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Abstract 
 

The ability of a very small fraction of particulate matter to act as ice nucleating particles 

and initiate cloud glaciation has important impacts on cloud microphysics, precipitation, radiative 

forcing, and climate change. In recent years, the Sullivan group has investigated biomass-burning 

aerosol as a source of ice nucleating particles. My contributions towards measuring the aerosol 

chemical composition using aerosol mass spectrometry throughout biomass-burning experiments 

has improved our understanding of how atmospheric chemical aging influences the ice-nucleation 

activity of biomass-burning aerosol. We discovered that as biomass-burning aerosol ages, 

organic matter on the particle surfaces can evaporate or dissolve to reveal preexisting mineral-

based ice-active sites, increasing the overall ability of biomass-burning aerosol to nucleate ice as 

it is undergoes transport and aging throughout the atmosphere. Some aging mechanisms, such 

as ozonolysis, result in the production of secondary organic aerosol which can have the opposite 

effect and result in no change or even a decrease in the ice-nucleation activity. While previous 

literature exists regarding how the ice activity of some types of ice nucleating particles change 

with atmospheric aging, no other work has investigated biomass-burning aerosol to the extent 

that my research has. My work introduces a new framework for the evolution of ice nucleating 

particles from biomass burning where the aerosol becomes more ice active as the smoke plume 

dilutes with transport. This results in a larger contribution to the ice nucleating particle budget, the 

resulting cloud microphysics, and climate forcing induced by wildfires than is currently considered. 

 My second main project was studying the unexplored multi-phase chlorine chemistry that 

we hypothesized occurs within biomass-burning smoke. In previous work by the Sullivan group, 

we were the first to identify the production of two important molecules in biomass-burning plumes: 

N2O5, a nocturnal reservoir for NOx; and ClNO2, which has important impacts on NOx cycling, 

ozone formation, and atmospheric radical budgets. I then lead aerosol flow tube kinetics 
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experiments to determine the reactive uptake probability of N2O5 on biomass-burning aerosol as 

well as the product yield of ClNO2. These two parameters have previously been determined on 

ambient aerosol and simplified aerosol proxies, but my collaborative experiments with 

researchers from the University of Washington were the first to determine these kinetic 

parameters on authentic biomass-burning aerosol. We discovered that among the aerosol 

generated from four different biomass fuels, the reactive uptake coefficients of N2O5 were 

relatively similar and N2O5 uptake lead to high concentrations of ClNO2 in only one of the two fuels 

that had high aerosol chloride content. Additional experiments at higher relative humidity revealed 

that the N2O5 uptake coefficient only significantly increased in the deliquesced aerosol of high-

chloride fuels. Our novel experiments provided the new understanding that the availability of 

aqueous chloride – often limited by particle morphology and low relative humidity – controls N2O5 

reactivity on biomass-burning aerosol. 

 Understanding and being able to predict ice nucleating particle concentrations and 

sources in the ambient atmosphere rather than just from specific sources such as biomass 

burning is important for advancing the accuracy of cloud and climate models, and for a general 

understanding of what types of particles contribute to cloud glaciation in different regions. I was a 

participant in the Aerosol-Ice Formation Closure Pilot Study, which took place at the Department 

of Energy’s Southern Great Plains (SGP) Atmospheric Radiation Measurement facility in 

Oklahoma. The purpose of this closure study was to collect data on ambient aerosol size 

distributions and chemical compositions to input into ice nucleation parameterizations, so that the 

predicted ice nucleating particle concentrations derived from these models could be compared to 

the measured ice nucleating particle concentrations. This provides the first evaluation of recent 

INP parameterizations using ambient aerosol and helps to identify gaps in our more fundamental 

understanding regarding the sources and behavior of atmospheric ice nucleants. I contributed by 

operating two instruments that measure aerosol size distributions, collecting ambient aerosol on 
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filters for subsequent offline ice-nucleation analysis, and operating an aerosol mass spectrometer 

to measure the chemical composition of submicron particulate matter. These data will be used by 

collaborators to evaluate and optimize various ice nucleation parameterizations and the inclusion 

of our measured aerosol composition has the potential to greatly improve these models. However, 

my more direct contribution is an in-depth analysis of the aerosol mass spectrometry data 

collected at the facility as there is a lack of high-resolution aerosol mass spectrometry data 

collected at continental background sites such as SGP. Aerosol concentrations throughout the 

month of October were quite low and were dominated by mixed, oxidized organic and inorganic 

aerosol. Comparisons to the existing low-resolution aerosol mass spectrometer at the facility 

revealed that substantial differences between the measured aerosol composition on some days, 

demonstrating the importance of deploying research-grade instrumentation into the field. Single-

particle mass spectrometry data collected by another group member revealed that many distinct 

particle types were present, and that mineral-containing particles were ubiquitous. Most particles 

were still mixtures of broader classes such as organic aerosol, inorganic aerosol, and minerals. 

We will continue this analysis and collaboration with modelers for a deeper understanding of how 

the chemical composition of aerosol particles can help predict the ice nucleating ability of ambient 

aerosol.  

 Aerosol particles are constantly exposed to oxidants, sunlight, water vapor, and other 

gases and particles throughout their atmospheric lifetime, and my research has demonstrated 

how atmospheric transformations affect key aerosol properties. In both remote, clean areas of the 

atmosphere as well as regions influenced by intense biomass-burning smoke, changes on the 

molecular level can lead to large impacts on air quality and climate change, which is why 

atmospheric chemistry research is crucial to the future of our planet.  
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1 Introduction 
 

1.1 Importance of studying atmospheric aerosol particles 

Aerosol particles are small liquid, solid, or mixed-phase particles that are suspended in 

air. Atmospheric aerosol particles originate from biogenic (natural) sources or anthropogenic 

(human-caused) sources, and they are important because of their substantial effects on clouds, 

climate, and on air quality, which in turn affects human health and sustainability (Fuzzi et al., 

2015). Some of the clearest and most deleterious environmental effects on human health are 

caused by particulate matter (PM), causing respiratory problems, heart attacks, and various 

cancers, all of which take years off of life expectancy in the United States just due to inhalation of 

PM (Bell et al., 2013; Davidson et al., 2005; Pope et al., 2009). Aerosol particles can directly 

impact the climate by either reflecting or absorbing solar radiation, resulting in cooling or heating, 

respectively. Furthermore, these particles can indirectly affect the climate by changing cloud 

microphysical properties, which then affect how much solar radiation is reflected or absorbed by 

the clouds, when and where clouds form, and how clouds precipitate. The complex nature of 

these interactions is what causes the Intergovernmental Panel on Climate Change (IPCC) to 

consider aerosols as the factor with the largest uncertainty in determining the magnitude of 

radiative forcing and climate change (IPCC, 2014).  

Aerosol properties change as the particles are transported throughout the atmosphere. 

While larger particles gravitationally settle within a few hours, smaller particles can persist for up 

to several weeks and travel across continents. Throughout these lifetimes, aerosol particles are 

exposed to UV radiation, water vapor, oxidants, and other gases and particles, all of which cause 

the aerosol to change or “age.” One major transformation pathway is the mass transfer of different 

aerosol components based off of their volatility distribution, allowing for the evaporation of some 

particle mass or the condensation of additional mass into new or existing particles (Donahue et 
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al., 2009; Robinson et al., 2007). Particles always experience some degree of oxidation from 

common oxidants that exist throughout the atmosphere, including ozone, hydroxyl radicals, nitrate 

radicals, and halogen radicals (Chapleski et al., 2016). Oxidation usually functionalizes molecules 

and lowers their volatility, but it can also fragment bonds and increase their volatility (Chuang and 

Donahue, 2016). Aerosol particles also can uptake water vapor or react heterogeneously with 

other gases, depending on particle composition (Faust and Abbatt, 2019). Oxidation, uptake, and 

other chemical reactions depend on the phase state and morphology of each aerosol particle (e.g. 

a combustion soot particle coated in a viscous, tarry organic material will not uptake water as 

readily as sea-spray aerosol) (Abbatt et al., 2012; Gorkowski et al., 2020; Zaveri et al., 2020). 

These aging mechanisms also depend on the amount of UV light that the aerosol is exposed to, 

especially since different oxidants are present during the day and night. 

The research described in this dissertation was conducted with the overarching goal of 

improving the understanding of these changing aerosol particle properties relevant to complex 

atmospheric chemical systems to advance our knowledge of how human activities are altering 

atmospheric chemistry, air quality, clouds, and the climate. This new understanding can also 

advance policies and mitigation techniques to effectively decrease the negative impacts of aerosol 

particles on the climate and human health. 

1.2 Biomass-burning aerosol 

  One common type of atmospheric aerosol is biomass-burning aerosol (BBA), which is 

emitted naturally during the burning of plant material in forest fires or can be initiated by human 

activity, including prescribed burns, accidental fires, or for fuel usage in developing nations. 

Biomass burning (BB) is a complex process that occurs globally, releasing large amounts of 

gaseous and aerosol pollutants. The BBA particles exhibit a wide range of sizes, mixing states, 

chemical compositions, and other properties (Reid et al., 2005). BBA represents a large fraction 

of global particulate matter: it contributes 78% of the total carbonaceous aerosol burden and 2700 
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Gg of black carbon per year – 36% of total black carbon emissions (Bond et al., 2013; Reddy and 

Boucher, 2004). These emissions can directly affect the Earth’s solar radiation balance, as black 

carbon strongly absorbs light and has an estimated climate forcing of +1.1 W m-2 since the pre-

industrial age, with the 90% uncertainty bounds ranging from +0.17 to +2.1 W m-2 (Bond et al., 

2013). BBA can also indirectly affect the solar radiation balance by affecting cloud properties, 

either by acting as cloud condensation nuclei (CCN) or ice nucleating particles (INP), described 

in section 1.2.1 (Engelhart et al., 2012; Petters et al., 2009a; Seinfeld et al., 2016). In addition to 

affecting the climate system, BBA affects visibility, atmospheric chemistry and air quality, and is 

also particularly damaging to human health (Tuet et al., 2019).  As the climate continues to warm 

and droughts become more prevalent, wildfires are increasing in their severity and frequency and 

there is evidence to suggest they will continue to worsen, further increasing the importance of 

studying all properties of BBA to understand their atmospheric processing and effects (McClure 

and Jaffe, 2018; O’Dell et al., 2019; Stevens-Rumann et al., 2018). 

1.2.1 Ice nucleating properties of biomass-burning aerosol 

One property of biomass-burning aerosol that has only recently been discovered is that it 

can contain ice nucleating particles (INPs) (Petters et al., 2009b). While these unique particles 

are present in the atmosphere only at very low concentrations – about 10 in a million particles – 

they can still have important effects on cloud microphysics and climate (DeMott et al., 2010). If a 

supercooled cloud droplet contains an ice nucleating particle, the particle can induce 

heterogeneous ice nucleation, causing the droplet to freeze (glaciate). Cloud glaciation is 

extremely important because of the effects it has on initiating precipitation, influencing 

atmospheric chemical reactions, altering cloud lifetime and size, and influencing the radiative 

forcing of a cloud system (DeMott et al., 2010). Figure 1-1 summarizes how having fewer or more 

ice nuclei (IN) present at different altitudes affects the ability of clouds to cool or warm the 

atmosphere below. There are four modes by which ice crystals can form in the atmosphere. The 
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first mode is homogeneous freezing which does not involve an INP: if a cloud droplet is cold 

enough, it can freeze homogeneously when the water cools to below ~ –35 ˚C. The other 

heterogeneous ice nucleation mechanisms require INPs and can initiate freezing at warmer 

temperatures than the homogeneous freezing temperature limit. These mechanisms are: 

deposition freezing, when water vapor deposits on the surface of an INP and freezes immediately; 

contact freezing, when an INP collides with a supercooled liquid droplet which then freezes 

immediately; and immersion freezing, when an INP is present in the liquid water droplet which 

then freezes when the droplet cools to a low enough temperature (Murray et al., 2012). Immersion 

freezing is thought to be the most prevalent freezing mode in atmospheric heterogeneous ice 

nucleation, and is therefore the freezing mode studied throughout this dissertation (Vali, 2014). 

 

Figure 1-1. Diagram showing different sources of ice nucleants (IN), and how fewer or more IN in either 

midlevel or cirrus clouds would affect radiative cooling and warming. Reproduced from DeMott et al. (2010). 

More IN in midlevel clouds is thought to lead to more precipitation and shorter cloud lifetime, thereby 

reducing the cooling effect that these clouds usually have. More IN in higher cirrus clouds may compete 

with homogeneous freezing and result in fewer ice particles with shorter cloud lifetimes, thereby reducing 

the warming effect that cirrus clouds usually create. 



5 
 

In addition to biomass-burning aerosol, many other natural sources of INPs exist in the 

environment, including mineral dust, bioaerosols, ash, and soot, which are found all throughout 

the atmosphere, see Figure 1-2 (Kanji et al., 2017). Biological particles and mineral dusts tend to 

be more effective ice nucleants than BBA, but because these particle types can be present in 

different locations, it is still crucial to study every source of INP. This is especially true for biomass 

burning, given the large episodic injections of aerosol and INPs produced during major wildfires. 

Ten years ago, it was thought that all types of INPs required certain properties such as insolubility, 

a relatively large particle size, the ability for water to chemically bond to the INP’s surface, and a 

crystallographic face (Murray et al., 2012). However since then, studies have indicated that some 

soluble salts can promote freezing, particles with amorphous structures have been found to be 

ice-active, and not all particles of a specific type (e.g. mineral, combustion soot, etc.) can 

effectively nucleate ice (Murray et al., 2012). Because of this, we cannot rely simply on these 

physical characteristics of particles or broad particle types to determine whether they nucleate ice 

in the atmosphere. Instead, we must experimentally determine how efficient different individual 

aerosol materials are at nucleating ice.  
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Figure 1-2. A representation of the concentration of INPs per liter of air at different temperatures from field 

studies across the globe. Figure is reproduced from Kanji et al., 2017, © American Meteorological Society, 

used with permission. Biological INPs are the most effective at nucleating ice as they have the highest INP 

concentration at the warmest temperatures. Dusts and biomass-burning aerosol nucleate ice at a colder 

and wide range of temperatures and are present at high concentrations. 

 

There have not been many studies on the ice nucleating properties of biomass-burning 

aerosol, and the results have varied and generally found no strong correlations between ice-

nucleation activity (INA) and bulk aerosol properties (Chou et al., 2013; DeMott et al., 2009; 

Korhonen et al., 2020; Levin et al., 2016; McCluskey et al., 2014; Petters et al., 2009b; Prenni et 

al., 2012; Twohy et al., 2010). High INA of BBA has been attributed to the black carbon formed 

during biomass combustion and to mineral dust from soil and bottom ash that can loft during 

intense fires (Kanji et al., 2017; Levin et al., 2016; McCluskey et al., 2014; Wagner et al., 2018). 

While lofted minerals and ashes may be important sources of INPs, more and more recent 
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research suggests that black carbon does not have strong INA at temperatures relevant to mixed-

phase clouds (Kanji et al., 2020; Vergara-Temprado et al., 2018) . Furthermore, recent research 

in the Sullivan group demonstrated that mineral-based INPs are actually formed during the 

combustion process and are responsible for much of the ice activity in certain types of biomass 

fuel, see Figure 1-3 (Jahn et al., 2020).  

 

 

Figure 1-3. Ice-active surface site density (ns) spectra of biomass-burning bottom ash (closed symbols) 

and aerosol (open symbols). Those samples produced from combustion of tall grasses (cutgrass and 

sawgrass) have higher INA than those produced from woods (birch) and are comparable to 

parameterizations of quartz minerals and domestic ash. Modified from Jahn et al. with additional details 

therein (Jahn et al., 2020). 
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1.2.2 Multi-phase chlorine chemistry in biomass-burning aerosol 

Much of the research on biomass-burning emissions focuses on its carbonaceous 

components and release of greenhouse gases, but chlorine and nitrogen oxides (NOx) also play 

an important role in different chemical reactions that occur within biomass-burning plumes. 

Chloride salts such as ammonium chloride and potassium chloride can make up to 50% of emitted 

PM2.5 mass in BBA and one-third of global HCl gas emissions into the troposphere is from biomass 

burning (Keene et al., 1999; Levin et al., 2010). A renewed interest in chloride emissions from 

biomass burning (BB) and its effects on atmospheric chemistry started when high concentrations 

of nitryl chloride (ClNO2) were measured in locations far from sea spray aerosol (Thornton et al., 

2010). ClNO2 forms when dinitrogen pentoxide (N2O5), a reservoir for NOx during the night, is 

uptaken into aerosol particles containing chloride, see Figure 1-4 for the mechanism (Bertram 

and Thornton, 2009). These observations therefore meant that a source of particulate chloride 

other than the NaCl in sea spray aerosol needed to be considered. ClNO2 has been detected in 

air masses that also carry other tracers for BB, but until recently there was no direct evidence that 

either N2O5 or ClNO2 were formed in biomass-burning plumes (Tereszchuk et al., 2011; Tham et 

al., 2016). Understanding the sources, concentrations, and chemical reactions of these two 

molecules is extremely important as N2O5 uptake into particles affects NOx cycling and ClNO2 

photolysis produces the chlorine radical, a potent oxidant (Li et al., 2020; Mcduffie et al., 2019; 

Riedel et al., 2014).  
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Figure 1-4. Schematic showing the multi-phase reaction of N2O5 with an aqueous salt droplet and 

subsequent production of ClNO2. Figure based on Bertram & Thornton (2009). 

 

The first experiments that demonstrated the formation of N2O5 and ClNO2 in biomass-

burning plumes were conducted by the Sullivan group in the Air Quality Lab at Carnegie Mellon 

University (Ahern et al., 2018). After injecting BBA from different biomass fuels into a smog 

chamber, small amounts of ozone were injected, immediately initiating the formation of N2O5 as 

well as the formation of ClNO2 shortly thereafter, see Figure 1-5. For biomass fuels that contained 

higher fractions of particulate chloride, such as sawgrass and cutgrass, higher concentrations of 

ClNO2 were observed. While these experiments were an important contribution to multi-phase 

chlorine chemistry knowledge, the use of large smog chambers does not allow for accurate 

calculations of the N2O5 reactive uptake coefficient, γ(N2O5), or ClNO2 yield, φ(ClNO2), motivating 

the flow tube kinetics experiments described in Chapter 3. 
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Figure 1-5. Production of A) N2O5(g) and B) ClNO2(g) as measured by an iodide-adduct CIMS. Different 

colors correspond to different biomass fuels, black is an ammonium bisulfate control experiment, and 

replicate experiments of the same biomass fuel type are shown by different line styles. Reprinted with 

permission from Environ. Sci. Technol. 2018, 52, 2, 550-559. © 2018 American Chemical Society (Ahern 

et al., 2018).  

 

1.3 Methods of aerosol characterization 

1.3.1 Ice-nucleation activity 

Several techniques currently exist for measuring ice nucleating particles and assessing 

their ice-nucleation activity (INA). The most common on-line analysis method is the continuous 

flow diffusion chamber (CFDC) (Rogers et al., 2001). The CFDC consists of an impactor to 

remove large particles that would be optically counted as ice crystals, two concentric ice-coated 

cylinders or plates set at different temperatures, with the aerosol flow in-between the plates. The 

aerosol is exposed to supersaturated conditions such that all particles activate into cloud droplets, 
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followed by a droplet evaporation region, and lastly an optical particle counter. The first two-thirds 

of each cylinder are coated in ice to provide the source of water vapor at ice supersaturated 

conditions. If a droplet contains a particle that is ice-active at the processing temperature, the 

droplet will freeze and the resulting ice crystal continues to grow. The last one-third of the cylinder 

is cold but below water saturation, causing any unfrozen water droplets to evaporate in this region 

while the ice crystals remain. As these crystals reach the end of the ice chamber, they are counted 

with an optical particle counter (OPC). The OPC considers particles larger than 3 µm as ice 

crystals, a valid assumption given that an impactor at the entrance of the CFDC eliminates 

particles greater than 2 µm and any water droplets not containing INPs would have evaporated 

before reaching the OPC. Similar commercial instruments based off the same principle are used 

such as the SPectrometer for Ice Nuclei (SPIN), commercially available by Droplet Measurement 

Technologies, and a CFDC made by Handix Scientific. While these techniques allow for portable, 

real-time measurements of INP concentrations, they often have high background INP count levels 

and cannot provide measurements across a wide range of temperatures. They are also large, 

heavy instruments due to their extensive refrigeration needs and are therefore not appropriate for 

all possible uses. 

Offline measurements of INPs and their INA are based on cold plate systems with slight 

design variations but following the same general operating principles. Suspensions of aerosol 

particles are divided into individual droplets that are placed atop a slide on a cold stage that 

decreases in temperature at a controlled rate. Optical microscopes record videos of the droplets 

for post-analysis; the change in grayscale value signifies when (and therefore at what 

temperature) each droplet freezes. The slides are treated with hydrophobic solutions such as 

AquaSil Siliconizing Fluid or organosilanes in order to limit droplet freezing that may occur due to 

the contact with the slide or cold plate (Wright and Petters, 2013). Droplets are often surrounded 

by an immiscible oil to protect the droplets from being contaminated by the air and to limit droplet–



12 
 

droplet interactions. This type of technique is often easier to use than online instruments and can 

measure the ice-activity of previously collected samples on a temperature continuum down to 

nearly homogeneous freezing temperatures, depending on the purity of the water used to 

suspend the aerosol sample, the substrate used, and how each droplet is separated from the 

others (Polen et al., 2018).  

The type of INP measurement approach used in this dissertation is a cold stage technique 

combined with a novel microfluidic device recently developed in the Sullivan group. Particles 

collected on filters during biomass burning experiments were extracted into water experimentally 

tested to have the lowest level of background freezing (Polen et al., 2018). Microdroplets with a 

diameter around 150 µm and a volume of 6 nL were then generated from this suspension of 

particles using a store-and-create approach (Brubaker et al., 2020). The microfluidic chip 

containing about 600 droplets each isolated in its own microwell was then placed on a cold plate. 

The temperature was decreased at 1 ºC per minute, with droplet freezing automatically detected 

using a Matlab script based on a change in the grayscale value of each droplet (Brubaker et al., 

2020). The major advantage afforded by this novel technique is a low background freezing signal 

(shown in Figure 1-6) that begins below –32 ºC, which is especially helpful when analyzing the 

ice nucleation properties of weak ice nucleants such as some BBA. The high droplet number 

statistics and superior reproducibility produces high-resolution droplet freezing temperature 

spectra that enable the detection of changes in INA, such as caused by chemical alteration of the 

ice nucleants in BBA, as is explored in Chapter 2. 
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Figure 1-6. Droplet freezing (frozen fraction) temperature spectra of filtered water droplets obtained using 

a traditional droplet-on-substrate technique (Polen et al., 2018) versus a custom store-and-create 

microfluidic device (Brubaker et al., 2020). Figure is based on Brubaker et al., 2020, and is used with 

permission.  

 

1.3.2 Aerosol mass spectrometry 

 The primary instrument used for characterization of aerosol particle chemical composition 

throughout this dissertation is the aerosol mass spectrometer (AMS), developed by Aerodyne 

Research Inc. (DeCarlo et al., 2006). An aerosol particle stream is focused through a critical orifice 

into an aerodynamic lens that transmits and focuses submicron aerosol, with 100% transmission 

efficiency for particles 150–700 nm in vacuum aerodynamic diameter (Liu et al., 2007). The 

particles then reach the particle time-of-flight region, where their vacuum aerodynamic diameter 

is determined by measuring the particles’ flight times. Upon impacting a heated vaporizer held at 

600 ˚C, organic carbon and non-refractory inorganic components vaporize and are subsequently 

ionized by a 70 eV electron source (DeCarlo et al., 2006). The high-resolution AMS uses 

orthogonal acceleration and reflectrons to increase the ion resolution of the time-of-flight mass 
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analyzer. A soot-particle module can be added to the AMS (called a soot-particle aerosol mass 

spectrometer, SP-AMS), in which a 1064 nm intracavity Nd:YAG laser intercepts the particle 

beam before the standard vaporizer, enabling the vaporization (and thus detection) of refractory 

components such as the black carbon (soot) present in biomass-burning aerosol (Onasch et al., 

2012). 

1.3.3 Other instrumentation 

 Another particle mass spectrometer complementary to the AMS is the laser ablation 

aerosol time-of-flight mass spectrometer (LAAPTOF, AeroMegt GmbH). The LAAPTOF samples 

particles up to ~2 µm in vacuum aerodynamic diameter and calculates their size based on their 

flight time between two continuous-wave 405 nm lasers (Shen et al., 2018). When each sampled 

particle scatters the light of the second laser, a UV 193 nm excimer laser is triggered, which 

simultaneously vaporizes and ionizes the particle (Ahern et al., 2016). This high-energy laser 

ablation enables measurements of particle components undetectable by the AMS, including 

mineral dusts, which are an important class of ice nucleating particle (Sullivan and Prather, 2005). 

The mass analyzer is low-resolution but bipolar, capable of measuring both positive and negative 

ions. The two polarities contain different but complementary information regarding particle 

composition that can be used to determine the source of and atmospheric processing the particle 

has experienced. 

 Analysis of atmospheric gases is often conducted by a high-resolution chemical ionization 

mass spectrometer (CIMS). This soft ionization scheme is highly selective and sensitive, allowing 

for targeted measurements of specific gaseous molecules at high time-resolution (Sullivan and 

Prather, 2005). Within this dissertation, iodide-adduct ionization was used as it is selective 

towards nitrogen oxides, some halogenated species, and some oxygenated volatile organic 

compounds, and its large mass-to-charge ratio and soft clustering allows for easy identification of 

of N2O5(g) and ClNO2(g) (Lee et al., 2014, 2018). The iodide ion is generated by flowing nitrogen 
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over a permeation tube filled with methyl iodide across a radioactive source then is mixed with 

the sample flow so that the iodide ion clusters with the target molecules (e.g. N2O5I- and ClNO2I-) 

(Lee et al., 2014).  

1.4 Thesis overview 

The following section will outline each chapter of the dissertation. In chapter 2, I discuss 

experiments that investigate how the ice-nucleation activity of biomass-burning aerosol changes 

following simulated atmospheric aging of the aerosol. The sheer total mass of emitted BBA as 

well as its potential effects on the climate system necessitate this research, which is an expansion 

upon the experiments conducted by previous Sullivan group members and myself that shows that 

many different biomass fuels emit mineral-based INPs during combustion (Jahn et al., 2020). 

Biomass-burning aerosol evolves as it is transported throughout the atmosphere and prior 

literature suggests that the INA of different types of INPs can change via different aging 

processes. Therefore, the assumption that the INA of fresh BBA is identical to that of aged aerosol 

is inaccurate and warranted focused exploration. The research and experiments described in 

Chapter 2 provide a new understanding of how atmospheric aging affects the ice nucleation 

properties of BBA. Chapter 2 is under review for Science Advances. 

In chapter 3, I present novel aerosol heterogeneous kinetics experiments that explore 

multi-phase chlorine chemistry occurring in authentic biomass-burning aerosol. Prior chamber 

experiments that I was involved with were the first to directly show that two atmospheric trace 

gases, N2O5 and ClNO2, are produced in biomass-burning smoke plumes. To better understand 

how these molecules affect NOx cycling and atmospheric radical oxidant budgets, I conducted the 

first experiments for determining the reactive uptake coefficient of dinitrogen pentoxide, γ(N2O5), 

and the ClNO2 yield, φ(ClNO2) with collaborators from the University of Washington. These are 

the first aerosol kinetics experiments conducted on authentic biomass-burning aerosol sub-

sampled from biomass combustion emissions.  The work presented in Chapter 3 is based on our 
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collaborative publication in the Royal Society of Chemistry journal Environmental Science: 

Processes & Impacts, as well as additional experimental work that I led and is being prepared for 

submission. The new work examines the effect of exposing the BBA to high relative humidity 

conditions to test the hypothesis that chloride salt deliquescence limits reactive uptake of N2O5(g). 

In chapter 4, I present aerosol mass spectrometry data that I collected during the Aerosol-

Ice Formation Closure Pilot Study at the DOE ARM Southern Great Plains field station in Lamont, 

Oklahoma. The purpose of this collaborative pilot study was to measure aerosol properties 

including size distribution and chemical composition that are input into models that predict the 

concentration and properties of ice nucleating particles in the United States. The models can then 

be evaluated by comparing model outputs to the INP concentrations measured during the 

campaign. This type of closure study has never been conducted for ice nucleating particles, and 

the inclusion of the Sullivan Group’s two mass spectrometers also provides key aerosol 

composition data that is often not included in ice nucleation models and has the potential to 

significantly improve the accuracy of cloud and climate models. Additionally, the detailed analysis 

made available by the high-resolution AMS is important for understanding the aerosol properties 

that cannot usually be determined by the instruments that are in continuous use at this permanent 

continental background field site such as oxidation state and composition-based size distributions. 

The high-resolution chemical composition can also be compared to low-resolution chemical 

composition collected by ARM to determine whether or not a high-resolution AMS is necessary 

for accurate measurements at background field sites. Chapter 4 will be combined with additional 

single-particle mass spectrometry data collected by another group member using the LAAPTOF 

and then submitted for publication. 

In chapter 5, I conclude by summarizing my scientific contributions presented in this 

dissertation as well as suggest related future work. Throughout my five years at CMU, the Sullivan 

group has made tremendous contributions to the field of ice nucleation. But, as our work is the 
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first to identify newly-formed minerals as the ice-active components in biomass-burning aerosol 

that can change with atmospheric aging, further exploration of this topic is needed especially for 

incorporation into climate models. Similarly, we were also the first to study N2O5 and ClNO2 

heterogeneous chemistry in authentic biomass-burning aerosol, so replication of and expansion 

upon our work is warranted. The aerosol optical tweezers system in the Sullivan group would also 

be an excellent method for studying N2O5 uptake in individual aerosol droplets with different 

compositions and morphologies.  
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2 Atmospheric Aging Enhances the Ice Nucleation Ability of 

Biomass-Burning Aerosol 
 

2.1 Abstract 

Ice nucleating particles (INPs) in biomass-burning aerosol (BBA) that affect cloud 

glaciation, microphysics, precipitation, and radiative forcing were recently found to be driven by 

the production of mineral phases. BBA experiences extensive chemical aging as the smoke plume 

dilutes and we explored how this alters the ice activity of the smoke using simulated atmospheric 

aging of authentic BBA in a chamber reactor. Surprisingly, atmospheric aging enhanced the ice 

activity for most types of fuels and aging schemes. The removal of organic carbon particle 

coatings that conceal the mineral-based ice-active sites by evaporation or oxidation then 

dissolution can increase the ice activity by greater than an order of magnitude. This represents a 

new model for the evolution of INPs from biomass burning where BBA becomes more ice active 

as it dilutes and ages, making a larger contribution to the INP budget, resulting cloud 

microphysics, and climate forcing than is currently considered. 

2.2 Introduction 

 Biomass burning occurs globally year-round, releasing complex mixtures of organic and 

inorganic gaseous and particulate components, minerals, ash, and elemental carbon (soot) to the 

atmosphere, often in major episodic wildfire events that greatly perturb the Earth-cloud-climate 

system (Fromm et al., 2019). This burning of plant material occurs naturally in forest fires or can 

be initiated by prescribed burns or by accidental human activity. With the growth of drought-

stricken regions, wildfires are expected to increase in extent and severity and occur in regions not 
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historically prone such as the southeastern United States (McClure and Jaffe, 2018; O’Dell et al., 

2019; Stevens-Rumann et al., 2018; Williams et al., 2019). Biomass-burning aerosol (BBA) 

represents a large fraction of global particulate matter, contributing three-quarters of the total 

carbonaceous aerosol burden and over one-third of total black carbon emissions (Bond et al., 

2013; Reddy and Boucher, 2004). BBA composition is complex, including organic carbon, 

elemental carbon, tarballs, minerals, ash, and inorganic salt phases, and this composition 

determines the aerosol properties and their effects on the atmosphere and climate systems 

(Adachi et al., 2019; Li et al., 2003; Reid et al., 2005; Sedlacek et al., 2018; Silva et al., 1999; 

Vassilev et al., 2013).  

BBA can directly influence the Earth’s radiative balance through the light absorbing 

properties of the black and brown carbon present, and the light scattering effects of the aerosol. 

Indirectly, BBA can affect cloud formation and precipitation through its ability to act as cloud 

condensation nuclei (CCN) (Engelhart et al., 2012; Lathem et al., 2013; Petters et al., 2009a) or 

ice nucleating particles (INPs). Cloud glaciation – which requires INPs to catalyze heterogeneous 

ice nucleation at temperatures warmer than –35 °C – affects the structure, lifetime, precipitation, 

and radiative properties of clouds. Accurate modeling of the  Earth–climate system therefore 

requires achieving a much more complete understanding of heterogeneous ice nucleation and 

the sources and properties of different types of INPs (DeMott et al., 2010; Fan et al., 2016; 

Seinfeld et al., 2016). Considering the sheer mass of BBA emitted globally and the potential 

impacts of INPs on many atmospheric processes, the intersection of these two topics requires 

greater attention.  

The fraction of BBA particles that are INP and their ice-nucleating abilities and freezing 

temperatures greatly vary depending on the type of fuel and combustion conditions (Chou et al., 

2013; DeMott et al., 2009; Levin et al., 2016; McCluskey et al., 2014; Petters et al., 2009b; Prenni 

et al., 2012). The first direct evidence of INPs released during biomass-burning events was only 
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reported about ten years ago, wherein INPs were detected in the smoke of 9 out of 21 biomass 

fuels tested in laboratory studies (Petters et al., 2009b). The authors estimated that BBA is an 

important source of ice nucleating particles that leads to atmospheric INP concentrations that can 

significantly alter cloud properties on a regional scale. Further experiments detected INPs in the 

smoke of 13 out of 22 fuels tested, with the highest concentrations found during intense flaming 

combustion (Levin et al., 2016). Prenni et al. sampled ambient air downwind of prescribed burns 

and wildfires and detected high number concentrations of INPs during flaming-phase combustion 

(Prenni et al., 2012). In other field measurements INP concentrations were elevated during 

biomass-burning events, but the authors noted that soil lofted due to the intense fires may have 

contributed to the measured INPs (McCluskey et al., 2014). Most recently in Jahn et al. we 

demonstrated that new crystalline mineral phases produced during biomass combustion (i.e. not 

from lofted soil) are present in both the aerosol and remaining bottom ash. We concluded these 

minerals are the major source of ice nucleants in BBA, inducing immersion freezing at 

temperatures up to –13 °C, well above the temperatures at which graphitic soot particles can 

nucleate ice (Jahn et al., 2020). This suggests that the common assumption that the lofting of 

already existing dust and soil particles or the presence of ice-active carbonaceous soot particles 

are the major sources of INPs often found in BBA is inaccurate or incomplete.  

The vast majority of studies of INPs from biomass burning have only examined freshly 

emitted aerosol particles or smoke intercepted of unknown atmospheric age. Yet, studies on the 

atmospheric processing of mineral-based INPs have revealed significant changes in ice-

nucleation activity (INA) in some cases (Kulkarni et al., 2014; Möhler et al., 2008; Sullivan et al., 

2010b, 2010a), suggesting that atmospheric processing may change the mineral-based INPs 

emitted in BBA. Although we recently established that carbonaceous soot cannot explain the ice 

nucleation we observe in a variety of nascent BBA from different fuels, it has been established 

that oxidative aging of graphitic soot surfaces can promote ice-nucleation activity (Mahrt et al., 
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2018). These previous aging studies on single-component systems likely do not apply to BBA 

because of its complex heterogeneous composition, and only a few studies have examined 

authentic aged BBA. The photochemical aging of wood BBA in a chamber reactor was shown to 

have no effect on its INA, although the INA of this particular unaged BBA was quite low to begin 

with, only inducing immersion freezing at –35 °C (Chou et al., 2013). Conversely, wildfire smoke 

aerosol that travelled 1600 km had the highest ice-active particle number fraction out of all fires 

in one field study, suggesting that atmospherically aged BBA does retain its ice-nucleating ability 

or perhaps even experiences an enhancement in INA (Prenni et al., 2012). Taken together these 

findings suggest that there are strong yet unconstrained possibilities for alteration of the ice-

nucleating ability of the mostly mineral-based INPs in BBA through atmospheric aging processes.  

We have essentially no understanding of the susceptibility of these largely mineral-based 

biomass-burning INPs to atmospheric chemical aging processes or to what extent aging might 

alter these critical properties required for modeling the interactions of BBA with cloud systems 

and the hydrological cycle. Aerosol particles have atmospheric lifetimes of a week or more and 

the composition and properties of BBA change rapidly as the smoke plume dilutes and mixes with 

external reactants and oxidants. We therefore sought to investigate how the ice-nucleating ability 

of BBA is altered during atmospheric transport such as through evaporation and (photo)oxidation 

mechanisms by performing controlled simulated aging of BBA produced from the combustion of 

authentic fuels. We found that evaporation though dilution and exposure to oxidants often results 

in an increase in the INA of BBA, suggesting that biomass-burning plumes likely have more 

extensive effects on cloud microphysical properties and climate over larger spatial extents as the 

smoke is transported through the atmosphere than previously recognized.  

2.3 Results 

Authentic biomass fuels collected within the United States were burned, and the emissions 

from this open combustion were injected into a large Teflon smog chamber reactor (see Figure 



27 
 

A2-1 for an experimental schematic). The fuels selected are representative of those commonly 

burned in the western and southeastern United States during wildfires and prescribed burns. The 

size distribution and chemical composition of the resulting aerosol particles were analyzed online, 

and particles were also collected on various substrates for subsequent offline analysis. A “fresh” 

aerosol filter sample was collected from the chamber for two hours shortly after smoke injection 

and then extracted to assess the immersion freezing ice-nucleation activity (INA) using a novel 

microfluidic device (Brubaker et al., 2020). Then the simulated aging was initiated, and a separate 

“aged” filter sample was collected for the last two hours of the experiment. Four types of aging 

were conducted: 1) no external perturbation or oxidants added (‘time aging’); 2) hydroxyl radical 

(OH) oxidation with added nitrogen oxides (NOx); 3) removal of organic aerosol (OA) and other 

semi-volatile components using a thermodenuder prior to injection into the chamber, followed by 

·OH oxidation; 4) injection of ozone with no UV photolysis (dark ozonolysis). 

2.3.1 Enhancement of ice activity following time aging and evaporation of organic 

aerosol 

The immersion-mode INA of the ‘time aged’ BBA collected between four to six hours after 

it remained in the chamber following injection and dilution of the emissions was notably increased 

for sawgrass and cutgrass BBA compared to BBA collected during the first two hours of each 

experiment (Figure 2-1A). These time aging experiments were conducted with no external 

oxidants added or other perturbations to compare to the stronger forced perturbations used in 

subsequent experiments; the BBA experiences appreciable evaporation just by dilution of the 

nascent smoke into the chamber. This increase in INA induced by several hours of holding the 

aerosol in the Teflon chamber is surprising given that any oxidants present in the nascent BBA 

would be quickly depleted – the elemental O:C (a measure of the OA oxidation state) for time 

aging experiments increased on the order of 30%, while other more aggressive aging regimes 

increased the OA oxidation state by > 90%. The increase in INA (ns) here is larger than observed 

when external perturbation and/or oxidants were applied, as presented below.  
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Aerosol composition measurements indicate substantial evaporative loss of organic 

aerosol, seen through the decrease in the organic aerosol-to-black carbon (a conserved tracer) 

mass ratio (OA:BC) by up to 20% (Fig. 2-2A). BBA is well known to contain OA of intermediate to 

low volatility (their saturation vapor pressure) that can experience significant evaporation through 

smoke plume dilution (Hodshire et al., 2019a; Robinson et al., 2007), and vapor wall losses in 

Teflon chambers promote evaporation in laboratory experiments. The organic aerosol is 

heterogeneously distributed throughout the complex BBA and is often non-uniformly mixed in 

individual submicron particles that also contain soot, inorganic salts, and/or mineral phases (Jahn 

et al., 2020). The evaporation of semi-volatile OA observed here would reveal more of the ice-

active surface sites already present in the BBA, allowing them to interact directly with water and 

nucleate ice that cannot occur when the sites are concealed. This explains the large increase in 

ice activity observed in the aged BBA and the sharp increase in the ice-active site density (ns) 

over a narrow temperature range, which indicates the ice nucleants in both fresh and aged BBA 

have similar properties. BBA produced by the combustion of ponderosa pine needles contains 

many fewer Si-containing mineral particles compared to the grass fuels, which could explain why 

an increase in INA was not observed for this fuel type (Jahn et al., 2020).  

2.3.2 Enhancement of ice activity through photooxidative aging 

Consistent increases in INA following hydroxyl radical (·OH) aging under high NOx 

conditions were demonstrated across most temperatures for all fuel types (Figure 2-1B), although 

the changes were smaller than in our time aging experiments with no added oxidants. Similar to 

the time aging experiments, the ponderosa pine needle BBA had the smallest increase in INA, 

only increasing at temperatures below –29.5 °C. The hydroxyl radical is an important and powerful 

atmospheric oxidant and was generated by UV photolysis of nitrous acid (HONO) injected into 

the chamber. The increase in INA could be due to oxidation of graphitic soot particle surfaces, 

oxidation of mineral surfaces, or possibly due to changes in the organic aerosol components that 
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are prone to ·OH oxidation. BBA that is dominated by black carbon and does not contain many 

mineral species as identified by TEM/EDX particle analysis tends to have low INA that does not 

increase with photooxidation. This is presumably because there are limited mineral-based ice-

active sites to uncover; see Fig. A2-4 in the Appendix for further explanation.  

 

Figure 2-1. Ice-active surface site density (ns) plotted versus freezing temperature. Each panel shows one 

type of aging of biomass-burning aerosol produced from combustion of cutgrass, sawgrass, or ponderosa 

pine. Fresh samples (prior to external perturbation or time aging) are shown in green and aged samples 

following several hours of chamber aging are shown in purple. A) time aging experiments revealed 

substantial increases in INA along with evaporation of organic carbon aerosol; B) hydroxyl radical 

photooxidative aging caused slight increases in INA (additional experiments shown in Fig. A2-2); C) thermal 

evaporation of the BBA followed by hydroxyl radical photooxidation revealed mixed effects on INA; and D) 

ozonolysis without photochemistry resulted in no observed changes or a prominent decrease in INA in one 

case, along with substantial increases in the organic aerosol mass loading. A subset of these experiments 

shown with 95% confidence intervals is provided in Figure A2-3 in the Appendix. 
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In order to understand how changes to the OA components could explain the observed 

increases in INA, we compared the volatility of fresh and aged biomass-burning OA by measuring 

the mass fraction remaining following thermal desorption at different temperatures up to 200 ºC 

(Appendix, Fig. A2-5) (Cain and Pandis, 2017). The aged aerosol consistently lost less OA mass 

than the fresh aerosol at every desorption temperature, indicating that aged BBA is less volatile 

than the fresh aerosol, similar to previous findings (Hennigan et al., 2011; Lim et al., 2019). This 

supports what was also observed in time-aging experiments where the more volatile OA present 

at the beginning of the experiments evaporated, uncovering ice-active surface sites and 

increasing the INA of aged BBA samples. Thermodenuder analysis also showed that the carbon 

oxidation state of the remaining organic aerosol components increased as indicated by an 

increased oxygen-to-carbon mass ratio following aging, corresponding to their decreased volatility 

(Fig. 2-2B). Since oxidation can also increase volatility through the organic carbon backbone 

fragmentation channel, the less-volatile OA observed here is the result of components that gained 

more oxygenated functional groups while avoiding fragmentation (Kroll et al., 2011).  

Oxidation of organic carbon molecules tends to increase hydrophilicity and water solubility, 

such that the removal of OA from ice-active sites may be promoted by dissolution following 

oxidative aging. This mechanism would be highly relevant for immersion-mode freezing in mixed-

phased clouds – the dominant heterogeneous ice nucleation mechanism that we studied here 

where the INP is immersed in a cloud droplet prior to nucleating ice. Liquid droplets containing 

these INPs may exist long enough prior to experiencing freezing conditions such that the more 

viscous, low-volatility organic compounds also dissolve and reveal ice-active sites in addition to 

the prompt removal of the more water-soluble oxidized organic carbon.  
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Figure 2-2. Exemplary evolution of submicron aerosol chemical composition in the four types of simulated 

atmospheric aging explored. Each panel shows SP-AMS chemical composition measured for one type of 

aging. Mass concentration (trace color corresponds to chemical component) in SP-mode is plotted in the 

lower portion; the organic aerosol:black carbon ratio – a measure of the gain or loss of OA versus the 

conserved BC tracer that only undergoes chamber wall loss – is plotted on the upper left axis. A measure 

of OA oxidation state, the O:C atomic ratio from EI-mode measurements, is plotted on the upper right axis. 

OA:BC and O:C are unreliable during the first few minutes of experiment while the chamber is filling. A) 

Cutgrass time aging experiment with considerable evaporation of organic aerosol observed in the OA:BC 

ratio. B) Sawgrass photooxidation experiment; HONO injection is shown by the orange bar and UV 

illumination by the purple bar. Sudden decreasing mass concentration and increasing O:C occurred when 

the aerosol particles were passed through a heated thermodenuder before entering the SP-AMS. C) 

Sawgrass experiment where the BBA was subjected to thermal desorption at 250 C before injection into 

chamber. HONO injection is shown by the orange bar and UV illumination by the purple bar. D) Cutgrass 

dark ozonolysis experiment, with 350 ppb of ozone injected at the labeled time. The formation of SOA is 

indicated through the increase in OA:BC following ozone injection. 
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2.3.3 Alteration of ice activity from photooxidation following thermal evaporation of 

semi-volatile aerosol components 

No consistent trend in INA was observed following the photooxidation of BBA that had first 

been subjected to thermal desorption (Figure 2-1C). In these experiments, most OA was removed 

by passing the biomass emissions through a thermodenuder heated to 250 C prior to injection 

into the smog chamber. A smaller amount of organic mass entered the chamber compared to 

unheated BBA; refer to Figure 2-2C for an example of aerosol composition. This method allowed 

us to examine the INA of the initial aerosol population stripped of most of the OA. The subsequent 

addition of the hydroxyl radical directly targets the oxidative aging of the aerosol composed of the 

remaining very low volatility organic carbon components, inorganics, minerals, and graphitic soot.  

In the cutgrass experiment there was a sharp increase in the ice-active site density 

specifically at –23 ºC following thermal evaporation then oxidation. This suggests an 

enhancement in a specific type of ice-active site because of the large increase in INA in a narrow 

temperature range. One possible type is the mineral phases present in BBA, which could more 

effectively nucleate ice upon exposure to the hydroxyl radical, especially since the removal of the 

more volatile OA in the thermodenuder would expose more of the mineral surfaces. Another 

candidate ice-active site in BBA is graphitic soot, whose surfaces could also become exposed 

after the removal of the more volatile OA. ·OH oxidation could also produce surface hydroxyl 

groups on the graphitic surfaces that will interact strongly with water through hydrogen bonding. 

The molecular dynamics simulations of Lupi and Molinero revealed that OH-modified graphitic 

surfaces were more effective at inducing freezing than unmodified graphitic surfaces (Lupi and 

Molinero, 2014). Increased hydrophilicity of soot particles through atmospheric aging has been 

demonstrated experimentally to increase INA at cirrus cloud temperatures < –40 ºC (Koehler et 

al., 2009; Mahrt et al., 2018, 2020b, 2020a). While authentic combustion soot particles are not 

typically ice active at mixed-phase cloud temperatures > –35 ºC (Kanji et al., 2017; Mahrt et al., 

2018), it is possible that the soot particles emitted from some types of biomass fuel combustion 
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are ice active at warmer temperatures than soot from fossil fuel combustion, and/or that these 

soot particle surfaces are more susceptible to enhancements in INA through oxidation. 

In the sawgrass experiment, the denuded fresh and aged aerosol had nearly the same 

INA. While the trends in INA for the thermally denuded aerosol vary by experiment, it is noteworthy 

that these experiments with most OA removed still result in ice-active site densities above 

background levels and within the same orders of magnitude as unaltered fresh BBA. This further 

supports the idea that ice-active sites in BBA active under immersion-freezing conditions are not 

organic carbon-based. Our prior analysis of the BBA and ash produced from these same fuels 

concluded that the production of new mineral phases from the biomass combustion itself is the 

major source of the ice nucleants, and that fuels that produced the most soot had the weakest or 

even unmeasurable INA at temperatures warmer than –25 ºC (Jahn et al., 2020). 

2.3.4 Impairment of ice activity from production of secondary organic aerosol by dark 

ozonolysis  

The INA of BBA subjected to dark ozonolysis was lower than that of fresh aerosol, likely 

due to the production of secondary organic aerosol that covered ice-active surface sites (Fig. 2-

1D). In this aging mechanism ~300 ppb of ozone was injected into the chamber with no UV light 

illumination. Previous studies have shown that dark ozonolysis reliably produces significant SOA 

mass and the largest increase in total OA from biomass-burning emissions, making this aging 

mechanism a good test for the effects of SOA production and OA particle coatings on ice activity 

(Ahern et al., 2019; Tkacik et al., 2017). Note that some ·OH is still generated without UV 

photolysis, produced by the ozonolysis of unsaturated organic molecules such as monoterpenes 

or alkenes (Paulson, 1996; Tkacik et al., 2017). Dark ozonolysis did result in the greatest SOA 

production compared to other aging mechanisms, with the OA:BC mass ratio increasing by up to 

25%, as shown in Figure 2-2D.  
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The fresh and aged BBA had essentially the same ice-nucleating abilities following dark 

ozonolysis or even a decrease in INA for the cutgrass experiment (Fig. 2-1D). We attribute this to 

increasing SOA coating amount and thickness on the BBA, counteracting the effects of the 

evaporation and oxidation plus dissolution of OA observed in the time aging and ·OH aging 

experiments. These results also indicate that the SOA coatings are not sufficiently removed when 

the aerosol is extracted into water for immersion freezing analysis, perhaps because the SOA 

generated during dark ozonolysis is less fragmented and of lower water solubility and therefore 

remains concealing the ice-active sites. The already existing primary hydrocarbon-like OA likely 

only partially coats the highly heterogeneous BBA particles and SOA production may also act to 

more completely coat the complex aerosol through condensation of oxidized OA. Indeed SOA of 

an oxidation state similar to the O:C of the aged BBA in our experiments is often found to phase 

separate from the aqueous phase and adopt a core–shell morphology with the organic phase on 

the outside (Gorkowski et al., 2020). 

2.3.5 Analysis of individual biomass-burning aerosol particles 

The collected BBA was analyzed at a single-particle level using transmission electron 

microscopy (TEM) to investigate the potential particle types that are responsible for the observed 

ice activity and how these respond to the simulated aging. Many mineral-based particles coated 

in organic carbon phases were observed. Figure 2-3A shows a fractal soot particle that is 

agglomerated with an iron-based mineral as determined by energy dispersive X-ray (EDX) 

spectroscopy. The particle in Figure 2-3B contains potassium chloride salts and a mineral core 

made of magnesium, aluminum, silicon, and oxygen, also surrounded by an organic coating that 

appears to have partially evaporated under the vacuum of the TEM. The particle in Figure 2-3C 

has several inorganic salt phases surrounded by a dense organic carbon coating. These particle 

types and mixtures are all representative of fresh BBA filter samples where heterogeneous ice 

nucleation was observed above –25 C. Note that the small < 500 nm size of the mineral 
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components suggests that these were formed during combustion, as the majority of minerals 

lofted by mechanical action from soil dust or biomass ash would be supermicron. In our previous 

work, the most crystalline mineral phases were present in all samples of both aerosol and ash 

from the tall grass fuels, which also contain more INPs and have higher INA than BBA from wood 

fuels (Jahn et al., 2020). As most mineral particles in the BBA were found to be submicron, these 

potential INPs will have longer lifetimes versus gravitational settling, undergo atmospheric 

transport over longer distances, and exert more extensive effects on cloud microphysics over 

larger spatial scales than the much larger supermicron lofted ash particles would (Jahn et al., 

2020).  

 

 

Figure 2-3. Transmission electron microscopy (TEM) images of fresh BBA. A-B) are from ponderosa pine 

needles and C) is from sawgrass BBA collected on substrates indicating the presence of organic aerosol 

coatings around mineral-containing particles. Particle A is a fractal soot particle agglomerated with an iron-

based mineral in the region indicated by the box. Particle B has a mixed core in region 1 composed of KCl, 

minerals, and carbonaceous material, with additional KCl in region 2 and a carbonaceous OA coating that 

appears gray surrounding the entire particle. Particle C contains several inorganic salt phases in regions 1 

& 3 and is also surrounded by an OA coating that appears gray in regions 2 & 4. EDX spectra of the boxed 

regions are provided in Fig. A2-6. 
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2.4 Discussion 

Simulated atmospheric aging indicates that the ice-nucleation activity and INP number 

concentration of authentic BBA would generally increase as the aerosol undergoes atmospheric 

transport, though plume dilution must also be accounted for. The evaporation of organic coatings 

off the BBA reveals mineral-based ice-active sites, increasing the ice-nucleating ability of the BBA 

during most experiments. Simulations based off of FLAME III biomass-burning experiments 

estimated that 35% of the loss of OA after combustion was due to organic evaporation driven by 

loss of semi-volatile OA following smoke dilution into the chamber and vapor partitioning to the 

chamber walls (Bian et al., 2015). Fresh BBA is composed of 20-90% organic carbon compounds, 

a substantial fraction of which are known to evaporate upon dilution from near-fire to dispersed 

plume aerosol concentrations, but overall evaporation rates and partitioning depends on many 

factors such as aerosol mass loading, fuel type and combustion conditions, and dilution rate 

(Hodshire et al., 2019a). These factors also contribute to the variability in INA amongst other 

studies of INPs from biomass burning.  

Loss of OA through natural evaporation or evaporation also driven by photooxidation was 

observed in the time aging experiments as well as during ·OH photooxidation and therefore these 

two aging mechanisms both resulted in similar trends in INA. The additional chemical oxidation 

during ·OH photooxidation experiments likely increased the water solubility of OA particle 

coatings, allowing for easier dissolution during immersion-mode experiments and uncovering of 

ice-active surface sites. However, more secondary organic aerosol (SOA) mass was generated 

during the latter part of the ·OH aging experiments compared to the time aging experiments where 

total OA only decreased in time. This may account for the smaller increase in ice-active site 

density following ·OH photooxidation by not resulting in as extensive an uncovering of ice-active 

sites as in the time aging experiments with more significant evaporation of OA. Direct oxidation 
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of mineral surfaces within the BBA may have also led to the increased INA observed in aged BBA 

produced from mineral-rich grass fuels, but this mechanism could not be directly tested. 

Even greater SOA production such as from dark ozonolysis (that avoids OA fragmentation 

by photolysis) further conceals ice-active sites on the particles, resulting in no increase or even a 

decrease in INA with aging. Previous literature has shown that SOA coatings can decrease the 

INA of other INPs in some instances. For example, Arizona test dust and the mineral dust illite 

were coated with SOA created from the ozonolysis of α-pinene, and aerosol mass fractions 

percentages of SOA as low as 17% were found to decrease the deposition-mode INA of these 

atmospheric mineral dust proxies (Möhler et al., 2008). However, the immersion-mode INA of 

desert mineral dusts did not significantly change when coated in SOA produced from α-pinene 

ozonolysis (Kanji et al., 2019). Here, SOA produced by the dark ozonolysis of authentic biomass-

burning smoke appears to be concealing the ice-active sites in BBA, presumably because the 

biomass burning SOA is more effective at covering the ice-active sites compared to prior terpene 

SOA coating experiments. The SOA produced here may also be less volatile and more viscous 

than the proxy SOA created through α-pinene ozonolysis and therefore remain concealing ice-

active sites during immersion-mode freezing. While different studies demonstrate variable 

degrees of SOA production or OA loss in biomass-burning plumes, our results are relevant for 

plumes that undergo significant SOA production, such as those from larger fires in more polluted 

areas (Hodshire et al., 2019b; Shrivastava et al., 2017). 

Figure 2-4 illustrates a new framework to understand how INPs from biomass burning and 

their chemical composition and ice-nucleation activity co-evolve during plume dilution and 

atmospheric processing based on these new findings. Evaporation of organic aerosol occurs to 

different extents following the emission and dilution of the smoke and leads to an increased 

availability of ice-active surface sites. Photooxidation of organic compounds changes the 

chemical composition to produce more oxidized OA with increased water solubility such that when 
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the particle is immersed in a cloud droplet prior to undergoing immersion freezing, the OA can 

dissolve more readily to reveal ice-active sites. Condensation of SOA, driven by more oxidized 

and less volatile OA produced from evaporated organic carbon (that avoids the fragmentation 

channel), conceals ice-active sites on the particles and decreases the apparent INA. Authentic 

biomass-burning plumes undergo varying degrees of evaporation, oxidation, and re-condensation 

of organic aerosol (Ahern et al., 2019; Donahue et al., 2011; Garofalo et al., 2019). These 

processes compete simultaneously to different degrees, depending on fuel composition, 

combustion conditions, dilution ratios, and atmospheric conditions surrounding biomass plumes 

that entrain background air and reactants into the plume as it dilutes and spreads (Hodshire et 

al., 2019b). Therefore, all these processes must be taken into account when considering the INA 

of BBA during or following atmospheric aging. 

This work is the first to investigate how INPs released by the combustion of several 

different biomass fuels evolve under different simulated atmospheric aging schemes. A strong 

enhancement of the INA through some types of atmospheric aging was discovered. INA increased 

more after aging in BBA produced by the combustion of grassy fuels – which have a much higher 

mineral content – than other fuels like pine needles and woods that produce BBA with higher 

organic aerosol and black carbon content instead. These differences can be attributed to the 

observed changes in particle properties and composition that lead to an uncovering of pre-existing 

ice-active surface sites that we recently demonstrated are mostly mineral phases produced by 

the biomass combustion itself (Jahn et al., 2020; Vassilev et al., 2013). TEM images of the BBA 

collected in these experiments also clearly show mineral phases and their mixtures with other 

particle components such as BC soot and salt phases that are often coated by organic carbon.  
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Figure 2-4. Schematic representation of the atmospheric co-evolution BBA composition and ice-nucleation 

activity. The particle contains minerals depicted in shades of brown, soot depicted in black, and organic 

aerosol depicted in green. Evaporation of OA leads to increased availability of ice-active sites. Oxidation of 

OA changes its chemical composition to be more oxidized and water-soluble organic carbon such that when 

the particle is immersed in a droplet the OA can dissolve more readily to reveal ice-active sites. Secondary 

organic aerosol (SOA) condensation from oxidation and condensation of organic carbon onto the particle 

conceals ice-active sites. 

 

Here, we show how the INA of biomass-burning aerosol can be enhanced through some 

types of relevant atmospheric aging mechanisms. Unlike many previous studies that have shown 

that the INA of mineral dust particles can sometimes be impaired through atmospheric aging, here 

we find some types of aging actually enhance the INA of BBA (Cziczo et al., 2009; Möhler et al., 

2008; Sullivan et al., 2010b, 2010a). The different effects of aging for these two mineral-containing 

aerosol systems are due to the presence of primary components emitted in the nascent BBA that 

can conceal the ice-active particle surfaces such as the mineral phases. Aging can lead to the 

partial removal of these coatings, thus increasing the INA. Mineral dust particles do not typically 
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contain primary particle coatings that resist dissolution such as the hydrocarbon-like tar material 

common in BBA (Adachi et al., 2019; Pósfai et al., 2004; Sedlacek et al., 2018). For atmospheric 

mineral dust, any coatings are acquired through atmospheric aging thus concealing or chemically 

altering ice-active surface sites with soluble inorganic components or oxidized SOA that 

sometimes lead to a decrease in INA.   

Dilution, evaporation, and exposure of the BBA to oxidants often results in an increase of 

ice-active site density greater than an order of magnitude even at temperatures above –25 °C 

and an increase in the onset freezing temperature of up to 8 °C. This process would likely be 

enhanced under many atmospherically relevant scenarios as OA evaporation is driven more 

rapidly and extensively by the continual dilution of the smoke plume during transport that proceeds 

for several days or even weeks for submicron aerosol; most of the mineral particles observed in 

the BBA that are the likely source of ice nucleation were submicron in size. Removal of these OA 

coatings can also make reactive mineral and halide salt phases available for direct reaction with 

atmospheric reactants, such as the activation of chlorine as ClNO2(g) and HCl(g) from Cl-(aq) 

through reactive uptake of N2O5(g) that we have recently demonstrated in BBA (Ahern et al., 2018; 

Goldberger et al., 2019).  

The implications of this new framework for the co-evolution of biomass-burning aerosol 

composition and ice-nucleation activity are that the emitted ice nucleating particles will make 

important contributions to the distribution of atmospheric INPs over larger spatial and temporal 

extents and at warmer cloud temperatures than previously understood. In fact, the effective 

concentration of INPs emitted in BBA will increase during plume dilution as particle coatings 

experience net evaporation, until dilution of the aerosol particle numbers overcomes this effect. 

Previous estimates of the INP concentration in fresh BBA emitted during wildfires include 106–

1015 INPs per m2 of burned land (active at –30 °C) based on a variety of tested fuels, and 5x1010–

1x1012 INPs per m2 of burned grassland (active at –25 °C) based on our recent report on INPs 
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emitted by combustion of tall grasses. This estimate of INP emissions results in an area of 104 

km2 with a 5 km plume height having INP concentrations elevated above typical background levels 

due to biomass burning and likely sufficient to modify cloud microphysics, from just 1 m2 of burned 

land (Jahn et al., 2020; Petters et al., 2009b). Our results presented here show that atmospheric 

aging enhances the ice-active site density by up to a factor of 27 at –25 °C. Therefore, 

atmospheric aging of BBA could increase the area affected by INPs by at least one decade, 

causing an estimated area of 105 km2 by 5 km in altitude to be affected for each 1 m2 of burned 

grassland. These observed increases in ice activity in terms of both INP concentration and 

freezing temperature are substantial considering the vast areas of biomass consumed in wildfires, 

especially in recent years. Fully understanding the impacts of this newly understood dynamic 

evolution of the INPs in BBA requires investigation using chemical transport models that properly 

account for the evolution of BBA composition during atmospheric transport (Bian et al., 2017; 

Hodshire et al., 2019a).  

2.5 Methods 

 A small portion of each biomass fuel was placed into a partially enclosed galvanized steel 

pan and lit from the side with a butane lighter. The remaining biomass fuel was gradually added 

to maintain flaming phase combustion, until a total of 0.5 kg was burned. The smoke emissions 

were injected and diluted using Dekati eductor diluters (Dekati DI-1000) into a 12 m3 Teflon smog 

chamber (Ahern et al., 2018; Jahn et al., 2020). Before each experiment, the chambers were 

purged overnight using filtered clean air and UV lights until particle number concentrations were 

< 50 cm-3. The fuels used were giant cutgrass (zizaniopsis miliacea), obtained at the UF/IFAS 

Center for Aquatic and Invasive Plants in Florida, USA; ponderosa pine needles (pinus 

ponderosa) obtained at the Klamath Basin National Wildlife Refuge Complex in Tulelake, 

California, USA;  sawgrass (cladium jamaicense), obtained at the Loxahatchee National Wildlife 

Refuge in Florida, USA; and birch and fatwood logs, purchased locally.  
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Online particle analysis included a scanning mobility particle sizer (SMPS, TSI Inc.: DMA 

model 3082 and CPC model 3775) for aerosol size distribution measurements between 8 and 

749 nm in mobility diameter, and a soot-particle aerosol mass spectrometer (SP-AMS, Aerodyne 

Inc.) for submicron particle chemical characterization. The SP-AMS uses an infrared laser to 

measure refractory black carbon (BC) soot, and the instrument was operated with switching the 

IR laser on/off every 60 seconds (Onasch et al., 2012). During both modes, a 600 °C tungsten 

thermal vaporizer was used to vaporize non-refractory aerosol components: organic carbon 

aerosol (OA), nitrate, sulfate, chloride, and ammonium. Laser-on (BC) mode was used to obtain 

the mass concentrations shown in Figure 2-2, and the O:C mass ratio was determined from laser-

off (EI) mode. For volatility analysis, the aerosol was alternated between passing through a heated 

thermodenuder (centerline residence time of 23 s) or through an unheated bypass line before 

being sampled by the SP-AMS. Gas monitors included a chemiluminescent NOx analyzer 

(Advanced Pollution Instrumentation, Inc., Model 200A) and an ozone analyzer (Teledyne, Model 

T400). Particles were collected onto copper formvar TEM grids (carbon type B, 400 mesh, Ted 

Pella #01754-F) for offline electron microscopy analysis. TEM/EDX measurements were acquired 

at the Environmental Molecular Sciences Laboratory (EMSL) at PNNL using a Titan 80-300 

scanning/transmission electron microscope equipped with an Si(Li) detector at an accelerating 

voltage of 300 keV.  

Particles were collected for ice nucleation analysis on polycarbonate filters (GE Healthcare 

111103, Nuclepore 50 nm pore size) using an inline 44 mm filter holder and refrigerated until use. 

Immediately before analysis, particles were extracted off of the filter by vortexing the filter in a 

polypropylene Falcon tube with 3 mL of HPLC-grade water (Sigma Aldrich HPLC Plus #34877) 

that was pre-filtered (Anotop 2  Plus 0.02 μm pore size, Whatman # 809-4102), as this results 

in the lowest level of background freezing (Polen et al., 2018). The suspension was then filled into 

a custom microfluidic chip where 600 uniformly sized isolated 6 nL droplets are produced and can 
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be tested simultaneously with a background freezing temperature for filtered water of < –33 °C 

(Brubaker et al., 2020). The chip was placed atop a thermoelectric cooling element and cooled at 

1 °C min-1, with droplet freezing detected using the observed change in grayscale value. The ice-

active surface site density (ns) was calculated using the total surface area of the collected aerosol 

samples based off of the total air volume passed through the filters and an averaged aerosol size 

distribution measured by SMPS during the fresh or aged BBA collection period (Vali, 1971). For 

some earlier experiments presented in the SI, the droplet freezing assay was performed using a 

conventional droplet-on-substrate method and 0.1 µL droplets (Polen et al., 2018). 
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2.7 Appendix 

Summary 

Below we show six additional figures to support our findings presented in the main 

manuscript. Figure A2-1 shows the experimental setup of the chamber used for authentic 

biomass-burning aerosol (BBA) aging experiments. Figure A2-2 shows additional ice-active site 

density (ns) vs. temperature spectra for fresh and aged BBA through ·OH photooxidation not 

depicted in Figure 2-1 to prevent overcrowding the main figure. As discussed in the main paper, 

all of these samples had an increase in INA with photooxidative aging across at least some 

temperature ranges.  

Figure A2-3 shows selected ice-active site density (ns) vs. temperature spectra with 95% 

confidence intervals, demonstrating which aging experiments exhibited statistically significant 

changes between the INA of fresh versus aged BBA. Shaded 95% confidence intervals shown 

were calculated following the Monte Carlo method presented by Vali (Vali, 2019). Briefly, each 

freezing experiment was discretized into 0.25 °C temperature bins. Then µ, the number of droplets 

that freeze in each temperature bin, can be approximated as a Poisson process and the random 

spread of µ approaches a Poisson distribution. A series of 100 outcomes are drawn from each 

Poisson distribution to produce 100 simulated experiments, each with a new ns (INA) spectrum. 

The linearly interpolated 2.50% and 97.5% quantiles of ns at each discrete temperature are then 

interpreted as the 95% confidence intervals (p = 0.05). 

Figure A2-4 shows the raw frozen fraction temperature spectra (rather than ns plots, 

because all droplets froze within the filtered water background freezing temperature range) for 

two wood BBA samples. This demonstrates that photooxidative aging does not increase the INA 

of BBA produced from wood combustion, which tends to produce fewer mineral particles and 

more soot compared to the tall grass fuels. Figure A2-5 shows the mass fraction of organic aerosol 

remaining after passing through a heated thermodenuder – used to determine the volatility of the 
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fresh and aged BBA. Figure A2-6 shows TEM/EDX spectra of the BBA particles depicted in Figure 

2-3, used to determine the chemical composition of different regions of individual particles. Many 

particles have organic aerosol coatings which evaporate to reveal ice-active sites, leading to an 

increase in INA for aged BBA.   

 

 

 

 

Figure A2-1. Experimental setup for chamber aging of authentic BBA. Experiments were conducted in the 

combustion facility of the CMU Air Quality Laboratory. Each fuel was burned in a galvanized steel pan inside 

a partial enclosure. Clean air diluted and pulled the resulting smoke into a 12 m3 Teflon chamber which was 

thoroughly flushed overnight with clean air and UV radiation before each experiment. For experiments with 

BBA passed through the thermodenuder before chamber injection, the Dekati dilutors were operated at a 

lower flowrate to increase the residence time of the aerosol in the thermodenuder. Ozone was produced 

from pure O2(g) using a corona discharge ozone generator and nitrous acid (HONO) vapor was produced 

from the headspace of a solution of sodium nitrite and sulfuric acid. 
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Figure A2-2. Ice-active surface site density (ns) temperature spectra for additional BBA ·OH photooxidation 

aging experiments. The experiments here are ·OH photooxidation of biomass-burning aerosol produced 

from combustion of cutgrass, sawgrass, or birch. Fresh BBA samples (prior to external perturbation) are 

shown in green and aged samples following several hours of chamber photooxidative aging are shown in 

purple. ·OH photooxidation tended to increase the INA across most if not all temperatures, similar to the 

results shown in Figure 2-1. The birch experiment shown here was the only BBA produced from wood (as 

opposed to grass) combustion that showed appreciable INA and an increase in INA after aging. See Fig. 

A2-4 for additional data and discussion on wood BBA.  
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Figure A2-3. Selected ns spectra from Figure 2-1 with 95% confidence intervals shown. One experiment 

for each aging type (fuel indicated within each panel) was chosen based off their fresh and aged ice-active 

site densities being the most similar. Shaded 95% confidence intervals were calculated following the Monte 

Carlo method presented by Vali (60) as described above. This emphasizes that unless the INA of the fresh 

and aged are extremely similar, we can confidently state that the observed increases in INA are statistically 

significant and beyond measurement uncertainty or variability. For A) time aging here there is no significant 

difference between fresh and aged, but in all other experiments in Fig. 2-1, the fresh and aged BBA are 

significantly different at temperatures < –23.5 °C. For B) ·OH photooxidation experiments, the aged 

ponderosa pine needle BBA is significantly greater than the fresh BBA only at temperatures < –29.6 °C, 

while the fresh & aged cutgrass and sawgrass experiments in Fig. 2-1 are different < –27.2 °C and < –24.2 

°C, respectively. The C) thermal evaporation then ·OH photooxidation sawgrass experiment shown here 

does not have a statistically significant difference between the fresh and aged aerosol, but for the cutgrass 

experiment in Fig. 2-1, fresh and aged BBA are different between –23 °C and –31 °C. The D) dark 

ozonolysis sawgrass experiment has no significant difference between fresh and aged BBA, while the 

cutgrass experiment in Fig. 2-1 has a significant decrease in INA after aging across all temperatures. These 

data show that at temperatures relevant to mixed-phased clouds, there are statistically significant increases 

in INA after dilution, evaporation, and photooxidative aging, and no increase or even a statistically 

significant decrease in INA following aging that involved substantial SOA production.   
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Figure A2-4. Frozen fraction temperature spectra for BBA from two wood fuels. Ice nucleation analysis 

was performed by a traditional droplet-on-substrate technique; method details are described by Polen et al. 

(2016, 2018). BBA from birch wood (A) and fatwood (B) was subjected to ·OH photooxidation without 

additional NOx, and no increase in INA was observed. Average background freezing temperature spectrum 

for filtered water shown as gray line; all BBA sample data for birch and fatwood lay within the water 

background freezing spectrum. Based off of previous work, EDX revealed less mineral formation in BBA 

produced from woods compared to tall grasses, with slightly more minerals present in birch BBA compared 

to fatwood BBA (Jahn et al., 2020). The combustion of these woods also produced the most black carbon 

(BC) in the aerosol compared to other fuels studied – birch BBA was 65% BC by mass and fatwood was 

86% BC as measured by the SP-AMS. The reasoning behind the lack of increase in INA with aging 

observed here is consistent with our previous discussion. For wood fuels, there are few mineral-based ice-

active sites present in even the fresh BBA, so any evaporation of organic carbon coatings – that revealed 

the mineral-based ice-active sites in BBA produced from grass combustion – made no difference in the INA 

of aged BBA produced from the combustion of these woods. These results further emphasize that black 

carbon from biomass combustion cannot explain the ice activity of BBA, or how it responds to aging. 
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Figure A2-5. Effects of ·OH photooxidative aging on the volatility of organic aerosol (OA) in BBA. Trends 

in aerosol volatility are demonstrated based on the mass fraction of OA remaining after being subjected to 

thermal desorption, plotted as a function of thermodenuder (TD) temperature. The OA mass fraction 

remaining was calculated from the SP-AMS in laser-off mode by dividing the OA concentration following 

the TD by the OA concentration following an unheated bypass line. Filled symbols indicate fresh BBA, while 

hollow symbols indicate ·OH-aged BBA. For each of these fuels, the mass fraction remaining after aging is 

less than that for the fresh aerosol particles, indicating that aged aerosol is less volatile. This complements 

our understanding of how organic aerosol aging reveals ice-active sites present in the BBA. The TD 

methodology used here is further described by Cain & Pandis (Cain and Pandis, 2017). All SP-AMS data 

analysis was completed in the Igor software packages SQUIRREL (version 1.62A) and PIKA (version 

1.22A). 
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Figure A2-6. Energy dispersive X-ray spectroscopy (EDX) spectra from TEM images of BBA particles 

displayed in Figure 2-3. The ordering of the particle microscopy images and spectra here are the same as 

in Figure 2-3, and the area numbers within the legend of each spectrum here corresponds to the numbered 

regions in Fig. 2-3. Particle A) EDX spectrum shows the iron-based mineral region. Particle B) EDX spectra 

show region 1 composed of KCl; Al, Mg, and Si-containing minerals; and carbonaceous material, with 

additional KCl in region 2. Particle C) EDX spectra show chloride salts in regions 1 & 3, and carbonaceous 

material in regions 2 & 4 on the outer edges of the particle. These spectra, as well as previous work on the 

same biomass fuels, show organic aerosol coating inorganic/mineral regions, supporting our new 

framework suggesting that OA evaporation exposes the ice-active mineral surface sites in BBA (Jahn et 

al., 2020). 
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Figure A2-7. High-resolution AMS chemical composition of cutgrass time-aging experiment. Top panel is 

absolute concentrations of different species and O:C. Bottom panel is ratio of each species to black carbon.  
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Figure A2-8. High-resolution AMS chemical composition of ponderosa pine needles time-aging 

experiment. Top panel is absolute concentrations of different species and O:C. Bottom panel is ratio of 

each species to black carbon. 
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Figure A2-9. High-resolution AMS chemical composition of cutgrass OH-aging experiment. Top panel is 

absolute concentrations of different species and O:C. Bottom panel is ratio of each species to black carbon. 
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Figure A2-10. High-resolution AMS chemical composition of sawgrass OH-aging experiment. Top panel is 

absolute concentrations of different species and O:C. Bottom panel is ratio of each species to black carbon. 
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Figure A2-11. High-resolution AMS chemical composition of ponderosa pine needles OH-aging 

experiment. Top panel is absolute concentrations of different species and O:C. Bottom panel is ratio of 

each species to black carbon. 
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Figure A2-12. High-resolution AMS chemical composition of cutgrass, thermally denuded then OH-aging 

experiment. Top panel is absolute concentrations of different species and O:C. Bottom panel is ratio of 

each species to black carbon. 
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Figure A2-13. High-resolution AMS chemical composition of sawgrass, thermally denuded then OH-aging 

experiment. Top panel is absolute concentrations of different species and O:C. Bottom panel is ratio of 

each species to black carbon. 
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Figure A2-14. High-resolution AMS chemical composition of sawgrass ozonolysis experiment. Top panel 

is absolute concentrations of different species and O:C. Bottom panel is ratio of each species to black 

carbon. 
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Figure A2-15. High-resolution AMS chemical composition of cutgrass ozonolysis experiment. Top panel is 

absolute concentrations of different species and O:C. Bottom panel is ratio of each species to black carbon. 
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1684–1698 (2019). 

 

3 Reactive Uptake of N2O5 on Authentic Biomass-Burning 

Aerosol 
 

3.1 Abstract 

N2O5 and ClNO2 were recently demonstrated to be directly produced in biomass-burning 

plumes. These gaseous reactants affect ozone concentrations, the cycling of oxidants, the lifetime 

of nitrogen oxides, and the formation of particulate matter, yet the detailed heterogeneous kinetics 

and product yields of these reactions are still unknown. Existing literature has examined the 

kinetics of these trace reactants on simplified atmospheric aerosol mimics which may or may not 

provide results relevant to complex atmospheric particles such as biomass-burning aerosol. In 

this work, we examine the reactive uptake coefficients (reaction probability) of dinitrogen 

pentoxide, γ(N2O5), and the nitryl chloride yield, φ(ClNO2), for four types of authentic biomass-

burning aerosol (BBA) at ~35% and ~70% relative humidities (RH) using an entrained aerosol 

flow tube system. The four biomass fuels tested produce BBA with a range of chloride and organic 

carbon mass fractions. γ(N2O5) ranged from 2.1 (±0.4) x 10-3 on black needlerush BBA at 34% 

RH to 6.0 (±0.6) x 10-3 on wiregrass BBA at 60% RH, with values generally greater at higher 

relative humidities within each fuel. After N2O5 uptake, the products ClNO2(g), HNO3(g), and 

particulate nitrate were observed and used to calculate a reactive nitrogen budget. φ(ClNO2) was 

only substantial for the highest-chloride fuel, black needlerush. These results suggest that the 

complex chemical composition and morphology of BBA as well as the solid phase state of chloride 

salts in BBA at RH less than ~80% limit the ability for N2O5 to heterogeneously react with BBA 
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and form ClNO2. Additional experiments were conducted for each fuel at 86% RH, above the 

deliquescence relative humidity (DRH) of the chloride salts common in BBA. For BBA high in 

particulate chloride, γ(N2O5) was further increased by 100-300% to 7.2 x 10-3 for saw palmetto 

BBA and 16 x 10-3 for black needlerush BBA. Low chloride fuels exhibited little change in γ(N2O5) 

at high versus low RH, demonstrating how aqueous chloride in the particles drives N2O5 reactive 

uptake. Preliminary analysis revealed that the two high chloride fuels produced the only ClNO2(g) 

above background concentrations. Given that biomass-burning events release high quantities of 

particulate matter, chlorine species, and nitrogen oxide gases (NOx), accurately quantifying N2O5 

heterogeneous kinetics on BBA is important for accurate predictions of the effects of wildfires on 

atmospheric chemistry, particulate matter, and atmospheric oxidant budgets.  

3.2 Introduction 

 Knowledge of the atmospheric budget of reactive species expands our understanding of 

atmospheric chemistry and is necessary for predicting the formation and concentrations of 

particulate matter (PM), oxidants, and other pollutants that contribute to climate change, poor air 

quality, and negative health conditions. Biomass burning (BB) occurs globally year-round, 

releasing substantial PM, CO and CO2, carbonaceous gases, and nitrogen oxides (NOx = NO + 

NO2). At night, NO2 can react with residual ozone to form the nitrate radical (NO3•), which can 

then react with additional NO2 to form dinitrogen pentoxide, N2O5, as shown below in R1 (Abbatt 

et al., 2012; Dentener and Crutzen, 1993; Thornton et al., 2003). If N2O5 remains in the gas phase 

nocturnally, the lifetime of NOx is extended until the morning when NO3 photolysis and reaction 

with NO reduces the concentration of N2O5 through thermal equilibrium. However, when N2O5 

reacts heterogeneously with an aerosol particle (R2), aqueous nitrated intermediates form (R3) 

that then can go on to form HNO3 (R4). Deposition of HNO3 is rapid and presents a net removal 

of two NOx. Alternatively N2O5 hydrolysis can go on to form ClNO2 if aqueous chloride is present 

in the aerosol particle (R5) (Finlayson-Pitts et al., 1989). Other products may also form after 
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reactions with other species such as iodide or phenols, represented by X in R6. ClNO2 rapidly 

evaporates from the particle (R7), but photolyzes when the sun rises into NO2 and Cl• (R8). This 

overall reaction is shown in R9, where φ is the yield of ClNO2 versus the HNO3 channel.  

 

NO2(𝑔) +  NO3(𝑔)  ⇌  N2O5(𝑔)    (R1) 

N2O5(𝑔)  ⇌  N2O5(𝑝)      (R2) 

N2O5(𝑝)  + H2O(𝑝)  ⇌   NO3
−(𝑎𝑞) +  H2ONO2

+(𝑎𝑞)  (R3) 

H2ONO2
+(𝑎𝑞) +  H2O(𝑝)  →  H3O+(𝑎𝑞) + HNO3(𝑎𝑞)  (R4) 

H2ONO2
+(𝑎𝑞) +  Cl−(𝑎𝑞)  →  ClNO2(𝑎𝑞)   (R5) 

H2ONO2
+(𝑎𝑞) +  𝑋(𝑎𝑞)  →  products    (R6) 

ClNO2(𝑎𝑞)  ⇌  ClNO2(𝑔)     (R7) 

ClNO2(𝑔) + ℎ𝑣 →  Cl(𝑔) + NO2(𝑔)    (R8) 

N2O5(𝑔) + particles →   φClNO2 + (2 − φ)HNO3  (R9) 

 

Understanding the formation of ClNO2 is important as the chlorine atom is a strong 

atmospheric oxidant and affects the production of hydroxyl radicals (the most common 

atmospheric oxidant of similar reactivity to Cl•), ozone, hydrocarbon oxidation, and secondary PM 

(Bannan et al., 2019; Haskins et al., 2019; McNamara et al., 2019; Riedel et al., 2013, 2014; 

Sarwar et al., 2014). Renewed interest in identifying sources of ClNO2 began when high 

concentrations were measured inland, as ClNO2 was originally thought to only form in sea spray 

aerosol that contains high concentrations of sodium chloride (Mielke et al., 2011; Thornton et al., 

2010). As biomass burning releases both NOx — from the combustion of nitrogen present in all 

biomass fuels — and particulate chloride, present in many plant species, biomass-burning aerosol 

represented a likely yet unexplored candidate for N2O5 and ClNO2 formation (Levin et al., 2010; 

Lobert et al., 1999; McMeeking et al., 2009). Several studies of ambient air detected N2O5 and/or 
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ClNO2 in air masses that shared various markers for BB, but until recently there was no direct 

evidence that either of these molecules were produced in biomass-burning plumes (Tereszchuk 

et al., 2011; Tham et al., 2016). Our prior chamber reactor experiments demonstrated for the first 

time that authentic biomass-burning aerosol could produce N2O5 and subsequently ClNO2 in high-

chloride biomass fuels under dark conditions, following the addition of ozone (Ahern et al., 2018). 

Experimental challenges such as long, uneven mixing and chamber wall effects did not 

allow for the determination of N2O5 heterogeneous kinetics in these previous chamber reactor 

experiments. Yet, the reactive uptake coefficient of N2O5 (γ(N2O5)) and nitryl chloride yield 

(φ(ClNO2)) have important atmospheric implications and are known to vary based on particle 

composition and morphology. In particular, high water content increases γ(N2O5) by promoting 

hydrolysis, particulate nitrate can reduce γ(N2O5) by up to an order of magnitude in what is called 

the ‘nitrate effect’ (R ), and particulate chloride enhances γ(N2O5) and leads to ClNO2 formation 

(Bertram and Thornton, 2009; Mentel et al., 1999; Thornton et al., 2003). Organic carbon coatings 

have also been shown to reduce γ(N2O5), and primary organic aerosol makes up a large fraction 

of biomass-burning aerosol and may be present as coatings (Ahern et al., 2018; Anttila et al., 

2006; Gaston et al., 2014, Jahn et al., 2020). Thus far, γ(N2O5) has only been calculated on other 

organic aerosol or BBA proxies (Abbatt et al., 2012; Bertram and Thornton, 2009; Escorcia et al., 

2010; Gaston et al., 2014; Knopf et al., 2011) which may not represent authentic BBA and its 

complex composition and morphology (Ahern et al., 2016; Li et al., 2003; Pósfai et al., 2003; Reid 

et al., 2005). Therefore, in this chapter, we investigate N2O5 reactive uptake and ClNO2 production 

in authentic biomass-burning aerosol generated from a live fire, using a custom entrained aerosol 

flow tube reactor system. 
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3.3 Methods 

3.3.1 BBA generation 

 Biomass fuels were combusted in a galvanized steel pan and emissions were injected into 

a either a 2 m3 or 10 m3 Teflon smog chamber using two Dekati diluters in parallel. The fuels used 

were saw palmetto (Serenoa repens, collected at the Okefenokee National Wildlife Refuge in 

Georgia, USA), wiregrass (Aristida stricta, collected at the Okefenokee National Wildlife Refuge 

in Georgia, USA), black needlerush (Juncus roemerianus, collected at the Alligator River National 

Wildlife Refuge in North Carolina, USA), and longleaf pine needles (Pinus palustris, fallen needles 

collected in Milan, Georgia, USA). All of these biomass types are common throughout the United 

States. A small portion of the fuel was ignited using a butane lighter, then additional fuel was 

added to the fire to maintain flaming-phase combustion, until a high enough concentration of 

aerosol surface area was reached in the chamber. Between experiments, the chamber was 

flushed with filtered, clean air and exposed to UV lights to clean the chamber until particle 

concentrations reached < 20 cm-3. During experiments, the chamber was shielded from any light 

as these experiments targeted nocturnal chemistry.  

3.3.2 Entrained aerosol flow tube reactors 

 Two custom designed and constructed entrained aerosol flow tube reactors were used; 

experimental setups are shown in Figure 3-1. The University of Washington UW-flow tube was a 

90 cm long Pyrex cylinder with an inner diameter of 9 cm. The CMU-flow tube was 122 cm in long 

with an inner diameter of 10.2 cm.  The inner walls of both flow tubes were coated with halocarbon 

wax (Series 1500 Inert Wax, Halocarbon Products Corp.) to make the glass surface more 

chemically inert, and the outsides were covered to block room light. Flow tubes were kept at room 

temperature and atmospheric pressure and were continually flushed with clean air between 

experiments. Downstream of the smog chamber, an activated carbon denuder and a Purafil 

permanganate denuder were used to remove volatile organic compounds (VOCs) and NOx, 
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respectively, created from the biomass combustion that could interfere with the N2O5 reactions 

occurring in the flow tubes. The scrubbing efficiencies of the denuders after all experiments were 

completed were > 90% NOx (measured by an Advanced Pollution Instrumentation Inc. NOx 

monitor), and > 95% VOCs (measured by an Ionicon Analytic GmbH PTR-MS with 500 ppt limit 

of detection).  

For the UW-flow tube, the desired relativity humidity (RH) was reached by passing purified 

nitrogen through a water bubbler at room temperature. For the CMU-flow tube, the desired relative 

humidity was reached by passing purified air through a heated three-neck flask filled with MilliQ 

water to access high RH > 80% conditions. Both flow tubes had long sections of tubing that served 

as RH-conditioning tubes before the aerosol reached the kinetics flow tube reactor itself.  

Aerosol particles were filtered either just prior to the UW-flow tube using a Teflon 

membrane filter unit, or just after the chamber for the CMU-flow tube using a nylon Parker filter; 

each of these setups allowed for switching to a bypass line to transfer the aerosol into the kinetics 

flow tube. The filtered mode was used to determine the background levels of reactants and 

products and wall loss rates of N2O5 following the “perturbation” method (Bertram et al., 2009a). 

Filters had to be carefully selected such that the BBA was efficiently removed from the aerosol 

flow while avoiding large pressure drops across the filter unit that would create unrealistic 

responses in the CIMS ion signals and alter the N2O5(g) generation source. NO2 from a 10 ppm 

NO2 in N2 tank was reacted with an excess of ozone in a small Teflon vessel to produce a steady 

source of N2O5. The N2O5 was introduced into the flow tubes through a 1/8” Teflon line that entered 

the beginning of the kinetics flow tubes through an orthogonal port.   

3.3.3 Instrumentation 

 Gas-phase measurements included NOx (Advanced Pollution Instrumentation Inc., Model 

200A) and ozone (Dasibi Environmental Corp., Model 1008-PC). Relative humidity was either 
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checked periodically during UW-flow tube experiments (Vaisala HMP233) or continuously 

monitored at the end of the flow tube during CMU-flow tube experiments (Vaisala HMT120). An 

HR-LToF-CIMS using iodide-adduct ionization constantly monitored N2O5(g) and ClNO2(g) 

concentrations. Iodide reagent ions were generated by passing methyl iodide vapor in dry nitrogen 

through a 210P 10 mCi radioactive source. ClNO2 was calibrated by passing N2O5 over an aqueous 

NaCl salt bed, assuming a stoichiometric conversion of N2O5 to ClNO2 (Finlayson-Pitts et al., 

1989; Lee et al., 2018; McNeill et al., 2006; Roberts et al., 2009). 

 Size distributions of the BBA were measured at the end of the flow tube using a DMA (TSI 

Inc. model 3082) and CPC (TSI Inc. model 3775) acting as a Scanning Mobility Particle Sizer 

(SMPS) with an aerosol flow rate of 0.3 lpm and sheath flow rate of 3.0 lpm. Submicron aerosol 

chemical composition was measured using a Soot-Particle Aerosol Mass Spectrometer (SP-AMS, 

Aerodyne), although most measurements are presented with the SP laser off (EI mode) to 

maximize the number of experiments available. In laser-off mode only non-refractory aerosol 

components are measured, while laser-on mode also measures black carbon soot aerosol. Total 

BBA surface area concentrations in the flow tube typically ranged from 0.5 to 2.0 x 104 μm2 cm-3 

and decreased throughout the experiment as the Teflon chamber reservoir was depleted of 

aerosol. This method of providing BBA to the flow tube was ideal as it allowed for the experiments 

to be conducted on authentic BBA while still providing a fairly steady source of aerosol particles.  

BBA particles were collected onto copper TEM grids with a formvar coating (carbon type 

B, 400 mesh, Ted Pella #01754-F) using a Microorifice Uniform Deposit Impactor (MOUDI) during 

separate experiments using the same biomass fuel types sourced from the same locations, but 

the particles collected were from burns different than those conducted for the flow tube 

experiments. Transmission electron microscopy/energy dispersive X-ray spectroscopy 

(TEM/EDX) measurements were acquired at the Environmental Molecular Sciences Laboratory 

(EMSL) at PNNL using a Titan 80-300 scanning/transmission electron microscope equipped with 



73 
 

an Si(Li) detector at an accelerating voltage of 300 keV. Computer-controlled scanning electron 

microscopy (CCSEM) measurements were also performed at EMSL using a Quanta 3D 

environmental SEM (FEI) with a Si(Li) detector. Particles greater than 200 nm in diameter were 

imaged at 10,000x magnification at an accelerating voltage of 20.00 keV. 

 

Figure 3-1. A) Experimental setup for UW-entrained aerosol flow tube reactor, reproduced from Goldberger 

et al. (2019). B) Experimental setup for CMU-flow tube. Key differences include a larger Teflon smog 

chamber that contained the BBA source to allow for longer experiments, a larger flow tube to allow for 

increased instrumental sampling flow rates while maintaining a two minute aerosol flow tube residence 

time, and a different RH control system to enable higher relative humidities. 

 

A 

B 
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3.3.4 Determination of heterogeneous kinetics parameters khet, γ( 2O5 ,     φ(    2) 

 Equations 1-3 describe the rate of change of N2O5 and the products ClNO2 and HNO3 that 

form following the uptake of N2O5 into a particle. Assuming that N2O5 is successfully 

accommodated into the particle, as in R2, and goes on to form either ClNO2 or HNO3, φ represents 

the branching ratio between these two products. khet is the pseudo-first order reaction rate 

constant for the reactive uptake of N2O5 into BBA. As shown in Equation 4, khet is dependent on 

the heterogeneous reactive uptake probability, γ(N2O5), as well as the mean molecular speed of 

N2O5, ω, and the aerosol particle surface area per volume of air, Sa. 

𝑑[N2O5]

𝑑𝑡
=  −𝑘ℎ𝑒𝑡[N2O5]  (E1) 

 
𝑑[ClNO2]

𝑑𝑡
=  φ𝑘ℎ𝑒𝑡[N2O5]  (E2) 

𝑑[HNO3]

𝑑𝑡
=  (2 − φ)𝑘ℎ𝑒𝑡[N2O5]  (E3) 

𝑘ℎ𝑒𝑡 =  
𝛾𝑁2𝑂5

𝜔𝑆𝑎

4
   (E4) 

 These parameters were calculated using the particle modulation technique described in 

Bertram et al. (2009a) and in the Methods above. Here, a steady concentration of N2O5 is input 

into the flow tube and the total instrumental flow pulling from the smog chamber into the flow tube 

is kept constant so that the residence time in the flow tube (Δt) is static. When BBA is injected 

into the chamber then pulled into the flow tube, it reacts with the N2O5 in the flow tube such that 

the gas-phase concentration of N2O5 decreases. The experimental setup can then be switched 

such that the BBA is filtered out before reaching the flow tube, and thus the N2O5 concentrations 

increase again. The flow can be switched multiple times between bypass and filtered modes to 

obtain multiple measurements of N2O5 concentrations at the end of the flow tube both with and 

without particles. This determines the background loss rate of N2O5 such as to the flow tube walls, 

and background levels of N2O5 and ClNO2. After measuring these values and assuming that the 
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N2O5 reaction rates on the walls and with BBA are both first-order in N2O5, khet can be calculated 

as it is proportional to the natural logarithm of the difference between N2O5 concentrations during 

filtered versus aerosol bypass modes, shown in Equation 5 (Bertram et al., 2009a).  

𝑘ℎ𝑒𝑡 =  −
1

∆𝑡
 𝑙𝑛 (

[𝑁2𝑂5]𝑤𝑖𝑡ℎ 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

[𝑁2𝑂5]𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠)   (E5) 

 [N2O5] is determined by the CIMS. The value for khet obtained here can then be used in 

Equation 4 to calculate γ(N2O5), with updated surface area values (Sa) for each modulation 

between filtered and bypass modes. γ(N2O5) was calculated from a linear fit of khet  vs. Sa to 

average values; the overall Sa concentration of BBA in the chamber reservoir decreased 

throughout each experiment but γ(N2O5) remained steady. Gas-phase diffusion is not a kinetic 

limitation in these experiments due to the small particle sizes present and low reactive uptake 

coefficients measured here (Thornton and Abbatt, 2005).  

 To calculate φ(ClNO2), any ClNO2 produced by reactions of N2O5 on flow tube walls must 

be subtracted from ClNO2 produced by reactions of N2O5 on biomass-burning particles. Therefore, 

we calculated a ClNO2 wall production efficiency using the measured ClNO2/N2O5 ratio while the 

particle filter was inline. The assumption that the production efficiency of ClNO2 from the flow tube 

walls was not dependent on the presence of BBA was supported since background ClNO2 

concentrations while BBA was filtered stayed relatively constant across the filter/bypass 

modulations during the length of each experiment. ClNO2 produced solely by reactions of N2O5 

reactions on BBA could then be calculated by subtracting wall-produced ClNO2 from total 

observed ClNO2. Observed mass spectral ClNO2 ion signal was scaled relative to N2O5 by a factor 

of 1.5 as determined by CIMS sensitivity calibrations to account for the lower instrument response 

to ClNO2. The yield of ClNO2 can then be calculated by the ratio of the ClNO2 mole fraction 

produced in BBA (ΔClNO2) to the N2O5 mole fraction that reacted on the BBA (ΔN2O5), using 

Equation 6. 
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φClNO2 =  
∆ClNO2

∆N2O5
  (E6) 

3.3.5 Control experiments 

To validate the experimental setup, the reactive uptake coefficient of N2O5 on deliquesced 

ammonium bisulfate (ABS) particles was tested as this is a well-studied reaction system that 

provides a reliable calibration of the two custom flow tube reactors and analysis methods used 

here (Bertram and Thornton, 2009; Mentel et al., 1999; Wahner et al., 1998). ABS in milli-Q water 

was atomized (Aerosol Generator 3076, TSI Inc.) and passed through the RH conditioning tube 

to reach 55% RH before entering the flow reactor to ensure the ABS remained in an aqueous 

deliquesced state above the efflorescence RH of < 35% RH (Imre et al., 1997; Seinfeld and 

Pandis, 1998). ABS surface area concentrations similar to the BBA concentrations present during 

these experiments were used, and the same perturbation method was used to calculate γ(N2O5). 

The reactive uptake coefficient of N2O5 on ABS aerosol in these control experiments was 0.009 

± 0.004 for the UW-flow tube and 0.025 ± 0.007 for the CMU-flow tube, both within range of 

literature values (0.005-0.03) (Bertram and Thornton, 2009). Additional control experiments 

included periodically stopping the source flow of N2O5 to measure background concentrations of 

HNO3 and ClNO2, modulating between filter and bypass mode with no aerosol added to the 

system to ensure that N2O5 concentrations remained steady, and sampling the BBA at the 

entrance of the flow tube with the AMS to evaluate particle losses throughout the flow reactor, 

which were negligible.  

3.4 Results and discussion 

3.4.1 Particle- and gas-phase chemical composition and reactivity 

Typical non-refractory chemical compositions for each BBA type produced from the four 

biomass fuels as measured by the AMS are shown in Figure 3-2 (left) with detailed composition 

for each experiment also listed in Table 3-1. Organic aerosol (OA) was the predominant 
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component for all fuel types, although the exact percentages of each component exhibited natural 

variation between each replicate burn; the mean value from experiments of the same fuel type 

will be used in the following discussions. The four biomass fuels were chosen primarily because 

of their prevalence across fire-prone regions of the United States and also based off of previous 

literature to have two fuels with high chloride levels and two with low chloride (Levin et al., 2010; 

McMeeking et al., 2009). Indeed, we found that black needlerush and saw palmetto had the 

highest chloride mass content in the BBA (22% and 18% respectively), while wiregrass and 

longleaf pine needles BBA had lower chloride content (4.7% and 2.4% respectively). Black 

needlerush also had high concentrations of other inorganic components, such as 4.5% nitrate 

and 6.3% sulfate, much higher than the other three fuels. Longleaf pine needle BBA had the 

highest concentration of organic aerosol with a mass fraction of 95%, followed by wiregrass at 

91%. An example surface area distribution as measured by the SMPS is shown in Figure 3-2 

(right); other experiments exhibited similar distributions. 

 

 

Figure 3-2. Left: Non-refractory chemical composition of BBA produced by combustion of each of the four 

fuels listed, as measured by the AMS. Average composition shown as percentage of total PM1 from low RH 

experiments before exposure to N2O5. Right: Example BBA surface area size distribution from a wiregrass 

low RH experiment. The surface area mean diameter increased slightly (~15%) over the course of each 

experiment. Reproduced from Goldberger et al. (2019). 
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Table 3-1. Non-refractory chemical composition of BBA for each experiment before exposure to N2O5. 

Absolute concentrations are shown in units of μg m-3 and mass percentages are shown in parentheses. 

BBA fuel type 
RH 

(%) 

OA 

[μ   -3] 

Nitrate 

[μ   -3] 

Sulfate 

[μ   -3] 

Ammonium 

[μ   -3] 

Chloride 

[μ   -3] 

Saw palmetto 40 48 (75%) 2.0 (3.1%) 1.7 (2.7%) 1.3 (2.0%) 11 (17%) 

Saw palmetto 60 49 (72%) 1.7 (2.5%) 2.6 (3.8%) 1.7 (2.5%) 13 (19%) 

Wiregrass 37 85 (93%) 1.1 (1.2%) 2.0 (2.2%) 0.4 (0.4%) 3.0 (3.3%) 

Wiregrass 70 29 (89%) 0.9 (2.8%) 0.6% (1.8%) 0.2 (0.6%) 2.0 (6.1%) 

Black needlerush 34 68 (56%) 7.3 (6.0%) 9.2 (7.5%) 2.6 (2.0%) 35 (29%) 

Black needlerush 76 135 (75%) 5.4 (3.0%) 9.3 (5.1%) 1.9 (1.1%) 29 (16%) 

LL pine needles 30 77 (95%) 0.8 (1.0%) 1.2 (1.5%) 0.2 (0.3%) 2.0 (2.5%) 

LL pine needles 76 126 (96%) 1.2 (0.9%) 1.2 (0.9%) 0.5 (0.4%) 3.0 (2.3%) 

 

  

Regardless of fuel type, it was expected that there would be at least some uptake of N2O5 

into the particle phase when BBA was present in the flow tube due to N2O5 hydrolysis on the 

particles; an example of this is shown in Figure 3-3. After the fuel was combusted and the initial 

aerosol composition was measured, N2O5 was introduced into the flow tube, as seen by the 

increase in the red line. As soon as the aerosol was removed in filter mode, the N2O5 decreased, 

and this trend continued throughout multiple filter/bypass modulations. This inverse relationship 

between N2O5 and the presence of aerosol particles clearly shows the uptake of N2O5 into the 

BBA. When BBA was continually introduced into the flow reactor (yellow & green horizontal bars) 

but N2O5 addition was modulated on/off, particulate nitrate (pNO3) increased and particulate 

chloride (pCl) decreased while N2O5 was present. This trend will be examined further below. 
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Figure 3-3. Example N2O5 reactive uptake experiment for black needlerush BBA at 75% RH. BBA was first 

introduced before 15:30. N2O5(g) measured by CIMS (red line) decreases whenever aerosol is present in 

the flow tube during filter bypass mode (indicated by yellow bars on top). During times when the particle 

filter was inline (blue bars), total BBA surface area measured by the SMPS (black circles) and particulate 

nitrate measured by the AMS (blue diamonds) decreased to nearly 0. Green bars indicate when N2O5 was 

not present in flow tube and bypass line was maintained. Reproduced from Goldberger et al. (2019). 

3.4.2 Determination of N2O5 reactive uptake probability, γ( 2O5) 

 The N2O5 signal and particle surface area were used to calculate γ(N2O5) based off of 

Equations 4 and 5. Figure 3-4 shows the natural logarithm of the ratio of N2O5 signal with over 

without BBA present in the flow reactor plotted versus the BBA surface area. Each of the four 

different fuel types are shown at two different relative humidities, ~35% and ~70%. The slope of 

each least-squares line of best fit can be scaled by the flow tube residence time, Δt, and the mean 

molecular speed of N2O5 using Eqns. 4 and 5 and is then directly proportional to γ(N2O5). This 

linear relationship (R2 > 0.8) supports the fact that N2O5 uptake is caused by heterogeneous 

reaction on the BBA particle surfaces. N2O5 ion signal was normalized by the signal for the reagent 
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ion, I-, and its cluster with water, [I•H2O]-, to account for changes in N2O5 signal due to availability 

of the reagent ion rather than due to uptake into BBA.  

 

 

Figure 3-4. Determination of reactive uptake probability of N2O5, γ(N2O5), on biomass-burning aerosol 

under low (aqua) and high (blue) RH conditions. The y-axis is the change in N2O5 for bypass versus filter 

modes, and the x-axis is the change in aerosol surface area for bypass versus filter modes. Error bars are 

uncertainties related to each experimental measurement and shaded gray error regions around lines of 

best fit are bounds of 1σ and 2σ uncertainty propagated from underlying variables. Best fit lines for each 

experiment are: wiregrass, 37% RH: y = 2850 ± 260x + 0.25; wiregrass, 60% RH: y = 6270 ± 340x + 0.12; 

black needlerush, 34% RH: y = 2200 ± 210x + 0.16; black needlerush, 76% RH: 4130 ± 120x − 0.02; saw 

palmetto, 40% RH: y = 3500 ± 250x − 0.02; saw palmetto,  0% RH: y = 3820 ± 500x + 0.1; longleaf pine 

needles, 30% RH: y = 3250 ± 180x + 0.27; longleaf pine needles, 76% RH: y = 2670 ± 140x + 0.04. 

Reproduced from Goldberger et al. (2019). 
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 The reactive uptake coefficients determined for N2O5 on BBA from each fuel type at low 

and high relative humidities are shown in Table 3-2; values ranged from 2.1– 6 x 10-3. Within three 

out of four fuel types, the uptake coefficient at high RH was higher than that at low RH, as is 

expected (Bertram and Thornton, 2009). The biomass fuel that did not follow this trend, longleaf 

pine needles, had the highest mass percentage of organic aerosol (95%), and the lack of a 

positive trend between RH and N2O5 uptake is possibly due to the particle morphology as organic 

coatings are known to inhibit γ(N2O5) (Anttila et al., 2006; Gaston et al., 2014; Ryder et al., 2015; 

Jahn et al., 2020). Both wiregrass BBA (4.7% pCl) and black needlerush BBA (22% pCl) had 

γ(N2O5) values that doubled for low versus high RH: from ~3 x 10-3 to ~6 x 10-3 for the wiregrass 

BBA and from ~2 x 10-3 to ~4 x 10-3 for the black needlerush. The particulate chloride also had 

the largest decrease upon exposure to N2O5 in wiregrass BBA at 60% RH, but no ClNO2 was 

detected. Saw palmetto BBA had a smaller increase in γ(N2O5) with increased RH and exhibited 

the largest change in pNO3 and smallest change in pCl after exposure to N2O5. This indicates that 

most N2O5 uptake into BBA produced HNO3 rather than ClNO2.  

There were no strong trends between γ(N2O5) and bulk BBA chemical composition. 

Particulate organic aerosol and nitrate are known to suppress N2O5 uptake and may have played 

a role here (Bertram and Thornton, 2009; Gaston et al., 2014). For example, wiregrass and 

longleaf pine needle BBA both had organic aerosol mass fractions > 90% as well as fairly high 

nitrate to chloride ratios of 0.3 and 0.4, respectively, in the nascent BBA. These fuels also 

exhibited the smallest changes in pNO3 after N2O5 exposure – a 70% and 50%  increase for 

wiregrass and LL pine needles, respectively. Black needlerush also had a smaller pNO3 increase 

after N2O5 exposure of 87%, but had a higher ClNO2 yield of 50% compared to < 1%. Changes in 

nitrogen-containing particle- and gas-phase species are summarized in Table 3-3 and a longer 

discussion of the reactive nitrogen budget is presented below. 
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Table 3-2. N2O5 reactive uptake probability (γ(N2O5)) and ClNO2 product yield (φ(ClNO2)) for each BBA 

kinetics experiment. Experimentally-observed uncertainty levels (2σ) are given in parentheses.  

BBA fuel type RH (%) 
γ( 2O5) 

(2σ a x 10-3 

φ(    2) % 

(2σ   

Saw palmetto 40 3.2 (0.5) < 1 (2) 

Saw palmetto 60 3.6 (1) < 0.5 (1.5) 

Wiregrass 37 2.8 (0.6) NDb 

Wiregrass 70 6.0 (0.6) NDb 

Black needlerush 34 2.1 (0.4) 6 (2) 

Black needlerush 76 4.1 (0.2) 50 (9) 

LL pine needles 30 3.2 (0.4) NDb 

LL pine needles 76 2.5 (0.4) NDb 
 

a2σ uncertainty corresponds to the variability observed over the course of the experiment 
bND stands for “not detected”, which was the case for all φ(ClNO2) values from low-chloride fuels. 

 

Table 3-3. Reactive nitrogen budget during all experiments based on CIMS measurements of N2O5, HNO3, 

and ClNO2, and AMS measurements of particulate NO3; measurement uncertainties are shown in 

parentheses. Nitrogen balance percentage was determined using Equation 7 and reflects whether or not 

the reactive nitrogen lost during N2O5 uptake is accounted for in the products HNO3(g), ClNO2(g) or pNO3. 

BBA fuel type 
RH 

(%) 

2Δ 2O5(g) 

(pptv) 

Δ   3(g)+ 

Δ    2(g) 

(pptv) 

Δ   3 (pptv) 
N balance 

(%) 

Saw palmetto 40 726 (220) 321 (100) 378 (110) 4 ± 6 

Saw palmetto 60 1136 (340) 911 (270) 322 (100) –9 ± 31 

Wiregrass 37 2843 (850) 870 (260) 136 (40)  65 ± 42 

Wiregrass 70 2329 (700) 1086 (330) 146 (40) 47 ± 26 

Black needlerush 34 2000 (600) 1204 (360) 1512 (450) –36 ± 32 

Black needlerush 76 319 (100) 165 (50) 957 (290) –250 ± 78 

LL pine needles 30 2300 (690) 1054 (316) 60 (20) 52 ± 51 

LL pine needles 76 394 (120) 97 (30) 100 (30) 50 ± 19 

 

 

3.4.3 ClNO2 production and yield 

 As N2O5 addition into the flow tube most often resulted in an increase in particulate nitrate 

without a decrease in particulate chloride or increase in gas-phase ClNO2, most N2O5 uptake 

presumably resulted in production of HNO3 rather than ClNO2. HNO3 cannot be measured 
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instantaneously in the CIMS as ClNO2 can be measured because of the memory effects of HNO3 

that slowly desorbs from the flow reactor walls. Instead, we must assume that N2O5 that did not 

go on to produce ClNO2 (R5) and instead produced HNO3 (R4). There is also evidence of acid 

displacement in the wiregrass experiment where pCl did decrease without an increase in ClNO2, 

suggesting the displacement of HCl by the stronger acid HNO3. HCl was not detected during these 

experiments, but it may have been present below the detection limit of ~ 0.5 ppb (Lee et al., 2018). 

HCl is difficult to detect by iodide-adduct CIMS because it forms a weak cluster with the reagent 

ion and an overlapping ion occurs in high relative humidity conditions (Lee et al., 2014).  

 An experimental timeline of chlorine activation in the black needlerush BBA at 75% RH is 

shown in Figure 3-5, as this was the fuel tested with the highest ClNO2 product yield. Once N2O5 

is introduced into the flow tube, ClNO2 is produced during both filter inline and filter bypass (BBA 

present) modes, suggesting that ClNO2 is produced on both the BBA and the walls of the flow 

tube. The background ClNO2 produced from surface chemistry on the walls (green trace) remains 

fairly constant throughout the experiment. The total ClNO2 signal (black trace) decreases 

whenever the BBA was filtered out, but it also decreases over the entire experiment as BBA 

surface area decreases. The ClNO2 signal also drops to zero when N2O5 is not added to the flow 

tube (N2O5 bypass, green bars in Fig. 3-5), indicating that any ClNO2 production and evaporation 

from surfaces occurs promptly and there is little carryover between filtered and bypass modes. 

Subtracting the ClNO2 produced from the walls measured during filter mode from the total ClNO2 

signal provides an estimate of the ClNO2 produced following N2O5 uptake into chloride-containing 

BBA (purple trace). Naturally, this value falls to nearly zero when the aerosol was filtered which 

helps confirm the reliability of this analysis. Other experiments with the high-chloride fuels (black 

needlerush and saw palmetto) exhibited similar trends but ClNO2 concentrations were much 

lower, and ClNO2 production was not observed in the BBA from low-chloride fuels (wiregrass and 

longleaf pine needles). 
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Figure 3-5. Experimental timeline from N2O5 reactive uptake experiment on black needlerush BBA at 75% 

RH. When N2O5 is present in the flow reactor (blue and yellow bar periods along top of figure), there is 

observed ClNO2(g) (black trace). Even while BBA is filtered out (filter inline, blue bars) there is some ClNO2 

measured, suggesting that some is produced from N2O5 reacting on the walls and transfer tubing. This wall-

produced ClNO2 (green diamonds) is estimated from the times when BBA is filtered. The difference between 

the total ClNO2 and wall-produced ClNO2 is then the ClNO2 produced from BBA (purple circles). ClNO2 

(ppt) concentrations can be converted from the measured counts per second (cps) by dividing by 3.5, and 

N2O5 (ppt) by dividing the counts per second by 7. The lack of ClNO2 detected during the N2O5 bypass 

period (green bars) when N2O5 was not added indicates that the ClNO2 was indeed forming in particles 

following the reactive uptake of N2O5. Reproduced from Goldberger et al. (2019). 

 

3.4.4 Reactive nitrogen budget 

 By examining all measurable gas- and particle-phase nitrogen oxide species, a reactive 

nitrogen budget can be created to balance the reactive nitrogen lost from N2O5 reactive uptake 

with the major possible products, gaseous or particulate HNO3, and ClNO2. This can be evaluated 

using Equation 7: 

Nitrogen Balance = 2∆N2O5 − (∆HNO3(g) + ∆ClNO2 + ∆pNO3)  (E7) 
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For each N2O5 molecule that reacts on a particle, two N are converted into products – HNO3, 

ClNO2, pNO3, or other unmeasured products. If the nitrogen balance is equal to zero, this implies 

a closure in that all reacted N2O5 is accounted for by one of these three products. Positive values 

mean that not all the products were accounted for, while negative values mean there was an 

excess of measured products. 

 Table 3-3 contains a summary of the calculated nitrogen balance for each experiment. 

Most resulted in a nitrogen balance within ± 50%, which is reasonable given all the instrumental 

measurement uncertainties involved. The best nitrogen balance was in the low RH saw palmetto 

experiment, where 44% of N2O5 resulted in HNO3/ClNO2(g) and 52% resulted in pNO3, leaving 

just 4% unaccounted for. The worst nitrogen balance was the black needlerush at high RH 

experiment that had an excess of pNO3 an order of magnitude higher than that of experiments 

with similar changes in N2O5, possibly because this experiment had one of the highest relative 

humidities used of 75%.  

3.4.5 γ( 2O5) literature comparison  

 The N2O5 reaction probability values calculated for these biomass-burning aerosol UW-

flow tube experiments, ranging from 0.002-0.006, fit within the range of previous literature values 

of many ambient and laboratory aerosol studies, see Figure 3-6. As this is the first work to study 

γ(N2O5) on authentic BBA we cannot compare our values to others, but we can examine similar 

types of aerosol particles. For example, a large component of BBA is black carbon, or soot, and 

γ(N2O5) on soot aerosol has been reported to be 2 x 10-4 – 0.03 (Karagulian et al., 2006). The 

ambient aerosol studied in semi-rural China (Tham et al., rightmost on Fig. 3-6) was influenced 

by biomass burning, but had γ(N2O5) values of 0.005–0.039, mostly higher compared to ours 

(Tham et al., 2018). One kinetics study on aerosol composed of pure organic components present 

in BBA (e.g. levoglucosan, abietic acid, 5-nitroguaiacol) under dry conditions resulted in much 

lower γ(N2O5) values of 4–6 x 10-5 (Knopf et al., 2011). Other mixed organic/inorganic aerosol 
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particles have been studied, finding γ(N2O5) for humic acid (6% and 40% by mass) mixed with 

aqueous ammonium sulfate was 3 x 10-4 and 8 x 10-3, respectively, and γ(N2O5) for particles with 

organic mass fractions from ~0 to 50% ranged from 0.003 to 0.025 (Badger et al., 2006; Gaston 

et al., 2014).  

 

 

Figure 3-6. N2O5 reactive uptake values from these experiments at ~  % and ~ 0% RH (“biomass 

burning”) compared to previous literature values of other aerosol types including ambient aerosol. The BBA 

values are within the lower end of the ranges reported for other aerosol, and the ammonium bisulfate control 

measured here (red circle) is also within literature values, validating our experimental system (Bertram et 

al., 2009b; Bertram and Thornton, 2009; Brown et al., 2009; Karagulian et al., 2006; Riedel et al., 2012; 

Ryder et al., 2015; Tham et al., 2018). Modified from Goldberger et al. (2019). 

 

Previous studies found that organic coatings decrease the reactive uptake of N2O5 on 

particles (Anttila et al., 2006; Gaston et al., 2014; McNeill et al., 2006; Ryder et al., 2014, 2015). 

Electron microscopy of BBA from several biomass fuels revealed that many particles did indeed 

contain organic coatings that concealed inorganic salt phases (Figure 3-7). We unfortunately were 

not able to obtain TEM/EDX analysis of BBA from the same fuels used in these kinetics 

experiments, however given our extensive microscopy analysis on other BBA samples produced 
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from similar fuels, and previous research on chloride salts in BBA, we expect the similar particle 

morphologies to be present (Levin et al., 2010; Jahn et al., 2020). Such organic coatings prevalent 

in BBA would explain the lower γ(N2O5) values even in high-chloride fuels. Similarly, conducting 

these experiments below the deliquescence relative humidities of chloride salts does not allow for 

the presence of accessible aqueous chloride phases that drive N2O5 hydrolysis, increase γ(N2O5), 

and also promote the yield of ClNO2. 

 

Figure 3-7. Transmission electron microscopy (TEM) images of biomass-burning aerosol collected on 

copper TEM grids. A) is from ponderosa pine needle BBA; the bright white spot is KCl and is surrounded 

by a liquid-like organic puddle which likely partially evaporated in the vacuum chamber of the TEM. B) is 

from sawgrass BBA; the bright white spot is KCl and the rest of the particle is organic aerosol. C) is from 

cutgrass BBA and is an aggregate of chloride salts (bright spots), organic carbon, and graphitic soot. These 

are the types of organic aerosol coatings that would limit the ability of N2O5 to access chloride salts. More 

details can be found in Jahn et al. (2020). 

 

3.4.6 γ( 2O5) over deliquescence relative humidity 

 In order to determine whether or not the solid phase state of the chloride salts in the BBA 

was limiting N2O5 uptake, additional experiments were conducted at higher relative humidities 

using the CMU-flow tube. Moist clean air was mixed with the BBA in a conditioning tube prior to 

the kinetics flow tube such that the aerosol flow into the flow reactor was brought to 86%, above 

the deliquescence relative humidity of chloride salts common to biomass-burning aerosol 

(Seinfeld and Pandis, 1998; Freney et al., 2009; Li et al., 2014). A Nafion drier was used to slightly 

dry the aerosol before entering the flow tube to limit wall effects and to ensure the instruments 

A B C 
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sampling from the end of the flow tube could operate properly, but this RH was still maintained at 

RH > 60%, above the efflorescence relative humidity of chloride salts. We found that at very high 

RH of 86%, γ(N2O5) increased substantially in BBA from high chloride fuels and remained 

relatively constant in BBA from low chloride fuels (Table 3-4). Figure 3-8 shows the N2O5 reactive 

uptake coefficient measured for BBA from both the UW- and CMU-flow tube experiments, colored 

by relative humidity; the fuels are in order of increasing pCl from left to right. 

 

Table 3-4. Reactive uptake coefficients of N2O5 on each of the previously used biomass fuels, but after 

they had been exposed to relative humidities above the DRH of chloride salts.  

BBA fuel type 
RH (%) 

pre-flow tube a 

RH (%) 

in flow tube b 
γ( 2O5) 

(2σ    10-3 

LL Pine Needles 86 61 3.4 (1) 

Wiregrass 86 73 5.4 (1) 

Saw palmetto 86 74 7.2 (2) 

Black needlerush 86 62 16 (2) 
 

a RH pre-flow tube is the RH of the conditioning line where the aerosol was present for several seconds 
before entering the kinetics flow tube. 
b RH in flow tube is the RH measured at the exit port of the kinetics flow tube. 

 

The substantial changes in N2O5 reactive uptake in high-chloride BBA that only occurred 

at 86% RH are supported by environmental SEM analysis of black needlerush BBA. BBA was 

collected from the smog chamber onto grids, which were imaged as the relative humidity within 

the SEM chamber was increased from 1% – 97% (Figure 3-9). Particles do not begin to take up 

water until 69% RH, with substantial changes in size and morphology not appearing until 80% 

RH. These observations are consistent with the deliquescence relative humidities of chloride salts 

being near 80%, and similar behavior was observed in particles on different areas of the grid, as 

shown in Figures 3-10 – 3-11.  
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Figure 3-8. Reactive uptake coefficients of N2O5 for all biomass fuel types across all three relative 

humidities tested in both the UW-flow tube and CMU-flow tube. The two high-chloride fuels, saw palmetto 

and black needlerush, exhibit much larger changes in γ(N2O5) when increasing from ~70% RH to 86% RH 

compared to the low-chloride fuels, longleaf pine needles and wiregrass. Symbols are colored based on 

the maximum relative humidity the BBA was exposed to in the conditioning line just prior to entering the 

kinetics flow tube. 
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Figure 3-9. Environmental SEM images of black needlerush BBA on a grid throughout a relative humidity 

ramp from 1% to 97%. Large changes in particle size and morphology are only observed near 80% RH, 

indicating substantial water uptake and hygroscopic growth, likely driven by inorganic salt deliquescence. 

1% 50% 60% 

69% 70% 76% 

80% 85% 90% 

92% 95% 97% 
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Figure 3-10. Additional environmental SEM images of black needlerush BBA as it is exposed to increasing 

RH levels – a second area of the grid. 

1% 50% 60% 

68% 70% 76% 

80% 85% 90% 

95% 92% 
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Figure 3-11. Additional environmental SEM images of black needlerush BBA as it is exposed to increasing 

RH levels – a third area of the grid. 

 

1% 50% 60% 

69% 70% 76% 

80% 85% 90% 

92% 95% 97% 
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3.5 Discussion 

The ClNO2 yields observed vary greatly amongst the different biomass fuels. The fuels 

with high chloride content should promote the production of more ClNO2, but factors such as 

particle morphology and phase state may limit ClNO2 production in all experiments. Saw palmetto 

has chloride content comparable to black needlerush (Table 3-1) but a much lower φ(ClNO2) of  

< 1% rather than ~50% determined for black needlerush (Table 3-2). The ClNO2 yield likely 

depends on how accessible the chloride salts in each BBA system are. For example, if saw 

palmetto BBA is more likely to have viscous organic aerosol or tar balls coating and concealing 

its chloride salt phases, then this would inhibit the reaction of the aqueous nitrogenated 

intermediate H2ONO2
+ with chloride to form ClNO2. TEM/EDX analysis of several other types of 

BBA revealed that soot and salts of some types of biomass fuels are coated in a stable organic 

coating (i.e. one that did not decompose during exposure to the electron beam or evaporate under 

vacuum), while others appeared to have more liquid-like organic coatings that partially evaporated 

under vacuum (Jahn et al., 2020). Additional microscopy of the specific fuels used in this work 

would be needed to determine if such morphology is playing a role in φ(ClNO2) differences here. 

The relative humidity and phase state also likely pay a large role in determining ClNO2 

yields. KCl and NH4Cl are two of the most common chloride salts emitted in BBA, and KCl phases 

do not deliquesce until 85% RH (Hu and Abbatt, 1997; Levin et al., 2010; Thornton et al., 2003). 

In internally mixed particles such as BBA, solid KCl may even be present up to 82% RH (Freney 

et al., 2009). Therefore, especially at the lowest RH experiments of up to 40% performed here, it 

is likely that particulate chloride was in a solid effloresced state, inaccessible for the aqueous 

chemistry that results in rapid N2O5 hydrolysis as well as promoting ClNO2 production. Chlorine 

activation from solid chloride particles has been observed, but this is a slower process and may 

not occur to large extents in the two-minute residence time of the aerosol in the flow tube reactor 

(Behnke and Zetzsch, 1989; Finlayson-Pitts et al., 1989). 
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 In our previous experiments that demonstrated N2O5 and ClNO2 formation in authentic 

biomass-burning aerosol, higher concentrations of ClNO2 correlated with the mass fraction of 

particulate chloride (Ahern et al., 2018). These experiments were conducted entirely in a smog 

chamber reactor, such that the BBA was exposed to water vapor for much longer than in the flow 

tube experiments presented here. While the long mixing time and chamber wall chemistry 

interferences did not allow for accurate calculations of the parameters γ(N2O5) and φ(ClNO2), the 

only fuel type that had a measurable ClNO2 yield in the prior chamber experiments was sawgrass 

(Cladium jamaicense), which also has elevated particulate chloride levels (Ahern et al., 2018). 

ClNO2 concentrations in those chamber experiments continued to rise even 1.5 hours after the 

initial formation of N2O5. This much longer time scale may account for the higher levels of ClNO2 

detected in the chamber experiments compared to the flow tube. Additionally, while the maximum 

average RH in the chamber experiments was only 60%, steam injection from one port was used 

such that localized areas of the chamber would be above 80% RH for several minutes. This would 

likely result in deliquesced chloride salts that do not effloresce until they are exposed to drier 

conditions below their efflorescence  RH  of < 56%, resulting in aqueous chloride phases being 

present that are capable of producing ClNO2 (Freney et al., 2009). 

As particulate chloride should directly increase γ(N2O5) in aqueous inorganic particles, the 

lower uptake coefficients for high-chloride fuels may seem surprising (Bertram and Thornton, 

2009). However, the complex composition of authentic BBA very likely affects N2O5 uptake. For 

example, particulate nitrate and organic aerosol both suppress γ(N2O5) and are often present at 

high mass fractions in BBA (Anttila et al., 2006; Escorcia et al., 2010; Gaston et al., 2014; Levin 

et al., 2010; Mentel et al., 1999; Ryder et al., 2014; Wahner et al., 1998). These competing effects 

depend on the exact particle morphology, and single-particle experiments have shown that at 

oxidation states similar to the BBA here, the organic and aqueous phases can separate into a 

core-shell morphology with the organic phase forming a shell around the aqueous inorganic phase 
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(Gorkowski et al., 2020). Only high-chloride fuels exhibited a large increase in γ(N2O5) when 

exposed to relative humidities above the DRH of chloride salts, suggesting that the solid phase 

state of chloride at low relative humidities limits reactive uptake of N2O5. In low-chloride fuels, 

γ(N2O5) seems to be limited by other factors such as organic coatings that cover the aerosol 

surface. This would explain why the N2O5 reaction probability remains relatively the same for the 

low-chloride fuels when the RH was raised above the DRH of chloride salts. 

3.6 Conclusions and atmospheric implications 

 This work is the first to report the N2O5 reactive uptake probability (γ(N2O5)) on authentic 

biomass-burning aerosol from entrained aerosol flow reactor experiments at different relative 

humidities.  γ(N2O5) varied from 0.002–0.006 at relative humidities < 75% and from 0.0034–0.016 

at 86% RH, within the range of the somewhat comparable laboratory and ambient systems 

previously reported. Trends usually observed in aqueous inorganic aerosol where higher pCl 

increases γ(N2O5) while increased pNO3 decreases γ(N2O5) were not observed here, while in 

most cases an increase in relative humidity did increase γ(N2O5) as expected. Out of four types 

of BBA at relative humidities of ~35% and ~70%, only black needlerush at 76% RH resulted in a 

significant ClNO2 yield (φ(ClNO2)). Both of these observations are likely due to complex BBA 

composition, morphology, and water content that limit the reaction of N2O5 with particulate 

aqueous chloride. 

 Our higher N2O5 reaction probability results obtained at 86% RH suggest that N2O5 uptake 

and ClNO2 production are limited at lower RH due to the solid phase state of chloride salts and 

the particle morphology via organic coatings that restrict heterogeneous reactions between N2O5 

and chloride. We therefore encourage further study of N2O5 heterogeneous kinetics on the most 

realistic aerosol possible rather than simplified or proxy systems that cannot reproduce these 

important effects. Relative humidities higher than at least 80% are likely necessary to substantially 

increase γ(N2O5) only in high-chloride fuels, and biomass chloride content may not affect γ(N2O5) 
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at lower relative humidities. ClNO2 formation depends on both relative humidity and biomass 

chloride content, but reaction times greater than 30 minutes are likely necessary for substantial 

ClNO2 production in BBA. This will require tracking the life cycle and RH history of BBA to know 

if the chloride salt phases are in the deliquesced or effloresced branches in order to properly 

include the kinetics and ClNO2 yield into atmospheric chemical transport models. 
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4 Chemical Composition and Mixing State of Ambient Aerosol in 

the Southern Great Plains Determined Using Mass 

Spectrometry 
 

4.1 Abstract 

 As part of the Aerosol-Ice Formation Closure Pilot Study, mass spectrometry 

measurements of the ambient aerosol were collected throughout October 2019 at the DOE 

Atmospheric Radiation Measurement program’s Southern Great Plains facility by a high-

resolution aerosol mass spectrometer (AMS) and a laser ablation aerosol particle time-of-flight 

mass spectrometer (LAAPTOF). These measurements can be incorporated into ice nucleation 

parameterizations to see whether the addition of particle chemical composition improves the 

closure between modeled predictions and measured ice nucleating particle concentrations. 

Submicron particulate matter analyzed by the AMS was largely organic aerosol for the duration 

of the campaign and had some indications of biomass burning influence. The mean chemical 

composition by mass consisted of organic aerosol (69%), sulfate (18%), nitrate (6%), ammonium 

(6%), and chloride (< 1%), and composition-based aerosol size distributions revealed that the 

particles were well-mixed in general. Comparisons to the facility’s aerosol chemical speciation 

monitor revealed differences in organic aerosol up to 40% and differences in inorganic species 

up to 100%. Single-particle analysis using the LAAPTOF classified most particles as mineral-

organic or mineral-organic-inorganic mixtures, with smaller number concentrations of mineral-

inorganic mixtures, pure inorganic particles, and very small concentrations of mostly organic 

particles. Overall, this continental background site had low concentrations of particulate matter 

that was mostly well-mixed. 

4.2 Introduction 

 Atmospheric particulate matter (PM) has deleterious effects on our climate and on human 

health (Apte et al., 2018; Fuzzi et al., 2015; Pope et al., 2009). Knowing aerosol particle properties 
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such as size, composition, and their ability to form cloud droplets or nucleate ice allows scientists 

and policymakers to more fully understand the impacts of aerosols on the atmospheric and 

climate systems, and how to mitigate these deleterious effects. Studying regions that experience 

significant air pollution, such as high-density cities or wildfire events, is clearly important as these 

sources emit vast quantities of particulate matter and pollutant gases into our atmosphere. 

However, studying aerosol particles in areas without large point sources of pollution that represent 

the continental background atmosphere is also important for learning about aerosol transport and 

transformation and for estimating how important properties of the atmosphere have changed with 

increasing anthropogenic influences.  

 The United States Department of Energy’s Atmospheric Radiation Measurement (ARM) 

Southern Great Plains (SGP) atmospheric observatory is located in one such rural background 

region. SGP is located near Lamont, Oklahoma in the south-central United States and is the  

largest permanent climate measurement facility in the United States and a well-known continental 

background site with a long continuous measurement record. A main driving force behind the 

creation of the ARM program was to better understand the influence of clouds on radiative forcing 

and the Earth’s energy budget, which remains an important area of research with significant 

uncertainties and knowledge gaps to this day (IPCC, 2014; Stokes and Schwartz, 1994). Long-

term measurements from a wide variety of radar sensors and other instrumentation at SGP allows 

for a more comprehensive understanding of aerosol properties, cloud microphysics, and 

meteorology and how these change across time (Marinescu et al., 2019; Parworth et al., 2015; 

Zhang et al., 2020). The SGP site also supports visiting scientists who bring their own additional 

instrumentation for more in-depth research campaigns on specific topics and questions (e.g. Fast 

et al., 2019; Hodshire et al., 2016). There is a lack of research-grade ground-based particle mass 

spectrometer measurements conducted at SGP. Permanent instrumentation does include an 

aerosol chemical speciation monitor (ACSM)—similar to a high-resolution time-of-flight aerosol 
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mass spectrometer (HR-ToF-AMS, abbreviated as AMS) but with lower ion resolution—that has 

offered valuable long-term aerosol chemical composition measurements at SGP (Ng et al., 2011a; 

Parworth et al., 2015). In this work, we obtained less common high-resolution data using a HR-

ToF-AMS and a single-particle mass spectrometer, the laser ablation aerosol particle time-of-

flight mass spectrometer (LAAPTOF). 

 The data presented here were collected during the Aerosol-Ice Formation Closure Pilot 

Study, which took place at SGP in October 2019. The goal of this campaign was to measure the 

concentration and ice-nucleating activity of ambient ice nucleating particles (INPs) while 

measuring the particle size distributions and chemical composition of the ambient aerosol. These 

aerosol properties can then be input into several different ice nucleation parameterizations to 

predict INP concentrations, and the outputs of these models can be compared to the INP 

concentrations measured by several groups using different techniques throughout the campaign. 

This type of closure study has been conducted for other important aerosol properties such as 

cloud condensation nuclei activity and optical properties, but no closure studies have been 

conducted for ice nucleating particles that include aerosol composition and mixing state as a 

model input (Broekhuizen et al., 2006; Lance et al., 2009; Martin et al., 2011). The Aerosol-Ice 

Formation Closure Pilot Study sought to use this closure exercise to identify the most accurate 

ice nucleation parameterizations to include in cloud and climate models, which will improve the 

ability of these models to simulate the Earth’s energy balance (DeMott et al., 2010; Hoose et al., 

2010; Seinfeld et al., 2016). This exercise also tests our more fundamental understanding of 

heterogeneous ice nucleation and what particle properties drive ice-nucleating activity. The mass 

spectrometers used here provided much of the aerosol chemical composition data needed to 

inform the INP predictions. They also provide even more detailed information, discussed here, 

about ambient aerosol at a continental background site that has previously been obtained at the 

SGP measurement facility.  
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4.3 Experimental methods 

4.3.1 Sampling location 

 All data presented were collected at the DOE ARM Southern Great Plains central facility 

in north central Oklahoma (latitude of 36.6054, longitude of -97.4857). The surrounding area is 

very rural and largely agricultural, with both open pastureland and cropland growing winter wheat, 

soybeans, cotton, corn, sorghum, and hay. The only cities nearby with populations exceeding 

400,000 are Wichita, Kansas (~120 km north), Tulsa, Oklahoma (~140 km southeast), and 

Oklahoma City (~130 km south) (Figure 4-1). Other nearby sources of anthropogenic pollution 

include a coal-fired power plant (40 km southeast) and an oil refinery (40 km east). 

 

Figure 4-1. Satellite image of Southern Great Plains Facility (blue marker), surrounding cities (yellow 

markers), and other sources of anthropogenic pollution (red markers). 

Southern Great Plains Facility 

Wichita, KS 

Oil Refinery 

Tulsa, OK 

Oklahoma City, OK 

Power Plant 
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4.3.2 Instrumentation & data collection 

Meteorological measurements and ACSM data were obtained from the Atmospheric 

Radiation Management data archives at the Southern Great Plains Lamont, OK location (Kulkarni, 

2019; Kyrouac and Holdridge, 2019). This location was chosen as it is the closest possible 

location (within a few hundred meters) to where the mass spectrometers used here sampled 

ambient aerosol that had all desired meteorology data available throughout the sampling period. 

Aerosol chemical composition was measured during the daytime for the majority of 

October 2019 using a high-resolution time-of-flight aerosol mass spectrometer (AMS, Aerodyne 

Research Inc.) and a laser ablation aerosol particle time-of-flight mass spectrometer (LAAPTOF, 

AeroMegt GmbH), described below. The AMS measured non-refractory, submicron aerosol using 

600 ˚C thermal vaporization followed by 70 eV electron ionization with a time-of-flight mass 

analyzer in V-mode (DeCarlo et al., 2006; Liu et al., 2007). Data were averaged every 4 minutes 

and analyzed using Igor software packages SQUIRREL (version 1.62A) and PIKA (version 1.22A) 

with ionization efficiencies and sizing parameters based on calibrations using atomized, dried, 

and size-selected ammonium nitrate particles. Detection limits were calculated as 3 times the 

standard deviation of filtered air sampled throughout the campaign (DeCarlo et al., 2006) and 

were as follows: organic aerosol: 0.11 μg/m3; ammonium: 0.012 μg/m3; nitrate: 0.011 μg/m3; 

sulfate: 0.00 0 μg/m3; chloride: 0.0029 μg/m3. Composition dependent collection efficiencies were 

applied as discussed in Middlebrook et al. (2012). Elemental ratios were calculated using the 

improved ambient method, as this method is more accurate for the complex mixtures of organic 

aerosol present in ambient air (Canagaratna et al., 2015). 

The LAAPTOF uses UV laser ablation for simultaneous desorption and ionization of all 

particle compositions followed by a bipolar time-of-flight mass analyzer. Particle sizes between 

200 nm and 2.5 µm have good detection efficiencies and a higher-pressure aerodynamic lens 

inlet was used that more efficiently focuses larger supermicron particles. Unlike the AMS, the 



106 
 

LAAPTOF can detect refractory particle constituents such as mineral dusts. For some days of 

analysis, particle sizing was available by measuring the particle time-of-flight by light scattering 

between two 405 nm continuous-wave lasers; particle velocities were calibrated versus size using 

polystyrene latex spheres of known diameters. Both mass spectrometers sampled from separate 

lines about four meters above ground level to avoid locally generated aerosol from activity near 

the building. The LAAPTOF sampled from an aerosol concentrator that was placed outdoors on 

a platform above the building and an extra bypass flow was pulled close to the instrument inlet to 

reduce the residence time given the small LAAPTOF aerosol flow rate of 0.1 lpm. LAAPTOF data 

were converted to stick spectra using AeroMegt’s Igor-based data analysis software version 0.1.7, 

then processed in Matlab (version 2019a) using built-in and custom functions. Clustering of single-

particle mass spectra was conducted with Matlab’s built-in Ward-based hierarchical clustering 

algorithm.  

Back trajectories of air masses reaching the SGP site were calculated using the HYbrid 

Single-Particle Lagrangian Integrated Tracker (HYSPLIT) model developed by the National 

Oceanic and Atmospheric Administration (Stein et al., 2015). Meteorological data used in the 

model was 1° gridded from the Global Data Assimilation System (GDAS) and the back trajectories 

were calculated at an arrival height of 250 m and location of 36.6054 N, 97.4857 W. Data on 

active fire locations were obtained from the Fire Information for Resource Management System 

(FIRMS) operated by NASA's Earth Science Data and Information System (ESDIS). Fires are 

detected by the Moderate Resolution Imaging Spectroradiometer (MODIS) from the Terra and 

Aqua satellite platforms, and the data used here were from the Collection 6 standard product. 

4.4 Results & discussion 

4.4.1 Meteorological conditions 

Throughout the campaign, the ambient temperature ranged from 1.4–27.2 °C with an 

average (± 1σ) of 1 .4 ±  .  °C, the relative humidity ranged from 14. –100% with an average (± 
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1σ) of  1 ± 2  %, the windspeed ranged from 0–15.4 m/s with an average (± 1σ) of  .8 ± 2.9 m/s, 

and the wind direction was both from the north and south. These averages are fairly consistent 

with previous years. The only significant precipitation occurred on October 24–25 and a noticeable 

cold front passage occurred on October 15. Wind speed and direction are shown in Figure 4-2A 

and temperature and relative humidity are shown in Figure 4-2B. 

4.4.2 Aerosol particle chemical characterization from AMS 

Submicron nonrefractory aerosol chemical composition as measured by the AMS is shown 

as a fraction of the total aerosol mass measured in Figure 4-2C and as aerosol mass 

concentrations in Figure 4-2D. Organic aerosol (OA) was the dominant component, making up 

over half of the mass concentration on most days. On average, the aerosol consisted of 69% OA, 

18% sulfate, 6% nitrate, 6% ammonium, and 0.6% chloride, which roughly matches the 

composition of aerosol measured in October 2011 by the SGP ACSM (Parworth et al., 2015). The 

total mass concentration (Fig. 4-2D right axis) varied from 0.35 –  .0 μg/m3 with an average (± 

1σ) of 2.0 ± 1.  μg/m3. Nearly all measured concentrations were above detection limits. Table 4-

1 displays bulk aerosol chemical composition ranges and averages. 

Table 4-1. Aerosol composition as measured by the AMS. Compositional average mass concentrations, 

mass ranges, as well as fractional aerosol component averages and ranges for each aerosol constituent 

as well as the total mass. BDL indicates a measurement below the detection limit. 
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Figure 4-2. Meteorology data and aerosol chemical composition determined by the AMS. Panels A and B 

show meteorology data collected by ARM at the station collocated with mass spectrometry measurements. 

Panel C shows the fraction of the total mass concentration that is organic aerosol, sulfate, nitrate, 

ammonium, and chloride from the AMS. Panel D shows the absolute mass concentration of each of these 

aerosol components, along with the total mass concentration plotted on the right-axis. Gaps in AMS data 

are overnight when the instrument was not sampling. 
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4.4.2.1 Markers and evolution of oxidized organic aerosol 

Figure 4-3 shows typical AMS triangle plots introduced by Cubison et al. (2011) and Ng et 

al. (2010). Fig. 4-3A shows f44, the fraction of OA at m/z 44 (mostly CO2
+ from thermal 

decomposition of carboxylic acids), vs. f43, the fraction of OA at m/z 43 (mostly from non-acid 

oxygenates); higher values of f44 represent more oxidized organic aerosol while f43 represents less 

oxidized, fresher hydrocarbon-like organic aerosol (Ng et al., 2010). The two dashed lines form a 

triangular region which tends to encompass most ambient oxidized organic aerosol (OOA). 

Hydrocarbon-like OA (HOA), which is a good surrogate for primary OA, tends to have f44 values 

less than 0.05, and semi-volatile oxidized organic aerosol (SV-OOA) tends to fall in the bottom of 

the f44 vs. f43 triangle plot (Ng et al., 2011b). The f44 values observed in this campaign therefore 

indicate the organic aerosol was more oxidized and of lower volatility – low volatility OOA (LV-

OOA) (Ng et al., 2011b). Data from this campaign fell within or above the triangle region, and on 

days when f44 vs f43 varied more, these values were more likely to lie outside the triangle region. 

On these days (e.g. Oct. 12 in blue, Oct. 16 in lime, Oct. 22 in yellow, Oct. 24 in red), notable 

changes in bulk chemical composition, wind speed, and/or wind direction occurred, which is likely 

why aerosol of different levels of oxidation were observed across the day. Compared to long-term 

measurements at this site, the f44 and f60 (a marker for biomass-burning aerosol, discussed below) 

values lie within the same ranges, while the f43 here extends to higher values (Parworth et al., 

2015). The slopes of these triangle plots do not match the commonly observed slopes (outlined 

in the triangular regions in Fig. 4-3). This could be because the aerosol is a mixture of both 

oxidized OA (which would have a high f44 value) and fresh OA (which would have a high f43 value). 

Or, the higher values for each fraction may be an instrumental artifact due to the very clean 

environment and therefore very low instrument signal in rural Oklahoma; this warrants further 

analysis. 
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For some insight into whether or not the measured aerosol was influenced by organic 

aerosol from biomass burning, a plot of f44 vs. f60, the fraction of OA at m/z 60, can be examined 

(Fig. 4-3B). Levoglucosan is an anhydrous sugar formed from the combustion of cellulose and is 

known to fragment within the AMS to m/z 60 along with other similar sugars. Higher values of f60 

greater than the dotted vertical line at f60 = 3 x 103 indicate that these samples may be influenced 

by organic aerosol from biomass burning (Cubison et al., 2011). However, f60 is not a flawless 

tracer for biomass-burning organic aerosol (BBOA) as other molecules can produce the same 

fragments, and f60 is known to decrease as BBOA ages (Cubison et al., 2011; Hennigan et al., 

2010). Here, nearly all f60 data fall above the background air value. The data points are not within 

the triangle shown as this outlined region envelopes the aerosol observed within biomass-burning 

plumes as they age and biomass burning is not common in this area during October (Parworth et 

al., 2015). Days with high f60 include October 10, 22, 24, and 25 but these values may be less 

reliable may be due to inaccuracies from very low organic aerosol mass loadings on those days. 

Days with higher f60 and organic aerosol include October 12, 16, and 19. These data match 

observations about nearby fires; see section 4.4.4 for further discussion. 

 

Figure 4-3. AMS plots of organic aerosol f44 vs f43 and f44 vs f60. f44 is the fraction of organic aerosol at m/z 

44, and likewise for f43 and f60. Data is shown from entire campaign and is colored according to time. Noise 

was reduced by applying a moving average smoothing algorithm across a 28-minute time period. 
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Another way of representing organic aerosol composition is in a Van Krevelen diagram, which 

was originally created to describe changes in elemental composition throughout coal formation 

(van Krevelen, 1950). More recently, this representation has been used on data collected by high-

resolution aerosol mass spectrometers, as the higher resolution allows for calculating elemental 

ratios (Hayes et al., 2013; Heald et al., 2010; Ng et al., 2011b). By plotting the atomic hydrogen-

to-carbon ratio (H:C) vs. oxygen-to-carbon ratio (O:C), inferences can be made about changes to 

the chemical composition of the organic aerosol as it is transported throughout the atmosphere. 

The dashed gray lines in Figure 4-4 show these changes as the addition of different functional 

groups. For example, addition of a carboxylic acid group corresponds with a slope = –1, while a 

slope = –0.5 could be due to the addition of a carboxylic acid group after carbon backbone 

fragmentation, or other additions without fragmentation such as three alcohol groups and one 

carbonyl group (Ng et al., 2011b). The data shown here across the entire campaign have an 

average slope of –0.56, but the slope varies on different days ranging from –0.42 to –1.3, 

suggesting different aging mechanisms and degrees of oxidative aging are predominant on 

different days. Of course, different combinations of atmospheric aging through dilution, 

evaporation, fragmentation, oxidation, and secondary organic aerosol (SOA) formation occur for 

all aerosol populations, but it is interesting to see how the slope of the Van Krevelen diagram 

varies day to day and how it compares to other studies of ambient aerosol. The data shown here 

from Oklahoma are in accordance (both for the H:C and O:C values as well as the Van Krevelen 

diagram slopes) with other studies of ambient aerosol in California, rural China, and the Amazon 

that tend to have trendlines with slopes between –0.5 and –1, H:C between  1.2 and 2, and O:C 

between 0.2 to 0.8 (Hayes et al., 2013; Heald et al., 2010; Huang et al., 2011; Ng et al., 2011b). 

The H:C and O:C in our dataset suggest that the aerosol is fairly oxidized and can be classified 

as semi-volatile oxidized organic aerosol, which is more volatile than our f44 values suggested (Ng 

et al., 2011b). 
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Figure 4-4. Representation of organic aerosol in a Van Krevelen diagram. High-resolution AMS data plotted 

as atomic H:C vs O:C. Data is shown from the entire campaign and is colored according to time. Noise was 

reduced by applying a moving average smoothing algorithm across a 28-minute time period. 
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decrease its volatility by about 2.5 orders of magnitude in saturated vapor pressure, quantifying 

ONs is important for understanding SOA production (Chuang and Donahue, 2016). ONs are 

difficult to quantify but can be directly measured by Fourier transform infrared spectroscopy (FTIR) 

with low sensitivity and low time resolution, and particulate ON upper bounds can be estimated 

using thermal dissociation-laser induced fluorescence (Farmer et al., 2010). Estimation of ONs is 

possible with the AMS, as the electron ionization fragments ONs into NO+ and NO2
+ which are 

distinguishable from other fragments in high-resolution versions of the AMS such as the one used 

in this campaign (Farmer et al., 2010). Many studies have shown that the ratio of these two 

fragments (NOx
+ ratio = NO+/NO2

+) varies depending on whether the nitrate was present as 

inorganic nitrates (low ratios, < ~2.5) or organonitrates (higher ratios, ~3–15) (Farmer et al., 2010). 

Ammonium nitrate calibrations during this campaign resulted in an average NOx
+ ratio of 1.8 while 

during ambient measurements the NOx
+ ratio varied between 2–7, suggesting the presence of 

considerable ONs in the ambient aerosol.  

Farmer et al. (2010) present a method based off of this ratio for estimating the fraction of 

nitrate reported by the AMS that may be due to ON rather than inorganic nitrate. Significant 

caveats apply, including that the NOx
+ ratios from ON standards were not directly measured by 

the AMS used here and may not be representative of ambient ON, that low ON concentrations 

may cause inaccurate results, and that inorganic nitrates like NaNO3 and Ca(NO3)2 may skew 

NOx
+ ratios high (thus overestimating ON) (Farmer et al., 2010). After eliminating data points when 

nitrate concentrations were extremely low (< 0.0  μg/m3), the fraction of nitrate signal that can be 

attributed to ON varied from 0.05 to 0.8. However, a more conservative fraction can be estimated 

by only considering times when nitrate concentrations were > 0.2 μg/m3, resulting in the fraction 

of nitrate attributed to ON varying from 0.05 to 0.6 with total mass concentrations from 0.011 to 

0.1  μg/m3. Measuring organosulfates in the AMS is even more challenging, but very low 

concentrations (< 1 x 103 μg/m3) of the CH3SO2
+ fragment suggest that these did not greatly 
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contribute to the sulfate signal measured during this campaign (Farmer et al., 2010; Huang et al., 

2015). 

4.4.2.3 Comparison between AMS and ACSM datasets 

Mass concentrations from the HR-AMS here can be compared with those from the ACSM 

that continually operates at SGP. Differences were observed across the five aerosol components 

measured by the AMS, which may be attributable to 1) different sampling setups in slightly 

different locations on the SGP site; 2) differences in sample relative humidity, although no trend 

was observed between RH and whether our measurements were biased high or low compared 

to the ACSM; 3) inaccurate ionization efficiency calibrations in either instrument; 4) inaccurate 

relative ionization efficiency values in either instrument; 5) inaccurate or differing collection 

efficiencies in either instrument; 6) which ions were selected in the high-resolution analysis of our 

AMS data; 7) slight differences in the vaporizer temperature between the two instruments, among 

other documented problems (Pieber et al., 2016). The differences between ACSM data, HR-AMS 

data but at unit mass resolution, and fully high-resolution HR-AMS data varied throughout the 

campaign, suggesting that there was not a single error or measurement bias consistently causing 

the discrepancies (Figure 4-5). On most days, the HR-AMS OA was the highest, which has been 

observed in other comparison studies (Ng et al., 2011a). Sulfate and nitrate values were more 

likely to be consistent between the three measurement types. On some days (e.g. October 17), 

the AMS and ACSM OA data matched quite well, while on other days (e.g. October 21) the HR-

AMS and ACSM OA data were more consistent with one another. While these differences can be 

significant at times (up to ~40% difference in OA and ~100% in inorganic species), the overall 

daily trends in each species closely track each other among all measurement types. Still, the 

discrepancies suggest that while the ACSM is more robust and easy to operate in remote 

locations for longer periods of time, it may not reproduce HR-AMS data. Intercomparison studies 

between the ACSM and AMS have demonstrated that the two instruments can produce more 
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similar data, suggesting that some of the inconsistencies here may be because the instruments 

were not simultaneously calibrated and operated by the same users or because of problems 

specific to the SGP site (Crenn et al., 2015). When possible, each measurement site should 

undergo thorough comparisons between similar instruments for at least an understanding of the 

discrepancies and magnitudes of error and at best for a robust way to correct data to the most 

accurate values possible.  

Figure 4-5. Mass concentrations for organic aerosol, sulfate, and nitrate from HR-AMS (solid lines), HR-

AMS without high-resolution analysis (dashed lines), and SGP’s ACSM (dotted lines). 

 



116 
 

4.4.3 Single-particle chemical characterization using the LAAPTOF 

 Individual particles detected by the LAAPTOF were assigned to five clusters, or 

categories, based on similarities in their mass spectra using a hierarchical classification algorithm 

based on Ward’s method (Rebotier and Prather, 2007). The only cluster that was composed of a 

single overall class was the inorganic particle class (mostly nitrate, sulfate, and ammonium), 

which was only present in high proportions for three days (Figure 4-6). Other clusters all contained 

particle members that were each mixtures of multiple components: inorganic-organic (mainly 

inorganic with smaller amounts of organic), organic-inorganic (mainly organic with smaller 

amounts of inorganic), mineral-organic, or mineral-organic-inorganic. On most days, the particles 

measured were mostly from the mineral-organic-inorganic and mineral-organic clusters, as shown 

in Fig. 4-6. The organic-inorganic cluster was only present at number fractions above 0.05 on 

October 17, 18, and 23, all of which had organic aerosol mass fractions in submicron aerosol 

above 0.7, as measured by the AMS. In general, the mixing state of particles as determined by 

the LAAPTOF – that most particles were mixtures of multiple components – is in accordance with 

the well-mixed speciated particle size distributions from the AMS, discussed in section 4.4.4. 

 

Figure 4-6. The fraction of total particle numbers detected in the LAAPTOF assigned to each of the five 

main clusters using a hierarchical clustering algorithm. 
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4.4.4 Aerosol sources and size distributions 

 The DOE SGP site is located in inland United States, in the middle of farmland, far from 

any major cities. We therefore did not to expect to measure any large sources of primary organic 

aerosol. Indeed, the AMS revealed oxidized organic aerosol and particle size distributions 

obtained from particle time-of-flight (pToF) mode of each species were similar, indicating that the 

aerosol was well-mixed (Figure 4-7). Weekly back trajectory frequency plots were created for the 

month of October from the NOAA HYSPLIT model to determine where the air masses (and thus 

the aerosol particles) that reached SGP originated from; these are shown in Figure A4-1. Most air 

masses originated within Oklahoma, with some transport from Texas (south) and Kansas (north) 

and long-range transport originated from the northwest. In this section, we look beyond back 

trajectories to examine periods of interest as identified by the mass spectrometer datasets. 

 

Figure 4-7. Average size distribution of AMS PM1 for October 14 (A) and October 20 (B). Concentrations 

of most species are too low for reliable distributions and these two days had some of the highest total mass 

concentrations. 

 

The signal fraction at m/z 60 from the AMS was used to identify possible periods of 

biomass-burning aerosol. While most biomass burning in this region occurs during the spring 

months, there are still some local fires throughout the year (Parworth et al., 2015). Fires can be 
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identified by satellites based on the emission of mid-infrared radiation from fires, and these data 

are readily available from NASA’s Fire Information for Resource Management System (FIRMS). 

One day with high biomass-burning markers observed in the AMS data was October 16. Indeed, 

many more fires were identified by satellite on October 16 within a 350 km x 350 km area centered 

at the SGP site compared to any other day in the campaign (depicted in Figure A4-2). LAAPTOF 

particle clustering also revealed that the vast majority of particles on October 16 were mineral-

organic-inorganic and mineral-organic mixtures (Figure 4-8). Biomass-burning aerosol is known 

to be composed of complex mixtures of minerals, inorganics, organic aerosol, and soot (Jahn et 

al., 2020; Li et al., 2003; Vassilev et al., 2012). 

 

Figure 4-8. The fraction of total particle numbers detected in the LAAPTOF assigned to each of the five 

clusters on October 16. 
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4.5 Conclusion 

 In this work, we analyzed the chemical composition of ambient aerosol at the Southern 

Great Plains ARM continental background site using two mass spectrometers. High-resolution 

aerosol mass spectrometry revealed that the majority of submicron particulate matter was 

oxidized organic aerosol with speciated size distributions demonstrating that the organic aerosol 

was well-mixed with inorganic components. Some evidence of biomass-burning aerosol was 

observed and matched regional fire identification data as well as the single-particle clustering 

from the LAAPTOF. Up to 0.2 μg/m3 of organonitrates were measured which suggests that not all 

of the nitrate signal from the aerosol chemical speciation monitor (that measures aerosol 

composition continually at SGP) is truly inorganic. Further comparison revealed that there are 

differences between high-resolution AMS and ACSM data that vary day-to-day and therefore are 

dependent on a multitude of factors which should be further investigated. Single-particle data from 

the LAAPTOF also revealed that particles tended to be mixtures of multiple components, besides 

a few days when particles were primarily inorganic. The abundance of mixed particles and 

oxidized organic aerosol suggests that most aerosol came from long-range transport, with 

perhaps some local emissions classified as a single-component inorganic cluster in the 

LAAPTOF. 

 Ground-based high-resolution and single-particle mass spectrometry data are not often 

available from the SGP site. Therefore, these data can be combined with the meteorological, 

radiative, and optical aerosol properties regularly measured at SGP to improve our understanding 

and modeling of aerosol properties in a United States continental background site. Specifically, 

the compositional data provided here will be incorporated into current ice nucleation 

parameterizations to hopefully improve the closure between measured and modeled ice 

nucleating particle concentrations. Understanding the direct and indirect radiative effects of clouds 
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remains a research topic with large uncertainty, and developing better parameterizations of ice 

nucleation and cloud glaciation will help to reduce this critical uncertainty. 
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4.8 Appendix 

Figure A4-1. Weekly HYSPLIT back-trajectory frequency plots for October. 48 hour back-trajectories were 

calculated on a weekly basis (A-D for the first through fourth weeks of October) with SGP site as the point 

of origin (starred on each map). Color bar shows the percentage of time that an air parcel arriving at the 

point of origin originated at a location on the map, represented as the number of endpoints per grid square 

divided by the number of trajectories during that time period. Local transport was observed across all four 

weeks, with long-range transport usually arriving from the northwest. 
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Figure A4-2. Fire locations on October 16. Red fire symbols depict locations of all fires identified by the 

ESDIS Fire Information for Resource Management System within a 350 km x 350 km area, centered at the 

SGP site (blue star symbol). 
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5 Conclusion 
 

5.1 Summary  

 In chapter 2, I presented a new understanding regarding how the atmospheric aging of 

authentic biomass-burning aerosol (BBA) in a smog chamber influences the ice-nucleating ability 

of several types of BBA. We found that the dilution and evaporation that the BBA undergoes over 

several hours leads to the exposure of existing mineral-based ice-active sites. Additional aging 

by the hydroxyl radical also oxidizes the organic carbon aerosol components, causing them to 

become more water soluble. This promotes the dissolution of primary aerosol components 

covering ice-active sites within water droplets, and this can lead to an increase in the ice-

nucleation activity of the BBA. Conversely, the formation of secondary organic aerosol, can 

conceal existing ice-active sites and potentially decrease the ice-nucleation activity of some BBA. 

Overall, our results demonstrated that under realistic scenarios where biomass-burning plumes 

spread over vast areas of the atmosphere and are diluted and aged, there will be an increase in 

the concentration of ice nucleating particles of greater than an order of magnitude even at warm 

mixed-phase cloud temperatures above –25 °C, and an increase in the onset freezing 

temperature of up to 8 °C. We estimate that this would lead to ice nucleating particle 

concentrations above background levels across an area of 105 square kilometers by 5 km in 

biomass-burning plume height from just a single square meter of burned grassland.  

 In chapter 3, I presented results from heterogeneous kinetics experiments using a 

entrained aerosol flow tube reactor system to determine the reactive uptake coefficient (reaction 

probability) of dinitrogen pentoxide, γ(N2O5), and yield of nitryl chloride, φ(ClNO2) for authentic 

biomass-burning aerosol. Determining these values is important as these gaseous reactants 

affect ozone concentrations, the lifetime of nitrogen oxides, and the cycling of atmospheric 

oxidants. Our initial collaborative experiments with the University of Washington showed that 
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γ(N2O5) was relatively similar at low and high relative humidities (~30-70%) and across four 

different biomass fuels that had varied BBA chemical compositions. Only one of these fuels 

produced measurable concentrations of ClNO2. We hypothesized that the solid phase state of 

chloride in these experiments was limiting γ(N2O5) and φ(ClNO2), and I designed and built a new 

flow tube system in the CMU Air Quality Lab to conduct similar experiments but above the 

deliquescence relative humidity of 80% for chloride salts common in BBA. I discovered a 100-

300% increase in N2O5 reaction probability in high-chloride BBA and no increase in the low-

chloride fuels, confirming our hypothesis that the phase of the chloride salts can limit particles’ 

reactions with N2O5. Environmental microscopy conducted on high-chloride BBA revealed that 

the aerosol did not take up water until it was exposed to > 80% relative humidity. These results 

demonstrate that access to aqueous chloride in the BBA is the main limiting factor to N2O5 reactive 

uptake. 

 In chapter 4 I presented the chemical composition of aerosol particles I determined at a 

renowned continental background measurement site – the DOE’s Atmospheric Radiation 

Management Southern Great Plains (SGP) facility. Our data will specifically be used as a part of 

the Aerosol-Ice Formation Closure Pilot Study to improve and evaluate ice nucleation 

parameterizations and models. An in-depth analysis of high-resolution aerosol mass 

spectrometer (AMS) data revealed a predominance of mixed aerosol particles consisting mainly 

of oxidized organic matter with mass spectral markers specific to the AMS having similar trends 

to other studies of ambient aerosol as well as some indications of nearby biomass burning. 

Comparison of this high-resolution data to the facility’s low-resolution aerosol chemical speciation 

monitor showed up to 100% differences in aerosol component concentrations, which is an 

important consideration for users of this long-term continuous dataset. Analysis from the single-

particle laser ablation aerosol time-of-flight mass spectrometer (LAAPTOF) during the same 

campaign by a group member revealed individual particles that were mostly mineral/organic and 
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mineral/inorganic mixtures. These data provide further understanding of the aerosol sources, 

variability, and chemical composition at SGP. This information can then be combined with the 

DOE’s extensive set of full-time aerosol instrumentation and radiation measurements at the facility 

to achieve a better understanding of the interactions between meteorology, cloud microphysics, 

and the aerosol radiative effects at this continental background site.  

5.2 Future directions 

 Most existing literature on ice nucleating particles (INPs) in BBA has focused on studying 

biomass fuels that commonly burn throughout the United States, but fuels native to areas prone 

to fires such as Australia and the Amazon should be studied as well (Levin et al., 2016; Petters 

et al., 2009). Here tall grass fuels were found to produce more active ice nucleants compared to 

wood fuels and this was found to be caused by the enrichment of mineral-forming elements 

present in these grass fuels. Our work was the first to identify newly-formed minerals as the 

components within biomass-burning aerosol primarily responsible for ice nucleation, and as 

others have correlated the ice nucleating activity (INA) of BBA with high combustion efficiency, it 

would be interesting to revisit their data to see if it can be reinterpreted as mineral formation 

driving ice activity (Petters et al., 2009). One paper had investigated the effects of atmospheric 

aging on the INA of a single low INP fuel and found no changes with aging, which is in agreement 

with our results – the fresh emissions from a combusted fuel must already have INPs that can 

then be uncovered or concealed in order to change the measured ice activity (Chou et al., 2013). 

However, our work was the first to extensively study multiple aging regimes for several fuel types 

that included tall grasses. Thus, further expansion with more instrumentation, such as in a 

Fire Lab at Missoula Experiments (FLAME) campaign would be beneficial to independently 

confirm our results. One experimental technique to further probe our results would be to conduct 

our time aging experiments as usual by collecting filters for INP analysis from the fresh aerosol, 

from the aerosol that has resided in the chamber for several hours, and then also from aerosol 
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that is subsequently injected and diluted into a separate chamber to drive additional evaporation 

and dilution. I expect that this would cause even more ice-active sites to be revealed, resulting in 

a further increase in the ice-active site density. This would help to determine the maximum 

possible ice activity in various types of BBA when the ice-active sites are fully available, as might 

occur following extensive atmospheric transport and dilution. Lastly, the INA of both fresh and 

aged BBA needs to be incorporated into cloud and climate models to improve their accurate and 

complete representations of the effects of BBA on cloud microphysics and radiative forcing 

calculations and predictions. Many models do not even consider ice nucleation as a relevant cloud 

process due to the complexities and uncertainties in describing mixed-phase cloud microphysics. 

Those models that do include mixed-phase processes typically do not consider biomass-burning 

aerosol as a source of INPs, only consider fresh BBA and not the effects of aging, or use fossil 

fuel combustion soot surrogates rather than measurements from actual biomass-burning aerosol 

and experiments (DeMott et al., 2010; IPCC, 2014; Ullrich et al., 2019).  

 We were also the first to study heterogeneous chemistry involving N2O5 and ClNO2 in 

authentic biomass-burning aerosol, so replication of and expansion upon our experimental work 

is warranted. N2O5 reactive uptake and ClNO2 formation were observed to differ even in our two 

high-chloride fuels that had similar bulk BBA composition, so other fuels should be studied to 

examine any additional variation and to determine the underlying causes of these differences. 

The aerosol optical tweezers (AOT) system in the Sullivan group would also be an excellent 

method for studying N2O5 uptake in individual aerosol droplets with different compositions and 

morphologies. Individual biomass-burning aerosol particles could be trapped in the AOT and 

exposed to N2O5, with the growth of a nitrate ion peak in the Raman spectrum indicative of N2O5 

uptake kinetics. A chemical ionization mass spectrometer may be able to sample from the AOT 

chamber as well to measure gas-phase N2O5, ClNO2, and HNO3. The trapped droplet could also 

be exposed to different vapors and oxidants to create secondary organic aerosol and the droplet’s 
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resulting morphology (e.g. core-shell, partially engulfed, or homogeneously mixed) can be 

determined by examining the whispering gallery modes in the Raman spectra (Gorkowski et al., 

2016, 2020). N2O5 uptake on this droplet could be then compared to the unaltered droplet to 

determine how particle morphology affects uptake. This work has been completed before on bulk 

aerosol, and we expect that any organic aerosol coatings on the droplet would limit N2O5 uptake 

(Gaston et al., 2014; Ryder et al., 2015). With the AOT, additional information such as the droplet 

diameter to nanometer accuracy, the droplet pH to two decimal places, and changes in chemical 

composition from the Raman spectrum could add insight to the governing principles of gaseous 

uptake into aerosol particles not possible in aerosol ensemble measurement systems like the 

entrained aerosol flow tube reactors used here (Boyer et al., 2020; Gorkowski et al., 2016, 2020).  

Ice nucleation parameterizations are often quite simplified, only taking into account the 

aerosol size distribution rather than aerosol composition. The mass spectrometry data that 

determined the aerosol sources, composition, and mixing state of individual particles that the 

Sullivan Group collected at SGP should be incorporated into ice nucleation models to improve 

their accuracy and evaluate the major ice nucleating particle parameterizations in use in models. 

If the inclusion of these data improves such parameterizations or identifies key gaps in our 

understanding, then additional field campaigns and laboratory experiments could further explore 

how aerosol composition may predict ice-nucleating activity.  We also hope to continue an in-

depth analysis of the LAAPTOF and AMS data and work with additional data collected from the 

various instrumentation at SGP to learn more about various aerosol properties. 

5.3 Final remarks 

All of the research discussed in this dissertation focused on studying realistic aerosol 

particles – either ambient aerosol or biomass-burning aerosol created by combusting biomass 

fuels that commonly are burned in the United States. While studying complex, realistic aerosol 

systems presents additional experimental challenges, there are fewer underlying assumptions 
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and extrapolations to be accounted for, which should produce more accurate results. 

Furthermore, climate change is exacerbating the devastating effects of wildfires, and the increase 

in the size, frequency, and duration of fires across the globe makes studying their emissions and 

environmental impacts even more important. Significant atmospheric chemistry research 

discoveries require the full understanding of complex chemistry and interactions in atmospheric 

aerosol systems, which is why my work here focused on aerosol chemical composition, the 

properties of ice nucleating particles, and the kinetics of specific molecules that influence several 

atmospheric processes. My work has significantly contributed to our fundamental understanding 

of several realistic aerosol systems, advancing our knowledge of how human activities are altering 

atmospheric chemistry, air quality, clouds, and the climate.  
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