et al., 2009; Arhami 

et al., 2009; Bishop et al., 2012; Kozawa et al., 2008; Moore et al., 2009). Chapter 6 

will address particle composition in this port complex. The pollution is then trapped in 

the basin by the mountains. The typical regional airflow at the port complex during the 

daytime, when most of the pollution is generated, is onshore which transports the 

primary pollution inland (Lu and Turco 1995; Blumenthal et al. 1978). Transport time 

enables the pollution to photochemically age and acquire secondary species (Seinfeld 

and Pankow 2003; Turpin et al. 1991). The topography surrounding the L.A. basin and 

the temperature difference over the ocean and land help create temperature inversion 
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layers that trap this pollution, allowing it to further age and concentrate (Lu and Turco 

1995; Blumenthal et al. 1978). Therefore, the poor air quality is a regional problem that 

cannot be solved by only addressing emissions inland where higher concentrations of 

particles are found. 

Another major source of particulate matter pollution in California is wildfires. 

Wildfires represent a significant yet highly variable source of aerosols in California, and 

therefore pose a significant problem for air quality (Park et al., 2007; Westerling and 

Bryant, 2008). For example, the 2003 Southern California Wildfires, which lasted less 

than one week, contributed ~28% of annual anthropogenic PM2.5 that year (Muhle et al., 

2007). Although unpredictable, the frequency of wildfires and amount of area burned 

has increased since the 1970s in the western U.S. due to regional warming, earlier 

spring arrival, and increased droughts (Westerling et al., 2006). Biomass burning 

aerosols have been associated with increased respiratory and cardiovascular problems 

(Delfino et al., 2009; Kunzli et al., 2006; Viswanathan et al., 2006) and can also serve 

as CCN (Petters et al., 2009). Chapter 5 investigates the air quality impact of the 2007 

wildfires in San Diego’s air basin.  

1.4 Aerosol time-of-flight mass spectrometer (ATOFMS) 

As previously explained, knowledge of the size-resolved mixing state of 

particles is crucial for predicting aerosol impacts on climate and human health. 

However, most aerosol sampling methods can only measure the chemical bulk 

properties with low size resolution. The aerosol time-of-flight mass spectrometer 

(ATOFMS), the main sampling technique used in all of the work presented in this 

thesis, acquires the size-resolved chemical composition of individual particles (Gard et 

al., 1997; Su et al., 2004). Particles enter the instrument into a vacuum undergoing a 

supersonic expansion, accelerating them to their size-dependent terminal velocity. Next, 

particles traverse the beam of two continuous 532-nm wavelength lasers, which are 

spaced 6-cm apart. As the particle passes through each laser beam, the light is scattered 

and focused onto photomultiplier tubes (PMTs), which send pulses to an electronic 

timing circuit that measures the time it takes each particle to cross both laser beams. 
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From this measured time, particle velocity is calculated and converted to aerodynamic 

vacuum diameter (Da) through a calibration with polystyrene latex spheres (PSLs) of 

known sizes. The timing circuit calculates when the particle will enter the mass 

spectrometer source region and sends a signal to a Q-switched 266-nm Nd:YAG laser 

for desorption/ionization (LDI) to fire. This laser pulse rapidly desorbs the constituents 

of the particle into the gas phase and ionizes them simultaneously. These resulting ions 

are then accelerated by voltage differences sending the positive and negative ions into 

separate ion flight tubes. At the end of each flight tube is a reflectron which is used to 

increase the mass resolution. The micro-channel plate detector then intercepts the ions 

as they exit the reflectron, thus acquiring a dual polarity mass spectrum based on the 

time-of-flight of each ion. A mass calibration is also performed with particles of known 

composition to ensure that the mass-to-charge (m/z) assignments are correct.  

There are two different inlet systems for the ATOFMS, which determine the size 

range of particles that can be sampled. The standard ATOFMS instrument, whose inlet 

consists of a converging nozzle, can analyze 0.2-3.0 µm particles with a maximum 

transmission efficiency at Da~1.7 µm. (Gard et al., 1997). Instead of the converging 

nozzle, the ultrafine (UF)-ATOFMS has an aerodynamic focusing lens (AFL) (Liu et 

al., 1995), which is more efficient in collimating the particle beam (Su et al., 2004). 

Because of the AFL and improved optics, the UF-ATOFMS can detect particles with 

Da=100-1500 nm with maximum transmission efficiency at Da~300 nm. The standard 

ATOFMS was utilized for data collection in Chapters 3-4, while the UF-ATOFMS was 

used for Chapters 2, 4, and 6. Specifically, Chapter 2 describes a technique that extends 

the size range of particles sampled with the UF-ATOFMS to particles with Da as small 

as 39 nm. 

The ATOFMS technique can analyze and identify a variety of aerosol types 

including soot, organic carbon (OC), soot mixed with OC (soot-OC), biomass burning, 

dust, and sea salt and determine their chemical composition and mixing states with 

secondary species. Although quantification of specific chemical components has been 

achieved (Bhave et al., 2002; Jeong et al., 2011), overall quantification remains 
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challenging because each resulting ion peak area in the mass spectra not only depends 

on how well each component absorbs the LDI pulse and its ionization potential but also 

on what other species are found in the same particle (Reilly et al., 2000). This last effect 

is known as the matrix effect.  For example, although the main component in biomass 

burning aerosol is OC, the biomass burning aerosol ATOFMS mass spectra are 

characterized by an intense 
39

K
+
 ion peak, due to the low ionization potential of 

potassium, which suppresses the carbonaceous peaks (Reid et al., 2005; Silva et al., 

1999). The beam intensity of the LDI is also highly variable and may have “hot-spots” 

or regions with higher laser power which also influence the resulting mass spectra 

(Wenzel and Prather, 2004). Despite these challenges, the ATOFMS ammonium, 

nitrate, and sulfate ion peak areas were successfully quantified for different particle 

types and compared to independent measurements from a collocated instrument, as 

discussed in Chapter 3.  

1.5 Objectives thesis 

The overall goal of the work described herein is to extend our knowledge of the 

physicochemical properties of aerosols. This was accomplished by two overlapping 

approaches:  

1) Improve analytical techniques that sample aerosol particles 

a. Extend the ATOFMS to sample ultrafine particles to improve 

understanding of health effects and impacts of CCN composition 

(Chapter 2) 

b. Develop method to quantify ATOFMS data to increase use of 

data obtained (Chapter 3) 

2) Sample ambient particles in various regions within California 

a. Determine mixing state and source of aerosols and CCN active 

particles in the Sierra Nevada foothills and relate with decreased 

orographic precipitation (Chapter 3 & 4) 
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b. Analyze aging and mixing state of biomass burning aerosols 

during the 2007 San Diego Wildfires and their overall impact on 

local air quality (Chapter 5) 

c. Explore the mixing state and source of particles observed at the 

Port of Los Angeles, which may impact human health (Chapter 

6) 

1.6 Synopsis of thesis 

Chapter 2 describes a novel method that expands the lower size limit of the 

ATOFMS to allow chemical analysis of individual ultrafine particles, while Chapter 3 

illustrates a new quantitative procedure that transforms ion peak areas into mass 

concentrations by using data obtained from a collocated particle-into-liquid sampler ion 

chromatography (PILS-IC) system. The Calwater 2010 field campaign took place on the 

western foothills of California Sierra Nevada during winter and was the first study to 

identify the composition and sources of aerosols and CCN-active particles, described in 

Chapter 3 & 4, that may be altering regional precipitation. Rapid aging of biomass 

burning aerosols throughout the 2007 San Diego Wildfires were analyzed for the first 

time on a single-particle level during intense coastal urban fires in Chapter 5. 

Furthermore, the impact of the 2007 San Diego Wildfires on local air quality was also 

explored in Chapter 5. Finally, as part of a health effects study, Chapter 6 investigates 

the composition of particles at the Port of Los Angeles and attempt to identify their 

source. Unexpectedly, amines were found on 59% of all particles sampled and were 

observed to be transported from the Central Valley.  

In addition to Chapter 2, ambient ultrafine data obtained with novel technique 

developed is shown in Appendix 2 & 3. Chapter 3 applies the method to scale 

ATOFMS peak areas into mass concentrations from data obtained in the Sierra Nevada 

foothills. Appendix 1 also contains data showing ATOFMS quantitation using a 

chemical standard in laboratory work. 
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Chapter 2. Approach for measuring 

the chemistry of individual particles in 

the size range critical for cloud 

formation 

Aerosol particles, especially those ranging from 50-200 nm, strongly impact 

climate by serving as nuclei upon which water condenses and cloud droplets form. 

However, the small number of analytical methods capable of measuring the 

composition of particles in this size range, particularly at the individual particle level, 

has limited our knowledge of cloud condensation nuclei (CCN) composition and hence 

our understanding of aerosols effect on climate. To obtain more insight into particles in 

this size range, we developed a method which couples a growth tube (GT) to an 

ultrafine aerosol time of flight mass spectrometer (UF-ATOFMS); a combination that 

allows in-situ measurements of the composition of individual particles as small as 38 

nm. The growth tube uses water to grow particles to larger sizes so they can be optically 

detected by the UF-ATOFMS, extending the size range to below 100 nm with no 

discernible changes in particle composition. To gain further insight into the temporal 

variability of aerosol chemistry and sources, the GT-UF-ATOFMS was used for on-line 

continuous measurements over a period of 3 days. 

2.1 Introduction 

Aerosol particles play a central role in impacting climate by cooling or warming 

the atmosphere by scattering and absorbing incoming solar radiation.  Particles also 

impact climate by serving as cloud condensation nuclei (CCN) upon which water 

condenses and cloud droplets ultimately form. When the CCN concentrations increase, 

the same amount of water is spread over more nuclei, thus yielding a larger number of 

smaller droplets. These smaller droplets make longer lived more reflective clouds that 
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do not grow large enough to precipitate (McFiggans et al., 2006; Solomon et al., 2007).  

These processes, referred to as the indirect effects, represent the single largest 

uncertainty in our understanding of climate change, which limits our ability to predict 

future temperatures (McFiggans et al., 2006; Solomon et al., 2007).  In order to reduce 

the uncertainties associated with aerosol effects on clouds and climate, we must 

improve our understanding of the global CCN sources, size-resolved chemical 

composition, and concentrations (Andreae and Rosenfeld, 2008; McFiggans et al., 

2006; Pierce and Adams, 2009; Solomon et al., 2007).  CCN concentrations are readily 

measured using a CCN counter (CCNc), which exposes particles to known 

supersaturations of water vapor (McFiggans et al., 2006; Roberts and Nenes, 2005).  

Particles of suitable size and chemical composition are activated and grow large enough 

(> 1 µm) to be detected by an optical particle counter and counted as CCN (Roberts and 

Nenes, 2005).  Particles in the 50-200 nm size range are the most interesting from an 

atmospheric chemistry perspective because this is the size range where: 1) the peak in 

the size distribution occurs in regions not dominated by fresh emission sources or 

nucleation processes, and 2) the threshold for ambient particle activation to CCN takes 

place based on their chemical composition (McFiggans et al., 2006) 

Kohler theory can be used to predict which particles will activate to form clouds 

based on size and chemical composition (Lohmann and Feichter, 2005; Seinfeld and 

Pandis, 1998).  Particles containing a larger fraction of soluble material, which reduces 

the vapor pressure above the surface as described by Raoult’s law, will activate more 

readily at a given size.  Curvature effects limit the size of particles that can activate 

because species on the surface of smaller particles with greater curvature have higher 

vapor pressures. Cloud supersaturation values typically extend up to 2% with a median 

value of around 0.1% (Pruppacher and Klett, 1997).  In regions of clouds with higher 

supersaturations (>0.2%), very soluble particles such as ammonium sulfate and sodium 

chloride as small 50 nm can activate and serve as CCN. Size and composition are 

critical for particle activation, but particle composition is especially important in clouds 

with lower supersaturations (McFiggans et al., 2006).  Given two particles of the same 
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size, the one with a larger fraction of more soluble species will activate at lower 

supersaturations than the one containing less soluble species.   

Particle number concentrations, composition, and size vary considerably in time 

and space even in remote regions and will therefore greatly impact CCN concentrations 

(Furutani et al., 2008).  Capturing this variability and being able to use the knowledge 

of size-resolved particle chemistry and sources of CCN represents a major area of need 

in climate change research (Clarke et al., 2006; McFiggans et al., 2006; Merikanto et 

al., 2009; Pierce and Adams, 2006; Pierce and Adams, 2007; Pierce and Adams, 2009; 

Smith et al., 2010).  Measuring the composition of individual CCN active particles 

poses a major analytical challenge due to the small amount of material in each particle 

(Johnston et al., 2006; McFiggans et al., 2006).   For example, single component 

particles in the 50-200 nm size range contain 10
-18

 to 10
-21

 g of material. An added 

challenge is that the composition of these small particles changes via rapid dynamic and 

chemical processes and thus capturing the variability with real-time measurements has 

been an elusive goal for some time. Hence, a technique capable of measuring the 

chemical mixing state of these small particles with high temporal resolution is critical 

for advancing our understanding of the impacts of aerosols on clouds. 

Most measurements of aerosol chemistry in the 50-200 nm size range are bulk 

measurements, which provide the average composition of the internal mixture of all 

particles sampled, and often do not represent the actual composition of any individual 

particle.  Atmospheric aerosols frequently are comprised of external mixtures of 

complex chemical species with varying degrees of solubility with respect to 

hygroscopicity (Furutani et al., 2008; McFiggans et al., 2006; Tiitta et al., 2010; Wex et 

al., 2010).  Therefore, predictions based on bulk measurements of the number of CCN 

in a cloud where the particles are externally mixed will be inaccurate (Cubison et al., 

2008; Wex et al., 2010).  In order to accurately predict CCN concentrations under a 

variety of conditions, knowledge of particle mixing state is needed, especially at low 

supersaturations or in urban environments with high numbers of small externally mixed 

particles (Bougiatioti et al., 2009; Cubison et al., 2008; Gysel et al., 2007; Lance et al., 
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2009; McFiggans et al., 2006; Rose et al., 2010; Wex et al., 2010).  However, CCN and 

hygroscopicity closure studies are frequently forced to assume complete internal mixing 

of particles, which is a particularly poor assumption in the 50-100 nm size range where 

particles are fresher and thus more often externally mixed (Stroud et al., 2007; 

VanReken et al., 2003).  Thus, it is critical to obtain single particle measurements in 

order to establish closure between measured hygroscopicity, CCN concentrations and 

aerosol chemistry (McFiggans et al., 2006; Wex et al., 2010) 

Due to their low mass, particle collection onto filters with subsequent analysis 

with a wide range of techniques is the traditional way to determine the chemical 

composition of bulk ultrafine particles (UFP), those with aerodynamic diameters (Da) 

less than 100 nm (Chen et al., 2010; Hughes and Cass, 1998; Sardar et al., 2005).  These 

techniques can provide quantitative information on aerosol chemistry, yet they have 

limited temporal capabilities as collection times are long and no information is acquired 

on single-particle chemical mixing state.  There are several analytical instruments based 

on the collection of particles with improved time resolutions.  The thermal desorption 

chemical ionization mass spectrometer (TDCIMS) analyzes 6-20 nm particles collected 

with a time resolution of 5-30 minutes (Held et al., 2009; Smith et al., 2004).  Similarly, 

the aerosol mass spectrometer (AMS) thermally desorbs the volatile and semi-volatile 

species of 30-1000 nm particles collected, and ionizes the resulting gas via electron 

impaction for bulk analysis with a quadrupole or time of flight mass spectrometer, 

resulting in rapid and quantitative measurements (Jayne et al., 2000).  The AMS can 

collect enough particles for analysis in as few as 5 minutes (Sun et al., 2010).  Another 

example is the newly developed ultrafine two-step aerosol time-of-flight mass 

spectrometer, which collects ultrafine particles as small as 22 nm mobility diameter 

(Dm) for 20-30 minutes on a metal substrate before performing desorption and 

ionization in two separate steps via lasers (Laitinen et al., 2009).  Although these 

instruments based on particle collection do have higher temporal capabilities and the 

ability to be quantitative, they still only provide the bulk composition of particles.  

Previous studies have shown that sulfate mass concentration changes do not correlate 

with changes in the number of cloud nuclei (Garrett and Hobbs, 1995; Hudson and Li, 
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1995; Panel on Aerosol Radiative Forcing and Climate Change, 1996).  In order to 

address impacts of aerosols on cloud properties, correlations between chemistry and the 

number of particles activating as CCN rather than mass are the most relevant.  

Ultimately, understanding the variations in chemistry at the single particle level will 

yield insights into how composition plays a role in determining the overall fraction of 

activated particles within a cloud.   

Few methods have the potential to determine the number and corresponding 

composition of individual ambient particles in the ultrafine size range with high time 

and size resolution. The most commonly used method for measuring particle chemistry 

of individual cloud residues is electron microscopy (Kojima et al., 2005; Matsuki et al., 

2010; Petzolda et al., 1998; Twohy et al., 2005; Twohy and Gandrud, 1998).  However, 

electron microscopy does not provide spatial information so limited information exists, 

as yet, on the chemical variability of cloud nuclei within a cloud due to the low time 

resolution inherent to off-line sampling techniques (Maynard, 1995; Twohy and 

Anderson, 2008; Utsunomiya et al., 2004).  

Single particle mass spectrometers (SPMS) can be used to study real-time 

individual ultrafine particle composition and thus CCN chemistry (Carson et al., 1997; 

Cubison et al., 2006; Johnston et al., 2006; Phares et al., 2002; Pratt et al., 2009b; Su et 

al., 2004; Wang et al., 2006; Zelenyuk et al., 2010).  Since the measurements are in 

real-time, changes in aerosol chemistry can be linked with other microphysical 

properties within the cloud. Previous studies with an ultrafine aerosol time-of-flight 

mass spectrometer (UF-ATOFMS) and another single particle time of flight mass 

spectrometer (SPLAT II) have been able to obtain real-time chemical information on 

individual particles as small as 50 nm Da (Cubison et al., 2008; Pratt et al., 2009b; 

Shields et al., 2008; Su et al., 2004; Su et al., 2005; Su et al., 2006; Toner et al., 2008; 

Zelenyuk et al., 2009).  Both of these instruments rely on optical detection.  However, 

particles with sizes below 100 nm Da detected optically are typically fractal and thus 

have small aerodynamic diameters but larger optical or geometric diameters.  Therefore, 
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the lower size limit of single particle mass spectrometers that rely on optical detection 

of the particles is ~100 nm Da.   

One way to overcome the optical sizing limitation inherent to most single 

particle techniques is to use an alternative sizing approach.  For example, the real-time 

single particle mass spectrometer (RSMS) samples particles from Da = 50-1250 nm 

using rotating critical orifices that restrict the size of the entering particles (Johnston et 

al., 2006; Lake et al., 2003).  However, the rate of obtaining mass spectra is very slow 

even in a very polluted environment with particle concentrations > 10
4
 cm

-3
 (Lake et al., 

2003).
  
The nanoaerosol mass spectrometer (NAMS) samples single particles from Da = 

7-30 nm using an aerodynamic focusing lens to guide particles into a ion trap for on-

line mass spectrometry analysis (Johnston et al., 2006; Wang et al., 2006).  Once 

trapped, each particle encounters a laser-induced plasma creating atomic ions, yielding 

elemental information on particle chemistry with limited insight relevant for 

understanding the hygroscopicity of aerosols. Both the RSMS and NAMS detect the 

composition of UFP, but have not been used in CCN studies.  

Another way to circumvent the optical sizing limitation involves growing UFP 

through condensation of water vapor in a region of high supersaturation.  This principle 

is utilized in several aerosol measurement techniques such as the previously mentioned 

CCNc and the water based condensation particle counter (WCPC), which measures 

particle number concentrations (Hering et al., 2005; Roberts and Nenes, 2005).  

Combined with various analytical techniques, condensational growth has already been 

used for chemical measurements of particles such as the particle into liquid sampler 

coupled to ion chromatography (PILS-IC) that quantifies ionic species (Weber et al.) 

and the Condensation-Growth and Impaction System (C-GIS) that quantifies organic 

carbon species (Sierau and Stratmann, 2003).  Both of these techniques are rapid, but 

require particle collection for 4-20 minutes to acquire enough mass for analysis.  A new 

aerosol chip electrophoresis (ACE) system combines laminar flow with the water 

condensation growth tube from the water-based CPC and couples it to a microchip 

capillary electrophoresis system in order to quantify a limited subset of soluble 
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components, including nitrate, sulfate, and oxalate, in particles with temporal resolution 

down to 1 minute (Noblitt et al., 2009).  Further details on the different methods of 

characterizing the composition of UFP have been discussed in recent review articles 

(Burleson et al., 2004; Morawska et al., 2009). 

In this study, results are shown for the combined water-based growth 

tube(Hering and Stolzenburg, 2005) single particle mass spectrometry(Su et al., 2004) 

approach for measuring individual ultrafine particles down to 38 nm.  A discussion 

describes the optimized parameters used to most effectively detect UFP without 

inducing artifacts.  The goal is to develop a robust method that will provide insight into 

the spatial and temporal variability of the mixing state and composition of ultrafine 

particles that most strongly influence cloud properties and precipitation processes. 

2.2 Experimental 

2.2.1 Growth Tube 

As described by Hering and Stolzenburg (2005), the growth tube creates a 

region of water vapor supersaturation in a laminar flow, thereby activating the 

condensational growth of particles as small as 5 nm (Hering and Stolzenburg, 2005).  It 

is comprised of a wet-walled tube, the first half of which is cooled and the second half 

of which is heated.  Within the warmed section, water vapor diffuses from the walls into 

the flow.  Due to the high diffusivity of water vapor, the transport of water vapor mass 

into the flow is faster than the transport of sensible heat, creating a region of 

supersaturation within the center core of the laminar flow.  This growth tube concept is 

the same as that utilized in the water-based condensation particle counters, which 

measure particle number concentrations by optical detection of the condensationally 

enlarged particles (Hering et al., 2005).  In contrast to the older butanol-based  laminar 

flow condensation particle counters, which enlarge particles by alcohol condensation in 

a cold-walled tube, the growth tube concept explicitly accounts for the high diffusivity 

of water vapor to enable its use as the condensing vapor (Iida et al., 2008).   
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This study uses a miniature growth tube measuring 4 mm ID by 110 mm length.  

The walls are wetted passively using a rolled paper filter in contact with a small water 

reservoir.  A thermoelectric device, which acts as a heat pump, is sandwiched between 

the cooled and warmed halves of the growth tube.  The warm side is equipped with 

cooling fans to dissipate excess heat from the thermoelectric device.  Typical operating 

temperatures are 13° and 30°C for the cooled (Tcold) and warmed (Thot) sides, 

respectively.  This produces a supersaturation of 20% along the centerline, 

corresponding to an activation size of 12 nm for an insoluble, wettable particle.  Particle 

growth is rapid and uniform at the high supersaturations produced in the GT such that 

all particles, even hydrophobic ones, grow to the same size.  The design flow rate range 

is 0.1 – 0.4 lpm.  At the 0.1 lpm flow utilized in this study the residence time in the 

condensation region is 400 ms.  

2.2.2 UF-ATOFMS 

Briefly, the UF-ATOFMS measures the size and dual polarity mass spectra of 

individual particles in real time (Su et al., 2004).  To increase the size range of particles 

detected, the UF-ATOFMS was used without the MOUDI pre-cut, extending the upper 

size limit to 1200 nm Da, although the optimum size range transmitted by the 

aerodynamic focusing lens is ~200-400 nm Da. Two 532 nm continuous wave lasers, 

separated a known distance, scatter light  from each individual particle in order to set 

the timing for a third pulsed laser operating at 266 nm, which desorbs and ionizes 

chemical species from each particle producing positive and negative ion mass spectra 

for each particle.  

ATOFMS data were analyzed using the YAADA (http://www.yaada.org) toolkit 

in Matlab with the neural network algorithm ART-2a, which separates the main particle 

types into clusters based on their unique ion patterns (Song et al., 1999).  Parameters 

used in this study were: vigilance factor of 0.85, learning rate of 0.05 and iteration 

number of 20.  Clusters with very similar ion patterns of varying intensities were 

manually combined, resulting in a total of 8 major classes.  The standard error of the 

fraction of each particle type was calculated assuming Poisson statistics and is included 

http://www.yaada.org/
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below in the discussion regarding ambient particle comparison with and without the 

growth tube as well as the size segregated chemical comparison. 

2.2.3 Coupled GT-UF-ATOFMS 

A coupled GT-UF-ATOFMS system was formed by securing the growth tube 

directly above the critical orifice in the aerodynamic lens in the UF-ATOFMS. One 

concern was to control the condensational growth of the UFP to size ranges that 

coincide with the size range of particles detected with the UF-ATOFMS.  The 

temperature difference of the GT must be large enough to create a large enough 

supersaturation to activate and grow all particles, but small enough to not grow them 

larger than the upper limit of the UF-ATOFMS.  We attempted to control the size of the 

grown particles by drying them with humidified dry nitrogen as they exited the GT 

before entering the UF-ATOFMS.  However, this approach was not successful because 

all the particles dried out to their original ultrafine size, precluding their optical 

detection.  In the future, it may be possible to set up an RH control system that allows 

one to more carefully remove the water from the particles and reduce their sizes to the 

required size range.  A differential mobility analyzer (DMA) is utilized upstream of the 

GT-UF-ATOFMS in order to know the original size of the particles before 

condensational growth and the parameters used are described in the supplementary 

material. 
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2.2.4 Sizing Studies 

Size selected grown ambient particles were measured with an Aerodynamic 

Particle Sizer (APS) (3321, TSI) to determine the sizes of the condensationally enlarged 

particles (Figure 2.1).  The GT-UF-ATOFMS system was tested with polystyrene latex 

spheres (PSLs) (Interfacial Dynamics Microsphere & Nanosphere, Oregon and 

Invitrogen Molecular Probes, Oregon) of known size.  For details see supplementary 

material. 

2.2.5 Chemical Composition and Ambient UFP Studies 

To evaluate whether the condensational growth within the GT affected 

measurement of particle composition, 175 ± 10 nm ambient particles were sampled on 

5/26/09 with the UF-ATOFMS under three conditions as shown in Figure 2.2: a) no GT, 

b) GT with drying, and c) GT.  The no GT sampling condition consists of just a DMA 

upstream of the UF-ATOFMS.  The GT with drying sampling condition consists of an 

inline mixer (1/4” diameter, Koflo, Koflo Corporation, Illinois) that mixes the GT 

 

Figure 2.1: Experimental configuration of GT coupled to APS with differential mobility analyzer 

upstream. When the GT is coupled to APS only the size distribution of the grown particles is 

obtained. 
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output with dry filtered nitrogen prior to sampling with the UF-ATOFMS, thereby 

evaporating the condensed water and returning the particles to their original size.  

Sampling with the GT followed by drying allows one to determine if particle chemistry 

changes after growth with water followed by evaporation to its original size.  The GT 

sampling condition has the GT between the DMA and UF-ATOFMS.  For the no GT 

and GT with drying conditions, 2000 mass spectra were obtained, while only 1000 were 

acquired for the GT sampling arrangement. 

In order to study differences in the chemical composition of ambient particles 

across a range of sizes, ambient particles of 150, 100, 80 and 60 ± 10 nm were sampled 

over the course of the morning on 12/12/08 with the GT-UF-ATOFMS. Over 100 mass 

spectra were obtained at each of these sizes. To determine the long-term sampling 

capabilities of the GT approach, ambient particles with sizes of 80 ± 10 nm were 

sampled continuously from 6/12/09 thru 6/16/09 with the GT-UF-ATOFMS.  Parallel to 

these measurements, ambient particle size distributions were obtained with a scanning 

 

Figure 2.2: Experimental configurations: (a) UF-ATOFMS with no GT, (b) GT coupled to UF-

ATOFMS with drying (an inline mixer with dry nitrogen gas) in between, and (c) GT coupled to 

UF-ATOFMS. All experimental set-ups have a differential mobility analyzer upstream. Both 

chemical composition and particle size are obtained when the GT is coupled to the UF-ATOFMS. 
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mobility particle sizer (SMPS), using a second 3081 DMA coupled to a TSI 3010 CPC 

with 4.0 and 0.4 lpm sheath and aerosol flows, respectively.  All of the ambient 

experiments were performed at the campus of the University of California, San Diego.  

2.3 Results and Discussion 

2.3.1 Sizing Studies 

Results from the APS size distribution measurements of ambient grown particles 

are shown in Figure 2.3.  The 40 and 60 nm size selected ambient particles grew to 

~1.2-1.8 µm as discussed in the supplementary material.  The smallest PSL size 

sampled with the GT-UF-ATOFMS system for which mass spectra were obtained was 

38 nm.  

2.3.2 Chemical Composition of Ambient UFP 

Example mass spectra of the different types of ambient particles measured by 

the UF-ATOFMS in this study are shown in Figure 2.4.  As particles age, they grow in 

size and, depending on ambient conditions, will become coated with secondary species 

 

Figure 2.3: Size distribution of grown 40 and 60 nm ambient particles (open and solid triangle 

symbols, respectively) measured with APS when GT is set at Tcold = 10
o
C and Thot = 30

o
C (dark 

blue) and Tcold = 15
o
C and Thot = 30

o
C (red). 
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such as organics, including oxidized OC at m/z +43, amines (m/z + 86), ammonium 

(m/z +18), and nitrate (m/z +30) (Angelino et al., 2001; Bhave et al., 2002; 

Dekenberger et al., 2007; Liu et al., 2000; Pratt et al., 2009a; Sullivan et al., 2007).  The 

amines marker at m/z +86 is due to the alkylamine fragment (C2H5)2N=CH2
+
 (Angelino 

et al., 2001).  These types of secondary markers are important for CCN studies because 

ammonium, amine and nitrate salts have been linked with increased particle 

hygroscopicity (Petters and Kreidenweis, 2007; Smith et al., 2010).  In addition, it has 

been shown that more chemically aged particles have higher CCN activities, although 

particle mixing state is key for determining hygroscopicity (Asmi et al., 2010; 

Choularton et al., 2008; Furutani et al., 2008; Shilling et al., 2007; Sullivan et al., 2009). 

2.3.3 Ambient Sampling Comparison With and Without Growth Tube 

 

Figure 2.4: Example ambient particle types sampled with just the UF-ATOFMS without the GT: 

a) elemental carbon (EC), b) elemental/organic carbon (EC/OC), c) organic carbon (OC), and d) 

biomass burning. 
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One question that arises is how much does the GT alter the chemical 

composition of the ambient particles sampled by the UF-ATOFMS.  Prior work with a 

different condensational system, one designed to enrich the concentrations of ambient 

ultrafine particles for health effects studies, has shown that particle chemistry can 

change upon the addition of water followed by evaporation (Su et al., 2006).  By 

measuring particles at the output of the concentrator and comparing them to the 

composition of UFP upstream, an UF-ATOFMS was used to show that the chemistry of 

the concentrated UFP had undergone substantial changes.  Specifically, organic species 

and markers indicative of aqueous phase processing appeared in the mass spectra of the 

single ultrafine particles exiting the concentrator, as compared to that observed 

upstream of the concentrator.  Recently, it has also been shown that soluble gases are 

enriched in the condensed water of these concentrators possibly affecting the particulate 

composition (Jung et al., 2010).  Thus, a question exists as to whether the growth tube 

particles undergo similar types of processes and chemical reactions.  

 

Figure 2.5: Particle types of 175 ± 10 nm ambient particles sampled on May 26, 2009, at the 

University of California, San Diego with no GT, GTwith drying, and GT conditions. 
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Results from UF-ATOFMS measurements for the GT are shown in Figure 2.5, 

displaying the chemical composition of 175 ± 10 nm Dm ambient particles measured 

under each of the three conditions: no growth tube, growth tube with drying and growth 

tube.  The standard error of the fraction of each particle type in all three conditions was 

less than 2% based on Poisson statistics.   Clearly, Figure 2.5 shows a similar 

distribution of particle types obtained with the no GT and GT with drying conditions, 

where the main dual ion particle types sampled were organic carbon (OC), elemental 

carbon and organic carbon (ECOC), and biomass burning.  Some particles produced 

spectra with negative ions only,  consisting of nitrate and/or sulfate ions. Based on the 

similar fraction of particle types detected with no GT and GT with drying conditions, 

the growth tube does not appear to irreversibly induce significant changes in particle 

chemistry, at least to any detectable extent.  Although some peaks would sometimes 

appear in the mass spectra, such as ammonium and nitrate markers, the overall particle 

types were very similar under the different conditions of our experiments. For example, 

the difference mass spectra of ECOC particles sampled with and without the growth 

tube, shown in Figure 2.6, highlights the similarity between these two mass spectra.  

Similar observations were obtained by comparing mass spectra from other particle 

types, including biomass burning and OC, sampled under different sampling 

configurations.  
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The distribution of ambient particle types sampled with the GT-UF-ATOFMS 

clearly differs from the fraction of types sampled with the GT followed by drying.  As 

shown in Figure 2.5, when sampling with the growth tube the largest fraction (35%) 

observed were the elemental carbon (EC) and heavy duty diesel vehicle (HDDV) 

particle types.  It is worth noting that there were no EC particles observed using the 

other non-growth tube sampling configurations.  These results differ from those 

obtained in the previous concentrator study, where EC particles were present before 

entering the concentrator but became ECOC and OC particle types after exiting the 

concentrator, an effect attributed to condensation of semivolatile organic gas phase 

species that underwent aqueous phase oxidation and remained on the particles after 

drying (Su et al., 2006).  The fact that with the growth tube, we observe a high fraction 

 

Figure 2.6: Difference spectra for ECOC particles measured on 5/26/09 at 175 ± 10 nm (a) mass 

spectrum from direct sampling with the UF-ATOFMS without a GT minus spectrum from 

sampling through the Growth Tube with drying, and b) direct UF-ATOFMS mass spectrum 

minus GT-UF-ATOFMS mass spectrum. 
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of EC particles offers further support that the technique is not chemically modifying the 

particles by adding large amounts of organic carbon.  

The EC particles were more recently introduced to the atmosphere than the 

ECOC and OC particles.  As the EC particles age, more oxidized organic species are 

added and appear in the mass spectra.  Over time, sulfate, nitrate, and ammonium also 

condense on these particles, making them more hygroscopic (Weingartner et al., 1997).  

In the current configuration, negative ions are not typically detected in the GT mass 

spectra due to the increased water content of the particles from the condensational 

growth (Neubauer et al., 1998).  As shown previously, particle humidity affects the 

ability to obtain negative mass spectra (Neubauer et al., 1998).  This issue is addressed 

in more detail in the supplementary material, but plans are underway to adapt the 

ATOFMS to a two-step desorption/ionization system in order to remove the chemical 

species from the water content in order to minimize this issue (Morrical et al., 1998).  

Because of the difficulty in obtaining negative mass spectra, we are unable to compare 

sulfate peak areas with the same particle types found with the no growth tube and 

growth tube with drying.  However, it is clear there are relatively less OC particles as 

well as less ammonium, which is presumed to be the nitrate and sulfate counter ion, 

measured with just the growth tube than without, and thus it is likely less secondary 

sulfate is present on these smaller particles as well.  

We hypothesize that the freshly produced combustion particles sampled with the 

GT are more fractal and thus their mobility diameters are significantly larger from their 

aerodynamic diameters.  In a previous UF-ATOFMS study, Spencer et al. showed that 

EC particles with mobility diameters of 400 nm possessed aerodynamic diameters as 

measured in the ATOFMS as small as 100 nm (Spencer et al., 2007).  This difference in 

diameters results from differences in the shape and density of the particles.  Thus it is 

highly likely that particles with mobility diameters of 175 nm produced by combustion 

processes have aerodynamic diameters much smaller than can be optically detected by 

the UF-ATOFMS (< 143 nm) in its current configuration.  Therefore, these ultrafine 
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particles, which are known to be present in the highest number concentrations in the 

atmosphere, cannot be detected without first being grown to a larger detectable size.   

If the GT were changing the chemical composition of particles, as reported for 

the concentrator, it would lead to addition of species not their removal (Su et al., 2006).  

The difference ECOC GT mass spectrum in Figure 2.6, which shows a decrease in 

secondary species in the ECOC GT mass spectrum compared to that obtained without 

GT, contributes to the idea that the GT is not chemically biasing particles with addition 

of these species.  At the same time, the difference mass spectrum supports the 

hypothesis that the particles sampled with the GT are less chemically aged because the 

GT allows the sampling of particles of smaller aerodynamic diameters (and hence 

fresher) than without the GT.  The observations of similar chemical fractions of 

particles between the no GT and GT with drying conditions and more fresh particles 

sampled with the GT only are encouraging and suggest that under the conditions of 

these experiments, the GT did not chemically modify the particles to a significant 

extent. It should be noted that further more detailed studies are needed to probe the gas 

phase species concentrations and ascertain that when higher concentrations exist, the 

same results hold.  

2.3.4 Size Segregated Chemical Comparisons 

Figure 2.7 shows the different particle types segregated by mobility size 

sampled with the GT-UF-ATOFMS on the morning of 12/12/08.  The standard error of 

the fraction of each particle types for all four sizes was less than 5% as calculated using 

Poisson statistics.   Two trends are readily apparent.  As size increases, a decrease in the 

fraction of particles containing metals and an increase in particles containing ECOC and 

OC occurs.  Overall, particles are externally mixed and show distinct chemical 

signatures at these small sizes.  The 60 nm Dm particles consist of an external mixture of 

HDDV, metals, and biomass burning particles and there are no OC particles internally 

or externally mixed.  As stated in the supplementary material, pure OC particles are 

different than the OC-rich biomass burning particles, which the ATOFMS mainly 

detects as K ECOC due to matrix effects.  The 80 nm Dm particles are similarly 
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composed of externally mixed HDDV, metals, and biomass as well as small amounts 

EC, ECOC, and pure OC.  The 80 nm Dm OC particles are internally mixed with 

amines, ammonium, and nitrate, as has been previously shown for ultrafine organic 

particles (Pratt et al., 2009a; Pratt et al., 2009b; Shields et al., 2008).  The 100 nm Dm 

particle type distribution is similar to the 80 nm Dm particles, except there are no EC 

particles.  In addition to OC, 100 nm Dm ECOC and some of the biomass burning 

particles are internally mixed with amines, ammonium, and nitrate.  The 150 nm Dm 

particle types show EC, biomass burning, ECOC, HDDV, metals and OC.  All the 150 

nm Dm particle types, except HDDV, are internally mixed with amines, ammonium, and 

nitrate.  Throughout all sizes, the ECOC particle type contains EC and OC species 

internally mixed on the same particles.  These size-selected growth tube studies show 

that, at these different discrete sizes, a large and distinct difference occurs in the fraction 

of major particle types, indicative of changes in particle sources as well as the chemistry 

due to atmospheric aging processes. 

The metal particle spectra contain just iron for particles less than 150 nm, 

whereas the 150 nm metal particles included both iron and vanadium. These two metal 

particle types come from different sources. Vanadium has been associated with bunker 

fuel used in ships; regional air transport studies have shown the ubiquity of these 

particles which can travel long distances from major port regions (Ault et al., 2010; Ault 

et al., 2009; Healy et al., 2009).  A possible source of the iron rich particles could be 

from welding at the campus machine shop which is located in close proximity to the 

UCSD lab where sampling was being conducted. This is consistent with the time of the 

sampling, Friday morning, when the machine shop is regularly active as well as a 

previous ATOFMS welding study which yielded similar mass spectra (Su et al., 2005). 
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Figure 2.7a also shows the OC/EC ratio determined for all particles in each size 

bin, as was done in the concentrator study referenced above, but using the verified 

OC/EC peaks from Spencer (Spencer and Prather, 2006; Su et al., 2006).  The low 

OC/EC ratio calculated for the smaller particle sizes in this study is opposite of that 

observed after the particles passed through the concentrator, which showed an increase 

in OC content with decreasing particle size (Su et al., 2006).  On the contrary, the 

OC/EC ratio of the smaller particles sampled with the growth tube (0.15 for 80 nm Dm) 

is similar to those sampled in the concentrator study before entering the concentrator 

 

Figure 2.7: Particle chemical composition as a function of size determined with the GT-UF-

ATOFMS system measured on December 12, 2008, at the University of California, San Diego: 

(a) relative particle type distribution and OC/EC ratio, and (b) average intensity of ammonium, 

nitrate, and amine markers as a function of particle size. 
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(0.26 for 75 nm Da).  This result supports the other observations described above that 

the growth tube does not alter the chemistry of the grown particles.  We note that with 

the GT-UF-ATOMFS system the residence time of droplets prior to entering the 

vacuum of the UF-ATOFMS is of the order of 400 ms, which is short compared to the 

calculated transport time for vapor phase organics at typical ambient concentrations, 

and thus the uptake of these vapors should be kinetically limited. 

Another way to contrast chemical differences between smaller ultrafine and 

larger particles involves comparing the ion intensities of the secondary species 

ammonium, nitrate, and amines (+18, +30, and 86 m/z, respectively).  Figure 2.7b 

shows that as particle size increases, so does the intensity of secondary marker ions as 

would be expected. For example, the ammonium, amines, and nitrate markers were over 

70, 40, and 10, times more intense in the 150 nm particles than in the 60 nm ones, 

respectively.  The 150 nm particles have four times the fraction of OC particles and an 

increase of over 1.5 times in the OC/EC ratio compared to the 80 nm particles.  As 

stated above, OC is expected in larger particles as the condensation of oxidized semi-

volatile species occurs as they undergo atmospheric aging processes.  The observation 

of increasing amounts of amines, ammonium, nitrate and OC markers is evidence that 

condensation occurred on the smaller sized ultrafine particles sampled, originated from 

primary sources: welding, fossil fuel and biomass burning.  These observations support 

our understanding that as smaller particles age and grow, they may become more CCN 

active through the addition of soluble secondary species.  

2.3.5 Real-time ambient UFP measurements. 

Chemical composition results of the GT-UF-ATOFMS measurements of 80 ± 10 

Dm particles over a 3 day period in San Diego, CA are shown in the bottom panel of 

Figure 2.8.  The top panel in Figure 2.8 shows the ambient particle size distribution 

measured with the SMPS.  Overall, the number of particles sampled with the GT-UF-

ATOFMS correlates with SMPS measurements of particle size.  When the SMPS 

detected a higher fraction of 80 nm particles, the GT-ATOFMS system also analyzed 

more particles.  The spike in particles seen after midnight on 6/12/09 corresponds with 
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biomass burning and ECOC particles.  The next big spike in particles can be attributed 

to morning rush hour traffic emissions on a Monday, as the majority of particles 

detected during this time period were EC with calcium, indicative of HDDV (Toner et 

al., 2008).  During this longer sampling period, we encountered two periods, as noted in 

Figure 2.8, where no data were acquired when the GT clogged the critical orifice in the 

UF-ATOFMS with water.  We are working to minimize this problem by adding a 

heated region to the critical orifice where the GT is connected to the ATOFMS.  This 

modification will allow for longer term unattended studies of CCN chemistry with high 

time resolution.  In addition, we are preparing to couple a syringe pump to the GT’s 

water reservoir to avoid having to manually add water every 5-7 hours. 
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Recent measurements of ambient CCN concentrations alongside the mixing 

state of ultrafine particles with the GT-UF-ATOFMS system will continue to help 

improve the insight into the chemistry of particles in the CCN active size range.  This 

will increase our understanding of the spatial and temporal variability of the sources and 

composition of CCN, thereby decreasing the uncertainties associated with the indirect 

effect of aerosols on climate. 

 

Figure 2.8: Long-term study between June 12, 2009, to June 16, 2009, sampled at the University of 

California, San Diego: (a) temporal size distribution of ambient particles and (b) temporal particle 

type distribution of ambient 80 ± 10 nm sampled with GT-UF-ATOFMS technique. White dashed 

line indicates the 80 nm particles in the size distribution. There were no GT-ATOFMS data was 

obtained due to water from the GT clogging the UF-ATOFMS inlet: June 13, 2009 10:00-13:00 

and June 14, 2009 6:00-8:00. 
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2.4 Conclusions 

A new approach for studying the composition of UFP by coupling a water-based 

condensation growth tube with an UF-ATOFMS has been demonstrated and can now be 

used to detect the chemistry of particles as small as 38 nm.  The GT-UF-ATOFMS 

technique, when coupled with a DMA, will provide insight into changes in particle 

chemistry in the critical 50-200 nm size range in cloud and regional climate studies.  

Ambient particles down to 60 nm showed significantly less secondary species, such as 

ammonium, nitrate, and amines, and a higher fraction of fresh EC and HDDV particles 

compared to larger particles.  In addition, many of the same particle types are detected 

using the growth tube as those encountered in the larger size range, however, as 

expected, the smaller ultrafine particles are not as chemically aged.  There is no 

evidence of particles undergoing chemical changes due to the GT, a result that may be 

attributed to the short droplet residence time in the GT-UF-ATOFMS system.  

However, future testing will include different concentrations of precursor gases to 

examine the potential for gas/particle partitioning in greater detail.  The GT-UF-

ATOFMS system was capable of long term operation, successfully sampling particles at 

80 ± 10 nm Dm over a 3 day period. Further studies will quantify the types of particles 

in this size range in a wider range of environments (i.e. remote, coastal, mountain).  The 

GT-UF-ATOFMS will be used to probe how changes in meteorological conditions, 

which can vary minute to minute, change particle chemistry.  Correlated studies of the 

chemistry of the particles in the size range critical for cloud formation and fast cloud 

condensation nuclei concentration measurements, which can now be measured in 

seconds (Moore and Nenes, 2009), will be performed to better understand particle 

sources contributing to increased CCN concentrations. Optimization of this technique 

will include major improvements to increase the detection of negative ions, minimize 

water blockage, and automate water delivery.  Ultimately, the use of the growth tube for 

studies of particle chemistry in this smaller size range will impact health effects studies, 

industrial applications, semi-conductor processing and clean rooms, and nanoparticle 

characterization. 
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2.6 Supplemental Materials 

2.6.1 Sizing Studies 

The GT-UF-ATOFMS system was evaluated using UFP of known diameter 

obtained by size selection with a differential mobility analyzer (DMA) (Model 3081, 

TSI).  Notably, the DMA size selection is based on mobility diameter (Dm) which 

depends on particle shape, but is independent of particle density, and thus is different 

than aerodynamic sizing of the ATOFMS which depends on both shape and density 

(Da).  Although the DMA is typically used with an aerosol to sheath flow ratio of 1:10, 

in order to increase the number of particles detected, the DMA was “de-tuned” in order 

to admit a broader size distribution with a higher particle concentration into the UF-

ATOFMS (Flagan, 1999).  This was accomplished by adjusting the sheath and aerosol 

flows to 2 and 0.5 lpm, respectively.  In order for the aerosol flow going through the 

DMA to be 0.5 lpm, and to reduce the residence time of particles in the tubing, a tee 

was set-up with a vacuum line pulling at 0.4 lpm because the UF-ATOFMS only pulls 

~0.1 lpm.  In order to ensure there were no leaks in the system, at least once a day, the 

voltage on the DMA was set to 0 V for ~5 minutes to ensure no particles were being 

transmitted through the DMA or GT into the UF-ATOFMS.  
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DMA size selected grown ambient particles were measured with an 

Aerodynamic Particle Sizer (APS) (3321, TSI) to determine the sizes of the activated 

particles.  The set-up, shown in Figure 2.1, has a tee connected between the growth tube 

and APS directly on the aerosol inlet.  The growth tube settings were flow of 0.1 lpm 

and Tcold = 10 or 15
o
C and Thot = 30

o
C.  Because the APS aerosol inlet pulls 1 lpm, a 

make-up flow of 94% humidified, filtered nitrogen was pushed at 0.9 lpm through the 

tee into the APS.  

Lab studies probed how much the growth tube increases the particle size under 

different conditions.  Figure 2.3 shows the size distribution of 40 and 60 nm ambient 

particles activated using the growth tube and sampled with the APS using two different 

cold inlet temperatures, 10 and 15 
o
C respectively and a hot wall temperature of 30 

o
C.  

These particles grew to ~1.2-1.8 µm, as shown here for the APS.  As expected, the 

particles exposed to a smaller temperature difference and hence supersaturation grew 

less than those exposed to a larger supersaturation.  Also, fewer particles activated at the 

lower supersaturation values.  The GT-UF-ATOFMS has a higher detection efficiency 

at lower supersaturation when there is less water on the particles.  Thus, in order to 

optimize the number of particles that activate at higher supersaturations that can be 

detected, the GT temperatures were adjusted to Tcold = 13 and Thot= 30
o
C for the 

remainder of the experiments.  When measuring the size distribution of grown particles 

with the UF-ATOFMS, there is a slight size difference from the APS measurements 

likely due to particles evaporating in the aerodynamic focusing lens of the UF-

ATOFMS
 
as well as the upper size limit of the UF-ATOFMS (~1 µm) compared to the 

larger upper size limit of the APS (~ 20µm) (Zelenyuk et al., 2006).  It is also worth 

noting that although the make-up flow was humidified to 94% RH, it is very likely that 

the grown particles may have slightly reduced in sized while exposed to this non-

saturated air as they traveled into the instruments from the GT. With our current set-up, 

we were not able to quantify the size decrease of the grown droplets.  

The GT-UF-ATOFMS system was tested with polystyrene latex spheres (PSLs) 

(Interfacial Dynamics Microsphere & Nanosphere, Oregon and Invitrogen Molecular 
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Probes, Oregon) of known size.  Varying sizes down to 38 nm were introduced in order 

to test the lower size limit of particles detected with the GT-UF-ATOFMS.  PSLs were 

atomized, sized selected with DMA (4 and 0.4 lpm sheath flow and aerosol flow, 

respectively) and sampled with the GT-UF-ATOFMS system.  PSLs have identical 

mobility and aerodynamic diameters, therefore the size selected with the DMA is 

identical to the aerodynamic size measured in the UF-ATOFMS. The smallest PSL size 

sampled with the GT-UF-ATOFMS system for which mass spectra were obtained was 

38 nm. 

2.6.2 Example of Typical Ambient Mass Spectra 

Example mass spectra of the different types of ambient particles measured by 

the UF-ATOFMS in this study are shown in Figure 2.4.  These types are quite similar to 

those observed in previous field studies (Shields et al., 2007; Silva et al., 1999; Silva 

and Prather, 2000; Toner et al., 2008; Toner et al., 2006).  In particular, the elemental 

carbon (EC) particle type (Figure 2.4) is characterized by peaks appearing at carbon 

clusters such as at m/z = 12, 24, 36.  Many EC particles also include organic carbon 

(OC) markers with CnHm clusters with peaks at +27, +39, +43 m/z and are hence named 

ECOC (Figure 2.4).  OC particles are comprised of primarily intense organic carbon 

peaks (Figure 2.4) with less intense EC markers ions at 12, 24, and 36 (Silva and 

Prather, 2000).  Particles from heavy duty diesel vehicles (HDDV) have a calcium peak 

at m/z + 40 on an otherwise EC or ECOC particle type (Shields et al., 2007; Toner et 

al., 2008; Toner et al., 2006).  Although biomass burning particles are OC rich, the mass 

spectra obtained with ATOFMS is a combination of ECOC markers and potassium with 

an intense peak at m/z +39 (Figure 2.4) (Silva et al., 1999).  The calcium and potassium 

peaks indicate the importance of using combinations of peaks in the mass spectra for 

source apportionment.  One way to compare the amount of specific species on the 

particles is to compare the peak areas in each spectrum.  This comparison can be done 

for particles of the same chemical matrix (ie dust, organic carbon, soot, sea salt).  

Typically we characterize ambient studies using the fractions of particle types, which 
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changes depending on the temporal distribution of sources and chemical evolution of 

the particles.   

2.6.3 ECOC Ambient Sampling Comparison With and Without 

Growth Tube 

It is informative to compare the average mass spectra for the same particle type 

sampled using the different sampling configurations.  As an example, we have shown 

the difference mass spectra of ECOC sampled with the GT with drying and GT 

conditions subtracted from the no GT condition in Figure 2.6 (for a representative 

ECOC mass spectra, see Figure 2.4).  The difference ECOC mass spectrum of the 

growth tube with drying has very few small peaks, showing the no GT and GT with 

drying conditions produce mass spectra that appear almost indistinguishable from each 

other with the same peaks and similar ion intensities.  The dot product between the 

ECOC no GT and ECOC GT with drying spectra confirms the similarity in their spectra 

with a value of 0.98, very close to 1 which represents identical spectra, further 

supporting the observations that the growth tube does not cause any detectable changes 

in particle composition. Similar observations were obtained by comparing mass spectra 

from other particle types, such as biomass burning and OC, sampled under different 

sampling configurations. 

The dot product of ECOC no GT and GT mass spectra is 0.64.  If the GT were 

changing the chemical composition of particles, as reported for the concentrator, it 

would lead to addition of species not their removal (Su et al., 2006).  The difference 

ECOC GT mass spectrum in Figure 2.6 shows a decrease in the OC markers +27 and 43 

m/z indicating that the ECOC particles sampled with the GT have less oxidized OC 

species than particles sampled without the GT.  Also, the ammonium peak is smaller in 

the ECOC GT mass spectrum compared to the no GT mass spectrum.  The decrease in 

secondary species in the ECOC GT mass spectrum compared to that obtained without 

GT contribute to the idea that the GT is not chemically biasing particles with addition of 

these species.  At the same time, the difference mass spectrum supports the hypothesis 

that the particles sampled with the GT are less chemically aged because the GT allows 
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the sampling of particles of smaller aerodynamic diameters (and hence fresher) than 

without the GT. 

2.6.4 Challenges of Increased Water Content 

One major challenge in interpreting the data with the growth tube is the 

increased fraction of particles with positive only spectra.  The decrease in the negative 

ion spectra observed with the GT-UF-ATOFMS can be explained by the increased 

water content of the particles grown by water condensation (Neubauer et al., 1998).  

Because water tends to suppress the negative ion signal, typical ambient aerosol 

measurements are usually done with a dried inlet flow (Cubison et al., 2008; Johnston et 

al., 2006; Rhoads et al., 2003).  Negative ions provide critical information on the 

inorganic components of aerosols such as sulfate, which in small amounts can greatly 

impact the CCN activity of particles and drive water uptake (Bilde and Svenningsson, 

2004).   Since it is crucial for cloud studies that this GT-UF-ATOFMS technique be 

able to detect negative ions, we are working on increasing the number of negative 

spectra obtained with the GT-UF-ATOFMS.  Controlling particle growth, such that 

some excess water can be removed, should allow the detection of more negative mass 

spectra.  One approach to improve control of particle growth is by sampling the 

particles into a nozzle ATOFMS, which optically detects particles up to 3 µm, and 

heating the nozzle to carefully remove some of the water.  Another possibility to better 

controlling the size of the activated particles is by using a relative humidity controlled 

flow tube to shrink the particles down.  Another approach is to modify an ATOFMS to 

use two lasers to perform two step laser desorption/ionization, as previously shown by 

Morrical et al (Morrical et al., 1998).  One laser desorbs the chemical components into 

the gas phase as neutral species while a second laser ionizes these desorbed species.  

Because the chemical species are removed from the water matrix, suppression of the 

negative ions by water would no longer be an issue.  Being able to obtain dual polarity 

mass spectra will greatly improve the chemical analysis ability of the GT-UF-ATOFMS 

technique and its applicability to cloud studies.  However even with single polarity 

only, a great deal can still be learned about individual particles and their effects on 
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clouds in this previously blind region of the aerosol size spectrum with real-time 

measurement capabilities. 
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Chapter 3. Quantitative comparison 

and aerosol mixing state in the western 

California Sierra Nevada foothills during 

pollution transport events in winter 2010 

Aerosols affect the climate system and contribute to nutrient loading in remote 

ecosystems. Knowledge of the amount of soluble species present in individual particles 

as well as their mixing state is critical for predicting the environmental impacts of 

aerosols; however there is no single analytical technique that measures all of these 

parameters. In this study, a comparison was performed between complementary 

atmospheric measurements collected with the aerosol time-of-flight mass spectrometer 

(ATOFMS) and the particle-into-liquid sampler ion chromatography (PILS-IC) system 

during February-March, 2010 in the western foothills of the Sierra Nevada at Mariposa, 

California. ATOFMS provides the size (0.2-3.0 µm) and mixing state of individual 

particles, whereas PILS-IC quantifies the PM2.5 mass concentrations of water-soluble 

ionic species in bulk aerosol, specifically nitrate, sulfate, and ammonium. In this work, 

the PILS-IC data were used to scale the ATOFMS mass spectral data to yield mass 

concentrations of ammonium, nitrate, and sulfate as a function of particle mixing state.  

The resulting ATOFMS and PILS-IC time series for ammonium and nitrate showed 

stronger correlations than those of sulfate, with correlation coefficients of 0.77, 0.80, 

and 0.53, respectively. Pollution transport events were observed which transported high 

concentrations of aged pollution particles comprised of internally mixed soot with 

organic carbon, ammonium, nitrate, and sulfate from the Central Valley to the otherwise 

pristine areas downwind in the Sierra Nevada foothills. These highly aged particles with 

soluble species contribute nutrients to the Sierra Nevada ecosystems through deposition. 

Furthermore, these transported particles are stronger absorbers of solar radiation and 
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have higher CCN activity than fresh soot, and could thus influence regional climate 

over the Sierra Nevada.  

3.1 Introduction 

Aerosols affect climate directly by absorbing and scattering solar and terrestrial 

radiation and indirectly by serving as cloud condensation nuclei (CCN) (Solomon et al., 

2007). Increased numbers of CCN active particles can result in increased number of 

cloud droplets competing for the same amount of ambient water vapor; these smaller 

droplets may not grow large enough to precipitate, thus affecting cloud lifetime and 

regional precipitation patterns (McFiggans et al., 2006; Rosenfeld, 1999; Solomon et 

al., 2007). Orographic precipitation, the main source of water on the U.S. western coast, 

has been shown to have decreased during the past several decades east of the California 

Central Valley in the Sierra Nevada Mountains (Givati and Rosenfeld, 2004). Both the 

chemical composition and size of particles dictate their effects on climate. Particles 

internally mixed with secondary species, such as sulfate and nitrate, can have a stronger 

radiative forcing than particles externally mixed, as has been shown for soot (Chung et 

al., 2012; Jacobson, 2001b; Moffet and Prather, 2009). For two particles of the same 

chemical composition, the larger particle will be more CCN active. On the other hand, 

given two particles of the same size, the particle having a higher fraction of soluble 

species will have the higher CCN activity.  Thus, knowing the association of chemical 

species within each individual particle, or mixing state, and particle size allows for 

more accurate prediction of their radiative properties and CCN activity. 

In addition to playing a role in climate, aerosols also contribute nutrients, such 

as nitrogen, to ecosystems in the Sierra Nevada through wet and dry deposition, and 

therefore may lead to eutrophication of aquatic ecosystems, soil acidification, and 

changes in biodiversity, in addition to affecting the productivity of forests and the 

overall health of the ecosystems (Bytnerowicz and Fenn, 1996; Bytnerowicz and 

Riechers, 1995; Fenn et al., 2003a). Dry deposition typically contributes the largest 

component of total atmospheric N deposition downwind of polluted air basins in 

California (Bytnerowicz and Fenn, 1996), and therefore the deposition rates of nitrate 
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and ammonium are higher on the western Sierra Nevada slope than on the eastern side 

(Bytnerowicz et al., 1991; Bytnerowicz et al., 1992). Because N deposition in the Sierra 

Nevada is expected to continue increasing over time, there are concerns that significant 

long-term nitrogen deposition in the Sierra Nevada may lead to oversaturation and 

consequently to serious soil and water contamination in the Central Valley, which is one 

of the most agriculturally productive areas in the world (Bytnerowicz and Riechers, 

1995; Fenn et al., 2003a). 

Traditional analytical methods used to determine particle composition must 

collect many particles in order to obtain a statistically relevant mass measurement. With 

the mass of each component, which can then be converted to molarity, mass fraction, 

etc.,  it is possible to  predict the environmental impacts of the particles, including their 

CCN (McFiggans et al., 2006) and optical properties (Dillner et al., 2001), and their 

contribution to nutrient dry deposition loadings. However, this traditional approach 

provides an average bulk composition view of particles that may not represent any 

single particle sampled, especially if particles are externally mixed.  

The aerosol time-of-flight mass spectrometer (ATOFMS) measures the size-

resolved mixing state of individual particles (Gard et al., 1998). ATOFMS data provides 

a qualitative measure of composition rather than the more commonly used mass 

concentrations; matrix effects, shot-to-shot variability of the desorption/ionization laser, 

and varying particle transmission efficiency across difference particle sizes contribute to 

the challenges associated with quantifying ATOFMS data (Allen et al., 2000; Morrical 

et al., 1998; Qin et al., 2006; Wenzel and Prather, 2004). Despite these instrumental 

challenges, ATOFMS datasets have been successfully scaled to provide mass 

concentrations through comparison with collocated mass measurements. Qin, et al. 

(2006) developed a method to correct the particle size transmission bias by scaling the 

number of particles measured with the ATOFMS by the particle concentrations of each 

size bin measured with a collocated aerodynamic particle sizer (APS) and multiplied it 

by an assumed particle density to arrive at mass concentration, which compared 

strongly (R
2
 = 0.91) to PM2.5 mass concentration measured with the beta attenuation 
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monitor (BAM) in the field. A comparison of scaled ATOFMS ammonium (NH4
+
)
 
and 

nitrate (NO3
-
) ion signal to mass concentrations agreed strongly (R

2
 = 0.72 and 0.81, 

respectively) with mass concentrations derived from co-located Teflon substrate 

cascade impactor measurements (Bhave et al., 2002). The scaled mass concentration of 

ATOFMS soot particles also resulted in reasonable correlations (R
2
 = 0.61-0.68) 

compared to black carbon/elemental carbon mass concentrations from a multi-angle 

absorption photometer, an organic carbon/elemental carbon (OCEC) analyzer, and an 

aethalometer (Healy et al., 2012). Finally,  a quantitative comparison of the ATOFMS 

against an aerosol mass spectrometer (AMS), gas particle ion chromatography (GPIC), 

and an OCEC analyzer yielded good correlations; specifically, the correlations between 

the mass concentrations of the ATOFMS and GPIC NH4
+
, NO3

-
, and  sulfate (SO4

2-
) 

were strong (R = 0.85, 0.89, and  0.79, respectively) (Jeong et al., 2011). Furthermore, 

compared to collocated BAM measurements, Jeong, et al (2011) were able to 

successfully scale ATOFMS winter data from a rural site into mass concentrations 

based on linear regressions determined during summer at an urban site. 

Previous source-apportionment studies utilizing the ATOFMS have been 

performed throughout California. Freeway studies have been able to differentiate 

between particulate emissions from heavy duty diesel vehicles (HDDV) and gasoline-

powered passenger cars (Toner et al., 2008). Ault et al. (2010) identified unique 

particles emitted from ocean-faring ships combusting heavy fuel oil at the Port of Los 

Angeles. Particle emissions from residential night-time heating fires and large scale 

wildfires have also been analyzed (Muhle et al., 2007; Qin and Prather, 2006; Zauscher 

et al., 2012). Additionally, new particle formation events have been detected with an 

ATOFMS at a remote site in California (Creamean et al., 2011). The focus of this study 

is to identify the sources, using our knowledge our particulate sources in California, and 

mixing state of particles in the Sierra Nevada foothills; this area is of interest due to the 

observed decrease in orographic precipitation, which may be linked to aerosols.  

During winter 2010, ground-based measurements in the western Sierra Nevada 

foothills at Mariposa, CA were conducted using a collocated ATOFMS and particle-
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into-liquid sampler coupled to ion chromatography (PILS-IC). To our knowledge, these 

are the first single particle measurements in this area of the Sierra Nevada foothills. The 

findings presented herein indicate that pollution transport events bring a high 

concentration of aged carbonaceous aerosols coated with ammonium, nitrate, and 

sulfate from the Central Valley to the otherwise clean sampling site. Therefore, these 

aged transported aerosols may play a significant role in local ecology and regional 

climate.  

3.2 Experimental Set-up 

The sampling site (37.50931 N, 120.03752 W, 684 m altitude) was located in 

Mariposa, California, a rural town located on the western slope of the Sierra Nevada 

foothills, as shown in Figure 3.1. To the west of Mariposa is the California Central 

Valley, known for being one of the worst polluted areas in the U.S. due to high PM 

concentrations, especially during the winter due to the lowering of the boundary layer 

(Chow et al., 2006; Hall et al., 2008; MacDonald et al., 2006). The Sierra Nevada 

mountain range continues to rise in elevation to the east of Mariposa. Data was 

collected between 02/2/10 – 3/13/10. In addition to the ATOFMS and PILS-IC 

(described in detail below), 0.5-20 µm size distributions were measured with an 

aerodynamic particle sizer (APS, TSI model 3321) every minute and ambient gas-phase 

nitrous oxide (NOx) concentrations were also monitored (TEI, model 42C). In addition, 

hourly PM2.5 mass concentrations for 30 sites in the Central Valley and Sierra Nevada 

were compiled from the California Air Resources Board (http://www.arb.ca.gov) during 

this study. The data from all sites was interpolated in Igor Pro (WaveMetrics) to make 

PM2.5 mass concentration contour maps. The air mass back trajectories were modeled 

with HYSPLIT 4.0 at four altitudes: 500, 1000, 1500 and 2500 m (Draxler and Hess, 

1998). 

3.2.1 Particle-into-liquid sampler coupled to ion chromatography 

(PILS-IC) 
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The PILS-IC system used in this study exposes atmospheric particles to water 

vapor creating a region of supersaturation in which the particles grow, thereby allowing 

the particles to be collected by impaction (Orsini et al., 2003; Weber et al., 2001). The 

ambient aerosol sample flow rate was 15.3 Lmin
-3

 and a new chromatogram was started 

every 17. Following collection in the PILS the liquid sample was analyzed via IC using 

two Dionex ICS-1500 systems equipped with a pump, conductivity detector, and self-

regenerating suppressor. The anion separation was conducted on a Dionex IonPac AS-

14A column using an eluent of 1 mM sodium bicarbonate/8 mM sodium carbonate at a 

flowrate of 1 ml/min. A Dionex IonPac CS12A column employing an eluent of 20 mM 

methanesulfonic acid at a flowrate of 0.5 ml/min was used for cation analysis. Ambient 

samples were corrected for dilution, due to condensation within the instrument, by 

 

Figure 3.1: Map highlighting the location of the sampling site in Mariposa, California in the 

foothills of the California Sierra Nevada, which is above the Central Valley. 
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spiking the sample with a known concentration of lithium bromide in order to calculate 

the dilution factor.  The PILS-IC sampled a range of soluble inorganic species during 

this study, such as calcium, chloride, and sodium, but the focus of this paper is on NH4
+
, 

NO3
-
, and SO4

2-
 because they were most prevalent during this study. PILS-IC data was 

only collected until 3/10/10 because of instrumental problems 

The PILS-IC used its own sampling line, which consisted of a 6.35 mm diameter 

and 2 m long un-insulated copper tube with a PM2.5 cyclone placed upstream. Previous 

studies have determined that the PILS-IC detects particles as small as 30 nm with 95% 

collection efficiency (Orsini et al., 2003). Two denuders were placed in-line to remove 

ammonia (NH3) and acidic gas-phase species (nitric acid, sulfur dioxide, oxalic acid, 

etc) in order to minimize their dissolution into the aqueous droplets. Water used in this 

study had a resistivity > 18.3 MΩ.  

3.2.2 Aerosol time-of-flight mass spectrometer (ATOFMS) 

The ATOFMS used in this study has a nozzle inlet that samples particles 

between 0.2-3.0 m, acquiring the positive and negative ion mass spectra and size of 

individual particles (Gard et al., 1997).  Particles enter the ATOFMS through a 

converging nozzle at a sample flow rate of 1 Lmin
-3 

and are accelerated to their size 

dependent terminal velocity. Particles then scatter light from two continuous wave 532 

nm lasers 6 cm apart. A timing circuit measures the time between the scattering pulses 

and fires a Nd:YAG laser at 266 nm at the appropriate time to desorb and ionize 

individual particles. Finally, positive and negative ion mass spectra are obtained using a 

dual-polarity reflectron time-of-flight mass spectrometer. 

About 5 m away from the PILS-IC sampling line, an insulated 3 m long stainless 

steel sampling line with a 1.27 cm diameter was placed vertically outside the sampling 

trailer and secured to an insulated stainless steel manifold. Besides the ATOFMS, the 

APS and other instruments not mentioned herein were also sampling off this manifold. 

An insulated 0.95 mm diameter and 1 m long conductive silicone tube was used to 

connect the sampling manifold to the ATOFMS inlet. 
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3.2.2.1 ATOFMS Data Analysis 

The ATOFMS mass spectra data were analyzed in the Matlab toolkit YAADA 

(http://www.yaada.org) and sorted into clusters with the neural network algorithm ART-

2a based on similar mass spectral features with a vigilance factor of 0.85 (Song et al., 

1999). ART-2a particle clusters of similar ion patterns of varying intensities were 

manually combined into 6 particle types: soot mixed with organic carbon (soot-OC), 

organic carbon (OC), biomass burning aerosol (BBA), dust, sea salt, and other. Particle 

types with low counts throughout the study were combined as one into the ‘other’ 

category and are described in the section titled Supplementary Information. Figure 3.2 

shows the mass spectra of each particle type. The soot-OC particle type had peaks 

characteristic of soot, such as 
12

C
+

, 
24

C2
+
, 

36
C3

+
, and of OC, including 

27
C2H3

+
 and 

43
C2H3O

+
 (Guazzotti et al., 2001a). The OC particle type was characterized by intense 

peaks at 
27

C2H3
+
, 

29
C2H5

+
, 

37
C3H

+
, and 

43
C2H3O

+
 (Sodeman et al., 2005). BBA consisted 

of soot and OC peaks with a strong potassium ion peak at 
39

K
+ 

(Silva et al., 1999). The 

 

Figure 3.2: Mass spectra of the main particle types observed at Mariposa: a) Soot-OC, b) OC, 

c) biomass burning, d) dust, e) sea salt. 

http://www.yaada.org/
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dust observed in this study had 
39

K
+
, 

40
Ca

+
, 

54,56,57
Fe

+
, 

73
FeOH

+
, 

27
Al

+
, and 

aluminosilicate (
60

SiO2/AlO(OH)
-
 and 

76
SiO3/ AlO2(OH)

-
) ions in the mass spectra 

(Silva et al., 2000). The sea salt particle type exhibited intense 
23

Na
+
 and 

39
K

+
 ions and 

minor sodium chloride clusters (
81,83

Na2Cl
+
 and 

93,95,97
NaCl2

-
) typical of sea salt (Gard et 

al., 1998; Noble and Prather, 1996). A total of 187,428 particles were chemically 

characterized during this study with 73.5% of those having dual-polarity mass spectra. 

Typically, positive mass spectra allow identification of the particle type whereas 

negative spectra provide information on the extent and type of chemical processing the 

particle has undergone in the atmosphere. While <36% of soot-OC and OC particles 

contained negative ion spectra, >80% of BBA, dust, and sea salt particles produced 

dual-polarity mass spectra. When particles are wet, either due to high ambient relative 

humidity and/or atmospheric processing, they generally produce less negative ion 

spectra (Neubauer et al., 1998). 

The 
18

NH4
+
, 

62
NO3

-
,
 
and 

97
HSO4

-
 ions have previously been shown to be 

indicators of ammonium, nitrate and sulfate (Bhave et al., 2002; Gard et al., 1997; 

Guazzotti et al., 2001b; Noble and Prather, 1996). Possible interference in the +18 m/z 

is discussed in section 3.6.2. Relative peak areas (RPA), the normalized intensity of a 

specific ion to the total peak areas of the whole mass spectrum, per particle type were 

analyzed herein because they tend to minimize the variability in peak intensity 

compared to absolute peak areas in particles of similar matrices (Gross et al., 2000). To 

study the mixing state of NH4
+
, NO3

-
, and SO4

2-
 on individual particles, searches were 

performed on dual-polarity ATOFMS data for particles with only one, only two, all 

three, and none of these markers with RPA  > 0.1 %. This low RPA was chosen because 

the peak area of 
18

NH4
+
 is typically small.  

3.2.2.2 Scaling of ATOFMS Data 

Particles in each of the six particle types (i) were binned by size (j) with bin 

widths of 100 nm for all sizes between from 200-2500 nm. First, the hourly averaged 

RPAs were determined for each particle type in every size bin. When calculating the 

RPA of positive ions (
18

NH4
+
) all particles were used, whereas negative ions (

62
NO3

-
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and 
97

HSO4
-
) were averaged only over the particles with negative mass spectra and were 

applied to particles with no negative ion spectra because it was assumed that the lack of 

negative mass spectra was due to an artifact in the ion formation process caused by the 

presence of water on these particles. Separately, the corrected number of particles 

(NOP) in each particle type for each hour was determined by scaling particles 

chemically classified to the particle concentrations of each APS size bin in order to 

correct for particle transmission efficiency into the ATOFMS and instrument busy-time, 

following the procedure described previously by our group (Qin et al., 2006). Because 

of instrumental problems in the field, there were no size distributions of particles <500 

nm, thus, the number scaling procedure for the smaller (<500 nm) size bins is not as 

precise as that described by Jeong et al. (2011).  The scaled RPA was determined hourly 

for each of the markers (
18

NH4
+
, 

62
NO3

-
 and 

97
HSO4

-
) separately, where D is the mid-

point diameter of each size bin, j: 

 

The D
3
 factor is a correction for volumetric differences in observed peak areas 

among different sized particles; this factor may introduce biases if the whole particle is 

not fully ablated by the ATOFMS laser, as may be the case for particles > 1 µm (Bhave 

et al., 2002).   

In order to compare these scaled RPAs with the mass concentrations determined 

with the PILS-IC, the PILS-IC data were averaged for each hour and the scaled RPAs 

were summed across all particle types and sizes. The NH4
+
, NO3

-
 and SO4

2-
 hourly-

Table 3.1: Linear equation for transforming scaled RPA to mass concentration. 

Species NH4
+
 NO3

-
 SO4

2-
 

m/z +18 -62 -97 

Slope 2.44 x 10
-4

 ± 7.16 x 10
-6

 1.41 x 10
-5

 ± 4.25 x 10
-7

 3.15 x 10
-6

 ± 1.24 x 10
-7

 

Intercept 8.56 x 10
-2

 ± 3.51 x 10
-2

 9.49 x 10
-2

 ± 4.16 x 10
-2

 1.83 x 10
-1

 ± 8.19 x 10
-3

 

R
2
 0.77 0.80 0.53 
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averaged PILS-IC and scaled RPA were plotted against each other; the scaled RPA were 

then transformed into total hourly mass concentrations using the determined linear 

equations for each ion marker, given in Table 3.1. 

  In addition, transforming the scaled RPA to mass concentrations based on the 

PILS-IC data corrects for differences in chemical sensitivities of the ATOFMS data. 

Finally, to determine the mass concentrations of each species by particle type, the total 

mass concentrations were scaled by the fractional scaled RPA per particle type each 

hour.  

3.3 Results and Discussion and Discussion 

During the study, significant periods of pollution transport from the Central 

Valley (PTCV) occurred. These events were identified by analyzing the air mass back 

trajectories in HYSPLIT and by mapping the regional PM2.5 during these periods, with 

examples shown in Figure 3.3 (Draxler and Hess, 1998). PTCV events were 

characterized by high PM2.5 values valley-wide and transport from the Central Valley to 

the sampling site. Times not influenced by PTCV were considered background/local 

conditions. Major storms affecting the Central Valley (Western Region Headquarters, 

2010a; Western Region Headquarters, 2010b) were included as background periods due 

to their similarities in particle size distributions and mass concentrations. 

     

Figure 3.3: PM2.5 contour maps and air mass back trajectories of an example of a) clean 

background and b) pollution transported from the Central Valley (PTCV). 
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3.3.1 Comparison between PILS-IC and ATOFMS data 

Figure 3.4 shows the relationship between scaled RPA and PILS-IC mass 

concentrations. The correlations between ATOFMS scaled RPAs of 
18

NH4
+
 and 

62
NO3

-
 

were strong (R
2
 = 0.77 and 0.80 respectively) with the PILS-IC ammonium and nitrate 

mass concentrations, whereas the correlation between the 
97

HSO4
-
 and PILS-IC sulfate 

was not as high (R
2
 = 0.53). Instrumental differences between the ATOFMS and PILS-

IC can help explain why the correlations in Figure 3.4 were not higher. The matrix 

effect, one of the instrumental biases that affects the ATOFMS but not the PILS-IC 

data, is the suppression of major components in the particle due to differences in 

ionization potentials between chemical species and charge transfer reactions (Reilly et 

al., 2000). For example, although the main component in BBA is OC, the BBA 

ATOFMS mass spectra are characterized by a large 
39

K
+
 ion peak and minor 

carbonaceous peaks due to the low ionization potential of potassium (Reid et al., 2005; 

Silva et al., 1999). Another instrumental bias only affecting the ATOFMS results from 

the chemical dependence of different absorbing species to the 266 nm wavelength used 

to ablate the particles; for example, ammonium sulfate ((NH4)2SO4) has a limited 

absorption at this wavelength (Kane and Johnston, 2001) thus, the ATOFMS may not 

fully detect (NH4)2SO4 particles unless they are internally mixed with another species 

that strongly absorbs this wavelength (Wenzel et al., 2003; Yao et al., 2011). Although 

there is some (NH4)2SO4 present in particles in this region, much less is found in 

California compared to other regions, such as the eastern U.S. Therefore, the mass 

scaling linear equation between the PILS-IC and ATOFMS sulfate may vary 

significantly between sulfate rich and poor regions. If there were periods with high 

concentrations of particles below the ATOFMS transmission range (<200 nm), only the 

PILS-IC would detect them; this could have been the case on the night of 2/10/10 when 

the ATOFMS mass concentrations were underestimated. Whereas data obtained by the 

ATOFMS is independent of solubility, only soluble components are measured with the 

PILS-IC. For example, because calcium sulfate is insoluble the PILS-IC would not 

detect sulfate associated with calcium dust, whereas the ATOFMS would. However, 
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because dust particles were not abundant in this study, this solubility effect would not 

be significant herein.  

In order to fully understand the differences between measurements, comparisons 

between PILS-IC and ATOFMS measurements should be performed in a wide range of 

environments to see if similar correlations are obtained, which is not expected due to all 

these instrumental biases. However if similar, the correlations could be generalized and 

applied to other ATOFMS datasets without the need of a collocated PILS-IC in order to 

quantify previously measured ATOFMS peak area into mass concentrations, the same 

way Jeong, et al (2011) applied the linear regressions determined between scaled 

ATOFMS data and the GPIC from a winter urban site to data from a summer rural 

location.   

 

Figure 3.4: Scatter plots of PILS-IC and ATOFMS a) ammonium vs +18 m/z, b) nitrate vs -62 m/z, 

and c) sulfate vs -97 m/z. 
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3.3.2 Particle types and mixing state 

The hourly PILS-IC and scaled ATOFMS mass concentrations of NH4
+
, NO3

-
, 

and SO4
2-

 are shown in Figure 3.5, with PTCV periods highlighted in yellow.  Time 

periods when no ambient PILS-IC and/or ATOFMS data were available are indicated 

by gaps. Overall, Figure 3.5 shows there was significantly more NH4
+
 and NO3

- 
than 

SO4
2-

, as expected for this region based on previous measurements (Chow et al., 2006). 

However, based solely on the PILS-IC measurements, it is impossible to know whether 

these species were internally mixed on the same particles and which other species were 

also present on the particles; this information can be acquired by combining the 

ATOFMS and PILS-IC data. The highest mass concentrations of NH4
+
, NO3

-
, and SO4

2-
 

(with average and maximum values of 1.8, 2.1, and 0.6 versus 5.6, 6.4, and 1.4 µg/m
3
 

respectively) coincided with one another on 2/3/10-2/4/10, and 2/18/10-2/20/10, which 

 

Figure 3.5: Hourly averaged temporal variation of PILS mass concentrations (in black lines) of 

a) ammonium, b) nitrate, and c) sulfate. In color are the corresponding mass concentrations 

estimated from the ATOFMS by particle types that contribute to these species. Yellow 

highlights periods of pollution transport from the Central Valley. 
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were PTCV events #1 and 4. In contrast, the mass concentrations were fairly low during 

background conditions, with average mass concentrations < 0.3 µg/m
3
 for each of these 

secondary species.   

Soot-OC concentrations were highest during periods characterized as PTCV 

(Figure 3.6a) comprising 51.6% of all PTCV particles; it is worth noting that if the 

ATOFMS counts had not been corrected for transmission biases, the high 

concentrations of soot-OC particles during PTCV events would have been missed. 

Further, the relative size distribution of soot-OC particles during PTCV events, shown 

in Figure 3.6c, indicates that these were large particles with a mode diameter of 750 nm, 

and therefore corroborating that these carbonaceous particles must have grown in size 

by acquiring secondary species during transport. Soot-OC particles were also present 

during background periods (Figure 3.6a) (20.3% by number), but these had smaller 

diameters and were thus less aged than soot-OC during PTCV events (Figure 3.6b). 

Soot-OC particles contributed to 44.4, 62.7 and 55.4 % of NH4
+
, NO3

-
, and SO4

2-
 mass 

concentrations during PTCV events and 21.8, 13.8 and 19.2% during background 

periods. Figure 3.7 shows the relative fraction of particles mixed with NH4
+
, NO3

-
, and 

 

Figure 3.6: a) Temporal distribution of ATOFMS particle types and size distribution of particles 

during a) background periods and b) pollution transport events from the Central Valley.  Pt 

refers to particles. 
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SO4
2-

 for different ATOFMS particle types,
 
where each color represents a different 

regime: whether all three species, only two, just one, or none were found internally 

mixed on the same particle. Based on Figure 3.7, soot-OC was the particle type 

containing the highest percentage (65.1 %) of aerosols internally mixed with NH4
+
, 

NO3
-
, and SO4

2-
, and hence these were significantly atmospherically processed.  Table 

3.2, which lists the percentage of each particle type internally mixed with specific 

secondary species, shows that compared to other particle types, soot-OC also had the 

highest percentage of 
62

NO3
-
 and 

18
NH4

+
, 98.5 and 77.8%, confirming that soot-OC 

particles had the most ammonium and nitrate on them.  

 

Figure 3.7: Distribution of mixing state of NH4
+
, NO3

-
, and SO4

2-
 per particle type based on 

individual particles with relative peak areas greater than 0.1%. 

Table 3.2: Percent of  dual polarity particles with relative peak areas of ion markers > 0.1%. 

Ion Soot-OC OC BBA Dust Sea Salt 
18

NH
4

+

 77.8 62.0 70.8 40.3 14.4 

62

NO
3

-

 98.5 97.1 97.0 77.2 97.1 

97

SO
4

2-

 80.6 82.8 80.0 27.6 59.0 
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The soot-OC particles were likely emitted directly from incomplete combustion 

processes initially as a soot core, which acquired secondary organic carbon and 

inorganic species during transport to Mariposa. Figure 3.8 shows high concentrations of 

the nitrate precursor, gas phase NOx, at Mariposa during PTCV periods coincident with 

the high nitrate concentrations, confirming that NOx was emitted in the Central Valley 

and transported to the foothills of the Sierra Nevada, as previously observed at a Sierra 

Nevada site further north and at higher altitude (Murphy et al., 2006). During transport 

NOx is oxidized into nitric acid (HNO3), which is then neutralized by ammonia, 

typically emitted in rural areas from animal husbandry and agriculture, forming 

particulate ammonium nitrate (NH4NO3) (Clarisse et al., 2010; Watson and Chow, 

2002; Ying and Kleeman, 2009). Addition of soluble ammonium, nitrate, and sulfate 

onto soot-OC particles increases their hygroscopicity and hence their ability to nucleate 

clouds compared to less aged carbonaceous particles (Gunthe et al., 2011; Zaveri et al., 

2010; Zuberi et al., 2005). Previous ground measurements in the Central Valley 

determined that carbonaceous aerosols were internally mixed with NH4
+
, NO3

-
, and 

SO4
2-

, especially during periods of stagnation (Whiteaker et al., 2002). The results 

presented herein show that these carbonaceous aerosols can also be transported to the 

 

Figure 3.8: PILS-IC nitrate and NOx temporal profiles. Nitrate was measured every 17 minutes 

and NOx every 3 minutes. 
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Sierra Nevada foothills, where they may act as CCN. Therefore, these aged soot-OC 

particles could be the CCN that were observed, but not identified in a previous aircraft 

study and hypothesized to be responsible for the suppression in orographic precipitation 

in this area (Rosenfeld et al., 2008). Decreased orographic precipitation in the Sierra 

Nevada translates into decreased water supply for the whole state of California. 

Measurements that show that aged soot particles are commonly transported to the Sierra 

Nevada foothills will help improve radiative budget predictions in this area since soot 

particles coated with organics, ammonium, nitrate, and sulfate are typically better 

absorbers of solar radiation compared to fresh soot (Chung et al., 2012; Jacobson, 

2001b; Moffet and Prather, 2009). In addition, identification of these PTCV events with 

high concentrations of soot-OC particles containing significant amounts of NH4
+
 and 

NO3
-
 can improve the estimated dry deposition fluxes of these N species in the Sierra 

Nevada wilderness, which are currently lacking (Bytnerowicz and Fenn, 1996; Fenn et 

al., 2003b). 

BBA particles were the dominant particle type during background periods, 

making up 59.8% of all particles during these times, although they were also present 

during PTCV events contributing 30.0% to overall particle counts. During background 

periods, the size distribution of BBA was predominantly submicron (< 1 µm), whereas 

during PTCV events the BBA were larger, as shown in Figure 3.6b-c. Moreover, BBA 

counts tended to peak at night (Figure 3.6a), indicating biomass burning was used as a 

residential night-time heating source (Qin and Prather, 2006). Therefore, most BBA 

measured in this study were produced locally, although there were also some 

transported from the Central Valley. BBA contributed 50.8, 32.8 and 63.0% of the 

NH4
+
, NO3

-
, and SO4

2-
 mass concentrations during background periods and 39.5, 21.7 

and 37.3% during PTCV events. BBA had the second highest percentage (58.2%) of 

particles internally mixed with NH4
+
, NO3

-
, and SO4

2- 
(Figure 3.7), indicating that even 

the locally produced BBA were aged by similar processes as soot-OC. A slightly 

smaller percentage of BBA had ammonium compared to soot-OC particles (70.8 vs 

77.8%) (Table 3.2). Locally-produced BBA may actually have less ammonium than 

soot-OC because they are less atmospherically processed or have not yet been 
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neutralized by ammonia. However, the 
18

NH4
+
 ion is much less sensitive than 

39
K

+
 in 

the ATOFMS system, so it is possible the ammonium ion in BBA was suppressed due 

to matrix effects.  

BBA particles have been shown to be efficient CCN and previous studies have 

shown BBA can decrease precipitation (Reid et al., 2005; Vendrasco et al., 2009); thus, 

BBA may also act as CCN in the Sierra Nevada and may contribute to changes in 

precipitation. BBA scatter and absorb solar radiation efficiently, therefore knowledge of 

their abundance and mixing state will help constrain the regional radiation budget 

(Hobbs et al., 1997; Reid et al., 2005). Furthermore, knowledge of the mixing state and 

abundance of BBA can also improve the estimated dry deposition fluxes of nitrogen 

species in the Sierra Nevada. 

OC particles were found in similar percentages during PTCV and background 

periods (13.5 vs 12.2%). As shown in previous studies, where there is extensive soot 

present, most OC is found as a coating on other particles rather than as externally mixed 

pure OC particles. During PTCV events, the relative size distribution of OC particles, 

with most particles < 350 nm, suggests most of these were produced locally, yet there is 

a tail in the size distribution of OC particles extending up to 2.5 µm indicating some of 

these were considerably aged OC particles (Figure 3.6). Therefore, there must have 

been a local source of OC particles, perhaps biogenic or due to a local activity at the 

airport, such as degreasing airplane components with solvents rich in volatile organic 

carbon species as was observed, in addition to OC particles being transported from the 

Central Valley. Furthermore, because OC particles were smaller than soot-OC particles 

during PTCV events, the soot-OC particles must have grown in size mostly from 

addition of NH4NO3 and not from secondary organic aerosol processing. Due to their 

lower particle concentrations, OC particles only contributed 8.3, 1.3 and 2.9% of the 

NH4
+
, NO3

-
, and SO4

2-
 mass concentrations during PTCV events and 12.1, 2.6, and 

3.9% during background periods. Approximately half of the OC particles were 

internally mixed with NH4
+
, NO3

-
, and SO4

2-
 (Figure 3.7). However, less OC particles 

had ammonium (62.0%) compared to soot-OC (77.8%) (Table 3.2), which could be due 



78 

 

 

to matrix effects affecting OC particles more than soot-OC or simply that OC particles 

had not yet been neutralized. Although not as abundant as soot-OC and BBA particles, 

these OC particles can also serve as cloud nuclei in the Sierra Nevada because they 

were internally mixed with soluble species (Corrigan and Novakov, 1999; Novakov and 

Penner, 1993). Identifying the mixing state of OC particles in the Sierra Nevada 

foothills allows for better predictions of its optical properties, although these are still not 

well constrained (Fuzzi et al., 2006; Kanakidou et al., 2005). In addition, knowledge of 

the mixing state and abundance of OC particles allows for improved dry deposition 

fluxes of nitrogen in the Sierra Nevada. 

The contribution of dust and sea salt to the overall counts was small, with dust 

comprising <1% and sea salt <4% of all particles during the study. Unlike the 

carbonaceous particles, dust was mainly internally mixed with NH4
+ 

and NO3
-
, while 

sea salt particles were mostly internally mixed with NO3
-
 and SO4

2-
 (Figure 3.7). 

Because the focus of this study is on particles and sources that could be affecting 

clouds, further discussion of the mixing states of sea salt and dust during this campaign 

and the implications is given in sections 3.6.3. 

3.4 Summary and Conclusions 

Ambient aerosol measurements in the western foothills of the California Sierra 

Nevada were obtained in winter of 2010 using a variety of collocated instruments 

including a PILS-IC and an ATOFMS. While the ATOFMS provides the size and 

mixing state of individual particles, the PILS-IC quantifies the mass concentration of 

soluble ion species. ATOFMS peak areas of NH4
+
, NO3

-
, and SO4

2-
 were scaled to mass 

concentrations. The PILS-IC ammonium and nitrate correlated strongly (R
2
 = 0.77 and 

0.80) with ATOFMS 
18

NH4
+
 and 

62
NO3

-
, while the correlation between sulfate with 

97
HSO4

- 
was not as strong (R

2
 = 0.53). The imperfect correlations between ATOFMS 

and PILS-IC species may be explained by matrix effect, different solubility of chemical 

species, and the different sized particles each technique analyzes.  
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Pollution transport events from the Central Valley were shown to bring large 

concentrations of aged particles, mostly soot-OC, to the foothills of the Sierra Nevada. 

Although Soot-OC, BBA, and OC particles were all found to be internally mixed with 

NH4
+
, NO3

-
, and SO4

2-
, soot-OC particles had a higher fraction of internal mixing, and 

thus were the most aged particle type in this campaign. In contrast, dust was only 

internally mixed with NH4
+ 

and NO3
-
, while sea salt particles were only internally 

mixed with NO3
-
 and SO4

2-
. Therefore, the average bulk composition given by the 

PILS-IC cannot be assumed to be representative of all ambient aerosols since not all 

particles types were internally mixed with NH4
+
, NO3

-
, and SO4

2-
 to the same degree. 

Furthermore, aerosols containing NH4
+
, NO3

-
, and SO4

2-
 had different cores. Continued 

measurements of collocated PILS-IC and ATOFMS are encouraged in various 

environments and should include measurements of total mass concentrations and size 

distribution across smaller size particles than measured herein.  

Particle mixing state is important for predicting its environmental effects. Dry 

deposition of particles transported from the Central Valley contribute nitrogen species 

to the soil and waterways in the Sierra Nevada, therefore affecting nutrient loading and 

overall health of the ecosystems. Internally mixed particles with ammonium, nitrate, 

and sulfate tend to have different radiative properties, and consequently the transport of 

high concentrations of aged soot-OC particles will need to be taken into account in 

regional climate modeling for more accurate radiative effects.  Moreover, the high 

concentration of transported aged soot-OC particles sampled may be the unidentified 

CCN responsible for suppressing orographic precipitation downwind of the Central 

Valley. Although a separate paper will examine how the measurements presented herein 

can be related to CCN activity, long-term measurements in the foothills of the Sierra 

Nevada are encouraged to better understand the transport conditions and the effects of 

these aged soot-OC particles on orographic precipitation.  
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3.6 Supplementary Information 

3.6.1 Other Particle Types 

The particle types grouped in the other category include soot, amines, biogenic, 

calcium rich, and K Na. Soot particles were identified by Cn
±
 clusters, such as 

12
C1

±
, 

24
C2

±
, 

36
C3

±
. Amines particles were characterized by the ions 

86
(C2H5)2NCH2

+
 and 

101
(C2H5)3N

+
. Biogenic particles had the 

39
K

+
, phosphate (

79
PO3

-
), and organic nitrogen 

ions (
26

CN
-
 and 

42
CNO

-
) present in their mass spectra. The calcium rich particles mainly 

had calcium ions (
40

Ca
+
 and 

56
CaO

+
, 

57
CaOH

+
), while the K Na particles only had 

intense peaks at 
39

K
+ 

and 
23

Na
+
 in their mass spectra. 

3.6.2 Possible Interference at +18 m/z 

Although +18 m/z could also be due to nitrogen containing organic species, 

because of the strong correlations between +18 m/z and NH4
+
 in this study it is correctly 

assigned to NH4
+
  (Silva and Prather, 2000) (Angelino et al., 2001; Silva and Prather, 

2000). Furthermore, because of the lack of amine markers (
86

(C2H5)2NCH2
+
 and 

101
(C2H5)3N

+
) present on the particles during this study, coupled with the fact that the 

previous observations in San Joaquin Valley in Central California have shown a 

prevalence of NH4NO3, and the strong correlation between PILS-IC and ATOFMS 

ammonium, the interference at +18 from organic nitrogen is not significant in this study 
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(Chow et al., 2006; Chow et al., 2008). Moreover, the winter production of organic 

nitrogen species is at a minimum compared to the summer due decreased biogenic 

volatile organic emissions from lower temperatures and decreased solar radiation 

(Murphy et al., 2006).   

3.6.3 Mixing State and Implications of Sea Salt and Dust Particles 

Unlike the carbonaceous aerosols, few (< 15%), sea salt particles were internally 

mixed with NH4
+
, and consequently fewer (<8%) were internally mixed with NH4

+
, 

NO3
-
, and SO4

2-
. Instead, the majority of sea salt aerosols were internally mixed with 

NO3
-
 and SO4

2-
. Since 55% of all sea salt particles had the 

108
NaNO3

+
 ion present and it 

was found to be correlated with 
62

NO3
-
 and anti-related to 

81
Na2Cl

+
 (Figure 3.9), the 

NaCl in these sea salt aerosols must have heterogeneously reacted with nitrogen oxides, 

including HNO3, during transport from the ocean to Mariposa (Gard et al., 1998; 

 

Figure 3.9: Sea salt particles hourly averaged mixing state a) 
62

NO3
-
 vs 

108
NaNO3

+
 and b) 

97
HSO4

-
 vs 

165
Na3SO4

+
 with color representing 

81
Na2Cl

+
 from fresh sea salt. 
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Mamane and Gottlieb, 1990). 38% of sea salt aerosols had the 
165

NaSO4
+ 

ion present, 

but it was not correlated with 
97

HSO4
-
 or 

81
Na2Cl

+
 (Figure 3.9) indicating that the sulfate 

present on these sea salt aerosols was likely due to sulfate naturally abundant in sea 

water, as previously observed (Gard et al., 1998). Aged sea salt is more hygroscopic 

than fresh sea salt particles because NaNO3 is more hygroscopic than NaCl (Gibson et 

al., 2006). In addition, the presence of aqueous nitrate causes aged sea salt particles to 

absorb more solar radiation compared to fresh sea salt (Gibson et al., 2006; Hudson et 

al., 2007).   

Dust aerosols exhibited unique mixing states compared to carbonaceous and sea 

salt particles, with the majority being internally mixed with nitrate (77%) and 

ammonium (40%) compared to sulfate (28%). Because more dust particles had nitrate 

than ammonium present, it is likely that the dust may have directly taken up nitric acid 

during transport from the Central Valley, which was then neutralized by NH3 gas 

forming NH4NO3 (Usher et al., 2003). Figure 3.10 shows increased 
18

NH4
+
 and 

62
NO3

-
 

 

Figure 3.10: Individual dust particles mixing state with color representing 
62

NO3
-
. 
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on dust particles only during PTCV events. Previous studies have shown dust particles 

internally mixed with NH4NO3 (Mamane and Gottlieb, 1990; Noble and Prather, 1996; 

Sullivan et al., 2007). 35% of dust nitrate was not associated with ammonium in this 

study, either because it was not present or because it was suppressed due to matrix 

effects. Larger peak areas of 
62

NO3
-
 were found on individual dust particles with larger 

peak areas of 
39

K
+
, shown in Figure 3.10, indicating that the nitrate was also associated 

with potassium, perhaps as KNO3, which can form from the heterogeneous reaction of 

HNO3 with potassium chloride (KCl) (Jacobson, 2001a). In contrast, there were smaller 

RPAs of nitrate found on dust particles with larger RPAs of 
23

Na
+
 and 

27
Al

+
, indicating 

these species were less likely to be associated with nitrate. Based on Figure 3.10, there 

was no clear relationship between nitrate and 
40

Ca
+
 in dust in this dataset, in contrast 

with previous observations (Sullivan et al., 2007; Usher et al., 2003). Dust particles that 

acquire nitrate coatings tend to be more spherical and larger, thus resulting in enhanced 

light scattering and CCN activity (Gibson et al., 2006; Li and Shao, 2009; Usher et al., 

2003). 
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Chapter 4. Cloud condensation nuclei 

properties and aerosol composition in the 

foothills of California's Sierra Nevada 

Ambient aerosol particles that can serve as cloud condensation nuclei (CCN) 

affect global climate and precipitation processes. The goal of this study was to identify 

the sources of CCN-active particles in the foothills of the California Sierra Nevada 

therefore, CCN activity and chemical composition of aerosols were measured at 

Mariposa, California in March, 2010; chemical measurements included black carbon 

and soluble inorganic mass concentrations and size-resolved composition of single 

particles using an aerosol time-of-flight mass spectrometer (ATOFMS). Pollution 

transport events and clean rural background conditions were observed. Both the total 

number and CCN concentrations were higher during regional pollution events compared 

to clean background conditions. Pollution aerosol transported from the Central Valley, 

which consisted of carbonaceous particles internally mixed with ammonium, nitrate, 

and sulfate, was observed to be the most hygroscopic with median (interquartile range) 

κ = 0.26 (0.16-0.50) during this study. During clean rural background conditions, 

particles were less hygroscopic with κ = 0.15 (0.06-0.29) and consisted mainly of 

biomass burning aerosols. Thus, during this study the CCN most likely influencing 

cloud microphysical properties in the central Sierra Nevada foothills are highly aged 

soot particles originating from the Central Valley. 

4.1 Introduction 

Aerosol particles affect climate directly through absorbing and reflecting solar 

and terrestrial radiation (Solomon et al., 2007). In addition, a subset of particles called 

cloud condensation nuclei (CCN) can nucleate cloud droplets (Solomon et al., 2007). 

Increased ambient CCN concentrations lead to increased cloud albedo, decreased cloud 

effective radius, increased cloud lifetime, and potentially to changes in precipitation 
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patterns (Albrecht, 1989; Lohmann and Feichter, 2005; Twomey, 1977). These so-

called aerosol indirect effects contribute the largest uncertainty to our current 

understanding of climate change (Solomon et al., 2007). This uncertainty stems from 

the inability to accurately predict the spatial and temporal distribution of CCN 

concentrations and sources (Andreae and Rosenfeld, 2008; Pierce and Adams, 2009), 

from a lack of understanding of cloud formation processes and microphysics on 

regional scales (Khain et al., 2000), as well as how perturbations in CCN concentrations 

affect these processes. 

Cloud droplets are formed when supersaturated water vapor spontaneously 

condenses onto particles. Particles that are more hygroscopic, a measure of particle 

water uptake, act as CCN at lower supersaturations (SS) compared to those that are less 

hygroscopic. Based on particle size and chemical composition, Kohler theory can 

predict which particles will activate to form cloud droplets at a given SS based on the 

water activity associated with water soluble aerosol constituents and the surface tension 

over the curved surface of the aerosol. The hygroscopicity parameter (κ), defined by 

Petters and Kreidenweis (2007), is a quantitative measure of aerosol water uptake used 

to compare hygroscopic growth and CCN activity between studies. Typical 

atmospherically relevant κ values range from ~0 for non-hygroscopic insoluble 

particles, such as fresh soot, to ~1.4  for the hygroscopic soluble NaCl salt, with average 

continental values ~0.3 ± 0.1 (Andreae and Rosenfeld, 2008; Gunthe et al., 2011; 

Kammermann et al., 2010; Rose et al., 2011; Rose et al., 2010).  

Understanding aerosol-cloud interactions is particularly crucial for 

understanding changes in cloud microphysics, which can affect precipitation patterns. 

Accurately predicting orographic precipitation, the main source of water for the western 

coast of the United States, remains difficult due to the complexity of representing 

microphysical processes within clouds, model initialization errors, intricacy of 

dynamical interactions driven by spatial resolutions including topography and land use, 

and uncertainty in the multiple and variable sources of CCN (Colle and Zeng, 2004; 

Grubisic et al., 2005; Ralph et al., 2010; Stoelinga et al., 2003). Observations from the 
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past several decades have indicated a reduction in the amount of measured orographic 

precipitation in the California Sierra Nevada region downwind of the Central Valley 

(Givati and Rosenfeld, 2004), which suffers from poor air quality including high 

concentration of winter-time particulate matter (Chow et al., 2006). Rosenfeld et al. 

(2008) determined that the effective diameters of cloud droplets in the Sierra Nevada 

were negatively correlated to increasing CCN concentrations, which were hypothesized 

to be transported directly from the Central Valley, thus suggesting that anthropogenic 

pollution may be the cause of the reduced precipitation (Rosenfeld et al., 2008). 

However, this past study did not chemically identify these CCN particles or their 

source. Another main source of CCN in the atmosphere is from the growth of new 

particles formed in-situ (Laaksonen et al., 2005; Lihavainen et al., 2003); such new 

particle formation events followed by rapid growth and increased CCN activity were 

documented in a ground-based study at Sugar Pine Reservoir, a remote rural location in 

the Sierra Nevada foothills north of Sacramento (Creamean et al., 2011). 

Combustion-generated aerosols, including fossil fuels and biomass burning, are 

a main source of global ambient particles (Andreae and Rosenfeld, 2008). The resulting 

carbonaceous particles, which include soot and organic carbon, account for more than 

50% of global CCN number concentrations in modeling studies, especially in urban 

areas where new particle formation rates are low (Pierce and Adams, 2009; Spracklen et 

al., 2011). Although previous studies have shown that fresh soot particles are 

hydrophobic, they can become CCN active through aging processes that increase their 

soluble mass fraction, such as condensation of semi-volatile vapors, heterogeneous 

reactions, and coalescence with soluble inorganic particles (Zuberi et al., 2005). 

Modeling studies have determined that the CCN activity of particles evolving in an 

idealized urban plume increased three to four times in 6 hours as particles took up 

nitrate and ammonium (Zaveri et al., 2010). A previous ambient study in Mexico City 

identified elevated nitrate due to photochemistry as the main reason for the observed 

increased CCN activity of traffic-emitted particles (Wang et al., 2010). Previous 

ambient studies have shown that the highly aged air masses have the highest CCN 

activity (Furutani et al., 2008; Gunthe et al., 2011). Because of the abundance of 
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combustion-generated aerosols and the propensity for atmospheric aerosols to undergo 

atmospheric processing subsequent to their formation, it is crucial to quantify the CCN 

ability both of freshly emitted as well as atmospherically processed carbonaceous 

aerosols to decrease the uncertainty of the indirect effects of aerosols (Popovicheva et 

al., 2011).  

This study seeks to identify the sources of CCN active particles in Mariposa, a 

rural area downwind of the Central valley located east of Merced, California in the 

foothills of the Sierra Nevada. Particle size, chemical composition, and CCN-derived 

hygroscopicity measurements obtained at Mariposa, CA during March, 2010 are 

presented. High concentrations of aged soot particles internally mixed with organic 

carbon and soluble ammonium, nitrate, and sulfate transported during pollution events 

in the Central Valley were more CCN active than particles found during clean rural 

background conditions. These findings support the hypothesis set forth in Rosenfeld et 

al. (2008) that the Central Valley is a major source of CCN-active particles and suggest 

that aerosol particles transported directly from the Central Valley are a major source of 

CCN active particles in the Sierra Nevada.   

4.2 Experimental Methods 

Ground-based measurements took place at Mariposa, California (37.51, -

120.04W, 684 m above sea level) in the foothills of the Sierra Nevada. The sampling 

site was at the Mariposa County Airport, a rural airport rarely frequented by aircraft. In 

addition to the airport, local emissions may have been impacted by a fire station 

equipped with diesel vehicles that was also housed at the airport, a rural highway (Hwy 

49) that was located ~200 m from the sampling site, and biomass burning events that 

were often observed within a few kilometers from the site, especially in the evenings. 

Attempts to remove these highly localized events from the analysis are described in 

section 4.2.1.1. The sampling lines and instrumental set-up are described in (Zauscher et 

al., 2012). Data shown herein is from March 1 – 13
th

, 2010 to coincide with the CCN 

and size distribution data. 
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Hourly particulate matter of diameter < 2.5 um (PM2.5) mass concentrations for 

28 sites in the Central Valley and Sierra Nevada were compiled from the California Air 

Resources Board (http://www.arb.ca.gov) during this study. We also measured PM2.5 

mass concentrations with a beta attenuation monitor (BAM 1020, MetOne Instruments) 

at the Mariposa and Sugar Pine sites. The data from all 30 sites was interpolated in Igor 

(WaveMetrics) to make PM2.5 mass concentration contour maps in order to analyze the 

spatial and temporal of particulate pollution variability. In addition, the air mass back 

trajectories were modeled with HYSPLIT 4.0 using EDAS meteorological data at four 

altitudes: 500, 1000, 1500 and 2500 m (Draxler and Hess, 1998). 

4.2.1 Instrumentation 

4.2.1.1 Physical properties of aerosols 

Particle size distributions of 10-600 nm and 0.5-20 µm were measured with a 

scanning mobility particle sizer (SMPS, TSI model 3936) every five minutes and an 

aerosol particle sizer (APS, TSI model 3321) every minute, respectively. The total 

particle condensation nuclei number concentrations (NCN) were measured every second 

with a condensation particle counter (CPC, TSI model 3781), which has a lower size 

limit of 6 nm. CCN spectra were measured with a streamwise thermal gradient CCN 

counter (CCNc) (Roberts and Nenes, 2005), which records CCN number concentrations 

(NCCN) every second while scanning supersaturation (SS) between 0.1-1.0% 

continuously with a complete up and down scan every 20 minutes. The CPC and CCNc 

sampling lines were in parallel with each other. The CCNc was calibrated in the field 

before, during, and after the study with ammonium sulfate aerosol (99.999%, Sigma 

Aldrich) using thermodynamics from the Aerosol Inorganic Model (AIM) and a surface 

tension of pure water at 298.15K (Wexler and Clegg, 2002).  

Local transient sources, including airplanes and road traffic, were identified by 

rapid spikes > 10,000 pt/cm
3
 in the NCN compared to the baseline, and were removed 

from the analysis since the focus of this paper is not on these local anthropogenic 

sources. Despite the removal of these periods with obvious local influence, the NCCN 

http://www.arb.ca.gov/
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and NCN high temporal resolution (1 sec) contained high variability in measurements. 

Data was further filtered by removing periods for which the NCN standard deviation was 

greater than 5% of the mean during each five minute SMPS scan. Because the NCN 

measurements are more accurate than the total particle concentrations from the SMPS 

due to instrumental biases, the SMPS data was normalized to the averaged 3781 CPC 

concentrations during each SMPS scan. Similarly, the CN concentrations are more 

robust than the CCN concentrations, thus the NCCN data was reduced by 10% compared 

to the NCN data. The fraction of CCN active particles (fCCN) was obtained from the 

filtered NCCN/NCN ratio, and instrumental noise was removed from the fCCN data. The 

activation diameters (Dact) were estimated similarly to Furutani et al. (2008) using the 

total cumulative aerosol size distributions, NCN, and NCCN with an interpolation script 

written in the R programming language (http://www.r-project.org). κ was evaluated 

using the estimated Dact and the corresponding SS value using Petters’ script 

(http://www4.ncsu.edu/~mdpetter/findkappa.pro) written in the interactive data 

language (IDL) based on Petters and Kreidenweis (2007) modified to run in R 

(http://atofms.ucsd.edu/content/findkappa.r). CCN properties, including Dact and κ, are 

presented per CCN scan in 12 SS bins ranging from 0.12 to 0.96%, with SS shown as 

subscript (i.e. fCCNss%, κ ss%).  

4.2.1.2 Chemical properties of aerosols 

Black carbon (BC) concentrations were measured with an aethalometer (Magee 

Scientific, Model AE31-7) at 880 nm wavelength every 5 minutes. The mass 

concentrations of soluble species (nitrate, ammonium, sulfate and chloride) of PM2.5 

were measured with a PILS-IC every 17 minutes (Lee et al., 2003; Weber et al., 2001) 

through 3/11/10. Real-time single particle size and chemical composition were 

measured with a standard inlet aerosol time-of-flight mass spectrometer (ATOFMS) 

(Gard et al., 1997). The particle’s velocity, obtained from the time-of-flight between 

two 532-nm continuous wave lasers, was used to determine individual particle size. As 

the particle enters the dual polarity mass spectrometer, its known velocity was utilized 

to time the firing of a Q-switched 266-nm laser, which desorbs and ionizes the 

components from each particle. A mass spectrum is obtained when the positive and 

http://www.r-project.org/
http://www4.ncsu.edu/~mdpetter/findkappa.pro
http://atofms.ucsd.edu/content/code
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negative ions are detected by a reflectron time-of-flight mass spectrometer. Because this 

work is focused on the CCN-active particles, which are typically formed from the 50-

200 nm particles, only the submicron (<1000 nm) particles sampled with the ATOFMS 

(200-1000 nm) are presented. 

The ATOFMS data was analyzed with the YAADA toolkit 

(http://www.yaada.org) for Matlab. Submicron particles were clustered with ART-2a, a 

neural network algorithm, which sorts and groups particles of similar mass spectra 

together, using a learning rate = 0.05, vigilance factor = 0.85 and 20 iterations (Song et 

al., 1999). The resulting clusters were further grouped manually based on similarities 

into 7 previously identified particle types, similar to those shown in Zauscher et al. 

(2012): elemental carbon or soot, organic carbon (OC), soot with organic carbon (soot-

OC), biomass burning, sea salt, dust, and other (Gard et al., 1997; Noble and Prather, 

1996; Silva et al., 1999). The sea salt particle type has the characteristic 
23

Na
+
 and 

39
K

+
 

ions and sodium chloride clusters (
81, 83

Na2Cl
+
 and 

93, 95, 97
NaCl2

-
) typical of sea salt. The 

soot particle type had peaks at carbon clusters, such as 
12

C
+

, 
24

C2
+
, 

+36
C3

+
, etc. The OC 

particle type was characterized by intense peaks at 
27

C2H3
+
, 

29
C2H5

+
, 

37
C3H

+
, 

39
C3H3

+
, 

and 
43

C2H3O
+
. The soot-OC particle mass spectra contain a combination of the 

characteristic ions observed in of soot and OC particle types. The biomass burning 

particle type consists of soot-OC particles with a strong potassium ion peak at 
39

K
+ 

(Silva et al., 1999). Relative peak area (RPA) searches were performed for the 

following pre-established markers on all submicron particle types: ammonium (
18

NH4
+
), 

nitrate (
30

NO
+
), chloride (

35
Cl

-
), and sulfate (

97
HSO4

-
) (Bhave et al., 2002; Liu et al., 

2000). ATOFMS data were compiled hourly. 

http://www.yaada.org/
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4.3 Results/Discussion 

Figure 4.1 shows the temporal evolution and variability in the particle size 

distributions, CCN activity, hygroscopicity, and particle chemical composition, 

including the bulk mass concentration of ionic soluble species from PM2.5 measured 

with the PILS-IC, the submicron particle types measured with the ATOFMS, and the 

black carbon concentrations measured with the aethalometer. The submicron particles 

types, as determined with the ATOFMS, were dominated by biomass burning, sea salt, 

and soot-OC at different times (Figure 4.1). In addition, there was a minor fraction of 

OC and dust particles detected throughout this study. Particle chemistry and size did not 

exhibit diurnal patterns; however there were episodes with dramatically different 

characteristics. For example, the periods in red boxes had higher mass concentrations of 

black carbon (> 150 ng/m
3
), nitrate (>1 µg/m

3
), and ammonium (>0.5 µg/m

3
), as well as 

 

Figure 4.1: Size distributions, CCN and chemical properties of particles. Red boxes indicate 

pollution transport events, while green boxes highlight local events. The rest of the study is 

considered clean background. 
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elevated submicron soot-OC particle counts, likely emitted from fossil fuel combustion, 

due to pollution transport from the Central Valley (PTCV). These polluted periods, 

which had larger particles than the rest of the study, were the most CCN active (fCCN = 

0.3-0.5). In contrast, the periods in the green boxes were relatively clean with low 

nitrate, ammonium, and BC mass concentrations but with high number concentrations 

of ultrafine particles (geometric mean diameter (GMD <42 nm) and NCN > 4500 cm
-3

; 

these ultrafine particles were freshly produced, and thus not large enough to act as 

CCN. Because these were mainly small particles, it was not possible to chemically 

analyze them with the instruments used in this campaign. These two ultrafine events, 

which are not discussed further, had low CCN activities (fCCN = 0.04-0.2). During the 

rest of the study, conditions were also clean but characterized by lower NCN (< 2500 cm
-

3
) overall, moderate fraction of CCN active particles (fCCN = 0.1-0.4), and a prevalence 

of BBA. These clean condition periods were combined and labeled as ‘clean rural 

background’ (CB). Table 4.1 summarizes the particle properties for each of the events 

outlined above.  

Figure 4.2 shows the average contour plot of PM2.5 mass concentrations and 

representative air mass back trajectories for the three PTCV events highlighted in 

Figure 4.1 and the CB conditions. All three PTCV events, which lasted between 6 and 9 

hours, coincided with pollution transported from the Central Valley. The average PM2.5 

contour map for all PTCV events (Figure 4.2b) highlights the increased PM2.5 

concentrations in the Central Valley between Sacramento and Corcoran decreasing 

radially from there. Previous work showed that high levels of PM2.5 in the Central 

Valley were coincident with periods of air stagnation (Ying and Kleeman, 2009). The 

air mass back trajectories confirm not only that the air originated from the Central 

Valley but furthermore, that the air was stagnant for at least 60 hours over the Central 

Valley before arriving at Mariposa. 
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High mass concentrations of ammonium and nitrate were mainly observed 

during PTCV events, which further supports the claim that pollution was transported 

from the valley to Mariposa since ammonium nitrate (NH4NO3) has been shown to be 

the most prevalent species by mass in the Central Valley during winter-time (Chow et 

al., 2006; MacDonald et al., 2006). NOx, which oxidizes into nitric acid, is mainly 

emitted by traffic in urban areas of the Central Valley and transported downwind to 

rural regions. Once the nitric acid arrives in rural areas, it is neutralized by locally 

emitted ammonia (NH3) produced by animal husbandry and agriculture (Clarisse et al., 

2010), to form NH4NO3 in the particulate phase (Watson and Chow, 2002; Ying and 

Kleeman, 2009). BC concentrations were also high during PTCV periods indicating that 

these particles likely also originated from traffic emissions in urban areas of the Central 

Valley and were transported to the sampling site along with the NOx and nitric acid. 

Because the data from all three PTCV events were similar, they were combined into one 

named PTCV to minimize the number of statistics reported in Table 4.2.  

Table 4.1: Particle characteristics per event with median (interquartile range) unless otherwise 

noted. CB = clean rural background, PTCV = pollution transport from Central Valley. 

Event NCN (cm
-3

) 

SMPS 

GMD* 

(nm) 

BC (ng/m
3
) NO

3

-
 (µg/m

3
) NH

4

+

 (µg/m
3
) SO

4

2-
 (µg/m

3
) 

CB 
1760  

(1100-2420) 
46 ± 3 

64  

(34-111) 
BDL

¥
 BDL

¥
 

0.11  

(0.05-0.21) 

PTCV1 
3300 

 (3090-3620) 
62 ± 2 

189  

(167-211) 

1.18  

(0.71-1.51) 

0.98  

(0.51-1.15) 

0.35  

(0.22-0.45) 

PTCV2 
2370 

 (2190-3270) 
75 ± 3 

190  

(174-204) 

1.69  

(1.36-1.82) 

1.84  

(1.44-1.96) 

0.62  

(0.51-0.93) 

PTCV3 
2510 

 (2150-2810) 
66 ± 3 

173  

(148-222) 
NA

&
 NA

&
 NA

&
 

PTCV all 
2830 

 (2240-3330) 
66 ± 2 

189  

(162-212) 

1.51  

(0.98-1.78) 

1.32  

(0.83-1.88) 

0.50  

(0.32-0.72) 

*given with geometric mean, 
¥
BDL = below detection limit, 

&
NA =

 
not applicable 
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4.3.1 CCN properties and Hygroscopicity 

Table 4.2 summarizes the CCN properties and κ during each event type. Both 

the number and fraction of CCN active particles were higher during PTCV than CB 

events across all supersaturations. The median CN and CCN0.45% number concentrations 

were higher for pollution transport (2830 and 1404 cm
-3

) versus the clean background 

(1760 and 430 cm
-3

) conditions, resulting in fCCN0.45% of 0.50 versus 0.27, respectively, 

with higher CCN activity at higher SS. Because at lower supersaturations only larger 

particles can be activated to CCN, it makes sense that during PTCV events, when the 

particles had larger diameters compared to those of CB events, more particles activated 

as CCN. The median estimated Dact0.45% was larger during CB versus PTCV events (79 

versus 66 nm), while the SMPS geometric mean diameter (GMD) was smaller (46 

versus 66 nm), confirming that more particles were CCN active during PTCV in 

contrast with CB events. Furthermore, the particles were more hygroscopic during 

pollution transport events across all supersaturations, but more so at lower 

supersaturations. At SS=0.18%, the median κ was about three times higher meaning the 

particles were more hygroscopic during PTCV than CB events (0.75 vs 0.26), while 

 

Figure 4.2: Average PM2.5 contour maps and example modeled air mass back trajectories of a) 

clean background (3/2/10 12:00-3/3/10 12:00) and b) pollution transported from the Central 

Valley. 
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almost twice as hygroscopic at SS=0.45% (0.23 versus 0.14). This is an important 

observation because lower supersaturations, which are more likely to occur in the 

atmosphere, are more sensitive to chemical influences. At higher supersaturations, the 

hygroscopicity parameter seems to converge to similar values during both events, with 

κ0.85% ~0.13. Across all supersaturations, the median (interquartile range) κ was 0.26 

(0.16-0.50) versus 0.15 (0.06-0.29) for regional pollution transport events and clean 

rural background conditions.  

Overall, κ values estimated in this study had a broad range (0.07-1.01) (Table 

4.2). It is likely the effects of the transient local sources were not fully removed. Other 

factors that may contribute to these broad values include: inaccurate multiple charge 

corrections applied to the SMPS size distributions, errors inverting the size distributions 

Table 4.2: CCN properties per event type with median (interquartile range). 

Variable Event  

Supersaturation (%) 

0.18 0.31 0.45 0.63 0.85 all 

N
CCN

 

(cm
-3

) 

CB 
235 

 (114-433) 

362 

 (160-592) 

430 

 (179-743) 

521 

 (212-860) 

641 

(260-1044) 

367  

(164-715) 

PTCV 
1112 

(860-1197) 

1283 

(1112-1433) 

1404 

(1303-1594) 

1548 

(1385-1770) 

1683 

(1539-1962) 

1377  

(1152-1629) 

f
CCN

 

CB 
0.18  

(0.10-0.24) 

0.23  

(0.15-0.31) 

0.27  

(0.18-0.37) 

0.32  

(0.22-0.43) 

0.39  

(0.28-0.51) 

0.25  

(0.15-0.37) 

PTCV 
0.38  

(0.30-0.44) 

0.45  

(0.39-0.54) 

0.50  

(0.45-0.58) 

0.55  

(0.51-0.64) 

0.62  

(0.56-0.69) 

0.51  

(0.40-0.59) 

D
act

  

(nm) 

CB 
120  

(95-180) 

95  

(78-132) 

79  

(68-106) 

65  

(57-89) 

54  

(48-68) 

88  

(63-128) 

PTCV 
85  

(76-105) 

74  

(68-80) 

66  

(62-71) 

58  

(54-61) 

51  

(46-54) 

67  

(56-81) 

κ 

CB 
0.26  

(0.07-0.54) 

0.16  

(0.06-0.31) 

0.14  

(0.06-0.22) 

0.12  

(0.05-0.18) 

0.12  

(0.06-0.17) 

0.15  

(0.06-0.29) 

PTCV 
0.75  

(0.41-1.04) 

0.37  

(0.29-0.44) 

0.23  

(0.19-0.28) 

0.17  

(0.14-0.21) 

0.13  

(0.11-0.18) 

0.26  

(0.16-0.50) 
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to cumulative concentrations, depression in the CCNc supersaturation in the presence of 

high NCCN (>1,000 cm
-3

), coincident counts on the CPC and CCNc, and errors due to 

low NCCN during clean conditions. Alternatively, broad κ values can be a result of 

rapidly changing air masses.  

The κ values reported for this study fall within the range of those published by 

previous aircraft campaigns sampling in the boundary layer over the California Central 

Valley (κ~0.1-0.4) (Moore et al., 2012; Roberts et al., 2010; Sorooshian et al., 2008). 

Furthermore, CCN data from North American continental outflow to the Pacific Ocean 

during a separate aircraft study was used to estimate κ~0.05 (Roberts et al., 2006; 

Roberts et al., 2010). The range of these values may be explained if there were different 

levels of aged pollution during each campaign. For example, Gunthe et al. (2011) 

reported a higher κ value in Beijing, China during aged regional pollution in 

comparison to fresh city pollution (0.35 ± 0.05 versus 0.22 ± 0.07, respectively). This 

difference was explained by smaller, fresher, more hydrophobic soot and OC particles 

in the fresh city pollution in contrast to higher inorganic fractions, which are more 

hygroscopic, during the aged regional pollution (Gunthe et al., 2011). Similarly, 

particles measured at Mariposa during aged regional pollution had higher 

hygroscopicity (κ = 0.26 (0.16-0.50)) compared to those during clean rural background 

conditions (κ = 0.15 (0.06-0.29)). As discussed below, the higher kappa values during 

the aged regional pollution can also be explained by higher amounts of soluble 

inorganic species on the particles sampled in Mariposa compared to those of the clean 

rural background. The next section provides a more detailed investigation into the 

relationship between measured particle chemistry and CCN activity. 

4.3.2 CCN activity comparison with particle chemistry 

Table 4.3 summarizes the correlations between CCN activity and particle 

physical and chemical properties. The correlations between GMD and fCCN were strong 

(R
2
=0.57-0.81), with the weakest correlation (R

2
=0.57) at the lowest SS where only 

larger particles become CCN; at SS>0.45%, the correlations were all strong (R
2
=0.78-

0.81) likely because more particles could activate at these supersaturations. In general, 
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chemistry plays less of a role at such high supersaturation values. Comparisons between 

particle chemistry measured with the aethalometer, ATOFMS, and PILS-IC and CCN 

properties were done using NCCN rather than fCCN because of the lower size cut-off (200 

nm) of the ATOFMS and the low mass contributed by smaller particles. The strongest 

correlations between NCCN and all particle chemical parameters were obtained with BC 

mass concentrations, which had R
2
 = 0.67-0.79 across all SS bins. The lowest SS 

(0.18%) had the weakest correlation (R
2
 = 0.67) between NCCN and BC because at lower 

supersaturations only larger particles can serve as CCN and because smaller soot 

particles are less aged and hence less hygroscopic; median Dact0.18% = 85 and 120 nm 

while GMD = 66 and 46 nm during PTCV and CB, respectively. Since BC 

concentrations were the most prevalent during PTCV, the GMD of all particles during 

PTCV events is likely representative of the size of BC during these periods; thus, the 

geometric mean diameter of the BC particles can be estimated to be ~66 nm. Therefore, 

the strongest correlation between NCCN and BC (R
2
 = 0.79) was at 0.45% SS probably 

because the GMD of all particles was the same as Dact0.45% (66 nm) during PTCV 

events. Previous work has shown that aging increases the CCN activity and 

hygroscopicity of carbonaceous aerosols, including soot (Furutani et al., 2008; Gunthe 

et al., 2011; Khalizov et al., 2009; Popovicheva et al., 2011; Tritscher et al., 2011; 

Weingartner et al., 1997). Therefore, the BC sampled at Mariposa was likely aged 

because of the strong correlations between CCN and BC concentrations, which is 

confirmed with single particle data.   
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As particles age, they grow in size due to acquisition of secondary species, such 

as soluble ammonium, nitrate, and sulfate and/or soluble to non-soluble OC species. 

Aged or atmospherically processed particles have a higher mass fraction of soluble 

secondary species, which increases their water uptake and hence CCN activity, 

according to Kohler theory. Increased water on particles suppresses the formation of 

negative ions when using a laser to desorb and ionize the particles, as is the case with 

the ATOFMS, resulting in the suppression of negative ion mass spectra (Neubauer et 

al., 1998). The lack of negative ion mass spectra on the majority (71 and 69%) of soot-

OC and OC particles indicates that they had significant amounts of water associated 

with them and thus, were likely atmospherically processed. This processing would 

Table 4.3: Correlations (R
2
) between NCCN and particle properties. Red values highlight the 

strongest correlations. 

Parameter 

Supersaturation (%) 

0.18 0.31 0.45 0.63 0.85 

SMPS GMD (nm)* 0.57 0.72 0.79 0.81 0.78 

Black Carbon (ng/m
3

) 0.67 0.74 0.79 0.77 0.74 

ATOFMS soot-OC (#) 0.48 0.50 0.49 0.45 0.41 

NO
3

-

 (µg/m
3

) 0.58 0.61 0.55 0.55 0.50 

30

NO
+

 (sum RPA) 0.47 0.51 0.54 0.53 0.50 

NH
4

+

 (µg/m
3

) 0.35 0.41 0.38 0.41 0.39 

18

NH
4

+

 (sum RPA) 0.28 0.33 0.35 0.36 0.34 

SO
4

2-

 (µg/m
3

) 0.30 0.30 0.29 0.27 0.24 

97

HSO
4

-

 (sum RPA) 0.08 0.08 0.08 0.09 0.06 

*Correlation with fCCN 
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theoretically increase their water uptake abilities (Moffet et al., 2008) making these 

particles more CCN active. Indeed, comparisons between NCCN at all SS bins and the 

counts of the aged soot-OC particles (Table 4.2) showed fair correlations (R
2
 = 0.39-

0.50); these correlations would likely be stronger if the ATOFMS sampled particles < 

200 nm. Soot-OC particles without negative polarity mass spectra had 
18

NH4
+
 and 

30
NO

+
 in their positive mass spectra corroborating the that they were internally mixed 

with ammonium and nitrate, while those with dual polarity mass spectra had peaks at 

62
NO3

-
, 

97
HSO4

-
, and 

125
H(NO3)2

- 
confirming the presence of nitrate and sulfate (Bhave 

et al., 2002). The fact that ~70% of these particles lacked negative spectra, confirms that 

they did take up water. This demonstrates that the higher mass of BC particles in this 

study were mostly aged soot-OC internally mixed with soluble species, which supports 

the strong observed correlations between NCCN and BC.  

In terms of soluble species, the correlations between PILS-IC nitrate mass 

concentrations and NCCN were the strongest (R
2 

= 0.452-0.612) across all 

supersaturations compared to those of sulfate and ammonium. At lower SS, which 

activate only larger more hygroscopic particles, the correlations between PILS-IC 

nitrate and NCCN were stronger, likely because larger aged particles have more nitrate 

than smaller less atmospherically processed ones. The ATOFMS submicron nitrate 

correlations with NCCN were comparable to those of the PILS-IC (R
2
 = 0.47-0.54). In 

contrast, the correlations between PILS-IC sulfate mass concentrations and NCCN were 

weak (R
2 

= 0.234-0.320) because sulfate was found more readily on smaller particles, 

which would contribute less to the total sulfate mass making mass concentrations not 

the most representative parameter for comparison with NCCN. There were no 

correlations between ATOFMS submicron sulfate and NCCN (R
2
 < 0.09) because most 

of the sulfate may have been in particles < 200 nm and also due to the low number of 

negative mass spectra obtained in this study, especially for aged soot-OC particles, 

which lead to no sulfate measurements. The correlations between PILS-IC and 

ATOFMS submicron ammonium and NCCN across all supersaturations (R
2
 = 0.307-

0.415 and 0.28-0.36, respectively) were between those of nitrate and sulfate because the 

ammonium would be distributed over both large and small particles to neutralize the 



107 

 

 

nitrate and sulfate. For this study, the correlations between NCCN with nitrate and 

ammonium PILS-IC and ATOFMS measurements indicate that the mixing state of 

aerosol particles is important in determining their CCN activity.     

4.4 Conclusions 

Physicochemical properties, including CCN-derived hygroscopicity, of ambient 

particles were measured at the Sierra Nevada foothills in March, 2010. Two main 

sources of CCN particles were identified. During regional transport events, which 

exhibited higher median total particle and CCN concentrations (NCN = 2830 and NCCN = 

1377 cm
-3

) and more hygroscopic and CCN-active particles (κ = 0.26 and fCCN = 0.51) 

compared to clean background conditions, CCN were mostly characterized as soot 

particles mixed with soluble ammonium, nitrate, and sulfate. Locally produced biomass 

burning particles were identified as CCN during the clean rural background conditions, 

which had lower total particle and CCN concentrations (NCN = 1760 and NCCN = 367 

cm
-3

) and less hygroscopic and CCN-active particles (κ = 0.15 and fCCN = 0.25) in 

contrast with polluted events. Because of the higher concentrations of particles and 

increase particle hygroscopicity during regional transport events, the transported aged 

soot particles may be significantly affecting regional cloud properties, thereby altering 

cloud albedo and potentially precipitation patterns. These observations validate the 

hypothesis set by Rosenfeld et al. (2008) that a major source of CCN particles in the 

Sierra Nevada foothills is Central Valley pollution. Although fresh soot particles do not 

serve as CCN, aged soot internally mixed with soluble inorganic species are CCN active 

thus, highlighting the important role that particle mixing state has in determining CCN 

activity. We encourage future long-term monitoring of CCN properties and CCN-sized 

particle composition at multiple sites across a transect of the Central Valley to the Sierra 

Nevada to further understand the conditions for pollution transport and its effects on 

regional orographic precipitation. 
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Chapter 5. Mixing state and aging of 

individual biomass burning aerosols 

during the 2007 San Diego Wildfires  

Biomass burning aerosols (BBA) affect regional air quality, human health, and 

climate. The goals of this opportunistic study during the 2007 San Diego Wildfires, 

which burned > 360,000 acres, were to determine the impact of wildfires on local air 

quality and analyze BBA aging. Size-resolved mixing state of individual particles was 

measured in real-time with an ultrafine aerosol time-of-flight mass spectrometer 

(ATOFMS). This is the first analysis of BBA aging during local wildfires via single-

particle mass spectrometry. Particulate mass concentrations were high county-wide due 

to BBA, with 84% of 120-400 nm particles by number being BBA, with maximum 

PM0.4 = 148 µg/m
3
. Results from single particle analysis and positive matrix 

factorization (PMF) of BBA chemical markers are discussed. For example, potassium 

chloride (KCl), indicative of fresh BBA, was only seen at the beginning of the wildfires 

when the size mode of particles was <120 nm. Evidence of heterogeneous reactions 

between potassium salts with nitric and sulfuric acids resulting in potassium nitrate 

(KNO3) and potassium sulfate (K2SO4) was observed for the first time with continuous 

high temporal resolution. Knowledge of how BBA mixing state evolves is important for 

determining the climate and health impacts of wildfires.   
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5.1 Introduction 

Biomass burning leads to substantial atmospheric emissions of trace gases and 

high number and mass concentrations of biomass burning aerosols (BBA), which 

significantly impact air quality, human health, and climate on regional scales (Andreae 

and Merlet, 2001; Crutzen and Andreae, 1990; Reid et al., 2005). BBA have been 

associated with respiratory and cardiovascular symptoms (Arbex et al., 2007; Arbex et 

al., 2010) including during the 2003 Southern California wildfires when increased PM2.5 

concentrations were correlated to increased emergency room visits for asthma and other 

respiratory problems (Delfino et al., 2009; Kunzli et al., 2006; Viswanathan et al., 

2006). In addition, BBA perturb climate by scattering and absorbing solar radiation and 

by serving as cloud condensation and ice nuclei (Crutzen and Andreae, 1990; Grell et 

al., 2011; Penner et al., 1992; Petters et al., 2009a; Petters et al., 2009b; Roberts et al., 

2003). To understand the full range of environmental impacts of BBA particle mixing 

state is needed (Furukawa and Takahashi, 2011; Jacobson, 2001; Lighty et al., 2000; 

Pratt et al., 2010; Zhou et al., 2003); however, the majority of previous biomass burning 

studies have focused on bulk aerosol properties (Reid et al., 2005). 

The physicochemical properties of freshly emitted BBA change rapidly due to 

evolution in flame conditions and as a result of the interactions of BBA with gas phase 

species in the biomass burning plume and other regional pollutants as the plume 

becomes diluted and mixed. Furthermore, photochemical reactions, cloud processing, 

and coagulation are important pathways in transforming BBA. These processes cause 

the diameter of fresh BBA to grow from ~100-160 nm to ~120-230 nm (Reid et al., 

2005). The composition of BBA depends strongly on fire type. The hotter flaming fires 

produce particles containing higher fractions of inorganic material, including potassium 

(K) along with increased soot content, while the lower temperature smoldering fires 

emit more organic carbon rich aerosol (Allen and Miguel, 1995; Posfai et al., 2003; 

Reid et al., 2005; Yamasoe et al., 2000). However, the chemical composition of BBA is 

also transformed through aging processes. Fresh BBA are characterized by potassium 

chloride (KCl) salts, which heterogeneously react with secondary acids, such as nitric 



116 

 

 

acid (HNO3(g)) and sulfuric acid (H2SO4(g)) (Gaudichet et al., 1995; Li et al., 2003); thus 

as the BBA ages, KCl is replaced with potassium nitrate (KNO3) and potassium sulfate 

(K2SO4). In addition to K, levoglucosan, which is emitted directly from the thermal 

breakdown of cellulose, is an established tracer for BBA (Fraser and Lakshmanan, 

2000; Simoneit et al., 1999). However, recent studies have determined that the amount 

of levoglucosan produced during biomass burning depends on fuel and fire type (Gao et 

al., 2003; Hedberg and Johansson, 2006; Mazzoleni et al., 2007; Sullivan et al., 2008) 

and have shown levoglucosan decomposes through photo-oxidation, exposure to 

hydroxyl radical and oligomerization (Hennigan et al., 2011; Hennigan et al., 2010; 

Holmes and Petrucci, 2006); thus levoglucosan may not be as robust a biomass burning 

tracer as originally postulated. Water soluble organic carbon species, such as oxalic 

acid, are also of interest in BBA since their presence may affect the CCN activity of 

particles (Furukawa and Takahashi, 2011; Pratt et al., 2010; Sullivan and Prather, 2007; 

Yu, 2000). Thus, there is a need to characterize both freshly emitted BBA and the 

evolution of composition of these particles as they are processed in the atmosphere, and 

to identify stable makers that can be used to accurately differentiate BBA from other 

particles. 

For the past few decades, the frequency of wildfires and land area burned has 

increased in the western U.S. due to regional warming, earlier spring arrival, and 

increased droughts (Park et al., 2007; Westerling et al., 2006). Between 2001-2004, 

~30% of the annual PM2.5 in the western U.S. originated from biomass burning (Park et 

al., 2007). Specifically, southern California experienced major wildfire seasons recently 

in 2003 and 2007, where the majority of the landscape burned was chaparral shrublands 

(Clinton et al., 2006; Keeley et al., 2004; Keeley et al., 2009). During the 2003 Southern 

California Wildfires, which burned > 742,000 acres, PM10 increased 3-4 times 

compared to non-fire conditions (Keeley et al., 2004; Phuleria et al., 2005).  

In October 2007, wildfires burned > 360,000 acres in San Diego County 

releasing large concentrations of particulate matter and gases into the atmosphere 

(EG&G Technical Services, 2007). The rapid and dry easterly Santa Ana winds 
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contributed to the propagation of the wildfires. Estimated perimeters of the wildfires are 

shown in Figure 5.1. The goals of this study were to investigate the impact of the 2007 

San Diego Wildfires on regional air quality and to analyze the aging of individual BBA. 

Single particle sampling during urban wildfires this intense has not been done 

previously. Positive matrix factorization (PMF) and single particle analysis were 

utilized to associate different primary and secondary chemical markers of BBA in order 

to try to identify formation mechanisms for some of these markers. To our knowledge, 

this is the first study that uses positive matrix factorization analysis to investigate the 

chemical evolution of single-particles from the same source.  

 

Figure 5.1: Map of wildfire perimeters in San Diego County, October, 2007 and sampling sites. 

Aerosol physiochemical properties were measured at the University of California San Diego 

(UCSD). Gas phase and particulate matter mass concentrations were obtained from the 

California Air Resources Board (CARB) while meteorological data was obtained from the 

California Irrigation Management Information System (CIMIS), respectively. 
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5.2 Experimental Section 

Ambient aerosol sampling was conducted at Urey Hall (32°52’31.66”N, 

117°14’28.64”W) at the University of California, San Diego (UCSD) from 10/22/07 

12:00 - 11/01/07 12:00. Given the opportunistic nature of this study, measurements 

commenced one day after the Witch fire began (10/21/07 11:00). All times are given in 

local time (PDT). During the first week of the fires, the public was urged to stay home 

and most public institutions and private businesses were closed (EG&G Technical 

Services, 2007); therefore the contribution of aerosols from mobile sources was 

primarily limited to emergency vehicles during this time. 

5.2.1 Peripheral Instrumentation 

The size distributions of 10-590 nm and 0.6-20 µm particles were measured 

every five minutes with a scanning mobility particle sizer (SMPS, TSI 3936) and every 

minute with an aerodynamic particle sizer (APS, TSI, 3321) at UCSD. Hourly 

concentrations of PM2.5 mass were obtained from the California Air Resources Board 

(CARB) for Escondido and downtown San Diego sites. The SMPS and APS size 

resolved concentrations measured at UCSD were transformed into PM2.5, PM1.0 and 

PM0.12-0.4 mass concentrations, assuming spherical particles with density of 1.2 g/cm
3
, 

appropriate for BBA (Reid et al., 2005). Meteorological data were obtained from the 

California Irrigation Management Information System (CIMIS) network at three 

different sites: Escondido, downtown San Diego, and Torrey Pines. All the sampling 

sites are identified in Figure 5.1. Escondido, downtown San Diego, and Torrey Pines 

sites are ~30, 20 and 3 km away from UCSD, respectively.  

5.2.2 ATOFMS Instrument and Data Analysis 

Individual particle size (120-1000 nm) and composition measurements were 

obtained in real-time with an ultrafine aerosol time of flight mass spectrometer 

(ATOFMS), without the MOUDI pre-cut (Su et al., 2004). Briefly, particles enter the 

ATOFMS through an aerodynamic focusing lens and are accelerated to their size-

dependent terminal velocities before traversing two 532 nm continuous wave lasers 
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beams 6-cm apart. The determined particle velocity is used to time the firing of a Q-

switched 266 nm laser, which desorbs and ionizes the chemical constituents of each 

particle. The generated positive and negative ions are detected using a dual polarity 

reflectron time-of-flight mass spectrometer. 

Although 120-1000 nm particles were sampled with the ATOFMS, only 120-

400 nm particles were analyzed herein due to the prevalence of BBA in this size range. 

Mass spectra were obtained for a total of 900,143 particles in the 120-400 nm 

aerodynamic diameter size range. The mass spectra were analyzed in the YAADA 

(http://www.yaada.org) toolkit for Matlab and were subsequently clustered with the 

neural network algorithm ART-2a, which separates the main particle types into clusters 

based on their unique ion patterns (Song et al., 1999). Parameters used in ART-2a were: 

vigilance factor of 0.85, learning rate of 0.05 and iteration number of 20. The particle 

clusters were named based on the most intense ion peaks detected and do not 

necessarily reflect all of the chemical species present. Clusters of similar ion patterns of 

varying intensities were manually combined, resulting in a total of 4 major classes 

previously identified: BBA (Guazzotti et al., 2003; Silva et al., 1999), heavy fuel oil 

(HFO) (Ault et al., 2010; Healy et al., 2009), organic carbon (OC) (Silva and Prather, 

2000; Spencer and Prather, 2006), and soot (Spencer and Prather, 2006; Toner et al., 

2006).  

http://www.yaada.org/
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The identified peaks at each m/z were based on the most likely assignment. Due 

to ambiguity and interference, several markers could not be used in this study. The most 

intense peak in BBA is from the potassium ion, 
39

K
+
. Although the +39 m/z could also 

the 
39

C3H3
+
 organic marker, the majority of it is likely to be from 

39
K

+
 due to its high 

ionization potential and known large emissions during biomass burning (Andreae, 1983; 

Gross et al., 2000; Silva et al., 1999). It should be noted that the strong signal at 
39

K
+
 on 

BBA often causes distinct cross talk interference in the negative mass spectra between -

Table 5.1: The 20 BBA markers used in this study. 

Species Marker 

Ammonium  
18

NH
4

+

  

Organic carbon fragment 
27

C
2
H

3

+

  

Organic carbon fragment 
43

C
2
H

3
O

+

  

Amine fragment 
86

(C
2
H

5
)

2
NCH

2

+

  

Potassium chloride 
113

K
2
Cl

+

  

Potassium nitrate 
140

K
2
NO

3

+

  

Potassium bisulfate 
175

K
2
HSO

4

+

  

Potassium sulfate 
213

K
3
SO

4

+

  

Organic nitrogen fragment 
26

CN
-

  

Organic nitrogen fragment 
42

CNO
-

  

Nitrite 
46

NO
2

-

  

Acetate 
59

CH
3
COO

-

  

Nitrate 
62

NO
3

-

  

 Acrylate or Methylglyoxyl 
71

C
3
H

3
O

2

-

  

Glyoxylate or Propanoate 
73

C
2
HO

3

-

/C
3
H

5
O

2

-

  

Glycolate 
75

C
2
H

3
O

3

-

  

Pyruvate 
87

C
3
H

3
O

3

-

  

Oxalate 
89

HC
2
O

4

-

  

Bisulfate 
97

HSO
4

-

  

Nitric Acid 
125

HNO
3
NO

3

-
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33 – -38 m/z. Thus due to the prevalence of cross talk, the chloride ions (
35,37

Cl
-
) were 

not utilized in this study. In addition, due to significant interference of nitrite (
46

NO2
-
) 

from its intense broad peak, the formate ion (
45

HCO2
-
) was not utilized in this analysis 

either. 

The relative peak areas (RPA), defined as the normalized peak area of one ion to 

the sum of all peak areas in the whole mass spectrum, minimizes the variability in peak 

intensity compared to absolute peak areas in particles of the same matrix (Gross et al., 

2000). The average RPA of 120-400 nm BBA were determined for 20 markers listed in 

Table 5.1, including common species observed by the ATOFMS, such as nitrate (
62

NO3
-

), sulfate (
97

HSO4
-
), ammonium (

18
NH4

+
) and hydrogen oxalate (

89
HC2O4

-
) (Moffet et 

al., 2008; Noble and Prather, 1996; Pratt et al., 2011; Sullivan and Prather, 2007; Yang 

et al., 2009), in addition to potassium chloride (
113

K2Cl
+
), potassium nitrate (

140
K2NO3

+
) 

and potassium sulfate (
213

K3SO4
+
), which have been previously identified in biomass 

burning studies (Pratt et al., 2011; Silva et al., 1999). The average RPA were 

determined independently every 15 minutes and by particle size every 10 nm. 

 

Figure 5.2: Wind Patterns from Escondido and Torrey Pines sites through the CIMIS 

network. 
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5.2.3 Positive Matrix Factorization Analysis 

In order to complement single particle data analysis, positive matrix 

factorization (PMF) of the chemical markers was also performed. A multivariate 

receptor model that implicitly assumes temporally covarying species have the same 

origin, PMF is used to determine source factors (Kim et al., 2003; Polissar et al., 1998; 

Reff et al., 2007). PMF has been used extensively with aerosol data, typically with 

speciated mass concentrations, although it has also been used with ATOFMS data 

previously (Eatough et al., 2008; Healy et al., 2010; McGuire et al., 2011). These 

previous studies with ATOFMS data used PMF to elucidate source emissions, chemical 

processing and transport of particle types determined with the ATOFMS. In contrast, 

this current study focuses on the aging and evolution of the mixing state of BBA. The 

Environmental Protection Agency’s (USEPA) PMF 3.0 model (USEPA, 2008) was 

used to generate source factors based on the 15 minute averaged RPAs for the 20 

primary and secondary BBA markers in Table 5.1. These species were utilized because 

of their relevance in biomass burning and abundance during the 2007 San Diego 

Wildfires. Previous ATOFMS particle type counts used in PMF has been assigned an 

uncertainty of 15% (Eatough et al., 2008; Healy et al., 2010). For this study, the 15% 

 

Figure 5.3: Meteorological data from Escondido, San Diego and Torrey Pines sites through the 

CIMIS network. 
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uncertainty was doubled in order to apply it to RPA since the ATOFMS laser shot-to-

shot fluctuations may affect the resulting individual mass spectra peaks more than the 

determined particle types. PMF solutions with 3-13 factors were explored, and the 11 

factor solution was chosen as the best one because the measured versus predicted RPA 

of chemical species in the PMF model had the strongest correlations (R
2
 = 0.94-0.99) 

while providing the most physically meaningful factors (Reff et al., 2007; USEPA, 

2008). Further details considered during data preparation and PMF analyses are given in 

the supporting information.  

5.3 Results and Discussion 

Figure 5.2 and Figure 5.3 show the wind speed and direction, temperature, 

relative humidity and solar radiation during this study. Intense easterly Santa Ana winds 

were observed during the first two days of the study (10/21/07-10/23/07 16:00) in 

conjunction with high temperature, low humidity, and fast wind speed. This period 

exhibited the most active wildfires, which were propagated by the Santa Ana winds 

towards the more populated western side of San Diego County. The air mass back 

 

Figure 5.4: Air mass back trajectories during study determined using HYSPLIT at 1000 m 

altitude. 
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trajectories modeled with HYSPLIT 4.0 (Draxler and Hess, 1998), shown in Figure 5.4, 

indicate that during the intense Santa Ana winds, UCSD was directly downwind of the 

Witch fire, the largest fire during the study. Following this period, the winds shifted so 

that the air mass back trajectories originated further south and did not pass over dense 

wildfire emissions. The wildfire emissions flowed offshore until the afternoon of 10/25 

(Figure 5.5), when the wind shifted again originating slightly offshore, although 

remaining fairly stagnant; the relative humidity (RH) remained low (<45%) at Torrey 

Pines until this time when it increased to > 90%. Between 10/26 10:00 and 10/28 4:00 

the air continued to flow onshore but from further away. During this period, there was a 

significant fog event on 10/27/07, which limited the amount of solar radiation (Figure 

5.3). During 10/28 10:00 – 10/29 10:00, the air masses sampled passed above the Harris 

fire, which burned along the border with Mexico. Towards the end of the study, 

between 10/29 16:00 - 10/30 22:00, the air mass sampled at UCSD passed close to the 

Ports of Los Angeles and Long Beach bringing aged BBA onshore possibly mixed with 

ocean faring ship and port emissions. Finally, after 10/31 the air came through 

Riverside, California. 

5.3.1 Peripheral Data 

 

Figure 5.5: MODIS image from 10/23/10 11:45. Red dots indicate active fires. 
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Figure 5.6 shows the SMPS size distribution as a function of size and time. The 

highest particle concentrations were between 60-400 nm during the most intense 

wildfire period between 10/22/07-10/23/07 confirming this was a period when UCSD 

received the most wildfire emissions. Specifically, there was a spike in SMPS 120-400 

nm particle number concentrations on 10/22/07 20:00-22:00 going from ~10,000 to 

~40,000 cm
-3

 and back to ~10,000 cm
-3

. Additionally, the mode of the particles shifted 

rapidly on 10/22/07-10/23/07 (Figure 5.6) increasing from ~100 to ~170 nm between 

10/22/07 10:00-18:00, decreasing back to ~100 nm by 10/22/07 23:00. The mode 

increased again from 10/22/07 23:00 to 10/23/07 9:00, at which time the size mode 

remained stable at ~140 nm. The size mode decreased to ~100 nm on the morning of 

10/25/07 and then increased to ~180 nm coinciding with the increase of RH on the 

afternoon of 10/25/07. After 10/27/07, the effects of wildfires were less evident on the 

particle size distributions and periodically an ultrafine mode was observed, indicative of 

local traffic emissions. The observed particle diameter modes of 100-180 nm at the 

beginning of this study are comparable to the range of previously measured BBA 

between 100-230 nm depending on their age (Muhle et al., 2007; Phuleria et al., 2005; 

Reid et al., 2005). The broad size range observed indicates BBA were 

physicochemically processed to different degrees during transport from the wildfires to 

the sampling site at UCSD or alternatively that flaming versus smoldering took place 

during burning (Hossain et al., 2012). Detailed analysis linking chemical markers of 

fresh and aged BBA with the shifts in size distribution are described below.   

Figure 5.6 shows the PM2.5 measured at Escondido and downtown San Diego 

along with the estimated mass concentrations from UCSD. Overall, the PM2.5 

concentrations were higher at Escondido than at UCSD and downtown, due to the 

proximity of the Witch and Poomacha fires to the Escondido site (Figure 5.1). However, 

the national air quality air standard (NAAQS) 24-hour average PM2.5 exposure limit of 

35 µg/m
3
 was exceeded at all sites, with hourly maximum values as high as 397, 177, 

and 110 µg/m
3
 at Escondido, UCSD, and downtown, respectively. Because of the 

variability and extreme values in mass concentrations during the wildfires, median 

values were more appropriate than the mean. During 10/22/07-10/23/07 16:00, when 



126 

 

 

the wildfires were most intense and air mass trajectories passed through the Witch fire 

before arriving at UCSD, the PM2.5 concentrations were the highest county-wide with 

median (interquartile range) values of 72.0 (43.0-186.0), 47.6 (35.1-61.7), and 42.0 

(29.5-48.3) µg/m
3
 at Escondido, UCSD, and downtown, respectively. In contrast, the 

annual 2007 average PM2.5 concentrations were 15.0 ± 17.5 and 10.9 ± 9.1 µg/m
3
 at 

Escondido and downtown. Therefore, the 2007 wildfires emitted high fine aerosol mass 

concentrations dangerous to public health to communities downwind of the wildfires. 

Compared to other times during this study, estimated PM1.0 and PM0.1-0.4 from particle 

size concentrations at UCSD were also the highest throughout the period of intense 

wildfires (10/22/07-10/23/07 16:00) with median (interquartile range) values of 44.5 

(30.9-56.3) and 37.7 (26.6-48.5), and maximum values of 168, and 148 µg/m
3
, 

respectively. The majority of particle mass was due to particles < 400 nm. For example, 

during the period of intense wildfires total PM0.1-0.4 mass concentrations contributed to 

81.2% of the PM2.5 and 87.5% of PM1.0 at UCSD. This is contrary to normal ambient 

aerosols in which larger particles contribute the majority of particle mass, an important 

observation since particle size can play a role in adverse health effects (Ramgolam et 

al., 2009; Schwartz and Neas, 2000; Stoelzel et al., 2007).  

Muhle et al (2007) estimated PM2.5 concentrations at UCSD during the 2003 

wildfires as high as 250 µg/m
3
, higher concentrations than those estimated during the 

2007 wildfires. The higher PM2.5 concentrations in 2003 were due to different fire and 

meteorological conditions, in addition to fire proximity. Previous measurements during 

a Santa Ana event at UCSD’s Scripps Institution of Oceanography (SIO) pier 

determined that 30 minute-averaged PM2.5 was only 7 µg/m
3 

(Guazzotti et al., 2001), 

indicating that the high mass concentrations observed during the 2003 and 2007 

wildfires were not caused by the Santa Ana event alone, but rather by the wildfires 

themselves. In contrast, the estimated PM1.0 was as high as 30 µg/m
3
 during a previous 

period of pollution transport from the ports of Los Angeles and Long Beach to the SIO 

pier (Ault et al., 2009). Therefore, large wildfires, with maximum PM1.0 concentrations 

of 177 and 250 µg/m
3
 during 2007 and 2003 wildfires, can contribute > 5 times higher 
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submicron aerosol mass concentrations than regional pollution transport events in San 

Diego.  

5.3.2 Particle Types and Mixing State of BBA 

Figure 5.6 shows the temporal variation of particle types between 120-400 nm. 

In addition to BBA, the main particles types observed were OC, soot, and HFO. After 

10/30/07, OC (green) and soot (blue) begin to grow in. The HFO particle type, emitted 

from combusting HFO in ocean-faring ships, became more prevalent after 10/31/07. 

Because the remaining particle types were made up < 2% of particle numbers, they 

were combined into the “other” category.  

 

Figure 5.6: a) 10-600 nm ambient particle size distribution from SMPS , b) SMPS mode diameter 

with 
113

K2Cl
+
 and 

213
K3SO4

+
, c) mass concentrations, and d) temporal distribution of 120-400 nm 

ambient particle types measured with the ATOFMS. White space indicates no data obtained in 

that time period. 
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Although all BBA mass spectra have similar characteristics, including 
39

K
+
 and 

carbonaceous markers (Silva et al., 1999), five different BBA particle types were 

observed in this study based on the strength of the carbonaceous markers, 
62

NO3
-
, and 

97
HSO4

-
, with mass spectra shown in Figure 5.7. The BBA-sulfate-nitrate particle type, 

where the 
97

HSO4
-
 ion peak intensity was slightly greater than that of 

62
NO3

-
, was 

present throughout the study and represented 91% of all BBA. The BBA-nitrate-sulfate 

particle type, which contained more intense 
62

NO3
- 
than 

97
HSO4

-
 peaks, contributed 6% 

to all BBA by number. As shown in Figure 5.6, BBA-nitrate-sulfate peaked in the day 

probably due to the photochemical formation of nitrate. The BBA-soot particle type, 

which only contributed ~1% to all BBA numbers, had moderately intense 
12n

Cn
+
 peaks, 

and was more prevalent during the last 3 days of the study. Perhaps, during this time 

there was coagulation and cloud processing of BBA with combustion particles from the 

LA and LB ports and Riverside. The lack of negative mass spectra in the BBA-soot 

particle type supports that these were wet, and thus aged particles (Neubauer et al., 

1998). The BBA-soot-sulfate-nitrate had similar positive mass spectra as the BBA-soot 

type, but with peaks at 
97

HSO4
-
 and 

62
NO3

-
. The BBA-OC-sulfate-nitrate particle type 

had moderately intense OC peaks, such as 
27

C2H3
+
 and 

43
C2H3O

+
, with a very intense 

97
HSO4

-
 peak. The BBA-OC-sulfate-nitrate and the BBA-soot-sulfate-nitrate particle 

type made up only 0.6 and 0.4% of all BBA particles, respectively. Previous single 

particle aerosol mass spectrometer studies have also identified different BBA particle 

types during ambient measurements (Bi et al., 2011; McGuire et al., 2011). Combining 

all of the BBA particle types together, BBA represented ~84% of all particle numbers 

sampled during this study, although nearly 100% of all particles were BBA until 

10/25/07. 
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It should be noted that since the BBA were not sampled directly above the 

wildfires, but after their transport to UCSD; the particles sampled in this study were 

aged to various degrees. A known marker for fresh BBA, 
113

K2Cl
+
 (Li et al., 2003; Liu 

et al., 2000; Posfai et al., 2003) peaked on 10/22/07 when particles with the smallest 

SMPS size mode (~100 nm) were detected indicating the presence of fresh BBA (Figure 

5.6). However, when the SMPS size mode increased to ~170 nm, also on 10/22/07, 

113
K2Cl

+
 decreased while 

213
K3SO4

+
 increased, thus indicating these were more aged 

BBA; therefore confirming the use of these chemical markers to determine the aging of 

BBA. Potassium salts were prevalent in most BBA with > 50, 60 and 70% of BBA 

having 
140

K2NO3
+
, 

113
K2Cl

+
, and 

213
K3SO4

+
, respectively. Potassium salts were found to 

be internally mixed together in 43, 52 and 49% of BBA as 
113

K2Cl
+ 

and 
140

K2NO3
+
, 

113
K2Cl

+ 
and 

213
K3SO4

+
, and 

140
K2NO3

+ 
and 

213
K3SO4

+
, respectively; 36% of BBA had 

all three potassium salts internally mixed.  

 

Figure 5.7: Mass spectra of the different types of 100-400nm particles types detected during 

2007 San Diego Wildfires: a) BB sulfate nitrate, b) BB nitrate sulfate, c) BB soot, d) BB soot 

sulfate nitrate, and e) BB OC sulfate nitrate. CT refers to cross talk interference. 
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In this study, BBA were internally mixed with either 
62

NO3
-
 or 

97
HSO4

-
, both 

acidic species, in roughly equal percentages by number (82 versus 80%), within the 

range of previous observations (21-100% and 92-100%, respectively) (Pratt et al., 2010; 

Pratt et al., 2011). Furthermore, 73% of BBA by number had 
97

HSO4
-
 and 

62
NO3

-
 

internally mixed together. The occurrence of the 
125

HNO3NO3
-
 peak, which may 

indicate the presence of nitric acid, was found on almost half of the BBA sampled and 

was more intense on 10/25/07 coincident with increased RH. Previous studies have 

observed 21-59% of BBA number fraction internally mixed with 
125

HNO3NO3
-
 (Pratt et 

al., 2011). 69% of BBA were internally mixed with oxalate, a weak acid, in contrast 

with 28-94% in previous studies (Moffet et al., 2008; Pratt et al., 2010; Pratt et al., 

2011). 
18

NH4
+
, which is basic, was found on 76% of BBA particle numbers, whereas 

previous studies have only detected 
18

NH4
+
 internally mixed in 8-58% of BBA (Pratt et 

al., 2010; Pratt et al., 2011). In addition, 76% of BBA were internally mixed with 

amines, also basic, based on the presence of the 
86

(C2H5)2NCH2
+ 

fragment (Angelino et 

al., 2001). The percentages of BBA internally mixed with all these species depend on 

fire conditions, regionally background pollutant levels, and meteorology.  

 

Figure 5.8: Distributions of the relative peak areas of organic acids in BBA by a) size and b) time. 



131 

 

 

In this study, 44%, 46%, 54%, and 65% of BBA mass spectra had peaks at 

71
C3H3O2

-
, 

73
C2HO3

-
/C3H5O2

-
, 

75
C2H3O3

-
, and 

87
C3H3O3

-
 likely due to organic acid 

anions, such as oxalate (
89

HC2O4
-
), which typically produce negative molecular ions 

(Sullivan and Prather, 2007). However, previous ATOFMS work concluded that the 

presence of 
45

HCO2
-
, 

59
CH3COO

-
, and 

71
C3H3O2

-
 were uniquely indicative of 

levoglucosan (Silva et al., 1999). Nonetheless, the 
45

HCO2
-
 and 

59
CH3COO

-
 markers are 

evincive of formate and acetate ions, and thus could be the resulting fragments of 

multiple organic carbon species. As explained in section 2.2, the 
45

HCO2
-
 marker was 

not used in this study due to interference. Furthermore, previous studies with organic 

meat burning and plant detritus standards showed that the 
71

C3H3O2
-
 peak is not unique 

to levoglucosan (Silva, 2000; Silva and Prather, 2000). Because levoglucosan is 

primarily emitted from biomass burning, it should be found across all BBA sizes. 

However, the size distribution of BBA with 
71

C3H3O2
- 
is shifted toward particles >225 

nm (Figure 5.8), and thus the 
71

C3H3O2
-
 marker on BBA in this study must be mostly 

secondary in nature. These results suggest that the -59 and -71 m/z peaks observed in 

BBA during this study were not representative of levoglucosan. In order to try to 

 

Figure 5.9: Mass Spectra of Organic Acid Standards 
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identify the 
71

C3H3O2
-
, 

73
C2HO3

-
/C3H5O2

-
, 

75
C2H3O3

-
, and 

87
C3H3O3

- 
peaks, organic 

standards were analyzed with the ATOFMS. Figure 5.9 shows representative mass 

spectra of acrylate, glyoxalate, and other standards, in addition to levoglucosan, 

highlighting that multiple compounds can produce peaks these peaks; thus using the 

ATOFMS as the single indentifying technique, it is not possible to identify the source of 

these ions, yet it is likely that these peaks resulted from secondary organic acids. For 

more information on how these standards were analyzed and a discussion of the results 

see section 5.6.3.  
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5.3.3 PMF Factors and Single Particle Analysis 

PMF analysis determines which species co-vary at the same time and groups 

these species into different factors. The profiles and temporal distribution of the 

solution with 11 PMF factors for 120-400 nm BBA are shown in Figure 5.10 and 

 

Figure 5.10: The PMF results with 11 factors a) the source profiles, where each profile was 

named based on the most abundant species, and b) temporal distribution of each factor. 



134 

 

 

described in the following sections. The PMF factors were named based on the most 

abundant species present. All species were separated into multiple factors. Each factor 

may have a unique formation mechanism based on its formation, meteorology and/or 

environmental conditions. The size and temporal profiles of representative chemical 

markers for each PMF factor are shown in Figure 5.11. 

5.3.3.1 Inorganic Species 

The potassium chloride, potassium nitrate, and potassium sulfate factors were 

mainly associated with 
113

K2Cl
+
, 

140
K2NO3

+
, and 

213
K3SO4

+
, respectively, as shown in 

Figure 5.10. The potassium chloride factor, which peaked on 10/22/07 (Figure 5.10), 

was assigned as the freshest BBA sampled. 
140

K2NO3
+
 and 

213
K3SO4

+
, which are 

indicative of more aged BBA, peaked at different times than 
113

K2Cl
+
 (Figure 5.11). 

Following the decline of 
113

K2Cl
+
, there was a steady increase of 

140
K2NO3

+
 on 10/22/07 

until it peaked on the morning of 10/23/07, indicating that the majority of KCl was first 

transformed to KNO3 through heterogeneous reactions with HNO3(g). 
213

K3SO4
+
 peaked 

between 10/25/07-10/30/07, indicating that potassium salts in BBA were further 

transformed to K2SO4 by reaction with H2SO4(g). Particles grow in size as they 

coagulate or as secondary species condense onto them. A comparison of the size 

distribution of particles containing 
113

K2Cl
+
, 

140
K2NO3

+
 and 

213
K3SO4

+
 (Figure 5.11) 

highlights that the smaller and hence fresher particles are those with KCl and KNO3 

compared to the larger and hence more aged particles with K2SO4. Fresh (potassium 

chloride factor), slightly aged (potassium nitrate factor), and moderately aged 

(potassium sulfate factor) plumes from the San Diego wildfires were sampled during 

this study as characterized by the temporal and size distribution of potassium salts in 

BBA. Figure 5.11 shows that the size distributions of the non-potassium salt markers, 

with the exception of 
62

NO3
-
 and 

43
C2H3O

+
, were larger than those of K3SO4

+
. These 

larger and hence more aged BBA were characterized by the lack of potassium salts. It is 

likely that these aged BBA still contained potassium salts, but that they were coated 

with significant amounts of secondary species therefore, masking their presence when 

analyzed with the ATOFMS. Thus, in addition to the fresh, slightly aged, and 

moderately aged BBA, aged BBA were also sampled in this study. 
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Although particulate phase nitrate and sulfate are typically secondary species, 

they can be primarily emitted during biomass burning. Because 
62

NO3
-
 was found fairly 

uniformly across all sizes whereas 
97

HSO4
-
 was found predominantly in BBA > 225 nm 

(Figure 5.11), it can be concluded that 
62

NO3
-
 was present in all stages of aging while 

 

Figure 5.11: a) Size and b) temporal distribution of the BBA relative peak areas most 

representative of each factor.  
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97
HSO4

-
 was only found in aged BBA. This conclusion is supported by a previous 

aircraft study of BBA over Wyoming, which also determined that aged BBA contained 

more 
97

HSO4
-
 compared with 

62
NO3

-
 (Pratt et al., 2010). In contrast, a previous study in 

Mexico City observed more 
62

NO3
-
 than 

97
HSO4

-
 in aged BBA (Moffet et al., 2008). 

The difference in the abundance of HSO4
-
 versus 

62
NO3

-
 in aged BBA is caused by the 

atmospheric aging processes that the BBA undergo, which depend on the concentrations 

of different precursor gas phase species and meteorological conditions. For example, 

high humidity and increased cloud-cover were likely more abundant in the air mass 

during the aircraft BBA study in order for extensive cloud processing of BBA to occur, 

whereas in the Mexico City study there were probably higher concentrations of NOx(g) 

and solar radiation leading to increased photochemistry.  

Overall, the nitrate factor and sulfate factor followed the temporal variations of 

62
NO3

- 
and 

97
HSO4

-
, respectively (Figure 5.10). BBA 

62
NO3

- 
exhibited a diurnal pattern 

at the beginning of the fires reaching a maximum in the mid-morning and decreasing at 

noon when temperature was the highest. Thus, the likely mechanism involved in this 

diurnal pattern is partly explained by the semi-volatile nature of nitrate, which makes 

the ambient temperature an important driver for its partitioning between the gas and 

particulate phases. The NOx temporal distribution (Figure 5.12) was characterized with 

a maximum during the mid-morning and a smaller one at night. Thus, in addition to 

temperature, photochemistry must be playing a role. Despite the thick haze over San 

Diego County during the wildfires, solar radiation still had a strong diurnal profile 

overall (Figure 5.3), and thus photochemistry probably initiated the rapid conversion of 

NOx(g), likely emitted directly from the wildfires, to HNO3(g), which would then 

partition to the particulate phase as nitrate (Fiedler et al., 2011). The addition of nitrate 

to BBA is representative of BBA aging due to interaction with wildfire co-emissions in 

the presence of the appropriate meteorological conditions.  
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When the RH increased on 10/25/07 (Figure 5.3), the nitrate factor no longer 

tracked 
62

NO3
-
, which spiked in parallel with 

125
HNO3NO3

-
 suggesting that these were 

acidic BBA. Instead, PMF analysis separated this 
62

NO3
-
 spike into the ammonium 

nitrate factor (Figure 5.10) since the measurements of 
18

NH4
+
 and 

125
HNO3NO3

-
 also 

followed the same temporal trend as 
62

NO3
-
 during this period. Although the 

18
NH4

+
 

was more strongly associated with 
97

HSO4
-
 than 

62
NO3

-
during the rest of the study 

indicating the presence of ammonium sulfate ((NH4)2SO4), when the ammonium nitrate 

factor spiked there was a prevalence of ammonium nitrate (NH4NO3), as evidenced by 

Figure 5.13 and as previously observed in BBA (Fiedler et al., 2011; Song et al., 2005). 

A more thorough description of Figure 5.13 is included in section 5.6.2. Gaseous NH3 

and HNO3, both found in biomass burning plumes (Lefer et al., 1994; Lobert et al., 

1991; Streets et al., 2003; Talbot et al., 1994; Yokelson et al., 1997), react together to 

form particulate phase NH4NO3, which only remains on the particle due to high 

humidity during this time since it volatilizes at low RH (Stelson and Seinfeld, 1982a; 

Stelson and Seinfeld, 1982b). Alternatively, BBA may uptake HNO3 directly; the nitric 

 

Figure 5.12: Gas phase concentrations and PM2.5 mass concentration. Dashed lines indicate 

U.S. EPA Federal standards. Data from CARB. 
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acid uptake coefficient on mineral dust particles has also been shown to be a function of 

RH (Vlasenko et al., 2006), and the same effect likely occurs on BBA.  

In contrast to 
62

NO3
-
, the 

97
HSO4

-
 remained low from the beginning of the study 

until the afternoon of 10/23, probably due to the low SO2(g) emissions from the wildfires 

and its long conversion time to the particulate phase, especially during low RH 

conditions (<40%) which were present until 10/25 even during the night due to the 

Santa Ana winds; between 10/23-10/26 
97

HSO4
-
 peaked mostly in the afternoons. Once 

the Santa Ana conditions ended on 10/25, the RH increased to > 90%; however, sulfate 

did not increase with the increased RH as expected if it were not produced through in-

cloud processing of SO2(g) during this time, which is usually the main formation 

pathway. Since SO2(g) is the precursor, SO2(g) may have homogeneously reacted with 

OH radicals in the gas phase eventually forming sulfate (Warneck, 1999). Previous 

studies have measured and estimated much higher concentrations of OH radicals in 

biomass burning plumes than in background air masses highlighting the plausibility of 

this explanation (Yokelson et al., 2009). An additional spike of 
97

HSO4
-
 occurred on 

10/27 coinciding with the presence of a fog event. The sampled air mass came from the 

ocean after 10/25/07 based on the back trajectories (Figure 5.4), and was consistent with 

 

Figure 5.13: Ternary plots show the mixing state of ammonium, sulfate, nitrate, and oxalate in 

100-400 nm BBA during a) the beginning of the fires (10/22/07 10:00-10/23/07 17:53) and b) 

during spike in nitric acid (10/25/07 12:00 - 10/26/07 12:00). There were 99,999 and 69,255 

particles during each period, respectively. Each point on the plots represents a single particle. 
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the presence of the HFO particle type associated with ships (Figure 5.6). Additionally, 

because shipping is a more significant source of SO2(g) than biomass burning (Smith et 

al., 2011), the 
97

HSO4
-
 detected on BBA must have originated from SO2(g) emitted from 

the ships around the ports of San Diego, Los Angeles and Long Beach facilitating the 

formation of sulfate through cloud processing during this time. Therefore, addition of 

sulfate to BBA, summarized in the sulfate factor, is representative of BBA aging upon 

interaction with regional pollutants.  

5.3.3.2 Organic Carbon Species 

As illustrated in Figure 5.10, PMF analysis separated organic carbon markers 

into 4 distinct factors described below with species given in order of prevalence. The 

organic carbon factor was mainly composed of 
43

C2H3O
+
 and 

27
C2H3

+
, which are stable 

organic carbon fragments resulting from the ionization of larger organic carbon species. 

Unfortunately, it is not possible to determine the parent molecule from these fragments 

only that they represent organic carbon species. The organic carbon factor tracked the 

temporal profile of the sulfate factor during the first half of the sampling period very 

well (Figure 5.10) suggesting that the organic species represented by the 
43

C2H3O
+
 and 

27
C2H3

+
 fragments were formed from reactions of other organic species with OH, which 

was hypothesized to also produce 
97

HSO4
-
 during this time.  

The organic nitrogen factor was comprised of 
26

CN
-
,
 42

CNO
-
, 

59
C2H3O2

-
, and 

46
NO2

-
 and was more prevalent at the beginning of the wildfires. The 

26
CN

- 
and

 42
CNO

- 

markers, which
 
can be the resulting fragment of many nitrogen containing organic 

carbon species, have also been observed in biogenic particles such as plant detritus and 

bacteria (Pratt et al., 2009; Silva, 2000; Silva and Prather, 2000). Heterocyclic nitrogen 

compounds, including some naturally produced by plants and living organisms, and 

water soluble organic nitrogen species have been previous measured in BBA (Laskin et 

al., 2009; Ma and Hays, 2008; Mace et al., 2003). Previous work has also observed 

significant gas phase hydrogen cyanide (HCN) and isocyanic acid (HCNO) emitted in 

fresh biomass burning (Roberts et al., 2011; Simpson et al., 2011; Veres et al., 2010; 

Yokelson et al., 2009); however, based on the vapor pressure of these species it is 
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unlikely they would partition to the particulate phase. Thus, it is likely that the 
26

CN
- 

and
 42

CNO
- 

markers are resulting fragments of organic nitrogen biogenic material 

involved in biomass pyrolysis. Furthermore, rapid formation of gas phase acetic acid, 

which would be seen in BBA as 
59

C2H3O2
-
 when sampled with the ATOFMS, and other 

organic acids has been observed in relatively young biomass burning plumes (Gao et 

al., 2003; Legrand et al., 2007; Miyazaki et al., 2009; Yokelson et al., 2009). Thus, it is 

likely that the species found in the organic nitrogen factor were either emitted directly 

in the particulate phase or they were rapidly produced from gas phase precursors 

emitted during flaming conditions which partitioned rapidly into the particulate phase as 

the smoke plume cooled during transport.  

The amines factor consisted mainly of 
86

(C2H5)2NCH2
+
 with minor contributions 

from 
18

NH4
+ 

and 
26

CN
-
, which were both likely also amine fragments during this time. It 

is interesting that the amines and organic nitrogen factors were split into two, but based 

on their temporal and size profiles this makes sense. While the organic nitrogen factor 

was prevalent at the beginning of the fires, the amines factor spiked after the increase in 

RH on 10/25. In controlled laboratory burns, gas phase amines have been observed to 

be emitted during biomass burning, typically during the smoldering phase (Andreae and 

Merlet, 2001; Lobert et al., 1991). Therefore, amines remained in the gas phase while 

the RH was low, as shown by previous work (Angelino et al., 2001; Rehbein et al., 

2011), and partitioned to the particulate phase once the RH increased to > 90%.   

The organic acids factor, which had contributions from 
89

HC2O4
-
, 

87
C3H3O3

-
, 

75
C2H3O3

-
, 

73
C2HO3

-
/
73

C3H5O2
-
, and 

71
C3H3O2

-
, peaked between 10/23/07-10/26/07 and 

10/27/07-10/31/07. These organic acids, tracked each other very well temporally and by 

size (Figure 5.8) indicating a similar formation mechanism among organic acids, which 

may have varied during the sampling period due to changing meteorological conditions 

and differing concentrations of gas phase precursors. The organic acids at the beginning 

of the wildfires were likely primary or a result of fast secondary production, as has been 

previously observed (Gao et al., 2003; Legrand et al., 2007; Miyazaki et al., 2009). 

However, organic acids spiked between 10/27/07-10/31/07 coinciding with the period 
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when the air mass back trajectories came from offshore, and thus the BBA sampled 

during this time had significantly more time to age. Therefore, the organic acids from 

this period could have formed through slow gas-to-particle conversion of VOCs emitted 

during biomass burning which further oxidized into the organic acids (Narukawa et al., 

1999; Timonen et al., 2010). Although it is not possible to identify each organic species 

present in BBA when only using the ATOFMS, the four different organic carbon factors 

identified in this study indicate that data obtained can still be used to learn about 

different processes that occur in biomass burning. 

5.4 Summary and conclusions 

Throughout the 2007 wildfires, San Diego was impacted by elevated PM2.5 

concentrations county-wide exceeding the NAAQS short-term limit of 35 µg/m
3
. 

During the intense wildfire period, > 80% of PM2.5 and PM1.0 mass estimated at UCSD 

was due to particles in the 120-400 nm range, with PM0.1-0.4 as high as 148 µg/m
3
. This 

is an important observation since smaller particles may contribute to more adverse 

health problems than larger ones (Ramgolam et al., 2009; Stoelzel et al., 2007). 

Comprised of five different particle types, BBA contributed to 84% of all 120-

400 nm particle numbers chemically analyzed during this study. BBA were aged based 

on wildfire co-emissions, regional pollutants, and the aid of meteorological conditions. 

PMF and single particle analysis were used to study the aging of BBA. Fresh, slightly 

aged, moderately aged, and aged BBA were differentiated using the presence of unique 

chemical markers such as 
113

K2Cl
+
, 

140
K2NO3

+
 and 

213
K3SO4

+
, and secondary species, 

such as sulfate and the lack of potassium salts.  Four main organic carbon PMF factors 

were identified: organic carbon, organic nitrogen, amines, and organic acids, 

indicating different temporal profiles and hence differing formation mechanisms. The 

mixing state and size of BBA determines their hygroscopicity and cloud nucleating 

properties, hence affecting the climate impact of BBA. For a thorough analysis of the 

hygroscopicity of the particles during the 2007 San Diego Wildfires the reader is 

referred to (Moore et al., 2012). 
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Further studies will sample southern California wildfires and prescribed burns to 

learn more about the evolution of chaparral BBA. While we expect that BBA in areas 

affected by different regional pollutants and meteorological conditions will exhibit 

different aging processes at different rates, efforts will focus on more detailed 

characterization of the composition of fresh BBA from wildfires in urban communities 

by sampling as close as safely possible during future wildfires. In addition, it would be 

greatly beneficial to sample ultrafine (<100 nm) BBA (Figure 5.1) with the combined 

growth tube ATOFMS approach to investigate mixing state differences in individual 

particles smaller than can currently be sampled with the ATOFMS alone (Zauscher et 

al., 2011). Furthermore, new methods for on-line sampling of BBA would be useful, 

such as the aerosol chip electrophoresis (ACE) system (Noblitt et al., 2009) and the 

two-dimensional gas chromatography thermal desorption (2D-TAG) instrument 

(Worton et al., 2012), in order to complement the capabilities of ATOFMS 

measurements.  
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5.6 Supplemental Materials 

5.6.1 PMF Factors 

The Positive Matrix Factorization (PMF) model used was the USEPA PMF 3.0. 

The guidelines presented in the Fundamentals & User Guide were followed during the 

analysis (USEPA, 2008). However, instead of using PMF for determining the source of 

aerosols, we used PMF in this study to group chemical markers from the same source, 

namely biomass burning. The 20 marker species from BBA utilized in this PMF 

analysis were chosen because of their relevance in biomass burning aerosols and 

abundance during the 2007 San Diego Wildfires. The signal-to-noise ratio of all species 

was > 2.3 indicating that the variability in the measurements was real  and therefore all 

20 marker species were categorized as strong in the PMF model (USEPA, 2008). In 245 

hourly samples, there was only one missing value across all species on 10/26/07 9:00, 

which was replaced with the geometric mean value of the preceding and following 3 

hours of the missing value for each species. The PMF base model was set-up with a 

random seed and 20 runs, which all converged.  
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Solutions for 3-13 factors were considered and the relevant Q values for each of 

these cases are shown in Table 5.2. In all solutions explored Qtheory > Qrobust, although it 

is recommended that Qtheory ≈ Qrobust (USEPA, 2008). The 3 factor solution had the 

closest Qtheory to Qrobust, but the three factors were completely inadequate in describing 

the temporal variability of the species. As the number of factors increased, Qrobust 

decreased at a faster rate than Qtheory (EPA2.0) while the predicted species better match 

the observed species in time. Because the correlations between observed and predicted 

variables were strong (R
2
> 0.89), the residuals were between -2 and 2, and the resulting 

factors made physical sense, we chose the 11 factor PMF solution as the final one (Reff 

et al., 2007). We could have chosen the 12 or 13 factor solution. However, the 12 and 

13 factor solutions did not have improved correlations between observed and predicted 

species. Furthermore, these solutions had multiple factors with similar composition 

profiles and temporal distributions split into two. For example, the 12 factor solution 

had a nitric acid, an ammonium, and the ammonium nitrate factor. These observations 

Table 5.2: Q values for PMF Analysis with different number of factors. 
a
Qrobust with Fpeak = 0 

# of Factors 
R

2
 between observed and 

predicted species 
Qrobust

a
 Qtheory (EPA2.0) Qtheory (EPA1.0) 

3 0.00-0.90 15,476 16,192 19,120 

4 0.47-0.90 9,738 15,216 19,120 

5 0.51-0.95 7,478 14,240 19,120 

6 0.57-0.97 5,571 13,264 19,120 

7 0.67-0.98 4,106 12,288 19,120 

8 0.72-0.98 3,112 11,312 19,120 

9 0.75-0.98 2,544 10,336 19,120 

10 0.85-0.99 2,057 9,360 19,120 

11 0.89-0.99 1,696 8,384 19,120 

12 0.90-0.99 1,371 7,408 19,120 

13 0.91-0.99 1,086 6,432 19,120 
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led us to believe these split factors were unrealistic and less physically meaningful and 

thus, we opted for the 11 factor solution. For the chosen 11 factor solution, Qtheory= 

19,120 or 8,384, depending on whether the PMF1.0 or 2.0 definition of Q is used (Chan 

et al., 2011; USEPA, 2008). The 11 factor solution at Fpeak=0 had Qrobust=Qtrue=1696. 

The G-space was used to investigate rotational ambiguity in the factor solutions by 

varying Fpeak between -0.5-0.5.(Paatero et al., 2005) The solution which removed the 

oblique edges between every pair of factors was for Fpeak = -0.1 and is presented herein, 

thus changing the Q values to Qtrue=1696.2 and Qrobust=1698.2. Because we were using 

PMF analysis in a way that has not been used before, it is possible that the 

recommendation that Qtheory ≈ Qrobust is not appropriate here.  

5.6.2 Insights from Chemical Markers 

Figure 5.13 shows the mixing state of 
18

NH4
+
, 

62
NO3

-
, 

97
HSO4

- 
and 

89
HC2O4

-
 on 

individual BBA particles during two different periods. In each ternary plot, BBA 

containing mostly nitrate would be towards the right vertex, mostly sulfate towards the 

top vertex, and mostly oxalate towards the left vertex; the color represents different 

amounts of ammonium. Each ternary plot represents a different period chosen to 

represent different conditions, the beginning of the fires (10/22/07 10:00 – 10/23/07 

17:53) and a period when nitric acid spiked (10/25/07 12:00 – 10/26/07 12:00). The 

number of BBA from the beginning of the fires was cut-off at 99,999 in order to make 

the amount of data manageable for the ternary plot. During the beginning of the fires, 

there was a greater distribution in the mixing state of BBA compared with the nitric 

acid spike period. At the beginning of the fires, there were particles with mostly oxalate, 

mostly sulfate, mostly nitrate, and particles internally mixed with different amounts of 

all three species. During the high nitric acid period, the majority of particles had 

significant amounts of nitrate, little oxalate and a broad distribution of sulfate. The 

distribution of ammonium was also different during both periods. In the beginning of 

the fires, higher amounts of 
18

NH4
+
 were predominantly associated with sulfate only 

BBA indicating that during this period, and most of the fires (not shown), ammonium 

was predominantly found as (NH4)2SO4 and not NH4NO3. During the nitric acid spike, 
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higher amounts of 
18

NH4
+
 were mostly associated with nitrate. Because sulfuric acid is a 

stronger acid than nitric acid, there must not have been enough sulfuric acid to 

neutralize the ammonium during this period. Thus, during the nitric acid spike, there 

was a prevalence of NH4NO3 over (NH4)2SO4, which has been observed before in BBA 

(Fiedler et al., 2011; Song et al., 2005). 

5.6.3 Organic acid standards 

Solutions of sodium pyruvate (Fisher), sodium glycolate (Acros), sodium 

propanoate (Spectrum), glyoxylic acid (Acros), methylglyoxal (Sigma), zinc acrylate 

(Aldrich), in addition to levoglucosan (Acros), were made with ultra-pure water and 

atomized to generate particles. The particles were dried downstream with diffusion 

dryers before entering the ATOFMS inlet. At least 2,000 mass spectra were obtained 

per standard for statistical significance. A representative negative mass spectrum for 

each standard is shown in Figure 5.9. The pyruvate, glycolate and glyoxylate generated 

a molecular ion at -87, -75, and -73 m/z, respectively, whereas the molecular ion from 

methylglyoxal and acrylate was at -71 m/z. Most standards also had small peaks at -59 

and -45 m/z in their mass spectra. Because negative molecular ions from different 

standards known to be present in BBA were formed at -71 and -73 m/z, it is not possible 

to attribute these peaks to a specific compound. Thus, in addition to levoglucosan 

fragments, the peaks at -71, -73, -75, and -87 m/z could be the resulting ions of several 

organic acids. 

5.6.4 Peripheral Data 

Figure 5.12 shows the gas phase concentrations measured at Escondido and San 

Diego California Air Resources Board (CARB) sites from 10/11/07 until 11/01/07. 

Overall, the NOx was higher at San Diego site compared to Escondido. The 

concentrations of nitrogen oxides (NOx) exceeded the 1-hour NAAQS (0.1 ppm) during 

a few periods between 10/23/07-10/25/07. The highest NOx reported was 0.37 ppm at 

the San Diego site at 10/24/07 8:00 compared to 0.21 ppm at Escondido an hour before. 

It is interesting that the NOx concentrations were higher at the San Diego site than at 
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Escondido during the 12 days after the first wildfire, with an average of 0.07 ± 0.06 

versus 0.05 ± 0.04 ppm, respectively. The 10 days preceding the wildfires, the NOx 

concentrations were 0.03 ± 0.04 and 0.02 ± 0.02 ppm at San Diego and Escondido, 

respectively. There was no statistically significant (using p-test) difference for the daily 

profiles of O3 before and after the wildfires started. At the beginning of the wildfires 

(10/21/07 morning thru the afternoon of 10/23/07), O3 remained high at Escondido, but 

the rest of the time the O3 was typical of a non-fires period with a strong diurnal pattern. 

A modeling study showed that the O3 from the 2007 California wildfires peaked over 

the ocean because by the time the precursors generated O3 the winds had blown the air 

mass offshore.(Pfister et al., 2008) Carbon monoxide (CO) concentrations were fairly 

low overall, but roughly twice as high from 10/11/07-10/20/07 compared to 10/21/07-

11/1/07. 

The amount of nitrogen present in the fuel and the type of fire determines how 

much NOx(g) and NH3(g) are formed (Reid et al., 2005). NOx(g) and NH3(g) preferentially 

form during flaming and smoldering conditions, respectively (Andreae and Merlet, 

2001). Unfortunately, we cannot compare NH3(g) to NOx(g) because NH3(g) was not 

measured during the 2007 San Diego Wildfires. Both NOx(g) and NH3(g) may eventually 

partition into the particle phase as 
62

NO3
-
 and 

18
NH4

+
, respectively. Another gas species 

of interest is SO2(g), which can oxidize into H2SO4(g) and eventually partition into the 

particle phase as SO4
2-

. 

Interestingly, NOx(g) and CO(g) peaked in the morning and then at night on 

10/23/07-10/26/07. The night-time peak is probably due to a lower nocturnal boundary 

layer, whereas the morning peak is likely a result of photochemistry. The hypothesized 

low nocturnal boundary layer would trap the wildfire emissions from diluting and 

mixing with the rest of the troposphere and hence concentrate the emissions. Although 

there is some SO2(g) emitted from biomass burning, previous studies found it less 

significant than the emitted NOx(g) (Andreae and Merlet, 2001; Fiedler et al., 2011; Song 

et al., 2005; Streets et al., 2003). In San Diego County, only the San Diego CARB site 

measured the concentration of SO2(g) and it was low and stable during this study, 
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indicating that biomass burning in Southern California does not generate substantial 

emissions of SO2(g) or it reacts very quickly.  
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Chapter 6.  Impact of Central Valley 

emissions on local aerosols sampled at 

San Pedro Bay Ports  

6.1 Abstract 

Port communities are heavily impacted by air pollution from multiple sources. 

In an effort to understand the health effects of particles produced from shipping and 

trucking emissions, measurements of the size-resolved chemical mixing state of 

individual 100-1300 nm particles using aerosol time-of-flight mass spectrometry were 

carried out at the San Pedro Bay Ports in May, 2011. The main particle types observed 

were soot particles internally mixed with organic carbon aged to varying degrees and 

biomass burning aerosol, in addition to minor contributions from ships, organic carbon, 

and sea salt particles. Locally produced fresh soot and diesel particles from trucks 

comprised > 40% by number of all 100-200 nm particles. Surprisingly, 59% of all 

ambient particles measured contained amine markers, which is significant due to the 

adverse health problems attributed to amines. The air mass back trajectories indicate 

that transport pollution from the Central Valley was one source of amines at the port 

complex, which was unexpected and has not been shown before. Additionally, 

particulate trimethylamine spiked during a clean marine period suggesting a local, yet 

unknown, source of amines. During this study, amines partitioned to the particulate 

phase as alkylaminium sulfate salts. Identifying the sources of amines and 

understanding their partitioning to the particle phase is important in order to accurately 

predict regional air quality. 

6.2 Introduction 

Emissions from ocean-faring ships contribute to aerosol loadings in port regions 

and are known to induce negative health effects (Agrawal et al., 2009; Ariola et al., 
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2008; Contini et al., 2011; Minguillon et al., 2008; Pandolfi et al., 2011). Modeling 

studies have concluded that 60,000-87,000 premature deaths can be attributed to 

shipping emissions worldwide (Corbett et al., 2007; Winebrake et al., 2009). The largest 

port complex in the U.S. is the combination of the neighboring Port of Los Angeles and 

Port of Long Beach, known as the San Pedro Bay Ports (SPBP), through which more 

than 40% of all U.S. containerized imports enter the country with imports projected to 

double by 2020 (Geske, 2006). In addition to shipping emissions, communities 

downwind of SPBP have been found to be heavily impacted by heavy duty diesel truck 

(HDDT) emissions (Kozawa et al., 2009). Diesel exhaust has been designated as a 

carcinogen, while diesel particulate matter has been identified as a toxic air contaminant 

that can affect lung function and exacerbate cardiovascular problems (Kagawa, 2002; 

McCreanor et al., 2007; Scheepers and Bos, 1992). In addition, epidemiological studies 

have concluded that premature cardiopulmonary mortality is associated with living near 

a major roadway (Hoek et al., 2002). Furthermore, preterm birth and low birth weight 

have both been correlated with traffic related air toxics in Los Angeles (Wilhelm et al., 

2011; Wilhelm et al., 2012). 

Recent changes in fuel and emission regulations have improved air quality 

significantly at ports in California. Specifically, the requirement of ocean-faring ships to 

switch to low sulfur marine diesel oil (MDO) from high sulfur heavy fuel oil (HFO) 

within 44.5 km of the California coast and the speed reduction program have reduced 

the emissions of total particulate matter, particulate matter containing heavy metals and 

sulfate, and black carbon (BC) (Geske, 2006; Khan et al., 2012; Lack et al., 2011). HFO 

fuel contains high concentrations of heavy metals, such as vanadium and nickel, 

naturally present in crude oil that are concentrated during the refining process (Allouis 

et al., 2003). Particulate matter with vanadium and nickel, which appear to act 

synergistically, has been associated with cardiovascular problems (Campen et al., 2001; 

Zhang et al., 2009). In addition to declining ship emissions, the truck emission control 

regulations at Californian ports have drastically reduced overall PM2.5, BC, NOx and 

CO emissions by accelerating fleet turnover and the retrofitting of older trucks with 

diesel particulate filters (Bishop et al., 2012; Dallmann et al., 2011). However, Bishop 
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et al. (2012) observed a 20% increase in ammonia gas emissions at SPBP due to 

replacement of 11% of HDDT with liquefied natural gas trucks. Both the emission 

reductions from regulating ship fuel and speed close to the populated SPBP region and 

the overall reduction in HDDT emissions should lead to improved health benefits in the 

local communities (Winebrake et al., 2009). However, as the number of ships and 

trucks at the port complex continues to increase in time due to increased commerce, 

attention to the emissions must continue as well. 

Once these particles are emitted, their chemical composition can change with 

time through condensation, coagulation, photochemistry, and heterogeneous reactions 

with other gas phase species and particles in the atmosphere. The acquisition of other 

chemical components will lead to alteration of the particle’s chemical and physical 

properties, potentially altering its toxicology. Herein we report measurements of size-

resolved chemical mixing state of particles sampled at SPBP during May, 2011. 

Surprisingly, a large fraction of combustion-generated aerosol was found to be mixed 

with organic nitrogen, such as amines. These particles are of interest because organic 

nitrogen species are known to cause adverse health effects, including clotting 

(McGuinnes et al., 2011; Nemmar et al., 2002), difficulty breathing, and cancer 

(Albrecht and Stephenson, 1988; de Vocht et al., 2009; Greim et al., 1998; Pira et al., 

2010). Attempts were made to identify the sources of the observed organic nitrogen. 

6.3 Experimental Set-Up 

Sampling was performed at the Southern California Marine Institute (SCMI) 

situated on the western side of Terminal Island on the SPBP; this is the same location as 

a previous study from our group (Ault et al., 2010), where more information about the 

site can be found. Data presented herein was collected over the period 5/12/11-5/16/11. 

The size distributions of 10-590 nm particles were measured every five minutes with a 

scanning mobility particle sizer (SMPS, TSI 3936) and 0.6-20 µm particles every 

minute with an aerodynamic particle sizer (APS, TSI, 3321). In addition, 

meteorological data, PM2.5, O3, and NO2 data from the SPBP clean air action plan 

(CAAP) monitoring sites was obtained from http://caap.airsis.com/. Air mass 
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trajectories were modeled every 2 hours for 60 hours backwards in time starting at 

SCMI with HYSPLIT 4.0 at 500 m above ground level (Draxler and Hess, 1998). The 

resulting trajectories were clustered within the HYSPLIT program yielding 5 separate 

back trajectory periods. The mean and 95% confidence interval were calculated from all 

the trajectories in each cluster. 

Real-time single particle chemistry and size were measured with an ultrafine 

aerosol time-of-flight mass spectrometer (ATOFMS) (Su et al., 2004). This version of 

the instrument has an aerodynamic focusing lens that collimates the particles as they 

enter, allowing particles 100-1500 nm to be detected. After passing the lens, particles 

cross the beams of two 532-nm wavelength continuous wave lasers, used to calculate 

speed and particle size, which sets the timing of a pulsed 266-nm laser that desorbs and 

ionizes the particle constituents. A dual-polarity reflectron time-of-flight mass 

spectrometer records positive and negative mass spectra from these generated ions.  

 

Figure 6.1: Figure 1: HYSPLIT back trajectories clustered into 5 periods (P) with a) zoomed out 

with 95% confidence intervals (given by dashed lines), and b) zoomed in. Every dot marker on the 

trajectories represents 12 hours.  
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ATOFMS data were analyzed with the YAADA (http://www.yaada.org) Matlab 

toolkit and clustered according to similar mass spectral patterns with the neural network 

algorithm ART-2a using vigilance factor of 0.85, learning rate of 0.05 and iteration 

number of 20 (Song et al., 1999). ART-2a clusters were further combined manually into 

10 main particle types based on similar ion patterns of varying intensities: diesel, soot, 

soot mixed with organic carbon (soot-OC), soot-OC aged, OC, organic nitrogen (ON), 

biomass burning aerosol (BBA), sea salt, heavy fuel oil (HFO), and other. Potassium, 

sodium, aluminum, and iron rich particles were combined into the “other” category 

since they represented a minor fraction of total aerosol (<5%) throughout this study. A 

total of 820,675 particles were clustered in this study of which over 98% were 

chemically identified. Nearly 33% of total particles had dual-polarity mass spectra. 

Typically, positive mass spectra allow identification of the particle type, whereas the 

ion negative spectra yield evidence on the extent and type of atmospheric processing the 

particle has undergone. When particles are wet, either due to high ambient relative 

humidity or chemical processing, they tend to produce fewer negative ion spectra 

(Neubauer et al., 1998). Peak identifications herein correspond to the most probable ion 

per mass-to-charge (m/z). Previous ATOFMS studies have identified 
59

N(CH3)3
+
 as the 

molecular ion of trimethylamine (TMA), and both 
58

NHCH2C2H5
+
 and 

86
NCH2(C2H5)2

+
 

as a stable fragments resulting from the desorption/ionization of other alkylamines, 

including dimethylamine (DMA), triethylamine (TEA), and diethylamine (DEA) 

(Angelino et al., 2001; Rehbein et al., 2011). Relative peak areas (RPA), which are the 

normalized peak intensities of a specific ion to the total peak areas of the whole mass 

spectrum, were used in this study to identify particles containing amines. ATOFMS data 

is presented in 30-minute averages. 



164 

 

 

6.4 Results and Discussion 

Figure 3.1 shows the average air mass back trajectory per cluster calculated with 

HYSPLIT (Draxler and Hess, 1998). Although this was a short study in duration, there 

were five distinct periods identified by back trajectory clusters. Period 1 (P1) was 

between 5/11 23:00 - 5/12 21:00 during which time the air came through Nevada and 

eastern California. During period 2 (P2, 5/12 23:00 - 5/13 17:00), the air passed through 

California’s Central Valley, which is one of the most productive agricultural areas in the 

world and is known to have some of the most polluted levels of PM2.5 and smog in the 

U.S. (Hall et al., 2008). Period 3 (P3), from 5/13 19:00 - 5/14 03:00, was characterized 

by stagnant conditions. During period 4 (P4), between 5/14 05:00 - 5/14 13:00, the air 

mass back trajectories originated near the northern California coast and proceeded along 

the California coast with a loop through San Diego before reaching SPBP. Period 5 (P5) 

was from 5/15 03:00 - 5/16 12:00 and came directly from the Pacific Ocean. Because 

 

Figure 6.2 Wind rose plots showing wind direction with color representing wind speed during 

a) Period 1, b) Period 2, c) Period 3, d) Period 4, and e) Period 5. 
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the air mass back trajectories between 5/14/11 15:00- 5/15/11 1:00 varied significantly, 

this time was not assigned to a period. 

The wind rose plots, shown in Figure 6.2, illustrate the frequency of wind 

direction and speed, for each period identified through the air mass back trajectories. 

The air mass back trajectories of periods 2-5 depicted in Figure 3.1b correspond with 

the dominant wind direction measured near the sampling site as shown in Figure 6.2. 

However, the wind direction in period 1 does not seem to match the air mass back 

trajectory, which is likely due to a discrepancy of the winds at 500 m used in the 

  

Figure 6.3: Size distributions of aerosols and ATOFMS relative fraction of particle types with 

periods highlighted.  HFO = high fuel oil, BBA = biomass burning aerosol, ON = organic 

nitrogen, and OC = organic carbon 
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HYSPLIT model compared to the surface winds measured by the CAAP air quality 

monitoring network.  

6.4.1 Overall particle temporal and size trends 

Figure 3.2 shows the temporal distribution of particle size and composition with 

each period identified. Between 5/12/11-5/15/11 the ultrafine (<100 nm) particle counts 

were high and did not follow any diurnal trend indicating a significant contribution of 

local emissions from trucks and ships as expected for the SPBP complex (Moore et al., 

2009). Port operations are being expanded to run 24-hours 7-days a week, although 

fewer trucks were visible during late night hours and the weekend (5/14-5/15), as 

confirmed by decreased particle concentrations during these times in Figure 3.2. 

Particles 0.6-2.5 µm, which typically have undergone more atmospheric processing than 

smaller particles, also did not exhibit any diurnal patterns and were more concentrated 

until 5/15/11. After 5/15/11 and coinciding with the period of air coming directly from 

the Pacific Ocean, the air was clean with low particle counts at all sizes compared to the 

rest of the study. Again, no daily trend was observed with the ATOFMS-derived 

particle types. Average mass spectra of each particle type are shown in Figure 6.4. It 

should be noted that during this study the negative ion mass spectra had significant 

interference noise from intense positive ions, referred to as cross talk (CT), perhaps due 

to the negative ion detector surface being considerably degraded. 
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Figure 6.4 Average mass spectra for each of the particle types observed in this study. a) soot, 

b) diesel, c) ships burning heavy fuel oil, d) organic carbon (OC), e) soot-OC, f) soot-OC aged, 

g) biomass burning, h) sea salt, and i) organic nitrogen. CT = cross talk, which is interference 

from ions in the opposite polarity. 
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Soot particles, identified by Cn
+/-

 clusters internally mixed with sulfate (
97

HSO4
-

), are indicative of all types of combustion, including diesel and gasoline powered 

vehicles. Particles emitted from HDDT have previously been identified as soot particles 

with a strong calcium ion (
40

Ca
+
) peak internally mixed with phosphate (

79
PO3

-
), and are 

referred to as diesel herein because they are also be produced from ships burning low 

sulfur fuel (Ault et al., 2010; Toner et al., 2006); thus the diesel and soot particles 

measured in this study were likely emitted from HDDT and ships within and near the 

port complex. Over 40% of 100-200 nm particles sampled at SPBP were fresh soot and 

diesel, as shown in Figure 3.3; if the ATOFMS had sampled particles < 100 nm, this 

percentage would have been larger because most particles emitted from combustion 

engines are typically ultrafine (Burtscher, 2005; Lighty et al., 2000).  

Carbonaceous particles with intense 
51

V
+
 and 

67
VO

+
 peaks have been previously 

identified as those originating from ships burning HFO, which has the higher content of 

vanadium than MDO (Ault et al., 2010; Healy et al., 2009). The size distribution of 

these ship particles spans almost the whole range from 160-1300 nm, whereas particles 

emitted from ships are typically ultrafine (Murphy et al., 2009). Thus, the ship particles 

detected were likely emitted from the ocean-faring ships outside the 44.5 km low sulfur 

regulation limit and transported to the sampling site during which they were 

atmospherically processed; smaller contributions from ship emissions closer to the port 

burning low sulfur fuel but with leftover HFO in the fuel and engine system after the 

switch to low sulfur fuel are also possible (Gaston et al., 2012a; Lack et al., 2011). Most 

ship particles were internally mixed with ammonium (
18

NH4
+
), nitrate (

30
NO

+
), and 

97
HSO4

-
 confirming that they were aged. Only 4% of all sampled particles at SPBP were 

identified as being emitted from ships. Fewer vanadium-rich ship particles were 

observed during this study than at the same site in 2007 most likely due to regulatory 

changes (2009) for ships near the California coast, as further investigated in (Gaston et 

al., 2012a). 
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The OC particle type was characterized by intense peaks at 
27

C2H3
+
, 

29
C2H5

+
, 

37
C3H

+
, and 

43
C2H3O

+
 (Sodeman et al., 2005), which were internally mixed with nitrate 

(
62

NO3
-
) and 

97
HSO4

-
. The relative fraction of OC particles was low throughout the 

study, comprising only 3% of all particles, except for a one-hour spike on the morning 

of 5/15/11 7:30-8:30 am from an unknown local source. Because the size range of the 

OC particles was 200-400 nm, these were less aged particles than those at larger sizes. 

The soot-OC particle type, a combination of both soot and OC markers (Guazzotti et al., 

2001), had a mode at 140 nm, but extended all the way up to 1300 nm; these particles 

were internally mixed with 
97

HSO4
-
, nitrate (

30
NO

+
), ammonium (

18
NH4

+
), 

59
N(CH3)3

+
 

and 
86

NCH2(C2H5)2
+
. Soot-OC particles with 

18
NH4

+
 and 

30
NO

+
 as the most intense 

peaks were named soot-OC aged; these particles had diameters > 300 nm. Soot-OC and 

soot-OC aged particles were the most prevalent during the whole study, accounting for 

20 and 31% by number of all particles sampled, but especially before 5/15/11. Both 

 

Figure 6.5: Relative fraction of particle types by size. White line represents total particle counts 

per size. BBA = biomass burning aerosol, ON = organic nitrogen, and OC = organic carbon. 
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soot-OC particle types likely originated from trucks at the SPBP and freeways nearby, 

as well as being transported from areas further inland allowing time for these particles 

to undergo chemical processing. Biomass burning aerosol (BBA) consisted of soot-OC 

particles with a strong potassium ion peak at 
39

K
+ 

(Silva et al., 1999) and were internally 

mixed with 
97

HSO4
-
, 

18
NH4

+
, and amines. BBA particles had a mode at 300 nm and 

extended all the way to 1300 nm, which is much larger than fresh BBA (100-160 nm) 

indicating these were aged BBA (Reid et al., 2005). Overall, 21% of all particles by 

number were BBA, but these were more prevalent after 5/15/11 coincident with the 

clean marine period. Therefore, these aged BBA must have been transported from fires 

on land to the ocean before being transported and sampled at SPBP. 

The sea salt particle type was characterized by intense 
23

Na
+
 and 

39
K

+
 ions with 

small sodium chloride clusters (
81,83

Na2Cl
+
 and 

93,95,97
NaCl2

-
) (Gard et al., 1998; Noble 

and Prather, 1996). Some of the sea salt particles also had nitrate present in the form of 

62
NO3

-
 and 

108
NaNO3

+
 suggesting this sea salt has been aged through heterogeneous 

reactions with HNO3 and/or N2O5 (Gard et al., 1998). Because sea salt particles are 

typically supermicron (> 1000 nm) and the transmission efficiency of the ATOFMS 

decreases for particles > 800 nm, it is not surprising that sea salt only made up 4% by 

number of all particles sampled during this study; at the larger sizes (> 1000 nm), sea 

salt comprised > 30% by number of all particles sampled. 

Particles that had the most intense peaks at 
58

NHCH2C2H5
+
, 

59
N(CH3)3

+
, or 

86
NCH2(C2H5)2

+
 were designated as organic nitrogen (ON) because it is likely these 

amine markers suppressed organic carbon peaks in the mass spectra (Hatch et al., 2012) 

and also because alkylamines can undergo oxidation to form other organic nitrogen 

containing compounds, such as amides and imines (De Haan et al., 2009; Malloy et al., 

2009; Murphy et al., 2007; Silva et al., 2008). Of note was the significant concentration 

of ON particles (15% by number) measured at SPBP in this study, especially during P2, 

because of their association with adverse health effects. There are several known natural 

and anthropogenic amine sources including animal husbandry (Mosier et al., 1973; 

Schade and Crutzen, 1995; Sorooshian et al., 2008a), industrial sources (Fuselli et al., 
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1982), vehicle exhaust (Angelino et al., 2001; Cadle and Mulawa, 1980; Key et al., 

2011), landfill and sewage treatment plants (Chang et al., 2003; Leach et al., 1999), 

biomass burning (Schade and Crutzen, 1995; Takahama et al., 2011), and marine 

sources (Facchini et al., 2008). Gaston et al. (2012b) identified particles characterized 

by an intense 
59

N(CH3)3
+
 peak during a research cruise off the California coast when the 

air was coming from the SPBP and attributed the source of this particle to an unknown 

amine source emitted at the port complex. During P2, the organic nitrogen source most 

likely originated from dairy farms and agricultural emissions in the Central Valley, as 

Sorooshian et al. (2008a) previously observed, that partitioned to the particulate phase 

during transport. In addition, the size of the ON particles (250-1300 with a mode at 450 

nm) is similar to cloud/fog processed particles (400-2000 nm) (Dall'Osto et al., 2009; Li 

et al., 2011; Whiteaker and Prather, 2003; Yao et al., 2003). Because amines are basic, 

one mechanism for alkylamines to enter the particle phase is through the formation of 

alkylaminium salts through acid-base reactions with nitric (HNO3) or sulfuric (H2SO4) 

acids (Angelino et al., 2001; Murphy et al., 2007). In addition, alkylamines can 

heterogeneously react with ammonium salts by displacing ammonia (Bzdek et al., 

2010b; Qiu et al., 2011). Although less likely due to their basic nature, amines can also 

condense onto aqueous particles as neutral species (Ge et al., 2011b; Pratt et al., 2009). 

Although mixing state could help determine the history, source, and partitioning 

mechanism of the ON particles measured, the mixing state of ON particles with respect 

to 
97

HSO4
- 
and 

62
NO3

- 
could not be examined because they yielded no negative-ion mass 

spectra due to their increased water content. However, since these particles were wet, it 

is likely that they obtained sulfate through aqueous processing.  
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6.4.2 Amine-containing particles 

Overall, 59% of all particles sampled, including the ON particle type, during this 

study had amine markers 
59

N(CH3)3
+
 or 

86
NCH2(C2H5)2

+
 present in their mass spectra 

with RPA > 2%, hereafter referred to as amine-containing particles. 89, 46, 38, 34, and 

4% of all soot-OC aged, HFO, soot-OC, BBA, and sea salt particles met this criterion. 

Because the amine markers were found on such a variety of particle types, it confirms 

that the particulate amines were formed through secondary processes. Amine-containing 

particles were comprised of soot-OC aged (47%), ON (25%), soot-OC (13%), BBA 

(12%), and HFO (3%). The size distributions of the ON particle type and amine-

containing particles had a strong correlation (R
2
 = 0.85) (Figure 3.4), suggesting the 

same secondary processes were involved in adding amines to these particles; thus the 

ON particles were likely, soot-OC aged, soot-OC, BBA, and HFO particles further aged 

and coated more thickly with amines. Since amine molecules often have lower 

ionization potentials than other molecules, it is likely that these markers could suppress 

other key organic peaks in the mass spectra and lead to their identification as ON 

(Reilly et al., 2000; Watanabe and Mottl, 1957). In order to analyze the mixing state of 

aerosols with ON markers, only the 100,361 dual-polarity, amine-containing particles 

 

Figure 6.6: Size distribution of ON and amine-containing particles  
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(38% of all dual-polarity particles) were used; 30-minute average relative peak areas 

(RPA) were calculated for these particles. Figure 3.5 shows the average RPA of dual 

polarity, amine-containing particles with each period highlighted. 

In amine-containing particles, 
86

NCH2(C2H5)2
+ 

peaked during P2 indicating that 

amines were transported from the Central Valley area during this time (Figure 3.5). 

Although it is expected that ammonium would also be found on particles originating 

from the Central Valley perhaps it was not observed during this time perhaps because it 

was displaced by amines, as previously shown (Bzdek et al., 2010a; Qiu et al., 2011). 

During P2, 
97

HSO4
-
 correlated strongly (R = 0.80) with 

86
NCH2(C2H5)2

+ 
indicating that 

alkylaminium sulfate salts, which are less volatile than neutral amines (Pratt et al., 

2009), were formed through acid-base reactions. Because 
86

NCH2(C2H5)2
+
 began 

increasing at 8:30 am and peaked at noon, photochemistry may have been involved in 

forming the sulfuric acid that neutralized the amines. 
62

NO3
-
 and 

30
NO

+
 also spiked 

during P2 but at nighttime and before the 
86

NCH2(C2H5)2
+
 spike (Figure 3.5); 

62
NO3

-
 

and 
86

NCH2(C2H5)2
+ 

were fairly anticorrelated (R = -0.40) suggesting no alkylaminium 

nitrate salts were formed during this time despite this being the highest 
62

NO3
-
 peak area 

during the study.  
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Figure 3.5 also shows that 
59

N(CH3)3
+
 peaked in amine-containing particles 

during the Pacific Ocean/clean period (P5) suggesting that TMA may have originated 

from marine biogenic activity. Previous studies have found amines on marine aerosol 

particles during periods of high biological activity and have attributed the presence of 

these amines to secondary production of alkylaminium sulfate salts (Facchini et al., 

2008; Gibb et al., 1999; Miyazaki et al., 2011; Mueller et al., 2009; Sorooshian et al., 

2009); however only Gibb et al. (1999) identified TMA on sea salt particles and these 

were in the Arabian Sea, while Van Neste et al. (1987) also found gaseous TMA over 

the Pacific Ocean in Hawaii. Figure 3.6 shows the oceanic chlorophyll-a concentrations 

along the California coast during this study, with highest concentrations (2.5-30 mg/m
3
) 

between Channel Islands National Park and the Santa Barbara coast; the air mass back 

trajectory (Figure 3.1) shows that the air during P5 came through here. However, these 

were not high chlorophyll concentrations, and therefore P5 was not a high biological 

activity period. Methanesulfonate (MSA, 
95

CH3SO3
-
), which is also an indicator of 

marine biogenic activity (Gaston et al., 2010), was fairly correlated (R = 0.30) with 

 

Figure 6.7: Peak areas of all amine-containing particles averaged every 30 minutes. 
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59
N(CH3)3

+
 during P5; however previous studies have indicated that MSA and amines 

emitted during marine biological activity have different seasonal cycles and do not 

always correlate (Facchini et al., 2008; Mueller et al., 2009). Alternatively, the amine 

source during this period could be due to biomass burning or an unknown port emission 

not observed during the other periods; such sources might include leaks from refineries 

producing amines and/or amine leaks used in refineries for removal of hydrogen sulfide 

and carbon dioxide from liquid petroleum gas near SPBP, fuel additives used in 

gasoline (Zerda et al., 2001), and in diesel fuels (Anastopoulos et al., 2005; Serdari et 

al., 2000),  possibly including HFO and MDO, and in selective catalyst reduction 

systems on HDDV (Stanciulescu et al., 2010), and fish processing (Rappert and Muller, 

2005). Similarly to the 
86

NCH2(C2H5)2
+
 spike during P2, there was also a strong 

correlation (R = 0.97) between the 
59

N(CH3)3
+
 and 

97
HSO4

- 
during P5 indicating the 

presence of trimethylaminium sulfate salts. During P5, 
59

N(CH3)3
+
 also peaked in the 

daytime (10:30-18:30) indicating that the unknown TMA source(s) is (are) active only 

during the daytime and/or the involvement of photochemistry in forming sulfuric acid 

needed to form the trimethylaminium salt.  
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Although ammonia is typically found in the atmosphere at higher concentrations 

than amines, amines are in general less volatile and more basic than ammonia (Ge et al., 

2011a). Thus, amines can be more prevalent in the particulate phase. Ammonia, which 

partitions to the particle phase as ammonium, is emitted from increasing LNG trucks at 

the SPBP port (Bishop et al., 2012), in nearby freeway traffic (Battye et al., 2003; 

Livingston et al., 2009; Nowak et al., 2012), from the ocean (Anderson et al., 2003), 

and can also be transported from agricultural areas, such as the Central Valley 

(Anderson et al., 2003; Battye et al., 2003; Clarisse et al., 2010; Sorooshian et al., 

2008b). During P5, 
18

NH4
+
 and 

59
N(CH3)3

+
 were not correlated (R = -0.08), with 

18
NH4

+
 

spiking after the peak in 
59

N(CH3)3
+
. Figure 3.5 shows that during P5 there was no 

correlation (R = 0.06) between 
18

NH4
+
 and 

97
HSO4

-
 suggesting higher concentrations of 

trimethylaminium sulfate than ammonium sulfate. This finding is surprising, assuming 

similar ambient concentrations of TMA other simple alkylamines, because based on 

thermodynamic data, such as its low Henry’s law constant (Ge et al., 2011b), TMA is 

one of the least likely amines to partition to the particulate phase. One possible 

 

Figure 6.8: Chlorophyll-a concentrations off the California coast. Data from GIOVANNI: 

http://disc.sci.gsfc.nasa.gov/giovanni 
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explanation is that TMA may have displaced ammonia from ammonium sulfate (Bzdek 

et al., 2010b; Qiu et al., 2011), but if this were the case then there should be a 

correlation between 
18

NH4
+
 and 

97
HSO4

-
 prior to that between 

59
N(CH3)3

+
 and 

97
HSO4

-
, 

which was not observed perhaps because the displacement reaction occurred before the 

air mass was sampled at SPBP. An alternative explanation is that during this time 

ambient gas-phase concentrations of TMA were higher than ammonia, but there were 

no measurements to support this.  

 

Figure 6.9: Meteorological data from San Pedro Bay Ports Clean Air Action Plan 

(http://caap.airsis.com) Outer Harbor site. 
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A comparison between dual-polarity amine-containing particles and dual-

polarity particles not-containing amines was performed. The 
97

HSO4
- 

peak areas were 

higher in particles not-containing amines compared to that of amine-containing 

particles, although 
97

HSO4
-
 trends were similar. This observation shows that amines did 

not partition to all sulfate-containing particles. Amine-containing particles had higher 

18
NH4

+
 peak areas than particles not-containing amines, which can be explained because 

~50% of the amine-containing particles were comprised of aged particles types, such 

soot-OC aged. The 
62

NO3
-
 peak areas were low throughout the study, especially for the 

amine-containing particles, but the trends were similar across all particles. The low 

62
NO3

- 
peak areas may be explained by the instrumental configuration used in this 

study, which saw significant amounts of cross talk interference. For that reason the 

positive ion marker for nitrate, 
30

NO
+
, was also shown in Figure 3.8. The temporal 

 

Figure 6.10: Peak areas of amine-containing particles and particles not containing amines 

averaged every 30 minutes. 
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trends between 
62

NO3
- 
and 

30
NO

+
 were similar, with both peaking on the early morning 

of 5/13/11.Thus, despite its low peak areas, 
62

NO3
-
 is still representative. 

6.5 Summary and Conclusions 

Ambient particles were chemically analyzed at the San Pedro Bay Ports in May, 

2011. The main 100-1300 nm particle types observed were soot-OC aged to different 

extents and biomass burning aerosols. However, fresh soot and diesel particles emitted 

in the port complex contributed > 40% by number to 100-200 nm particles. In addition, 

15% by number of all particles sampled were classified as ON, while 59% of all 

particles contained amine markers. These measurements represent the first observations 

of secondary organic nitrogen on particles in the Los Angeles/Long Beach ports to our 

knowledge. The high number of ON and amine-containing particles measured during 

this study is worrisome and warrants further research. Although previous studies have 

identified SPBP emissions transported to other areas up to 160 km downwind during 

regional transport events (Agrawal et al., 2009; Ault et al., 2009; Gaston et al., 2010; 

Pratt and Prather, 2009), to our knowledge no other study has identified transport of 

secondary organic nitrogen particles, some of which originated from California’s 

Central Valley, to the SPBP. The mixing of these two air masses, each already known to 

be harmful to human health, could result in an even greater risk to nearby populated 

regions. It is worth quantifying in future work how often air from the polluted Central 

Valley is transported to SPBP. Additionally, other possible amine sources at the port 

complex should be investigated. Furthermore, toxicological studies should be 

performed to determine if amines internally mixed with diesel and HFO particles, as 

observed during this study, play synergistic roles that may exacerbate the negative 

health outcomes of these particles. 

Due to the strong correlations between amine markers with sulfate on amine-

containing particles during different periods, amines partitioned to the particulate phase 

as alkylaminium sulfate salts during this study, as observed in previous field 

experiments (Creamean et al., 2011; Facchini et al., 2008; Pratt et al., 2009; Smith et al., 

2010). In contrast, smog chamber experiments have shown that oxidation chemistry of 
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amines producing SOA may dominate over acid/base chemistry (Murphy et al., 2007; 

Silva et al., 2008; Tan et al., 2002); therefore Ge et al. (2011a) concluded that 

gas/particle partitioning behavior of amines is still uncertain and that both acid/base 

reactions and oxidation processes can be significant. Further research designed to 

understand the gas/particle partitioning of amines is required to accurately predict 

amine and agricultural impacts on air quality in California. 
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Chapter 7. Conclusions and future 

directions 

7.1 Conclusions 

7.1.1 Development of method to extend lower size limit of ATOFMS 

This work was motivated by the need to develop new analytical techniques to 

characterize the chemical mixing state of ultrafine particles in order to study the links 

between particles and human health and the physicochemical properties of particles and 

their impacts on cloud formation and climate. The goal to develop a method that can 

determine the composition of ultrafine particles was achieved by first growing them 

with water vapor through a supersaturated condensational growth tube (GT) (Hering 

and Stolzenburg, 2005) prior to entering the ATOFMS. In this manner, grown ultrafine 

particles as small as 38 nm can be optically detected and subsequently chemically 

analyzed by the ATOFMS. By using a differential mobility analyzer upstream of the 

GT-ATOFMS, it is possible to size select particles. Experiments, which were performed 

with chemical standards and ambient particles, confirm that this novel GT-ATOFMS 

technique does not change the chemistry of particles through aqueous processing due to 

the added water. However, the added water does inhibit the production of negative ion 

mass spectra (Neubauer et al., 1998), so this technique does not obtain the complete 

chemical composition of the ultrafine particles. Nonetheless, cecause it is analytically 

challenging to determine the composition of ultrafine particles in the atmosphere, this 

new method that chemically analyzes ultrafine particles is important for moving the 

field to the next level. This GT-ATOFMS technique can be used in future studies in the 

laboratory and throughout the world. 
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7.1.2 Mixing state of aerosols and CCN properties in the Sierra 

Nevada foothills 

In an effort to understand how air pollution may be contributing to reduced 

orographic precipitation in the Sierra Nevada mountains east of the Central Valley, a 

field campaign was conducted in February and March, 2010 at Mariposa, California to 

analyze the physicochemical properties, including CCN-derived hygroscopicity, of 

ambient aerosols. These properties have not been measured before in the Sierra Nevada 

foothills east of Merced, California. A secondary goal of this study was to quantify 

ATOFMS measurements in order to extract more information from the collected data to 

better accomplish the primary goal. Particle chemical mixing state data was quantified 

for the first time by using measurements from a collocated aerodynamic particle 

sampler (APS) and PILS-IC. The APS provides representative particle size 

concentrations, while the PILS-IC quantifies the mass concentration of soluble ion 

species in bulk PM2.5. ATOFMS peak areas of NH4
+
, NO3

-
, and SO4

2-
 were scaled to 

mass concentrations by correcting for size and chemical biases in the ATOFMS 

measurements. The PILS-IC ammonium and nitrate correlated strongly (R
2
 = 0.77 and 

0.80) with ATOFMS 
18

NH4
+
 and 

62
NO3

-
, while the correlation between sulfate with 

97
HSO

4-
 was not as strong (R

2
 = 0.53). Coupling the ATOFMS and PILS-IC chemical 

measurements allowed us to determine how the mass concentrations of soluble species 

were distributed among different particle types. Several pollution transport events from 

the Central Valley were observed to bring large concentrations of highly aged soot 

particles internally mixed with soluble NH4
+
, NO3

-
, and SO4

2-
 to the foothills of the 

Sierra Nevada; these particles were likely aged during transport. Biomass burning 

aerosols, also internally mixed with NH4
+
, NO3

-
, and SO4

2-
 but to a lesser degree than 

the highly aged soot particles, were additionally detected during this study, mainly 

during clean rural background conditions. Dust and sea salt were sampled as well, but in 

smaller numbers; dust was internally mixed with NH4
+
 and NO3

-
, and sea salt with NO3

-
 

and SO4
2-

. Because different particles types with unique cores were internally mixed 
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with NH4
+
, NO3

-
, and SO4

2-
 to various degrees, the average bulk composition given by 

the PILS-IC was not representative of all ambient aerosols in this study.  

Differences in estimated hygroscopicity, propensity of particles to act as CCN, 

and overall CCN number concentrations varied between pollution transport events from 

the Central Valley and clean rural background conditions. Median total particle and 

CCN concentrations were higher during aged regional pollution (NCN = 2830 and NCCN 

= 1377 cm
-3

) compared to clean rural background conditions NCN = 1760 and NCCN = 

367 cm
-3

). Additionally, particles were more hygroscopic and CCN active during the 

pollution transport events (κ = 0.26 and fCCN = 0.51) in contrast to those from clean 

rural background (κ = 0.15 and fCCN = 0.25). We identified these CCN active and 

hygroscopic particles as highly aged soot particles internally mixed with soluble species 

acquired during transport from the Central Valley to the Sierra Nevada. Whereas fresh 

soot particles do not serve as CCN (Tritscher et al., 2011; Weingartner et al., 1997), 

these highly aged soot particles internally mixed with soluble NH4
+
, NO3

-
, and SO4

2-
 

were CCN active thus, emphasizing the crucial role that particle mixing state plays in 

determining CCN activity. These observations support the hypothesis set forth by 

Rosenfeld et al. (2008) that a major source of CCN particles in the Sierra Nevada 

foothills, which may be affecting orographic precipitation, is Central Valley pollution. 

Transport of high concentrations of CCN active particles can change regional cloud 

properties by decreasing cloud droplet radii, leading to changes in cloud albedo and 

potentially altering precipitation patterns (Albrecht, 1989; Lohmann, 2006; Tao et al., 

2012; Twomey, 1977). Long-term effects of these transport events on local precipitation 

patterns needs to be investigated. 

Overall, this study is significant for various reasons. Using the ATOFMS and 

PILS-IC data together, pollution transport events were detected for the first time, to our 

knowledge, bringing high concentrations of aged soot particles internally mixed with 

ammonium, nitrate, and sulfate from the Central Valley to the Sierra Nevada. 

Furthermore, single-particle chemical analysis coupled to CCN measurements showed 

that these transported soot particles were more hygroscopic and CCN-active than 
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particles measured during clean rural background conditions. Because of these 

observations, we were able to identify for the first time the composition and sources of 

particles that may be affecting regional precipitation. Finally, the method outlined for 

quantifying ATOFMS data via comparison with PILS-IC measurements can be used in 

future studies to improve our knowledge of atmospheric chemistry. 

7.1.3 Aging and mixing state of biomass burning aerosols during 

wildfires 

The goals of this opportunistic study were to evaluate the impacts of the 2007 

San Diego Wildfires on regional air quality and to analyze the aging and mixing state of 

biomass burning aerosols. Over 300,000 acres burned in October, 2007. Measured and 

estimated size-resolved particulate matter mass concentrations county-wide were high, 

especially during the first two days of the fires, exceeding the 24-hour average U.S. 

national ambient air quality standard PM2.5 limit of 35 µg/m
3
. More than 80% of PM2.5 

and PM1.0 mass was due to particles < 400 nm, with PM0.4 mass concentrations reaching 

as high as 148 µg/m
3
. This is a significant observation because smaller particles may 

lead to increased health problems compared to larger ones (Ramgolam et al., 2009; 

Stoelzel et al., 2007).  

During this study, 84% of all 120-400 nm chemically analyzed particles with the 

ATOFMS were biomass burning aerosols. Single-particle analysis and positive matrix 

factorization (PMF) of these biomass burning particles identified rapid atmospheric 

aging, including heterogeneous reactions transforming KCl into KNO3 and K2SO4 

(Gaudichet et al., 1995; Li et al., 2003), which were coupled to rapid changes in the 

mode of the particle size distributions. Positive matrix factorization analysis identified 

four organic carbon factors: organic carbon, organic nitrogen, amines, and organic acids 

thus, indicating different formation mechanisms and temporal profiles for each. The 

extent and timing of biomass burning aerosols aging depended on concentrations of 

wildfire co-emissions and regional pollutants, as well as meteorological conditions. It is 

vital to understand the aging processes biomass burning aerosol undergo because the 

resulting physicochemical changes impact the phase, morphology, hygroscopicity, and 
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optical properties of the particles. Therefore, it is essential to properly incorporate aging 

wildfire emissions into air quality, weather and climate models (Grell et al., 2011; 

Hodzic et al., 2007).  

The importance of this study stems from being able to analyze real-world 

wildfire emissions as they age due to regional pollutants and meteorology, in addition to 

wildfire co-emissions. Although laboratory controlled burns do provide insights into 

biomass burning emissions, they lack the complex nature inherent in all atmospheric 

processes. In addition, this was the first single-particle analysis of rapid biomass 

burning aerosols aging in intense coastal urban fires. Furthermore, being able to identify 

the size range of particles responsible for the majority of the particulate mass 

concentrations is crucial for determining the health impacts of wildfires. Lastly, this 

study showed a unique use of positive matrix factorization applied to analyze the aging 

of single-particles from the same source. 

7.1.4 Impact of Central Valley emissions on local aerosols at port 

complex 

As part of a health effects study of shipping and trucking particles, the 

physicochemical properties of ambient aerosols were measured at the Port of Los 

Angeles in May, 2011. Over 40% of the 100-200 nm particles were composed of fresh 

soot and diesel particles. The majority of the 100-1300 nm particles sampled were aged 

soot particles to varying degrees, with minor contributions from ships, organic carbon, 

biomass burning, and sea salt particles. Although several particles types were observed, 

~60% of all 100-1300 nm particles contained amine markers. The high number of 

amine-containing particles is worrisome from a health perspective because amine 

particles can induce clots (McGuinnes et al., 2011; Nemmar et al., 2002). One source of 

amines was attributed to transport from the Central Valley through modeling of the air 

mass back trajectories. To our knowledge, this is the first study to identify transport of 

amines from the Central Valley to the Los Angeles air basin. Local, yet unknown, 

amine sources at the port are also likely. Amines partitioned to the particle phase as 

alkylaminium sulfate salts. 
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7.1.5 Overall conclusions 

This dissertation shows a novel technique that allows the detection of ultrafine 

particles with the ATOFMS and a method to quantify ion peak areas into mass 

concentrations. These new methods can now be used by other scientists to continue 

expanding our knowledge of atmospheric chemistry, and other scientific fields. 

Additionally, this dissertation describes three different ambient studies with the 

underlying goal to characterize aerosols in order to understand how they might impact 

air quality, cloud properties, precipitation, and human health. The results shed light on 

how atmospheric processing and transport of air masses affect the physicochemical 

properties of aerosols thus, altering their climate and health impacts.  

Although the field campaigns described in this dissertation all took place in 

California, the results are applicable to other areas worldwide. For example, reduced 

orographic precipitation has been observed in other regions besides in the Sierra Nevada 

downwind of the Central Valley, such as in mountains downwind of urban centers in 

Israel (Givati and Rosenfeld, 2004). Therefore, it is likely that aged anthropogenic 

aerosol pollution is also transported to the mountains affecting cloud properties in this 

area of Israel, similarly to pollution from the Central Valley affecting regional 

precipitation in the Sierra Nevada mountains. As far as wildfires and biomass burning, 

they occur globablly, and the results from the analysis of the 2007 San Diego Wildfires 

are generally applicable to all biomass burning. For example, the largest contribution of 

particulate mass during intense biomass burning should be due to particles < 400 nm. 

However, the timing and extent of aging of biomass burning aerosols are more relevant 

to fires at other coastal urban communities with similar chaparral landscape, such as 

other regions in southern California, Greece and Italy. Finally, there are shipping ports 

throughout the world that are located nearby to agricultural areas that may emit gas 

phase amines, such as Cork, Ireland (Healy et al., 2009). In these areas, there may be a 

similar large fraction of particles emitted from trucks and ocean faring ships at the port 

that are internally mixed with amines, as was observed at the Port of Los Angeles. 
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7.2 Future directions 

While the research described in this dissertation has extended our knowledge of 

the physicochemical properties of aerosols, specifically within California, and how they 

might impact climate and human health, questions remain. A brief description of 

suggested future work follows.  

7.2.1 Development of method to extend lower size limit of ATOFMS 

In order to fully take advantage of the GT-ATOFMS method, obtaining dual-

polarity mass spectra should be the goal. Therefore, the development of two-step 

desorption/ionization for the ATOFMS is crucial. However, the use of the GT-

ATOFMS technique should continue to be used in order to learn more about ultrafine 

particles in diverse environments therefore, improving the knowledge of the 

environmental impacts of aerosols. For example, using the GT-ATOFMS in parallel 

with CCN measurements will increase our understanding of the spatial and temporal 

variability of the sources and composition of CCN thereby, decreasing the uncertainties 

associated with the indirect effect of aerosols. Furthermore, using a collocated aerosol 

chip electropheresis (ACE) system in these CCN studies would complement the data 

obtained with the GT-ATOFMS with high temporal resolution (1 minute) mass 

concentrations of soluble organic and inorganic species on ultrafine particles, which is 

ultimately needed to predict CCN activity (Noblitt et al., 2009). Ultimately, a method to 

convert soluble ultrafine species to mass concentrations, similar to the quantification of 

ATOFMS data described in Chapter 3, would be needed. In addition to CCN 

applications, health studies can also immensly benefit from being able to identify the 

composition of ultrafine aerosols. Therefore, the GT-ATOFMS should be used in 

ultrafine ambient exposure experiments (Kim et al., 2001) in order to better understand 

how particle composition may be related to the measured biological responses. 

Furthermore, the GT-ATOFMS technique could be used to better characterize the 

ultrafine particles humans are exposed to in real-life both indoors, at home and through 

occupational exposure, and outdoors. For example, the GT-ATOFMS could be used 

analyze the composition of metal-working and welding particles (Elihn and Berg, 2009) 
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in addition to incense burning (See et al., 2007). Finally, this technique is not limited to 

applications withing the fields of atmospheric chemistry, climate, and environmental 

health. The GT-ATOFMS technique is a powerful tool that scientists can apply to 

material science and nanotechnology as well. 

7.2.2 Mixing state of aerosols and CCN properties in the Sierra 

Nevada foothills 

Although this study made important observations, more research is needed to be 

able to predict and model CCN-active pollution transport from the Central Valley to the 

Sierra Nevada. Conditions leading to pollution transport events need to be characterized 

so these events can be predicted, compared with current observations, and used for 

modeling regional cloud microphysics and precipitation over the past couple of decades. 

Therefore, further measurements should be collected, including particle size-resolved 

mixing state and CCN properties, along different transects of the Sierra Nevada – 

Central Valley and during different seasons in order to better understand the processes 

and CCN sources involved in this area. Similar aircraft measurements during regional 

pollution events would also be beneficial in order to improve our knowledge of what is 

occurring at cloud-level. Understanding the exact impact of this aerosol pollution on 

cloud properties and precipitation will take time due to the complexity involved. 

7.2.3 Aging and mixing state of biomass burning aerosols during 

wildfires 

Sampling during future wildfires with the GT-ATOFMS technique (Zauscher et 

al., 2011) will be beneficial in order to analyze the mixing state of ultrafine biomass 

burning particles. It is also worth comparing the results of this analysis with those of 

other wildfires in order to build a biomass burning aerosol aging model that can be used 

to predict air quality and climate impacts resulting from the evolution of biomass 

burning particles. Future studies should also analyze fires from different fuel types in 

order to establish differences in particle composition. In order to identify the various 

organic carbon components on biomass burning aerosols, future sampling should be 
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performed with other real-time analytical techniques, such as the aerosol chip 

electrophoresis (ACE) (Noblitt et al., 2009) and the two-dimensional gas 

chromatography thermal desorption system (Worton et al., 2012) to complement the 

ATOFMS measurements. 

7.2.4 Impact of Central Valley emissions on local aerosols at port 

complex 

Several issues remain worth exploring. First, it is essential to identify and 

quantify local amine sources at the port area. Second, further research in order to 

understand gas-to-particle partitioning of amines is needed. Therefore, continued field 

measurements at the Port of Los Angeles with different analytical techniques capable of 

identifying the amines present in the particle and gas phases are encouraged. We also 

recommend ATOFMS analysis of particulate emissions from gasoline and diesel fuels 

with amine-based additives and from diesel vehicles using diesel particulate filters and 

selective catalyst reduction systems since the resulting particles may now be different 

than those sampled during previous source identification studies (Shields et al., 2007; 

Sodeman et al., 2005; Toner et al., 2006). It is also important to quantify how often air 

pollution from the Central Valley is transported to the Los Angeles basin in order to 

understand its impact on regional air quality. The CCN activity of these amine particles 

should also be explored. Finally, toxicological studies of amine-containing particles 

should be investigated, including possible synergistic roles between amines and metal 

containing particles, such as those emitted from combusting heavy fuel oil in ocean 

faring ships. 
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Appendix 1. Determining the upper size 

limit of fully ablated particles using 

aerosol time-of-flight mass spectrometry 

A1.1 Objective 

During size selection of standard metal particles with the growth-tube ultrafine 

aerosol time-of-flight mass spectrometer (GT-UF-ATOFMS) approach described in 

Chapter 2 and Zauscher et al. (2011), it was observed that smaller particles generated 

smaller peak areas. Therefore, the objective of this analysis shifted to determine the 

particle size at which the whole particle was no longer fully desorbed/ionized by the 

laser desorption/ionization (LDI) in the ATOFMS.  

A1.2 Experimental Methods 

Laboratory measurements were conducted using particles generated from a 

standard solution of lead nitrate (Pb(NO3)2) (99+%, Aldrich). The Pb(NO3)2 particles 

were sent through two diffusion dryers filled with silica gel to dry the particles. 

Particles were size selected with the differential mobility analyzer (DMA, TSI 3080-L) 

based on mobility diameter (Dm) prior to GT-ATOFMS sampling. The dry vacuum 

aerodynamic diameters (Dva) were calculated from the Dm using the density of 

Pb(NO3)2 (4.53 g/cm
3
) assuming the particles were spherical, following DeCarlo, et al 

(2004). Although 50-425 nm Dm particles were size selected, the Dva of these particles 

was between 230-1930 nm. Average and 95
th

 percent confidence intervals for 
208

Pb
+
 

peak areas were calculated per particle size sampled using the YAADA toolkit for 

Matlab. Table A1-1summarizes the particles sampled. All particles were sampled from 

the same Pb(NO3)2 solution during the same day (12/X/2008). 
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Table A1-1. Properties of Pb(NO3)2 particles sampled. 

Dm (µm) Dva (µm) 

208
Pb

+
 Average 

Peak Area 

208
Pb

+ 
Peak Area 

95
th

 Percent 

Confidence 

Interval 

Number of 

Particles 

Sampled 

0.050 0.23 7548 5149 501 

0.060 0.27 4363 2114 1185 

0.070 0.32 3548 327 1206 

0.080 0.36 10003 3032 1086 

0.090 0.41 13029 2530 1124 

0.100 0.45 21434 3082 1015 

0.120 0.54 38027 3755 1055 

0.140 0.63 59654 4981 1070 

0.160 0.72 73187 5394 1102 

0.180 0.82 89942 6557 1021 

0.200 0.91 104253 7105 983 

0.220 1.00 120413 5991 1519 

0.240 1.09 156764 6320 1887 

0.260 1.18 179128 7492 1500 

0.280 1.27 211149 14793 516 

0.300 1.36 243871 11240 1021 

0.320 1.45 269685 9403 1812 

0.340 1.54 262835 20472 424 

0.360 1.63 271281 22261 400 

0.380 1.72 260006 24235 367 

0.400 1.81 266997 27635 319 

0.425 1.93 271267 18714 672 
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Because of the interest in determining at what size particles are no longer fully 

ablated and since particle volume is proportional to diameter cubed, assuming particles 

were spherical, Dva was cubed in order to compare with average peak areas. 

A1.3 Results 

Figure A1.1 shows average peak area of 
208

Pb
+
 as a function of Dva cubed. The 

peak area of 
208

Pb
+ 

in Pb(NO3)2 particles increased steadily until Dva reached 1.45 µm. 

The average peak area plateaued for particles with Dva > 1.45 µm, with the 95
th

 percent 

confidence interval increasing for larger particles due to a smaller number of particles 

being sampled as shown in Table A1-1. It should be noted that the average peak areas 

for 
208

Pb
+ 

are still within the dynamic range of the data acquisition boards since 

 

 

Figure A1.1: Average peak area of 
208

Pb
+
 per particle vacuum aerodynamic diameter cubed. 

Error bars represent 95
th 

percent confidence intervals. The numbers next to diamonds are the 

Dva of each size sampled. 
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maximum peak areas observed during this study were > 800,000. Thus, from this 

analysis it can be concluded that Pb(NO3)2 particles with Dva < 1.45 µm were fully 

desorbed/ionized. Although the LDI beam is typically 0.4-0.8 mm wide in the 

ATOFMS (Wenzel and Prather, 2004), the power density of the beam is not strong 

enough to ablate particles > 1.45 µm. Previous studies have shown that a larger fraction 

of smaller particles are ablated than that of larger particles and that at higher laser 

irradiances a greater fraction of the particle can be desorbed/ionized (Bhave et al., 2002; 

Carson et al., 1997; Dall'Osto et al., 2006; Schoolcraft et al., 2000). Carranza and Hahn, 

(2002) showed that using laser induced breakdown spectroscopy (LIBS) silica particles 

up to 2.1 µm were fully ablated, which is the same order of magnitude as that 

determined in the current study. 

A1.4 Summary 

Pb(NO3)2 particles were size selected and analyzed with the GT-ATOFMS. 

Because the average peak areas of 
208

Pb
+
 increased with Dva

3
 until particles were 1.45 

µm and then plateaued for larger particles, it appears that particles with Dva < 1.45 µm 

were fully ablated in contrast to particles Dva > 1.45 µm. These experiments should be 

repeated with different standards, such as iron, vanadium, titanium, sodium, and 

potassium, as well as mixed particles to see test if similar sized particles are also fully 

ablated. 
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Appendix 2. Single-particle ultrafine 

sampling at the California Sierra Nevada 

foothills 

A2.1 Objective 

The goal of this study was to use the growth-tube aerosol time-of-flight mass 

spectrometer (GT-ATOFMS) technique discussed in Chapter 2 and Zauscher et al. 

(2011) to sample 50-150 nm particles that may be acting as cloud condensation nuclei 

(CCN) in the Sierra Nevada foothills during the field campaign described in Chapters 3 

& 4. Thus, the mixing state of these particles was investigated. 

A2.2 Experimental Methods 

Measurements were conducted at the Mariposa-Yosemite Airport located in the 

western Sierra Nevada foothills in March, 2010. During this study the ATOFMS used 

had a converging nozzle, which only detects particles > 200 nm, instead of the UF-

ATOFMS that is outfitted with an aerodynamic focusing lens inlet as described in 

Chapter 1. Therefore, some modifications were made to the GT-ATOFMS interface, as 

it was previously only used with the UF-ATOFMS. One modification was to add a 

centerline tube into the nozzle, both of which were kept heated to room temperature to 

prevent condensation of water, connected to the growth tube output to keep the grown 

particles from diffusing and drying in the larger space of the nozzle. Also, filtered, 

humidified sheath flow was added to the inner area between the nozzle and the added 

centerline tube, in order to maintain the flow rate needed (1 Lm
-3

) into the instrument 

and to keep the particles from drying out when these different air masses mixed within 

the ATOFMS. The differential mobility analyzer (DMA, TSI 3081) was utilized to size 

select particles prior to the GT-ATOFMS. During GT-ATOFMS sampling, several sizes 

were selected in order to compare mixing states across different sizes.
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The ATOFMS data was analyzed using the YAADA program within Matlab and 

subsequently clustered into particle types using a neural network algorithm. The particle 

types, named based on previously identified types, are the same as in Chapters 3 & 4 

except for the soot and soot with lead particle types. The leaded soot is likely emitted 

from low-leaded fuel used in aviation. The error within particle types was calculated 

based on X statistics. In addition to particles types, ATOFMS peak areas were also 

analyzed for ammonium (+18 m/z), nitrate (+30 m/z), and amines (+86 m/z). Because 

of the lack of negative ion mass spectra when sampling with GT-ATOFMS due to the 

added water (Neubauer et al., 1998), sulfate could not be analyzed in these particles. 

 

Figure A2.1: Results during March 6, 2010 of a) particle types and b) peak areas of ammonium 

(+18 m/z), nitrate (+30), and amines (+86 m/z) and OC/EC ratio by particle size sampled with the 

GT-ATOFMS.  
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The average peak areas are shown with 95% confidence intervals. The organic carbon 

(OC) to elemental carbon (EC) peak area ratios were also calculated following Spencer 

and Prather (2006), with the median values shown with the respective interquatile 

range. 

A2.3 Results 

Figure 3.1 shows the particle composition of 80, 100, 120, and 150 nm particles 

sampled with the GT-ATOFMS on 03/06/10. 80 nm particles were sampled both in the 

morning and afternoon. In the morning, 80 nm particles had a higher fraction of soot 

and biomass burning particles, while in the afternoon there were also soot with lead and 

soot with calcium (diesel) particles sampled. In the afternoon, 80, 100, 120, and 150 nm 

   

Figure A2.2: Results during March 9, 2010 of a) particle types, and b) peak areas of ammonium 

(+18 m/z), nitrate (+30), and amines (+86 m/z) and OC/EC ratio by particle size sampled with 

the GT-ATOFMS. 
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particles were sampled. These show increasing biomass burning fractions with 

increasing particle size. Similarly, there was a decreasing fraction of soot particles with 

increasing particle size, except for the 150 nm particles, which had a soot fraction 

similar to that of 80 nm. Besides the afternoon 80 nm particles, the only other particle 

size that had leaded-soot particles was 120 nm. These samples were not contiguous in 

time or in size, so there may have just been spurious soot with lead emissions. The 

median OC/EC ratio double from the smallest particles (50 nm, 0.13) to the largest ones 

(150 nm, 0.35), probably due to the increased biomass burning fraction and also 

because larger particles have been more atmospherically processed than smaller 

particles. The 80 nm particles had the smallest ammonium, nitrate, and amine peak 

areas overall, although the afternoon sample had less amines. 

On 03/09/10, 50, 60, and 80 nm particles were sampled with the GT-ATOFMS 

as well, as shown in Figure 3.2. Smaller particles had a higher fraction of soot particles 

and a smaller fraction of biomass burning with increasing particle size, as similarly 

observed on 03/06/10 (Figure 3.1). The fraction of soot-OC particles also increased with 

increased particle size. The 50 nm particles had significantly less ammonium and 

amines than the larger particles, but the peak area of nitrate was similar among these 

three particle sizes. The 60 and 80 nm particles also had similar ammonium and amine 

peaks areas. The OC/EC ratio also increased with increasing particle size from 0.1 to 

0.35.  

A2.4 Summary 

Chemical analysis of 50-150 nm particles was successfully obtained at the 

foothills of the Sierra Nevada via the GT-ATOFMS method. Smaller particles had 

higher fractions of soot particles, while larger particles had higher fractions of biomass 

burning aerosols. Smaller particles often had smaller peak areas than larger particles; 

they also had smaller OC/EC ratios indicating smaller particles were fresher. 
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Appendix 3. Single-particle ultrafine 

sampling at the Port of Los Angeles 

A3.1 Objective 

The goal of this analysis was to test the growth-tube ultrafine aerosol time-of-

flight mass spectrometer (GT-UF-ATOFMS) approach described in Chapter 2 and 

Zauscher et al. (2011) by sampling ultrafine particles at the Port of Los Angeles in May, 

2011 during the campaign discussed in Chapter 6. The two main questions were: 1) Is 

there a significant difference in the composition of ambient ultrafine particles sampled 

compared to those in the 100-200 nm bin sampled without the growth tube? 2) What 

percent of ultrafine particles at the port were heavy fuel oil particles? 

A3.2 Experimental Methods 

Measurements were conducted at the Southern California Marine Institute 

(SCMI) located at the Port of Los Angeles. The size distribution of 11-590 nm particles 

were sampled with a scanning mobility particle sizer (SMPS, TSI 3936) every five 

minutes. The UF-ATOFMS measured the size-resolved composition of 100-1300 nm 

ambient particles. In addition to UF-ATOFMS measurements, ambient particles were 

sampled with the GT-UF-ATOFMS during three periods. On 5/11/11, the GT-UF-

ATOFMS system was used without size selecting particles. In contrast, on 5/10/11 and 

5/13/11, a differential mobility analyzer was used upstream of the GT-UF-ATOFMS 

system in order to size select 70 nm particles for chemical analysis.  

All ATOFMS data was analyzed with the YAADA database program within 

Matlab and clustered into particle types with an adaptive resonance theory 2a (ART-2a) 

neural network algorithm. The particle types, named based on previously identified 

types, are the same as in Chapter 6. Ambient 100-200 nm data measured with the UF-
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ATOFMS was selected near each GT-UF-ATOFMS sampling period, which lasted ~1 

hour, in order to compare the particle types measured with the GT-UF-ATOFMS. 

A3.3 Results 

For comparison, Figure A1.1 shows the size distribution of particles types 

measured throughout the whole sampling campaign at SCMI obtained from ambient 

100-1300 nm particles sampled with the UF-ATOFMS. 100-200 nm particles types 

were mainly composed of carbonaceous particles including soot-OC, soot, and Ca soot-

OC (diesel), which were different types than those of larger particles. However, there 

were minor contributions of organic carbon (OC), biomass burning, heavy fuel oil, and 

soot-OC aged particles in this size range, especially in particles approaching 200 nm. 

Particles > 200 nm included soot-OC, soot-OC aged, organic nitrogen, biomass burning, 

OC, heavy fuel oil, and sea salt particles.  

A3.3.1 Comparison of UF-ATOFMS and GT-UF-ATOFMS 

measured particles across all sizes 

  

Figure A3.1: Size distribution of all particle types measured with the UF-ATOFMS during 

whole study. Dashed line separates < 200 nm particles. 
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Figure 3.1 shows the size distribution of particles and the particle types detected 

during GT-UF-ATOFMS and normal UF-ATOFMS measurements on 5/11/11.On this 

day the GT-UF-ATOFMS analyzed all particle sizes. Similarly, ATOFMS data is 

shown for all sizes sampled. The ambient particle concentrations were low during this 

sampling period, with a mode ~ 60 nm. The particle types across all sizes sampled 

between the GT-UF-ATOFMS and UF-ATOFMS were different. Soot-OC particles 

were the main type (~50%) measured with the GT-UF-ATOFMS, while soot-OC aged 

particles were the dominant particle type (~60%) sampled with the UF-ATOFMS. In 

addition, soot and calcium (Ca) soot-OC (diesel) particles were only observed with the 

GT-UF-ATOFMS. These differences in particle types can be attributed to differences in 

particle sizes. Because combustion-generated particles are mainly ultrafine (Lighty et 

al., 2000), these were not detected with the UF-ATOFMS. However, when the particles 

were grown with supersaturated water vapor through the GT, these combustion particles 

 

Figure A3.2: Results during May 11, 2011 of a) size distribution of particles during and after 

the GT-ATOFMS sampling, and b) comparison of 70 nm particle types sampled with the GT-

ATOFMS and with only the UF-ATOFMS (normal).  
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could then be detected by the ATOFMS. Because there were more ultrafine particles 

during this time than larger particles (Figure 3.1a), these combustion-generated particles 

overwhelmed the other types once they could be detected. The majority of soot-OC 

aged particles were > 400 nm, as Figure A1.1 shows. Alas, these aged soot-OC particles 

were still detected by the GT-UF-ATOFMS, but in a smaller fraction. Organic nitrogen 

particles were detected with the UF-ATOFMS, but not with the GT-UF-ATOFMS. The 

reason for this is not clear. It should be noted that heavy fuel oil particles were detected 

with the GT-UF-ATOFMS, although during this sampling period we do not know what 

size these particles were. 

A3.3.2 Comparison of 100-200 nm particles measured with UF-

ATOFMS to 70 nm particles detected via GT-UF-ATOFMS 

  

Figure A3.3:Results during  May 10, 2011 of a) size distribution of particles during and 

after the GT-ATOFMS sampling, and b) comparison of 70 nm particle types sampled with 

the GT-ATOFMS with 100-200 nm particles sampled with the UF-ATOFMS (normal). 
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Figure 3.2 and Figure 3.3 show the particle size distributions and comparison 

between 70 nm and 100-200 nm ambient particle types measured on 5/10/11 and 

5/13/11. Almost ten times as many 70 nm particles were sampled on 5/13/11 compared 

to 5/10/11 (309 versus 41), probably because there were higher ultrafine particle 

concentrations on 5/13/11 than during 5/10/11. However, the 70 nm particle types were 

similar during both days, comprising only soot-OC, Ca soot-OC (diesel), and soot 

particles. The 100-200 nm particles consisted mainly of these same particle types, but 

with minor contributions of organic carbon (OC), biomass burning, and other types, as 

observed in Figure A1.1 during the whole study. Therefore, there was no major 

difference observed between 70 and 100-200 nm particles. Additionally, there were no 

ultrafine heavy fuel oil particles detected in this study, which makes sense because 

ocean-faring ships now must switch from combusting heavy fuel oil to cleaner marine 

diesel oil 44.5 km from the California coast (Lack et al., 2011). Thus, the heavy fuel oil 

 

Figure A3.4: Results during May 13, 2011 of a) size distribution of particles before, during, 

and after the GT-ATOFMS sampling, and b) comparison of 70 nm particle types sampled 

with the GT-ATOFMS with 100-200 nm particles sampled with the UF-ATOFMS (normal). 
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particles observed in this study must have been transported to the sampling site 

allowing time for them to grow through atmospheric processing. 

A3.4 Summary 

Sampling with the GT-UF-ATOFMS was performed at the Port of Los Angeles 

and compared with particles sampled without the GT. The 70 nm particles were mainly 

carbonaceous, similarly to 100-200 nm particles. Additionally, although heavy fuel oil 

particles were measured with the GT-UF-ATOFMS, these were not detected in ultrafine 

particles during this study.  
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