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ABSTRACT OF THE DISSERTATION 
 
 

Aerosol Optical Properties in Field Measurements and Smog Chamber Experiments With 
Selected Biogenic and Anthropogenic Precursors 

 
 

by 
 
 

Justin Hernandez Dingle 
 

Doctor of Philosophy, Graduate Program in Environmental Toxicology  
University of California, Riverside, June 2018 

Dr. Roya Bahreini, Chairperson 
 

The chemical, optical, and microphysical properties of aerosols in the atmosphere impact 

climate, visibility, ecosystems, and human health. There are many techniques to study 

aerosols, but there are still some characteristics of aerosols that are understudied. The 

climate effects of aerosol have significant uncertainties due to the limited information on 

optical properties of secondary organic aerosols (SOA) and their role in climate models 

in relationship to their chemical and microphysical properties. The presented work in this 

dissertation highlights measurement and sampling techniques made by various 

instrumentation to study the chemical, optical, and microphysical properties of aerosols 

in field and laboratory studies.  

Aerosol studies presented here were carried out in an airborne field campaign in 

the Colorado Front Range (summer, 2014) and indoor laboratory smog chamber 

oxidation experiments of anthropogenic and biogenic hydrocarbon precursors to better 

characterize the important chemical properties and optical parameters of aerosols. The 

content of this dissertation will address: 
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1) The impacts of aerosol optical extinction on air quality in the Colorado Front 

Range during the Front Range Air Pollution and Photochemistry Éxperiment 

(FRAPPÉ) 2014. 

Measurements of aerosol extinction coefficient at 632 nm were made aboard the NSF C-

130 aircraft to study aerosol optical properties under fresh and aged air masses and the 

impacts of various emission sources on aerosol extinction.  

2) The properties of SOA in the oxidation of 1-methylnaphthalene, phenol, toluene, 

longifolene, and α-pinene hydrocarbon precursors in smog chamber studies.        

We present optical properties of SOA derived from the oxidation of different 

hydrocarbon precursors to study the complex refractive index of SOA. With the 

emergence of new information on brown carbon (BrC) aerosols, it is imperative to study 

their chemical, optical, and microphysical properties and their impacts on climate change 

since BrC aerosol have absorbing characteristics, thus contributing to warming effects on 

climate. Here we aim to understand the behavior of aerosols under different chamber 

conditions and evaluate the real (n) and imaginary (k) components of the refractive index 

of anthropogenic and biogenic aerosols as well as the single scattering albedo (SSA) and 

mass absorption coefficient (MAC). 
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CHAPTER I: Introduction 
 

1.1 Introduction: History of Air Pollution and Air Quality  
 

Historically, two types of air pollution episodes have occurred globally, with the most 

famous episodes being in Los Angeles, Ca and London, U.K during the 1940s and 1950s 

[2-5]. The type of air pollution that occurred in Los Angeles was photochemical smog 

caused by chemical reactions of gas phase hydrocarbon compounds with oxidants in the 

presence of sunlight (see Table 1.1 for a list of oxidants for the initiation of chemical 

reactions). The products that are formed by the photochemical reactions were observed to 

cause damage to vegetation and eye and lung irritation to humans [4, 6]. The primary 

sources of hydrocarbon emitted in the atmosphere are automobiles and industry. 

Meteorology and topography also play significant roles in the distribution of atmospheric 

pollutants. For example, Los Angeles basin has a bowl-like topography and experiences 

frequent on-shore flows or high-pressure systems where mountains to the east and 

inversion layers contribute to the capping of pollutants close to the surface, leading to 

adverse air quality conditions. Typically, the main ingredients that contribute to 

photochemical smog consist of primary and secondary pollutants. Primary pollutants 

include reactive hydrocarbon precursors (RH) and nitrogen oxides (NO + NO2 = NOx). 

Secondary pollutants formed from chemical reactions in the atmosphere include ozone 

(O3), peroxyacetyl nitrate (PAN), nitric acid (HNO3) and secondary aerosols. Below are 

simple photochemical reactions representing the major components of smog formation in 

the presence of hydroxyl radical (OH) and NO [7-9]: 

 
RH + OH � Ṙ + H2O  (1.1) 
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CO + OH � CO2 + H  (1.2) 

Ṙ (or H) + O2 � ROO• (1.3) 

ROO• + NO � NO2 + RO• (1.4) 

ROO• + NO2  � ROONO2  (1.5) 

ROO• + HO2 � ROOH + O2  (1.6) 

NO2 + hv � NO + O   (1.7) 

O2 + O + M � O3 + M  (1.8) 

 
The hydrocarbon (depicted by RH) and carbon monoxide (CO) are emitted directly from 

the vehicular exhaust and can react with OH to produce Ṙ radicals and water, and CO2 

and hydrogen (H) respectively for reaction 1.1 and 1.2. In reaction 3, Ṙ can react with 

oxygen to produce peroxy radical (ROO•). ROO• can undergo different pathways 

(reactions 1.4-1.6). NO2 can be produced from ROO• reaction with NO (reaction 1.4). 

However, ROO• can react with NO2 under high NOx conditions or with hydroperoxy 

radicals (HO2) under low NOx conditions to produce lower vapor compounds consisting 

of nitrated (e.g., peroxynitrates, ROONO2) or oxygenated (e.g., hydroperoxides, ROOH) 

species, respectively. Products with lower vapor pressures can condense onto preexisting 

particles or nucleate to make new particles. Finally in reactions 1.7 and 1.8, NO2 can get 

photolyzed to produce NO and atomic oxygen (O), where O can react with O2 and a third 

body (M= O2 or N2) to produce O3.  
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Table 1.1 List of Atmospheric Radicals and Oxidants for Chemical Reactions. 

 
The time-series of organic aerosols (green), O3 (blue), NOx (orange), and CO (brown) 

during August 13, 2013, to September 22, 2013, at Mira Loma, Ca, shown in Figure 1.1, 

represent a typical scenario of the evolution of smog in the LA basin. In the early 

morning, from 6:00 am to 9:00 am PST when human activity for initial times of rush 

hour is influencing air pollution, the primary emissions of CO, NO (NOx), and 

hydrocarbon RH (not measured) are greatest. During midday (~9:00 am to about 2:00 pm 

PST), photochemistry in the presence of intense sunlight transforms the primary 

pollutants into secondary pollutants of NO2, O3, and secondary organic aerosols (SOA). 

As shown in Figure 1.1, O3 tracks well with OA during midday corresponding to 

secondary formation signatures. Primary vehicular emissions during the afternoon rush 

hour are similar to morning emissions. However, the sun has insufficient radiation 

available to initiate photochemical reactions, and oxidation is limited to reactions by 

ozone or nitrate radical. Additionally, primary pollutants are trapped under the low-level 

OH (Hydroxyl)
HO2 

(Hydroperoxy)
O3 (Ozone)

NO3 (Nitrate 

Radical)

NO2 (Nitrogen 

Dioxide)

NO (Nitric 

Oxide)

R•(Alkyl 

Radical)

RO•(Alkoxy 

Radical)

RO2• (Peroxy 

Radical)

Atmospheric Radicals and Oxidants
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nocturnal boundary layer until the next morning when a break in the boundary layer leads 

to turbulent mixing and further photochemical reactions.    
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Figure 1.1 Time-series of organic aerosols (OA), carbon monoxide (CO), nitrogen oxides (NOx), and ozone (O3) in 
Mira Loma, Ca. Note that OA was measured by aerosol mass spectrometer (mAMS) and CO, NOx, and O3 data were 
downloaded from Air Resource Board website.  
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The second type of air pollution is similar to the London smog episode in 1952, a 

case in which limited photochemistry contributed to air pollution. Such an episode was 

primarily due to stagnant air mass comprising of sulfur dioxide (SO2) and soot particles 

that were trapped near the ground, under a low-level inversion layer during the winter 

months. Since the London air pollution primarily consisted of SO2 and particulates, the 

primary source of emission was coal combustion in homes for heating. Chemically, SO2 

interacted with fog droplets in the air to produce sulfuric acid. Ultimately, exposure to the 

pollutants caused high death counts due to the exposure and toxic effects of acidic 

aerosols, SO2, and soot particles from coal burning smoke, and irritation to the respiratory 

system [10, 11]. This type of air pollution had occurred several times in London, dating 

back to 1873 when 1150 were reported dead.  

In the wake of health and environmental impacts by the photochemical and 

London smog, there have been efforts to control emissions by implementing regulations 

and improvement in technologies to reduce pollution. Such laws and regulations aim to 

address the protection of public health and those who are most susceptible to air 

pollution’s health effects. The United States implemented regulations on air pollution 

emitted from stationary and mobile sources in 1970 and authorized the United States 

Environmental Protection Agency (U.S. EPA) to create the National Ambient Air Quality 

Standards (NAAQS) of six major criteria pollutants. These pollutants are O3, CO, Sulfur 

dioxide (SO2), NOx, lead (Pb), and particulate matter (PM). The discussion of PM/aerosol 

particles is the primary focus of this document and will be discussed in subsequent 

sections.        
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1.2 Aerosol Characteristics 
 

1.2.1 Aerosol Types and Source 

Aerosols found in the atmosphere can be primary (from direct emissions of 

anthropogenic (e.g., soot from vehicular exhaust or combustion) and natural sources (e.g., 

sea-salt, dust, pollen)), or secondary (formed from gas phase reactions of anthropogenic 

and biogenic precursors) [12, 13].  

Secondary aerosols are formed through gas-to-particle conversions of oxidation 

products of gases with low vapor pressure that can nucleate to make new particles or 

condense onto preexisting particles [7]. Secondary aerosols mainly consist of organics, 

nitrates, and sulfates [14]. Sea-salt aerosols are suspended in air through mechanical 

generation by oceanic wave breaking and bursting of ocean bubbles from the surface. 

Typical sea-salt particles consist mainly of sodium chloride (NaCl), and their size can 

range from 0.1 to 8 µm [15, 16]. Dust aerosols are solid particles, mechanically 

suspended in air by wind blowing over dry lands and are composed mostly of metals and 

minerals. The size ranges of dust vary, but those that stay suspended in air are mineral 

dust ranging from 100-1000 nm [12, 17]. Volcanic eruptions emit aerosols containing 

ash, silicates, mineral particles, metallic oxides, and sulfur dioxide, leading to the 

secondary formation of sulfate aerosols. It has been observed that volcanic aerosols can 

perturb climate and cause cooling effects due to the scattering properties of volcanic 

aerosols [18]. Finally, biological substances called bioaerosols are present in the 

atmosphere in the form of pollen, fungal spores, bacteria, viruses, and fragments of plants 

and animals. Bioaerosol sizes can range as small as 0.05-0.15 µm for viruses and as large 
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as 10-30 µm for pollen. The aerosols described above affect human health and the 

environment based on their chemical, optical, and physical characteristics [19].   

1.2.2 Aerosol Size 
 
Aerosols can be a mixture of solid particles and liquid droplets that contain different size 

ranges. PM2.5 are particulate matter less than 2.5 µm in size which contains combustion 

particles, organic compounds, and other fine particles. PM10 are particles less than 10 µm 

and smaller which include dust, pollen, fine particles, etc. Generally, particles less than 

2.5 µm are called “fine” particulates. Particles greater than 2.5 µm are called “coarse.” 

Particle size distributions can be categorized into three distinct groups: 1) condensation 

nuclei (or Aiken nuclei) with diameter size less than 0.08 µm, 2) accumulation size range 

with diameter sizes between 0.08 – 2.5 µm, and 3) coarse mode particles with diameters 

greater than 2.5 µm [7]. The latter size modes are the larger particles that are generated 

mechanically. In contrast, examples of sources of condensation nuclei mode particles are 

particles directly emitted (primary emissions) to the atmosphere such as soot from diesel 

exhaust [20, 21]. Condensation nuclei mode particles can also be formed secondarily by 

chemical reactions that occur in the atmosphere, leading to secondary organic aerosols 

(SOA), ammonium nitrate or ammonium sulfate aerosols.  

In general, aerosol size distributions control the physical and dynamical properties 

of aerosols, such as interactions of aerosols with radiation or aerosol deposition 

efficiency in the ambient or into lungs. Characterization of the size distributions is 

presented as a function of number concentration, surface area, or volume distribution [7, 

22]. 
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1.2.3 Aerosol Composition 

The composition of aerosols varies globally due to impacts from different sources, 

environmental conditions, and atmospheric reactions, etc. Global distribution of non-

refractory aerosols (organic, nitrate, sulfate, and ammonium aerosols) for sizes less than 1 

µm (NR-PM1) based on Aerosol Mass Spectrometer (AMS) data (adopted from Zhang et 

al. (2007)) [14], presents the major fractional contribution of individual non-refractory 

aerosol species. In most places, the highest fraction that dominates total aerosol mass 

loading is organic aerosols. Organic aerosols represent ~20-90% of submicron aerosols 

[23], and of that, ~70-90% of the organic aerosols are secondary organic aerosols (SOA) 

[24]. Thus, SOA are ubiquitous and constitute a significant fraction of aerosol mass 

concentration in and downwind of urban and industrial areas and in remote locations 

[14]. Secondary aerosols also include ammonium nitrate (NH4NO3) and ammonium 

sulfate ((NH4)2SO4). NH4NO3 is primarily an indication of influence from combustion 

emissions of NOx mixed with animal feedlot and agriculture (i.e., fertilizer) emissions of 

ammonia (NH3) [7, 9]. Chemically, NH4NO3 is produced from the reaction between nitric 

acid (HONO2) and NH3. On the other hand, (NH4)2SO4 products in the atmosphere are an 

indication of power plant and coal burning emissions of SO2 mixed with NH3 emissions. 

In the presence of NH3, water vapor, and hydroxyl radicals, sulfur dioxide can transform 

to (NH4)2SO4. Diesel vehicular emissions and biomass burning smoke from combustion 

processes emit refractory aerosols such as elemental carbon (EC) or black carbon (BC) 

[25]. Amongst the various submicron aerosol components, SOA still has uncertainties 

due to the complex nature of its sources and formation processes in the atmosphere, 



 10

which in turn impacts its uncertainties in climate models, discussed in subsequent 

chapters and sections.   

1.2.4 Secondary Organic Aerosols (SOA) 

The chemical processes and products of gas phase reactions of organic species with 

atmospheric oxidants are essential for the formation of secondary organic aerosols 

(SOA). Also, SOA formation depends on several conditions such as hydrocarbon 

precursor type, available oxidants and radicals, NOx levels, preexisting particles, etc. In 

addition, environmental and atmospheric conditions such as temperature, relative 

humidity, and solar radiation also play a role in SOA formation [7]. 

SOA produced from chemical reactions of organic vapors with oxidants, resulting 

in the condensation of semi-volatile gases, are dominated by oxygenated organic aerosols 

(OOA) [14, 24]. The important atmospheric oxidants for gas phase reactions are hydroxyl 

radicals (OH) and ozone (O3) for daytime chemistry and nitrate radicals (NO3) for 

nighttime chemistry, along with varieties of other radicals and oxidants listed in Table 

1.1. Organic species with added functional groups to the structure have lower vapor 

pressure and volatility, and hence partition to the condensed phase as SOA. The 

complexity of the formation of SOA is dependent on atmospheric conditions as stated 

above. For example, NOx levels can impact SOA formation by driving chemical 

pathways towards compounds of nitrated species under polluted environments [26]. 

Lower ratios of hydrocarbon to NOx concentrations ([HC]/[NOx]) pushes the chemical 

pathway towards ROO• + NO (or NOx) to produce organic nitrate aerosols over ROO• + 

HO2 (ROO•) [27, 28]. However, in cases in which α-pinene and isoprene biogenic 
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precursors are exposed to high NOx conditions, the formation of SOA is suppressed due 

to the formation of volatile compounds, keeping the products in the gas phase [26, 29]. In 

addition, SOA formation can also be impacted by the presence of aerosol liquid water 

when relative humidity is elevated to greater than 80%, initiating multiphase reactions 

[30]. Recent studies have demonstrated that SOA formed at elevated relative humidity 

influences the chemical composition and products. The products formed at high relative 

humidity were identified as compounds with oligomer structures [30, 31]. Given the 

numerous SOA precursors from biogenic and anthropogenic sources and the chemical 

formation pathways under different environmental conditions, SOA chemical 

composition is complex and not fully characterized, ultimately impacting the effects SOA 

have on the estimates of global radiative balance through their diverse optical properties 

[23, 32].     

There is growing interest in the area of light-absorbing organic aerosols and its 

impacts on the overall radiative forcing. Commonly, black carbon (BC) which contains 

soot particles from fossil fuel combustion and biomass burning emissions is considered to 

be the dominant absorbing component of aerosols since it absorbs light in a broad 

spectral range from the ultraviolet (UV) to infrared (IR) region [33-36]. However, there is 

a new category of organic aerosols that can efficiently absorb light, specifically in the 

near-UV range of 300-400 nm. This type of organic aerosols, coined as “brown carbon” 

(BrC), is emitted through biomass burning as primary aerosol or formed by secondary 

formation [34, 37-39]. In contrast to the molecular characteristics of BC which composed 

of graphene type layers, BrC is composed of different molecular structures and functional 
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groups. Molecularly, BrC contains polycyclic aromatic hydrocarbon “ring-like” 

structures, humic-like substances, biopolymers, and nitrated and oxygenated functional 

groups resulting in its light absorbing properties, and in turn, effects on radiative forcing.  

1.3 Health Effects 

The health hazards of exposure to particles/ aerosols highly depend on size, composition, 

and mass burden [22, 40, 41]. Particulate matter (PM) is classified as one of the Criteria 

Air Pollutant by the Environmental Protection Agency (EPA) which has implemented the 

National Ambient Air Quality Standards (NAAQS) for different PM sizes (PM2.5 and 

PM10). There are 2 types of standards implemented to protect specific groups: primary 

standards protect the public health especially those who are susceptible to health effects 

such as asthmatics, children, and elderly people, while secondary standards protect the 

commonwealth of the public, pertaining to environmental health which includes 

protection against decreased visibility from haze. The current primary and secondary 

EPA standards for PM2.5 indicate that its mass concentration must not exceed 35 µg/m3 in 

24 hours, while the 24-hour primary and secondary standards for PM10 are set at 150 

µg/m3 (https://www.epa.gov/criteria-air-pollutants/naaqs-table).  

 Deposition of aerosols in the human respiratory system through inhalation 

exposure can be divided into 3 different regions: 1) the head-airway region, 2) lung 

airway/ tracheobronchial region, and 3) pulmonary/ alveolar region [42]. The main factor 

that drives deposition of particles through a specific region in the respiratory system is 

the size of particles. Generally, particles larger than 10 µm or larger are deposited in the 

nose or oral pharynx of the head region [8, 42]. The head is highly efficient in clearing 
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and removing particles through nasal clearance mechanisms such as particle deposition 

on the epithelium of the anterior side of the nose or trapping by mucociliary epithelium 

[42]. Particles sizes between 3-6 µm that make it to the tracheobronchial region can be 

cleared by mucociliary escalator mechanisms where trapped particles are transported 

upwards by surface cilia and cleared by swallowing and exit through the gastrointestinal 

tract [8, 42]. For the very fine particles for sizes <2.5 µm that can reach deep into lungs in 

the pulmonary region of the respiratory system, the body has other defense mechanisms 

that can clear the smaller particles, such as macrophages interacting with particles to 

undergo phagocytosis removal by lymphatic drainage [8, 42].  

However, for particles that reach the deep lungs and cannot be cleared, health 

impacts become important. Chemical composition of the particles can attribute to the 

oxidative burden in the lungs causing damage. For example, generation of free radicals 

by metabolism of chemicals can cause toxic pulmonary edema. It has been identified that 

reactive oxygen species (ROS) can cause damage at the cellular level linking to the acute 

and chronic adverse health effects [42-45]. Dose-Response studies have shown that there 

is an increase in mortality with increased exposure to a higher mass concentration of 

particulate matter for sizes <10 µm (PM10) [40, 41, 46]. The associated linear relationship 

between the increase in mass concentration of PM10 and increase in deaths is related to 

cardiovascular diseases and respiratory effects [40, 47]. After consideration of the risk 

factors, it was found that mortality was significantly correlated with air pollution and fine 

particle mass in several cities in the United States, with people who are current and 

former smokers being more susceptible for respiratory health effects [46]. Another study 
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has shown a 0.5% increase in daily mortality for every increase in PM10 mass 

concentration of 10 µg m-3 [48]. Also, it was estimated that there is a 1.5 % increase in 

deaths when the PM2.5 mass concentration is increased from 10 µg/m3 to 20 µg/m3 in 

modeled dose-response relationship for exposure to finer size aerosols [49]. Ultimately, 

the adverse effects on the respiratory system are linked to exposure to a high mass 

concentration of particles resulting in acute and chronic health effects. 

1.4 Environmental Health and Visibility 

Generally, visibility is the ability of our eyes to distinguish an object from its surrounding 

background [50]. Particles and aerosols in the atmosphere can affect visibility by light 

scattering and light absorption [51, 52]. The reduction of visibility by aerosols is greatest 

under hazy conditions when water content or the relative humidity of the atmosphere is 

high, causing aerosols to increase in cross-sectional area and diameter size by uptake of 

water, leading to enhanced scattering [51, 52]. Haze is another form of air pollution 

which is composed of dust, soot, and other types of aerosols and can differ in size and 

chemical composition [51, 53]. Physically, the size of the aerosol components of haze 

becomes important when interacting with radiation because there is an optimal size of an 

aerosol where it can have the maximized scattering or absorbing abilities given a 

wavelength of light [8].  

1.5 Climate Impacts 

Global-scale impacts of air pollution are primarily due to the industrial era emission of 

contaminants to the atmosphere [9, 54]. Environmental pollution with the increase in 

industrial activity is closely related to the growing population of the Earth [55].  



 15

Combustion processes from fossil fuel burning, biomass burning, etc. are an important 

source of anthropogenic carbon by emitting largely carbon dioxide (CO2). During the 

pre-industrial era, the CO2 concentration was estimated to be ~ 275 ppmv. However, 

concentrations of CO2 during the early 2000’s was estimated to be 375 ppmv with 1 % 

increase per year [54]. The increase in CO2  perturbs the earth’s radiative energy balance 

resulting to warming of the climate [8, 56]. Also, the warming of the planet can alter 

weather patterns such as extreme droughts that can lead to regional fires and unusual 

precipitation patterns that lead to flooding [57-60]. There has been an indication of the 

rise of sea levels due melting of polar ice, with possible impacts on the global economy 

and disruption to agriculture productively and effectiveness [8, 61]. However, warming 

effects of climate are not exclusive to CO2; warming can also be due to other greenhouse 

gases as well as aerosols in the atmosphere such as black carbon and BrC aerosols. 

The Intergovernmental Panel on Climate Change (IPCC) indicates that the most 

significant uncertainty in the total estimated anthropogenic radiative forcing is due to the 

uncertainties in aerosol direct and indirect interactions with solar radiation [56]. 

Therefore, the role of atmospheric aerosols to the Earth’s radiative balance is still poorly 

understood [56]. Greenhouse gasses (GHG), such as CO2, methane (CH4), water vapor, 

etc. have a positive direct radiative forcing effect, meaning that GHG absorb and trap 

radiation from the Earth’s surface resulting to warming effects. In contrast, aerosols in 

the atmosphere interact with radiation by scattering light resulting in negative radiative 

forcing and cause cooling. The overall uncertainty varies for individual species with the 

most significant uncertainties seen for aerosols. The average radiative forcing by aerosol-
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radiation interactions is ~ -0.35 Wm-1 with uncertainty ranging from -0.85 to +0.15 Wm-

1. As mentioned above, black carbon aerosols emitted from combustion processes (not 

including BC on snow) contribute to positive radiative forcing effects leading to 

warming, with estimated forcing values of + 0.40 Wm-1 and uncertainty range of + 0.05 

to + 0.80 Wm-1. BrC effects on climate have not been incorporated in such models yet 

due to the complex formation and aging chemical pathways they undergo, leading to 

variable composition, and mixing states. Here, aerosol optical scattering and absorption 

will be the focus to understand their relationship with aerosol sources, SOA composition, 

atmospheric aging, and physical characteristics to improve SOA representation and 

inclusion in climate models.      

1.6 Research Motivations and Objectives 

The main motivation of the research presented in this dissertation is to understand the 

role of aerosols in the environment and their impacts on the radiative balance of the earth. 

In this dissertation, summertime airborne measurements of aerosols in Colorado during 

the FRAPPÉ field campaign aim to understand aerosol optical properties in relation with 

atmospheric aging, air mass type, and aerosol composition (Chapter III). Also, smog 

chamber studies were conducted to highlight optical properties of biogenic and 

anthropogenic SOA in different chamber conditions (Chapter IV). Ultimately, 

understanding the behavior of aerosol optical properties in ambient measurements and 

exploring the characteristics of SOA in laboratory settings under different conditions will 

allow improvements to climate model estimates and ease the uncertainties established in 

aerosol direct radiative forcing.          
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CHAPTER II 
 

Instrumentations for Aerosol and Gas Phase Sampling 
 

 
Introduction/Overview 
 
The advancement of instrumentations to sample aerosols is paramount in obtaining 

information on aerosol chemical composition, optical, and microphysical properties and 

in understanding their potential effects on the environment and human health as well as 

their role on global climate change and Earth’s radiative budget. The list of 

instrumentation to measure aerosol chemical, optical, and microphysical properties are 

extensive, and different techniques, with various time and size resolution or composition 

sensitivity have been deployed to address aerosol impacts when environmental conditions 

and chemical processes are changed. There have been numerous studies and instrumental 

developments that mainly focus on optimizing and improving the accuracy and resolution 

of measurement techniques for the complexity of aerosols, most importantly SOA [33, 

62]. The progress in improving instrumental uncertainties is significant as well for 

climate models in improving estimates of radiative forcing related to aerosols.   

 In this chapter, instruments that were deployed in field campaigns and smog 

chamber studies will be discussed. The scattering and absorption properties of aerosols 

were measured by Aerodyne’s Cavity Attenuated Phase-Shift Extinction (CAPS-PMex) to 

measure extinction coefficient at 632 nm and Droplet Measurement Technologies’ 

Photoacoustic Extinctiometer (PAX) to measure scattering and absorption coefficient at 

375 nm. Brechtel’s Scanning Electrical Mobility Sizer (SEMS) system was utilized in 

smog chamber studies to measure number size distribution of aerosols as well as the total 
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volume and mass concentration. Aerodyne’s compact/mini Aerosol Mass Spectrometer 

(mAMS) was utilized to determine aerosol composition, mass concentration, and size of 

non-refractory aerosols with high resolution and time-of-flight mass spectrometry 

capabilities. Mass fragmentation fractions and ion families can be extracted to determine 

SOA oxygenated properties. For gas phase sampling of hydrocarbon precursors, nitrogen 

oxides, and ozone in smog chamber experiments, we utilized Gas Chromatography 

coupled with Flame ionization detector (GC-FID), Thermo chemiluminescence NO-NO2-

NOx analyzer Model 42i, and Thermo UV photometric ozone analyzer Model 49i. In the 

next section, more detailed information on the principles of operations of the instruments 

listed above will be discussed.   

2.1 Aerodyne’s Cavity Attenuated Phase-Shift Extinction (CAPS-PMex) Monitor 
 
CAPS-PMex determines extinction coefficient (βext) at 632 nm. Our particular system is a 

single wavelength system that employs a modulated light-emitting diode (LED) that is 

transmitted through an optical cavity cell with two highly reflective mirrors, each inserted 

at the ends of the cavity cell, as seen in Figure 2.1.  
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Figure 2.1 Internal schematic of CAPS-PMex monitor at 632 nm. The diagram is from the CAPS-PMex operating 
manual (2013). 

 
The LED light is detected by a vacuum photodiode pass through the bandpass filter. The 

measurement specifications operate in 0.1 Mm-1 resolution with a 3σ sampling precision 

of < 3 Mm-1 in 1 s. The system has a sample flow rate of 0.85 LPM and measures βext up 

to 4000 Mm-1. Internally, βext is determined by the average time the light beam from the 

LED source spends in the cavity cell; hence, in the presence of aerosols, the average time 

is decreased due to the scattering and absorbing nature of aerosols. βext is determined by 

calculating the phase-shift of LED output square wave distortion under the aerosol-free 

sampling cavity cell (under filter mode) and in the presence of aerosols (sampling mode),  

as seen in Figure 2.2 [1] where the initial distortion is seen after period 0.5.  
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Figure 2.2 Waveform signature at the detector with distortion represented by the blue line for CAPS-PMex at 632 nm 
[1]. 

 
The relationship between the phase-shift change under aerosol-free conditions versus in 

the presence of aerosols is described by: 
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where cot is the cotangent, c is the speed of light, f is the modulation frequency, cotθo is 

the distortion under baseline measurements (aerosol-free) under filter mode, cotθ is the 

distortion under the presence of aerosols, and βext the absolute extinction of light values in 

Mm-1. The equation above can be rearranged to obtain βext [1, 63, 64]: 
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2.3 Droplet Measurement Technologies’ Photoacoustic Extinctiometer (PAX) 
 
2.3.1 PAX Overview 
 
PAX is an instrument that measures both scattering and absorption coefficients (βscat and 

βabs respectively) simultaneously by coupling a reciprocal nephelometer that measures 

scattering with photoacoustic spectroscopy that measures absorption. The system utilizes 

a modulated diode laser to measure both components as seen in Figure 2.3.  

 

 
Figure 2.3 Internal schematic of PAX monitor at 375 nm. The diagram is from PAX operating manual (2014). 

 
PAX operated at the wavelength of 375 nm with a sampling flow rate of 1 LPM by using 

an internal vacuum pump that is controlled by two critical orifices. The flow rate of 1 

LPM is periodically checked with a Gilibrator flow meter at the inlet and exhaust of the 

system. The nephelometer of the system responds to all aerosols regardless of the 

chemical characteristics of the aerosols, mixing states, or morphology. The photoacoustic 

capabilities of PAX allow the air in the region of the photoacoustic cell to heat up upon 

interaction of the laser beam light source with absorbing aerosols, producing pressure 

waves from the heating that are detected by the system’s microphone [65].  
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2.3.2 System Calibration 

Since PAX has the capability of measuring βscat and βabs, the system must be calibrated 

using ammonium sulfate and carbon black to calibrate for the scattering and absorbing 

components, respectively. The initial process of the calibration consists of atomizing 

polydispersed ammonium sulfate to a silica-gel diffusion dryer then through the PAX 

(see Figure 2.4). 

 

 
Figure 2.4 Calibration diagram for PAX. 

 
Ammonium sulfate dissolved in water was used to represent a pure scattering 

material with little absorbing characteristics in which the calculated extinction coefficient 

(βext) is compared to the measured βscat. Ideally, since ammonium sulfate is a purely 

scattering material, a 1:1 ratio is expected between the calculated βext and measured βscat. 

The intensity of light of the laser power of the system was monitored before (PAX 

sampling on filter) and during ammonium sulfate measurements and was applied to Beer-

Lambert Law equation:  
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where βext is the calculated extinction coefficient at 375 nm, 0.354 is the path length of 

the laser beam in the system’s sampling cavity in meters, Io is the light intensity (laser 

power) during filter sampling time, and I is the light intensity during sampling of 

ammonium sulfate. The calculated βext was plotted with the measured βscat, and a linear 

regression fit was applied to the points to obtain a slope which is used as the correction 

factor applied to the scattering calibration factor of the system. Similarly, the absorption 

component was calibrated with carbon black (dissolved in water) that has both scattering 

and absorption characteristics. The process above was repeated using carbon black, and 

the calculated βext was obtained again using Beer-Lambert Law. We used the measured 

βscat to be subtracted from the calculated βext to obtain the calculated βabs. Calculated βabs 

was plotted against measured βabs, and a linear regression fit was applied to the points to 

obtain a slope as the correction factor of the absorption calibration factor. 

2.4 Brechtel’s Scanning Electrical Mobility Sizer (SEMS)   

One of the essential characteristics in determining the impacts of aerosols regarding 

radiative effects and human health exposures is the size distribution of airborne particles. 

In our smog chamber studies of hydrocarbon oxidation, we utilized the Brechtel Model 

2100 Scanning Electrical Mobility Sizer (SEMS) to determine the size distribution of 

SOA from different hydrocarbon precursors under different chamber conditions. 

 SEMS contains a Differential Mobility Analyzer (DMA) that uses a fixed or 

scanning high voltage for size selection of aerosols or size distribution determination of 

polydispersed aerosol, respectively, and is coupled with a Mixing-based Condensation 

Particle Counter (MCPC). Before sampling by the DMA, aerosols are passed through a 
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diffusion dryer containing silica gel to remove water content of the aerosols and a 

charging neutralizer containing two radioactive Polonium strips.  

 The MCPC utilizes an internal pump that sets the sampling flow at 0.5 LPM with 

the sheath flow set to 5 LPM. For aerosol sampling of SEMS, the system is set to 

“Scanning Mode” with up and down scan type configured to scan in the size range of 

10.14 – 800 nm. In addition to measuring number size distributions, SEMS can also 

calculate integrated scan area concentration (µm2/cm3) and integrated scan volume 

concentration (µm3/cm3). Figure 2.5 shows the evolution of aerosol size distribution, 

number concentration, and volume concentration for an oxidation experiment of 1-

methylnaphthalene with OH radicals in a smog chamber study.  
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Figure 2.5 Evolution of aerosol size distribution, number concentration and volume concentration in a chamber 
oxidation experiment. 

 
2.5 Aerodyne’s mini Aerosol Mass Spectrometer (mAMS) 
 
With the complex nature of SOA, there has been an increase in the advancement and 

focus on analyzing aerosol composition in ambient and laboratory studies. Aerodyne’s 

mini Aerosol Mass Spectrometer (mAMS) provides mass concentration of chemical 

components of non-refractory aerosols, most importantly organic, nitrate, and sulfate 

aerosols and to a smaller extent ammonium and chloride aerosols [66, 67]. Also, the 

mAMS can determine the size of aerosols based on its particle time-of-flight capabilities 

[68]. Our more compact mAMS shares similar functionalities and compartments with a 
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full-size AMS which includes: 1) aerosol sampling inlet, 2) aerosol sizing chamber, 3) 

aerosol vaporization at high temperature and ionization, and 4) chemical analysis by mass 

spectrometry [69-74]. The aerosol sampling inlet contains a critical orifice in the lens 

system that focuses aerosols in a narrow beam allowing the pathway of the particles to be 

led through the aerosol sizing chamber to the vaporizer [75, 76]. The mAMS operates 

under two different sampling modes: 1) particle Time-of-Flight (pToF) sampling mode 

and 2) mass spectrum mode. These two modes are accomplished by a rotational chopper 

wheel that can chop the sample beam in pToF mode or open and close the beam in mass 

spectrum mode [68]. Once the aerosols are in the sizing chamber, the aerosols travel 

under vacuum and separate by size [22]. Therefore the particles that are the smallest 

reach the detector first as opposed to aerosols with larger sizes that get detected later 

during sampling runs. Aerosol species arrival times at the detector are converted to 

vacuum aerodynamic diameter using calibration curves obtained by sampling polystyrene 

latex sphere standards in the pToF mode. After traveling through the pToF chamber, 

aerosols are impacted onto a tungsten inverted cone at 600°C. Note that only non-

refractory components of aerosols are vaporized at this temperature, and refractory 

materials such as soot will not vaporize under at this temperature. Vapors are then 

ionized by electron impact at 70 eV and are analyzed by a compact time-of-flight mass 

spectrometer [72-74, 77-79], where ions are separated based on their mass-to-charge ratio 

(m/z). Mass concentrations of the specific non-refractory components are determined 

from the mass spectra and fragmentation table approach by Allan et al. (2004) [80].    
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2.6 Gas Phase Measurement Systems 

To measure gas phase species in our smog chamber oxidation experiments, we utilized a 

Hewlett Packard HP 5890 Series II Gas Chromatography coupled with flame ionization 

(GC-FID) detector to measure hydrocarbon concentration, UV photometric ozone 

analyzer (Thermo, Model 49i) and Thermo chemiluminescence NO-NO2-NOx analyzer 

(Thermo, Model 42i).  

 Our GC-FID is equipped with a DB-5 (0.25 mm i.d. x 30 m, 0.25 µm film 

thickness, (5% phenyl)) oven column. The inlet and detector temperatures were both set 

at 250 ̊C, while oven initial and ramping temperatures were determined during 

calibrations of each individual compound and set based on the elution time of the 

compound of interest. The basic operating principle of the GC-FID requires a hydrogen 

source flame (Whatman Hydrogen Generator) where gas phase hydrocarbon compounds 

combust in the flame to form ions that get detected [81]. In general, the signal produced 

from the detection of ions is proportional to the concentration of the gas phase species, 

therefore it is essential to calibrate and characterize the elution times of compound of 

interest before running an experiment. We used a ~ 30 L Teflon bag comprising of the 

gas phase hydrocarbon of interest of known concentrations (20, 50, 100, 200 ppbv) to 

determine the GC-FID signal for the corresponding concentration.  

UV photometric ozone analyzer (Thermo, Model 49i) operates on the principle 

that ozone absorbs at a wavelength of light at 254 nm. The system employs Beer-Lambert 

Law equation to measure ozone concentration described below in equation # 2.4: 

'

'(
� )%*+,         (2.4) 
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where K is the molecular absorption coefficient (308 cm-1, at 0 ̊C and 1 atm), L is the 

length of the cell (38 cm), C is the ozone concentration (ppm), I is the UV light intensity 

of sample with ozone and Io is the UV light intensity of the sample without the ozone 

(reference gas). The internal sampling system measures samples at two sampling cells, 

one cell with an ozone scrubber that measures the reference gas and the other cell that 

measures the sample gas containing ozone gas. 

    The Thermo chemiluminescence NO-NO2-NOx analyzer (Thermo, Model 42i) 

operates on a different principle. Nitric oxide (NO) and nitrogen dioxide (NO2) are 

measured through chemiluminescence detection. First, NO in sample air enters a silent 

discharge Ozonator that generates ozone for the reaction of NO and ozone described by 

the following chemiluminescent reaction: 

NO + O3 � NO2 + O2 + hv    (2.5) 

The production of excited NO2, O2, and hv are important for the luminescence production 

and its detection by photomultiplier tube for NO concentration in ppb. For NO2 

measurements, NO2 must first be converted to NO by a stainless steel NO2-to-NO 

converter heated to 625 ̊C, after which NO undergoes the same chemiluminescent 

reaction as described above. It is suspected that some of the other reactive nitrogen 

species (NOy) are also converted to NO in this system.  
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CHAPTER III 
 

Aerosol Optical Extinction during the Front Range Air Pollution and 
Photochemistry Éxperiment (FRAPPÉ) 2014 Summertime Field Campaign, 

Colorado U.S.A. 
 

 
Abstract 

 
Summertime aerosol optical extinction (βext) was measured in the Colorado Front Range 

and Denver Metropolitan Area as part of the Front Range Air Pollution and 

Photochemistry Experiment (FRAPPÉ) campaign during July-August 2014. An 

Aerodyne Cavity Attenuated Phase Shift particle light extinction monitor (CAPS-PMex) 

was deployed to measure βext (at an average relative humidity of 20 ±7%) of submicron 

aerosols at λ=632 nm at 1 Hz. Data from a suite of gas-phase instrumentation were used 

to interpret βext behavior under various categories of air masses and sources. Extinction 

enhancement ratios relative to CO (Δβext/ΔCO) were increased in aged urban air masses 

compared to fresh air masses by ~54%. The resulting increase in Δβext/ΔCO under highly 

aged air masses was accompanied by the formation of secondary organic aerosols (SOA). 

In addition, the impacts of aerosol composition on βext in air masses under the influence 

of urban, natural oil and gas operations (O&G), and agriculture and livestock operations 

were evaluated. Estimated non-refractory mass extinction efficiency (MEE) values for 

different air mass types ranged from 1.51-2.27 m2 g-1, with the minimum and maximum 

values observed in urban and agriculture air masses, respectively. The mass distribution 

of organic, nitrate and sulfate aerosols presented distinct profiles in different air mass 

types. During Aug. 11-12, regional influence of a biomass burning event was observed, 

increasing the background βext and estimated MEE values in the Front Range. 
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3.1 Introduction 
 
Aerosol optical extinction coefficient (βext) represents the attenuation of light due to 

aerosol absorption and scattering of solar radiation. For a population of aerosol particles, 

βext depends on aerosol size, composition, particle number concentration, shape and 

morphology [82]. Atmospheric aerosols have important implications on climate. They 

modify the Earth’s radiative energy budget directly through absorption and scattering of 

light, and indirectly through changing cloud characteristics (e.g., cloud droplet number 

concentration, cloud droplet size, cloud reflectivity, or lifetime) [9, 83, 84]. In addition, 

aerosols with diameters between 0.1 µm to 1 μm are the main contributors to visibility 

degradation in anthropogenically polluted areas and on regional scales due to their direct 

interactions with solar radiation [25, 52, 85]. For example, it has been observed that the 

important anthropogenic contributors to light scattering in the Colorado Rocky 

Mountains are particulate matter from the urban emissions [86]. The Denver 

Metropolitan area has also experienced seasonal air pollution and visibility degradation in 

the past. The wintertime pollution in Denver when trapped closer to the surface due to the 

low inversion layer causes a greyish-brown cloud referenced to as “Denver Brown 

Cloud.” The composition of the Denver Brown Cloud and contribution of different 

chemical species to the observed βext during the wintertime have been investigated in 

1970’s to late 1980’s [87-89]. These studies concluded that among all the measured 

aerosol species, elemental carbon, ammonium sulfate, and ammonium nitrate contributed 

the most (37.7%, 20.2%, and 17.2 %, respectively) to wintertime optical extinction in the 

visible range. Previous measurements of summertime particle composition in the 



 31

Colorado Front Range were conducted during the Northern Front Range Air Quality 

Study (NFRAQS) between July 17 to August 31, 1996, at several urban and rural sites. 

The major components of PM2.5 mass were identified to be carbonaceous and inorganic 

aerosols, with carbonaceous aerosols contributing to about 46% of the PM2.5 mass. The 

24-hour average measurements of PM2.5 organic carbon, nitrate, and sulfate particles 

were observed to be 4.2 µg m-3, 0.9-1.2 µg m-3, and 1.4-1.5 µg m-3, respectively [90]. In 

response to the wintertime haze episodes observed in the region, the State of Colorado 

has implemented a visibility standard based on total optical extinction of 76 Mm-1 at 550 

nm, averaged during a 4-hr period when ambient RH is less than 70% [91]. Total optical 

extinction measurements were provided by the Colorado Department of Public Health 

and Environment’s transmissometer installed in Downtown Denver. The average total 

extinction values of August 2001-2014, ranging from 40-80 Mm-1, reveal no significant 

trend in summertime extinction and visibility in the region since 2001.  

 The meteorological influence on air quality and visibility in the Front Range can 

also be important [e.g., 92]. Typically during the day, easterly upslope flow transports 

emissions from local sources westward while during the night, the flow reverses and 

downslope drainage flow through Platte River Valley sets in. Occasionally, a synoptic 

scale cyclone, called the Denver Cyclone, is established when drainage flow of air 

masses is prevented due to the propagation of a vortex that develops east of the Rocky 

Mountains, contributing to transport and mixing of air masses in a cyclonic flow pattern 

[93, 94].  
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With a twofold increase in natural resource extraction wells since 2005 to about 

24,000 active oil and natural gas (O&G) production wells in 2012, northeastern Colorado 

has experienced extensive fossil fuel production within the past decade [95, 96]. This 

includes increases in fossil fuel production from coal bed methane, tight sand and shale 

natural gas, shale oil, and the associated gases. The emissions from these processes have 

several environmental impacts such as greenhouse emissions of methane and emissions 

of non-methane hydrocarbons that impair air quality. Emissions from diesel trucks, 

drilling rigs, power generators, phase separators, dehydrators, storage tanks, compressors 

and pipes used in O&G operations also contribute to the regional burden of volatile 

organic compounds (VOCs), nitrogen oxides, and particulate matter (i.e., black carbon 

and primary organic carbon) [97]. One of the major air quality issues the Colorado Front 

Range faces is the exceedance of the 8-hour National Ambient Air Quality Standard 

(NAAQS) standard for ozone (75 ppbv) during the summertime. In 2007, the Denver 

metropolitan area and the northern parts of the Colorado Front Range were classified as 

nonattainment areas due to the summertime elevated levels of ozone 

(www.colorado.gov/cdphe/attainment). Summertime impacts of O&G emissions on the 

formation of secondary pollutants and visibility reduction in the Front Range have not 

been explored previously. In addition to local point and area sources in the Front Range, 

biomass burning emissions from wildfires in the region may also act as a source of 

aerosols, contributing to regional haze [98].        

During July-August 2014, airborne measurements were conducted over the 

Colorado Front Range as part of the Front Range Air Pollution and Photochemistry 
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Éxperiment (FRAPPÉ) to characterize the influence of sources, photochemical 

processing, and transport on atmospheric gaseous and aerosol pollutants in the area. This 

chapter will discuss the role of local aerosol sources in the Front Range and regional 

wildfires on aerosol optical extinction in the absence of the Denver Cyclone by 

investigating chemical and optical properties of aerosols in different air masses.  

3.2 Measurements 
 
3.2.1 FRAPPÉ Field Campaign 
 
In-situ measurements were conducted aboard the National Science Foundation/National 

Center for Atmospheric Research (NSF/NCAR) C-130 aircraft during July 20-August 18, 

2014. Flight tracks of the C-130, color coded with different trace gases, are presented in 

Figure 3.1 a-c. In the current analysis, airborne data were limited to those obtained only 

in the boundary layer of the Colorado Front Range (i.e., altitudes below 2500 m above 

sea level (ASL), east of the foothills and below 5500 m ASL with easterly winds over the 

foothills and the Continental Divide) to capture the influence of local sources such as 

power plants, O&G, agriculture, livestock, and urban emissions. Occasionally, when air 

masses with the mountain-valley circulation patterns were sampled, data from higher 

altitudes (< 4000 m ASL) over the Denver Metropolitan area were also considered. 
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Figure 3.1 C-130 flight tracks in the Colorado Front Range, color-coded with observed mixing ratios of (a) CO, (b) 
ethane, and (c) ammonia. The yellow arrow indicates the Denver metropolitan area. To the west of the Denver 
metropolitan area are the Rocky Mountain foothills depicted by the topographic color scheme. 
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3.2.2 Instrumentation and Methodology 
 
The NSF/NCAR C-130 aircraft carried an extensive collection of instruments for the 

characterization of the diverse atmospheric pollutants in the Colorado Front Range. The 

relevant instrumentations used in the current analysis are described below. (The data 

produced by these instruments are available at http://www-air.larc.nasa.gov/cgi-

bin/ArcView/discover-aq.co-2014?C130=1). 

The extinction coefficient (βext) at 632 nm was measured using a Cavity 

Attenuated Phase Shift particle light extinction monitor (CAPS-PMex) (Aerodyne 

Research Inc., Billerica, MA). CAPS-PMex principles of operation were discussed in 

chapter II of the dissertation. The estimated uncertainty in βext is 10%, while the 3-σ 

detection limit for 1-s data under particle free air for the conditions encountered during 

FRAPPE was ~1.5 Mm-1 [63, 64]. Measurements of the baseline were conducted through 

the system’s internal filter unit regularly, at 5-minute intervals. The filter period, which 

lasted for 1 minute, included 10 s of flush time, 40 s of filter sampling, followed by 

another 10 s of flush time. Although for the majority (72%) of the data, consecutive 

baseline values had shifted by less than 0.5 Mm-1, baseline values were interpolated for a 

more accurate estimation of optical extinction. CAPS-PMex data, obtained at 1 Hz, were 

averaged to aerosol mass spectrometer’s averaging time of 15 s. The measured βext 

includes the combined effects of scattering and absorption of light by aerosols at 632 nm; 

given relatively high single scattering albedo values of aerosols downwind of urban 

environments [99], βext is expected to be dominated by scattering coefficient. As 

discussed in Section 3.3.3 and 3.3.4, in urban- or biomass burning-influenced air masses, 
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the contribution of absorption by black carbon to βext could be more significant. It is 

worth mentioning that anthropogenic gases such as nitrogen dioxide have minimal effect 

on the measured βext at 632 nm since regular baseline corrections based on sampled 

filtered air were applied to the data. Given the average mixing ratio of NO2, the 

parameterization by Groblicki et al. (1981) for estimating NO2 absorption at 550 nm, and 

the factor of 10 smaller value of NO2 absorption cross section at 632 nm compared to 550 

nm [100], we estimated the average contribution of NO2 absorption at 632 nm to be ~0.1  

Mm-1, indicating a minor contribution to total extinction at 632 nm. 

The CAPS-PMex shared a common inlet with a compact Aerosol Mass 

Spectrometer (mAMS; Aerodyne Inc., Billerica, MA) coupled with a time-of-flight 

(TOFwerk, Thun, Switzerland) detector to measure particle mass distribution and non-

refractory submicron aerosol composition (NR-PM1) of organics, nitrate, sulfate, 

chloride, and ammonium. The mAMS inlet was characterized to have a 50% transmission 

of ~800 nm (physical diameter) particles. Aerosol concentrations from the mAMS were 

corrected for vaporizer bounce using composition-dependent collection efficiencies [70]. 

The estimated uncertainty for all aerosol species is ~30% [101]. Both instruments 

sampled particles through a secondary diffuser mounted inside an NCAR HIAPER 

modular inlet (HIMIL), mounted facing forward, under the C-130 aircraft. Given the total 

flow rate within the inlet and assuming particle density of 1500 kg/m3, the ambient 

temperature of 20 °C, and ambient pressure of 70 KPa, 2 µm particles were estimated to 

be transmitted by 50%, making the inlet nominally a PM2 inlet. Residence time in the 

inlet was estimated to be ~0.56 s. Ambient aerosol size distributions were measured on-
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board the C-130 by a Passive Cavity Aerosol Spectrometer Probe (PCASP). Estimated 

extinction values using Mie calculations with refractive index of 1.5 and the measured 

PCASP size distributions indicated that particles smaller than 800 nm captured >92% of 

PM2 extinction values, confirming that the majority of the extinction signal originated 

from aerosols in the size range of the mAMS. The refractive index of 1.5 is a nominal 

value. Only a 2% increase in calculated extinction was observed when the refractive 

index value was changed from 1.48 to 1.52 in Mie calculations.      

Based on the ambient relative humidity (RH) and temperature, the temperature 

within the CAPS-PMex extinction cell, and assuming that aerosols had equilibrated to the 

conditions within the measurement cell, the CAPS-PMex measurements during the flights 

discussed here represent extinction values at an average RH of 20 ± 7 % (range of 15-

30%). Additionally, βext values were normalized for standard temperature and pressure 

(273 K and 1 atm) conditions.  

The relationship between the primary emitted nitrogen oxides (NOx), and the 

higher oxidized species of nitrogen captures the transformation of NOx in the atmosphere 

upon aging [99, 102]. Thus, measurements of nitric oxide (NO), nitrogen dioxide (NO2), 

nitric acid (HNO3), particulate phase nitrate (NO3
-), alkyl nitrates (ANs), peroxy acetyl 

nitrate (PAN), and peroxy propionyl nitrate (PPN) were used to calculate the ratio of 

primary nitrogen oxides (NOx = NO + NO2) to NOy (NOy = NOx + HNO3 + NO3
- + ANs + 

PAN +PPN) in order to track the extent of photochemical aging in an air mass with non-

zero emissions of NOx [102, 103]. A ratio that yields a value close to one represents air 

masses that are relatively fresh, whereas a ratio closer to zero represents more aged air 
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masses. NO and NO2 were measured using the NCAR 2-channel chemiluminescence 

instrument [104]. A chemical ionization mass spectrometer (CIMS) coupled with a 

quadrupole detector was operated to measure HNO3, using SF5 
– as the reagent ion [105, 

106]. ANs were measured using thermal dissociation-laser induced fluorescence (TD-

LIF) [107, 108]. PAN and PPN species were measured using the NCAR PAN-CIGAR 

CIMS [109, 110], with I- as the reagent ion.     

The impacts of different pollution sources on sampled air masses were 

characterized by considering several auxiliary gas-phase tracers. Carbon monoxide, the 

tracer for combustion emissions, was measured by vacuum ultraviolet-fluorescence with 

the estimated uncertainty of 3% [111]. Ethane (C2H6), used to identify the influence of 

O&G emissions, was measured using the Compact Atmospheric Multi-species 

Spectrometer (CAMS), employing infrared spectrometry [112]. The Aerodyne dual 

quantum cascade trace gas monitor for ammonia (NH3) equipped with a mid-infrared 

absorption spectrometer was used to identify emissions of agriculture and livestock 

operations [113]. The influence of biomass burning was identified using the 

measurements of hydrogen cyanide from the NCAR Trace Organic Gas Analyzer 

(TOGA), a fast gas chromatography coupled with a quadrupole mass spectrometer (GC-

MS) set to selected ion monitoring mode for quantification [114] and acetonitrile by 

proton-transfer reaction mass spectrometry (PTR-MS), a high sensitivity instrument with 

fast time response that employs a quadrupole mass spectrometer to measure volatile 

organic compounds [115, 116]. A Passive Cavity Aerosol Spectrometer Probe (PCASP) 
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was available as the only instrument to measure ambient aerosol size distributions in the 

size range of 0.1-3 µm [117].  

3.3 Results and Discussion 
 

3.3.1 Urban Aerosol Optical Extinction Characterization under Different 
Photochemical Aging Regimes 
 
NOx/NOy ratios were observed to be highest over the city representing freshly emitted 

plumes from vehicular traffic (Figure 3.2). Away from the city center, NOx/NOy values 

decrease, representing the relative evolution of fresh air masses containing NOx.  

 

 
Figure 3.2 C-130 flight tracks in the Colorado Front Range, color-coded by the observed NOx: NOy ratio to examine 
the photochemical processing of the pollutants in the area during all flights excluding the days when the Denver 
Cyclone and biomass burning were experienced. The arrow indicates the Denver metropolitan area. To the west of the 
Denver metropolitan area are the Rocky Mountain foothills depicted by the topographic color scheme. 
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Figure 3.3 shows the scatter plot of βext vs. CO, color-coded with the NOx/NOy ratio, on 

August 2-3, 7-8, 15-16, 18 (i.e., excluding days with the influences of the Denver 

Cyclone and biomass burning events). Measurements here focused on air masses 

impacted by urban sources only, as defined by enhancement of CO over the background 

(105 ppbv, as defined by the mode in the frequency distribution of CO in the Front Range 

boundary layer) while ∆C2H6/∆CO < 20 pptv ppbv-1 [118, 119]. The extinction 

enhancement ratios Δβext/ΔCO under two aging regimes, categorized by NOx/NOy ratio 

values, were analyzed by weighted linear orthogonal distance regression (ODR) fits, with 

the slopes representing the enhancement ratios. In obtaining these fits, weights 

represented the standard deviations equal to the uncertainties in CO (3%) and βext (10%). 

Uncertainties in the slope values of ODR fits throughout the manuscript represent the 

estimated propagated uncertainties, in this case, the square-root of the quadratic sum of 

the relative uncertainties in the ODR fit (1-σ), CO mixing ratio, and βext. NOx/NOy values 

of <0.5, and > 0.5 represent relatively aged and fresh NOx-containing air masses, 

respectively. Different trends in Δβext/ΔCO were seen under the two aging regimes, with 

a lower value of 0.13 ± 0.014 Mm-1 ppbv-1 observed in the fresh air masses. On the other 

hand, the relatively aged air masses showed a higher Δβext/ΔCO value of 0.20 ± 0.025 

Mm-1 ppbv-1, indicating about a 54% increase in the extinction enhancement ratio due to 

photochemical aging. The correlation coefficient r values were 0.92 and 0.85 for 

relatively fresh and aged air masses, respectively. The most dominant component of the 

non-refractory aerosols in urban plumes was OA, with a 74 % contribution to NR-PM1 

mass. This high OA contribution combined with the observed significant increase in the 
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enhancement ratio of OA to CO with aging (from 0.021 ± 0.009 µg m-3 ppbv-1 to 0.11 ± 

0.01 µg m-3 ppbv-1) suggest that the bulk of the aged urban aerosol mass during the 

daytime in the Front Range was SOA. Since ΔNO3
-/ΔCO and ΔSO4

2-/ΔCO enhancement 

ratios did not increase with photochemical aging and demonstrated poor overall 

correlation coefficients (r <0.35 for ΔNO3
-/ΔCO and r <0.29 for ΔSO4

2-/ΔCO), the 

increase in the enhancement ratio of aerosol optical extinction coefficient with CO was 

likely also driven by SOA formation. 

 

 
Figure 3.3 Orthogonal distance linear regression fits to extinction (Mm-1) vs. CO (ppbv) under fresh (blue fit line) and 
aged air masses (red fit line). 
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3.3.2 Impacts of Source and Aerosol Composition on Aerosol Optical Extinction 
 
Analysis of the average composition of NR-PM1 in the Northern Front Range, in the 

absence of the Denver Cyclone, revealed significantly higher concentrations of organic 

aerosols relative to inorganic anions in the urban- and urban + O&G-influenced air 

masses, with a fractional contribution of ~74% (Figure 3.4). On average, similar 

concentrations of non-refractory aerosol sulfate and chloride were observed in the 

different air masses while the concentration of nitrate aerosols increased by a factor of 

~2-3 in agriculturally-influenced air masses compared to the other air mass types except 

urban+O&G air masses.   

 

 
Figure 3.4 Average chemical composition (µg m-3) of non-refractory aerosols under different air mass source. 

 
Aerosol optical extinction values under the influence of different sources were 

further analyzed using auxiliary gas-phase data. As mentioned in Section 3.1.1, urban 

emissions were classified by enhancement of CO over the background (105 ppbv, as 

defined by the mode in the frequency distribution of CO in the Front Range boundary 
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layer) while ∆C2H6/∆CO < 20 pptv ppbv-1. O&G and agricultural emissions were 

classified using enhancements of C2H6 over 2500 pptv, and that of ammonia over 5 ppbv, 

respectively, when all other tracers were at background level. A fourth air mass 

classification used in this analysis, urban + O&G, was based on air masses where both 

urban and O&G classifications were satisfied. The background mixing ratios for each gas 

tracer were determined by the mode of the frequency distribution of the tracer’s mixing 

ratio observed in each flight. The impacts of sources and aerosol composition on 

extinction were explored by considering the correlation coefficients of linear least-

squared regression fits to the scatter plots of aerosol extinction vs. the mass concentration 

of the three dominant aerosol species (OA, nitrate aerosols, and sulfate aerosols) in 

urban-, O&G-, urban + O&G, and agricultural-influenced air masses.   

Figure 3.5 shows the correlation coefficient (r) values of extinction vs. aerosol 

species mass concentration, in different air mass types as characterized above. The scatter 

plots of βext vs. OA under urban, O&G, and urban + O&G air masses presented 

correlation coefficients of r = 0.46, 0.72, 0.46, respectively. This observation suggests 

that O&G emissions are important for organic aerosol contribution to βext. On the other 

hand, in urban plumes, the correlation between βext and OA was lower than in O&G 

plumes while demonstrated in Figure 3.3, βext and CO were strongly correlated under 

both fresh and aged air masses. These observations suggest that species other than OA, 

e.g., black carbon, that are co-emitted with CO are also important in driving βext in urban-

influenced air masses. The correlation between βext vs. OA was weakest in plumes with 

agricultural emissions (r = 0.085), suggesting OA had little impact on βext in these 
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plumes. The correlation coefficients for βext vs. aerosol nitrate mass were strongest under 

the influence of O&G, urban+ O&G, and agriculture and livestock emissions (r = 0.75, 

0.75 and 0.90 respectively), and weakest in the urban plumes (r = 0.18). Aerosol nitrate 

formation depends on ambient conditions (temperature and relative humidity), relative 

mixing ratios of nitric acid and ammonia, as well as aerosol composition and pH [9, 120]. 

With uniform concentrations of sulfate aerosol and a small contribution of chloride and 

dust components to the Front Range fine aerosol mass, variability in aerosol pH was not 

expected to be high. Furthermore, there was no specific trend in temperature or relative 

humidity in different plume types. On the other hand, mixing ratios of ammonia were 

observed to be variable in the different air masses, with average values of 1.41 ± 1.2 

ppbv, 2.75 ± 1.88 ppbv, 8.21 ± 2.06 ppbv, and 5.47 ± 1.81 ppbv in urban, O&G, 

agriculture, and urban+O&G plumes, respectively. These observations suggest that 

ammonia emissions that are co-located with O&G-related activities in the Front Range 

play a significant role in controlling βext in these air masses by enhancing the partitioning 

of nitric acid to the condensed phase. In fact, the average aerosol inorganic nitrate 

fraction over total inorganic nitrate (aerosol nitrate/ [HNO3 + aerosol nitrate]) under 

agriculture and O&G plumes were 0.25 ± 0.09 and 0.11 ± 0.10, respectively, compared to 

0.070 ± 0.071 in urban-influenced plumes. βext was poorly correlated with sulfate aerosols 

in the region under the influence from all sources (r = 0.30, 0.37, 0.07, 0.23 for urban, 

O&G, agriculture, and urban+O&G respectively), suggesting a low impact of sulfate 

aerosol and its precursors on βext in the region.  
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Figure 3.5 Correlations coefficients of βext vs. aerosol composition under urban, O&G, agriculture, urban + O&G 
emissions. 

 
Due to the higher hygroscopicity of inorganic salts compared to organics, the 

contribution of sulfate and nitrate aerosols to the ambient βext could be higher than what 

is discussed above. However, under the average ambient conditions encountered during 

FRAPPÉ (average RH ~44 ±17 %), the increase in ambient βext due to aerosol 

hygroscopicity is not expected to be significant (~20%) given the high organic fraction of 

64-74% in urban-, O&G-, or urban + O&G-influenced plumes [121]. In agriculturally-

influenced plumes, the influence of nitrate aerosol on ambient βext will be more 

significant because of the lower organic fraction and higher nitrate mass in these plumes, 

re-emphasizing the impacts of nitrate aerosol on βext under such emissions. 
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3.3.3 Mass Extinction Efficiency 
 
Mass extinction efficiency (MEE) is a function of the diameter of the particle, 

wavelength of attenuated light, and aerosol refractive index [9]. To further assess, the 

impacts of aerosol sources on βext, MEE values, i.e., the ratio of the observed βext to NR-

PM1 mass, in different air masses were estimated. For this analysis, MEE values were 

determined as the slope of the weighted linear ODR fits of βext against NR-PM1 mass, 

with weights representing standard deviations equal to the uncertainties in βext (10%) and 

NR-PM1 mass (30%). As indicated in Figure 3.6, MEE values under the urban, O&G, 

agriculture, and urban + O&G influence were ~ 1.51 ± 0.49 m2 g-1 (r=0.40), 1.62 ± 0.51 

m2 g-1 (r=0.79), 2.27 ± 0.83 m2 g-1 (r=0.83), and 2.14 ± 0.68 m2 g-1 (r=0.73), , 

respectively. The highest average MEE value was observed in agricultural plumes 

although considering the uncertainties in the fitted slopes; the MEE values were not 

significantly different. The overall MEE value in the Front Range, i.e., MEE observed for 

aerosols in all air mass types but in the absence of biomass burning, was 2.24 ± 0.71 m2 

g-1 (r= 0.80). Based on the values of the intercepts of the ODR fits in Figure 3.6, it 

appears that at background levels of NR-PM1 mass, there was a background extinction 

value of ~2 Mm-1 in all, except agricultural plumes. This observation could be explained 

by optical extinction due to the presence of refractory aerosol species, such as black 

carbon or dust, which are not accounted for in NR-PM1 mass. High degree of correlation 

between βext and CO (Figure 3.3) in urban plumes and low average concentrations of 

some of the dust components (e.g., calcium and magnesium) throughout the region 

support the non-negligible contribution of BC to βext in the Front Range. 
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Figure 3.6 Mass extinction efficiencies (MEE) under (a) urban, (b) O&G, (c) agriculture, and (d) urban+O&G 
influence. 

 
As seen in Figure 3.7, different aerosol mass distributions were observed under 

different air mass types. For the mass distribution analysis, dva (vacuum aerodynamic 

diameter) was converted to dp (physical diameter) by dividing dva by the overall mass-

weighted effective density (ρ), assuming ρ=1.25 g cm-3 for OA, ρ =1.75 g cm-3 for 

ammonium sulfate and ammonium nitrate, and assuming that particles sampled by the 

mAMS were internally mixed [9, 122].  
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Figure 3.7 Aerosol mass distributions for OA (green), nitrate (blue), and sulfate aerosols under (a) urban, (b) O&G, (c) 
agriculture and (d-e) urban+O&G air masses. 

 
For typical urban air masses, mass distributions were dominated by organic 

aerosols in the size range of dp=150-500 nm (Figure 3.7a). This is consistent with 

previous observations for urban aerosol volume distributions with modes at the size range 

of dp ~ 200-500 nm [9]. Under O&G air masses (Figure 3.7b), individual mass 

distributions were broader, with modes for all species shifted to larger sizes (dp ~ 200-

550 nm). In agriculturally-influenced air masses, nitrate aerosols presented a significant 

mode in the size range of dp ~ 250-400 nm, while OA species were concentrated on 
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smaller sizes (dp ~ 100-200 nm; Figure 3.7c). The mass distributions in urban + O&G 

plumes were variable. Occasionally, the distribution was dominated by OA in the smaller 

size range (~ 90-110 nm), but it also included contributions from sulfates and nitrates in 

the larger size (~ 225-275 nm and ~ 430-550 nm) (Figure 3.7d), while other times the 

mass distribution had significantly higher contribution from OA in the size range of ~ 

225-350 nm, showing a clear shift and OA growth to larger sizes (Figure 3.7e).  

Next, we examine the similarity of MEE values observed in the Colorado Front 

Range to previous measurements. MEE is the sum of the mass absorption and scattering 

efficiencies (MAE and MSE respectively), which both depend on particle size, refractive 

index, and wavelength of light [9]. Keeping in mind that in the presence of absorbing 

species, MEE is higher than mass scattering efficiency (MSE), in the absence of 

estimates of MEE in other regions, we present estimates of MSE from previous studies 

for comparison with the current MEE estimates in the Front Range. PM2.5 scattering 

efficiencies at 550 nm in several ground-based studies in urban commercial/ residential 

sites have typically been measured to be in the range of 2-3 m2 g-1 in [123, 124]. In such 

studies, the main aerosol sources contributing to the observed PM1 MSE were the 

automotive emissions and combustion processes. Although the contribution of elemental 

or black carbon to PM1 mass during FRAPPE is unknown, similar to these previous 

studies, OA contributed the most to the NR-PM1 mass in the Front Range and in 

comparison, the observed average MEE value (2.24 ± 0.71 m2 g-1) is consistent with the 

previous estimates of MSE.  
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3.3.4 Impacts of Biomass Burning (BB) Emissions on Optical Extinction 
 
During August 11 and 12, several wildfires were observed at Rocky Mountain National 

Park, near Tonahutu Creek Trail, 97 km NW of Denver and Grand Mesa, Uncompahgre 

and Gunnison National Forest. BB gas-phase markers, namely hydrogen cyanide (HCN) 

and acetonitrile (CH3CN) from TOGA and PTR-MS airborne data, respectively, were 

elevated in the boundary layer throughout the flights on Aug. 11-12 compared to non-

biomass burning days (July 26, 29, 31 and August 2-3, 7-8, 15-16, 18). For example, 

during the BB days, HCN (CH3CN) mean mixing ratio in the boundary layer was 516 ± 

58 pptv (201 ± 44 pptv) whereas the boundary layer mean mixing ratio on non-BB days 

was 327 ± 59 pptv (148 ± 38 pptv). Since elevated levels of HCN and CH3CN were not 

observed in individual plumes but rather throughout the boundary layer on Aug. 11-12, a 

regional influence of biomass burning emissions was suspected to be present in the Front 

Range during this time. Ground-based measurements of PM2.5 from Denver-La Casa 

(39.78 N, -105.01W), Denver-CAMP (39.75 N, -104.99 W), and Denver-I25 (39.73 N, -

105.02 W) sites were analyzed to assess the regional impact of wildfire emissions in the 

Front Range to PM2.5 during the BB and non-BB days. The time series of PM2.5 mass 

concentrations at the sites described above, during days preceding and following the 

wildfires show increases in mass concentration for PM2.5 during the days of BB (Figure 

3.8).  
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Figure 23.8 Time series for PM2.5 at (a) La Casa, (b) CAMP, and (c) I-25 ground sites located in the Front Range 
during July 26 - August 18. Markers highlight the periods corresponding to the C-130 flights. 
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In addition, an increase in CO background by ~ 20 ppbv in BB days was observed 
(Figure 3.9).  
 

 
Figure 3.9 Frequency histogram of CO in the Front Range during non-BB (red) and BB (black) days. 

 
The mean PM2.5 mass concentrations during the times of 9 am to 7 pm local time at 

Denver, La Casa, Denver-CAMP, and Denver-I25 during non-BB days were 5.61 ± 2.02, 

6.01 ± 3.52, and 7.28± 2.91µg m-3, while mean mass concentrations increased to 9.47 ± 

2.05, 11.51 ± 3.04, and 14.08 ± 4.68 µg m-3, respectively, during the BB days. As seen in 

Figure 3.10, the average daytime PM2.5 mass concentration on BB days increased by 75-

98% compared to the non-BB days confirming the regional influence of wildfires on the 

Front Range aerosol loadings.  
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Figure 3.10  Daily (9 am - 7 pm local time) average PM2.5 mass concentration for 3 monitoring sites for (a) non-
biomass burning days of July 26, 29, 31 and August 02, 03, 07, 08, 15, 16, 18 and (b) biomass burning days of August 
11 and 12. The whisker top, whisker bottom, box top and box bottom represents the 90th, 10th, 75th, and 25th 
percentiles, respectively. 

 
In addition to scattering of light by smoke particles, BB emissions of black carbon 

(BC) and brown carbon (BrC) can lead to significant absorption of the solar radiation in 

the visible and UV region; at 632 nm absorption by BrC is minimal [125, 126]. MEE 

values were analyzed for days with and without the BB influence, using weighted linear 

ODR fit analysis, as explained previously. As seen in Figure 3.11, average MEE on Aug. 

11-12 was ~ 63% greater compared to days without the influence of BB (3.65 ± 1.16 m2 

g-1 vs. 2.24 ± 0.71 m2 g-1). Additionally, during Aug. 11-12, the background value of 

airborne βext was higher at 4.00 ± 0.71 Mm-1 compared to 0.25 ± 0.11 Mm-1 on days 

without the BB influence, suggesting the additional contribution to βext from the wildfires. 

Although the AMS does not detect refractory materials such as BC due to the relatively 
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low temperature of its vaporizer (600 °C), it is likely that on Aug. 11-12, BC emissions 

from the fires had resulted in elevated extinction values on a regional scale, resulting in 

higher MEE. The observed increase in MEE on Aug. 11-12 suggest that regional BB 

emissions have at least a comparable impact on aerosol optical extinction and visibility in 

the Front Range relative to the local sources. 

 

 
Figure 3.11 Orthogonal distance linear regression fits to (a) extinction (Mm-1) vs. total NR-PM1 mass (µg m-3) and (b) 
extinction (Mm-1) vs. CO (ppbv). Data points are color coded with the average HCN mixing ratio for non-biomass 
burning and biomass burning days. 

 
3.4 Conclusions 
 
Airborne aerosol optical extinction (632 nm) and submicron non-refractory aerosol 

composition were measured during the summer in the Colorado Front Range to 

understand sources and processes that impact summertime visibility in the area. In 
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assessing the role of atmospheric processing on βext, Δβext/ΔCO enhancement ratio 

increased under aged urban air masses by ~54%. The increase in Δβext/ΔCO in the aged 

air masses was accompanied by a factor of ~5 increase in ∆OA/∆CO, indicating that 

secondary formation of organic aerosols had significant impacts on the evolution of urban 

βext in the Front Range. Correlation between βext vs. organic, nitrate, and sulfate aerosol 

mass under urban, O&G, agriculture, and urban + O&G mixed source influence were 

analyzed by linear regression fits. βext best correlated with organic aerosols under the 

O&G emissions and best correlated with nitrate aerosols under the O&G and agriculture 

influences. Correlation with sulfate was poor under all air mass types. Estimated average 

non-refractory mass extinction efficiency values for different air mass types ranged from 

1.51 ± 0.49 m2 g-1 to  2.27 ± 0.83 m2 g-1, with the minimum and maximum average 

values observed in urban and agriculture air masses, respectively. Finally, aerosol 

components emitted from wildfires during the days of August 11 and 12 increased βext 

background values by a factor of ~ 4, resulting in higher average MEE values by about 

63% compared to non-biomass burning days. Thus indicating that summertime visibility 

in the Front Range may equally be impacted by regional wildfires in addition to local 

sources. 
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CHAPTER IV 
 

Single Scattering Albedo, Complex Refractive Index, and Mass Absorption Coefficient 
of Secondary Organic Aerosols Generated from Oxidation of Biogenic and 

Anthropogenic Precursors 
 

Abstract 
 

The refractive index values of biogenic and anthropogenic secondary organic aerosols are 

investigated in this study. Gas phase precursors such as longifolene, α-pinene, 1-

methylnaphthalene, phenol, and toluene underwent oxidation processes under different 

initial hydrocarbon concentration, hydroxyl radical sources, and HC/NOx ratios. The real 

and imaginary part (n and k respectively) of the refractive index were determined by Mie 

Theory calculations through iterative processes of changing n and k at 375 nm and 632 

nm. Also, single scattering albedo (SSA) and mass absorption coefficient (MAC) at 375 

nm were calculated. SSA of biogenic SOA was determined to be ~ 0.99, reflecting purely 

scattering aerosols regardless of the NOx regime. However, lower SSA values of 0.93-

0.95 and 0.85-0.90 for 1-methylnaphthalene SOA under intermediate and high NOx 

conditions, respectively, were observed, reflecting the absorbing effects of chromophoric 

structured compounds and NOx chemistry for this system. In studies with mixtures of 

longifolene and phenol or longifolene and toluene SOA under high NOx conditions, SSA 

of the mixture SOA was ~2-5% lower than that of pure longifolene SOA. The imaginary 

components of the refractive index of the aromatic component of the mixture were 

significantly higher (kphe=0.05- 0.2, ktol=0.01-0.036) than that of 1-methylnaphthalene 

SOA (k=0.017-0.021).      
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4.1 Introduction 
 
The Intergovernmental Panel on Climate Change [56] indicates that the most significant 

uncertainty in the total estimated anthropogenic radiative forcing is due to the 

uncertainties in aerosol direct and indirect interactions with solar radiation. Aerosol direct 

radiative forcing refers to aerosol-radiation interaction, while aerosol indirect radiative 

forcing refers to aerosol-cloud interactions. In the most recent IPCC report [56], the 

average global climate forcing for direct and indirect aerosol effects are estimated to be -

0.35 Wm-2 (-0.85 to +0.15 Wm-2) and -0.45 (-1.2 to 0.0) Wm-2, respectively. Most of the 

uncertainties in radiative and climate forcing stem from absorbing aerosols. The negative 

values associated with the cooling effects of aerosols are comparable in magnitude to the 

warming by greenhouse gases such as methane, nitrous oxide, halocarbons and water 

vapor. More notably, the net cooling direct effect of aerosols is comparable in magnitude 

to the warming by methane, known to be the second most important greenhouse gas 

behind carbon dioxide. Sub-micron aerosols in the atmosphere are mainly comprised of 

organic aerosols (OA). It is estimated that 70-90 % of OA is secondary organic aerosols 

(SOA) [32]. SOA is produced from chemical reactions of volatile and semi-volatile 

organic species in the atmosphere, leading to compounds with a lower vapor pressure that 

tends to partition to the particle phase [24, 32]. Prevalence of oxygenated organic aerosol, 

representing SOA, has been observed in urban centers, downwind of urban sites, and 

remote locations [14]. Optically, OA are efficient in scattering light in the visible range, 

thus contributing to negative direct radiative effects. In more recent studies, however, 

brown carbon (BrC), which is emitted directly from biomass burning or formed as SOA, 
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is recognized to play an important role in climate forcing. BrC has the ability to absorb 

light in the near ultraviolet to ultraviolet region, promoting positive, direct radiative 

forcing effects [37-39, 127]. Laskin et al. (2015) describe BrC as “colored” organic 

compounds consisting of polycyclic aromatic hydrocarbon structures, with double bonds 

and rings, and humic-like substances branched with nitrated and oxidized functional 

groups. In contrast, black carbon (BC), constructed molecularly by graphene layers, 

emitted through combustion processes and biomass burning, can absorb light in a broader 

range, from the ultraviolet to the infrared region [35, 128]. An important parameter that 

characterizes scattering and absorption of light by aerosols is the complex refractive 

index (RI) of aerosols which is a function of aerosol composition. The complex RI 

(m=n+ik) is described by the real (n) and the imaginary (k) components that represent 

scattering and absorption by aerosols, respectively. Several methods have been used to 

measure aerosol scattering and absorption in the laboratory and ambient measurements 

studies to determine the values of complex RI. In such studies, SOA’s n and k values of 

RI have ranged from 1.3 to 1.6 and 0.000 to 0.2, respectively [62, 129]. The highest 

observed k values were in biomass burning events with the inclusion of BC, but for 

burning events in the ambient, k of OA (excluding BC) can reach up to 0.112 at 400 nm 

[62, 129, 130]. These RI values depend on chemical precursors, oxidation scheme, 

temperature, relative humidity and the radiation wavelength of the optical measurements 

[131-135]. Along with radiation wavelength and aerosol size, n and k components of RI 

are important variables in determining scattering and absorption efficiencies (Qscat and 

Qabs, respectively) of aerosols when applying Mie theory to calculate scattering and 
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absorption coefficients (βscat and βabs) [82]. Single scattering albedo (SSA), defined as the 

ratio of light scattering to total light extinction (βscat + βabs) in Equation 4.1, is an 

important property to consider for climate forcing calculations [99, 136]. 

 

--. �
/0123

/01234/250
  (4.1) 

In climate models, SSA is one of the aerosol optical parameters used to calculate the 

instantaneous, top of the atmosphere radiative forcing efficiency and to determine the 

absolute radiative forcing per unit aerosol optical depth [53, 137]. Several techniques 

have been used to determine SSA of ambient aerosols in different locations and at one or 

multiple wavelengths. For example, radiative transfer retrieval approaches to estimate 

SSA in the savanna plains of Africa showed SSA values of ~ 0.78-0.88 (λ= 440-1020 

nm), indicative of biomass burning emissions containing more aerosols with absorbing 

properties. In Mexico City, a highly populated and urbanized location with vehicular 

emissions as the primary source of pollution, SSA values were estimated to be ~0.83-0.9. 

In contrast at Cape Verde, a remote island with influences of desert dust and sea salt 

aerosols, SSA values were estimated to be 0.93-0.99  (λ= 440-1020 nm) [12, 138]. In 

locations with influences of absorbing aerosols, it is typical that the main absorbing 

component is primarily BC emitted through biomass burning or incomplete combustion 

of diesel fuel. However, influences from brown carbon (BrC) aerosols may also lead to a 

lower SSA [62, 127, 139].  

In this present study, we aim to characterize RI of SOA formed from oxidation of 

different biogenic and anthropogenic hydrocarbons exposed to various NOx conditions to 
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understand direct impacts of SOA on climate through examining their respective 

retrieved RI values. Exposures to different hydroxyl radical sources were accompanied 

by different levels of hydrocarbon to nitrogen oxide (NOx) concentrations. We 

determined the complex RI values using Mie theory calculations and iterative 

minimization of the least-squares deviation function (χ2) using a range of n and k values. 

Additionally, single scattering albedo (SSA) at λ=375 nm was determined to assess and 

quantify the fraction of light that is scattered or absorbed by SOA. Finally, we calculated 

the mass absorption coefficient (MAC) of SOA from two anthropogenic precursors (1-

methylnaphthalene and phenol) with absorbing SOA characteristics. Since only a few 

global climate models focus on the radiative forcing by absorbing SOA [140], we aim to 

assist improving model predictions of direct climate effects of anthropogenic and 

biogenic SOA by constraining their optical properties.   

4.2 Chamber Setup and Instrumentation 
 
The anthropogenic and biogenic hydrocarbons used in this study were 1-

methylnaphthalene (Sigma-Aldrich, 95%), phenol (Acros Organics, 99%), toluene 

(OmniSolv 99.99%), longifolene (MP Biomedicals), and α-pinene (Sigma-Aldrich, ≥ 

99%). All experiments were conducted in a 2 m3 PFA Teflon chamber bag, enclosed by a 

metallic frame, irradiated by 16 Sylvannia black lights under relative humidity ranging 

from 20-30 % (Vaisala, HMP60 Series relative humidity and temperature probe) at 

temperatures between 22-25 °C. Below in Figure 4.1 is a schematic and chamber set-up. 
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Figure 4.1 Smog chamber set-up. 

 
The experiments used the photolysis of hydrogen peroxide (H2O2, Sigma-Aldrich, 

50 % wt. in water) or nitrous acid (HONO) as the hydroxyl radical source (OH) for low 

and high NOx conditions, respectively. For intermediate NOx experiments, ~ 75 µl of 

H2O2 was evaporated into the chamber by flowing zero air over the liquid in a glass bulb. 

For high NOx conditions, HONO was produced by dropwise addition of 150 µl sulfuric 

acid (Fluka Analytical, 13 mM) in a bulb containing ~0.67 ml sodium nitrite (Fluka 

Analytical, 1 M) using a syringe pump. The vapors containing HONO were transferred to 

the bag by flowing zero air over the solution. In experiments with HONO as the OH 

source, additional NO (PRAXAIR, 484 ppm) was also injected into the chamber to 

achieve initial NO mixing ratios of ~500 ppbv in the chamber. To determine the OH 
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concentrations in the experiments, the H2O2 or HONO+NO injections were followed by 

injection of octane (Sigma-Aldrich, 99%) and hexafluorobenzene (Sigma-Aldrich, 99%) 

as a tracer of the dilution rate in the chamber. Hydrocarbon injection was achieved by 

flowing zero air over a specific volume of hydrocarbon liquid sample in a glass bulb. Gas 

phase concentrations of the hydrocarbon were measured with Hewlett Packard 5890 

Series II Gas Chromatography coupled with a Flame Ionizing Detector (GC-FID) and 

DB-5 (0.25 mm I.D. x 30 m, 0.25 µm film thickness, (5% phenyl)) column. The response 

of the GC-FID to each hydrocarbon was calibrated by injecting known amounts of the 

hydrocarbon into a small Teflon bag.  

Once hydrocarbon gas phase concentrations were stable, black lights were turned 

on, and the decay of octane and C6F6 was monitored for 3-4 hours. Considering the OH 

reaction rate constant of octane and its dilution corrected concentrations, average OH 

concentrations of the H2O2 (intermediate NOx) and HONO (high NOx) experiments were 

characterized as 6.32 ×106 molecules cm-3 and 3.6 ×107 molecules cm-3, respectively.  

In experiments to form SOA, after injection of the OH source, the hydrocarbon of 

interest and C6F6 were injected, and the GC-FID monitored their concentrations.  

Irradiation was initiated once the gas phase concentrations were stable. SOA from 

longifolene, α-pinene, and 1-methylnaphthalene systems were generated by nucleation; 

however, oxidation of phenol and toluene did not result in any aerosol nucleation. To 

facilitate gas to particle partitioning of vapors in these systems, low concentrations of 

longifolene (~40-50 ppbv) were first injected and oxidized to provide organic aerosols as 

seed particles, with typical particle number count of  ~103 cm-3 and mode of ~10-15 nm at 
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the time of phenol or toluene injection. For all intermediate NOx systems, high and low 

concentrations of the hydrocarbon of interest were oxidized with H2O2 as the OH source, 

while only high concentrations of hydrocarbons were oxidized in the presence of HONO. 

To further explore the role of NOx concentrations on 1-methylnaphthalene SOA optical 

characteristics, high hydrocarbon concentration oxidation experiments with H2O2 were 

following by addition of ~500 ppbv NO after the peak in SOA mass concentration was 

reached (Experiments I and II). Table 1 summarizes details of the experimental 

conditions used in this analysis. 
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Table 4.1 Initial conditions for oxidation experiments. Plot reference numbers correspond to plot markers in subsequent 
figures. 

Various aerosol instrumentations sampled air from the chamber through a 30 cm 

long diffusion sampler, filled with silica gel (Sigma-Aldrich) and Purafil (Thermo 

Scientific) to dry the samples and remove NOx. Optical properties of particles were 

measured by Photoacoustic Extinctiometer (PAX, Droplet Measurement Technology) 

[141] and Cavity Attenuated Phase Shift Spectrometer (CAPS-PMex, Aerodyne) [63, 64]. 

PAX operated at a single wavelength of 375 nm, measuring scattering coefficient (βscat) 

by a reciprocal nephelometer and absorption coefficient (βabs) by photoacoustic 

measurements, at 1-Hz, with a 3-minute detection limit of 1.11 Mm-1 and 0.95 Mm-1, 
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respectively. The detection limit is defined as the 3×standard deviation of the 

measurement when sampling filtered air. Considering the estimated errors from the 

calibration factor (± 2%) and truncation angle of the PAX instrument (± 4%) [141], we 

estimated the total scattering measurement error to be ± 4.5 %. The total estimated error 

for the absorption measurements has been reported to be ~ ± 6% [141].  

CAPS-PMex utilizes high reflectivity mirrors at two ends of a long near confocal 

cavity, measuring extinction coefficient (βext) at 632 nm, at 1-Hz with a 3-minute (3σ) 

detection limit of 0.22 Mm-1. Total mass and composition of the SOA formed from 

oxidation reactions were measured using an aerosol mass spectrometer (mAMS) coupled 

with a compact time-of-flight mass spectrometer [66, 67]. A Scanning Electrical Mobility 

Spectrometer (SEMS, Brechtel Manufacturing Inc.) was utilized to measure aerosol 

number size distributions [142-144]. Sizing accuracy of the SEMS was determined to be 

~ ±2 % by comparing the measured mode of size distributions with that of 90 nm, 150 

nm, 300 nm, 500 nm, and 700 nm polystyrene latex spheres (Polysciences, Inc.). 

Counting accuracy of the SEMS is expected to be better than ~ ±10 %. During the 

experiments, SEMS voltage was scanned in 140s intervals to provide size distributions in 

the range of 10 -800 nm. A UV photometric ozone analyzer (Thermo, Model 49i) and 

Thermo chemiluminescence NO-NO2-NOx analyzer (Thermo, Model 42i) were used to 

measure gas phase ozone and NOx concentrations at 1 Hz. See chapter II of this 

dissertation for further information on instruments utilized in chamber experiments. 
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4.3 Refractive Index Calculations  
 
We used data on βscat and βabs obtained from PAX at 375 nm and βext from CAPS-PMex at 

632 nm to determine the optimized complex  RI values of SOA, i.e., m=n + ik. Using the 

measured size distributions and initial guesses for n and k, and assuming spherical 

aerosols, optical scattering and absorption coefficients at 375 nm were calculated using 

Mie Theory [82] and equations 4.2 and 4.3.  
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where Qscat,i and Qabs,i are the scattering and absorption efficiencies, Ni is the number 

concentration at a specific size bin in cm-3, and Dp,i  is the diameter corresponding to that 

size bin [82]. Mie theory calculations determine size- and wavelength-dependent values 

of Qscat and Qabs, which represent the ratio of scattering and absorption cross-sections of 

the aerosol to its geometric cross-section [9, 51, 145]. We assume that aerosol absorption 

is negligible at 632 nm and calculate the scattering coefficient at this value. Calculated 

values of optical coefficients were compared with the measurements and iterations with 

different values of n and k were carried out to minimize the least-squares deviation 

function χ2, as defined in Equations 4.4 and 4.5 at 375 nm and 632 nm, respectively: 
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where βscat,meas, βabs,meas and βext,meas are the averaged 1-Hz optical data during the 

140 s sampling time of SEMS and εmeas is the standard deviation of the corresponding 

optical data [132, 146, 147]. In this iteration process, values of n in the range of 1.3-1.8 

were changed at 0.01 increments while k values in the range of 0-0.05 were incremented 

by 0.001 to capture the most relevant RI values of organic aerosols found in the 

atmosphere [62, 148-150]. Below in Figure 4.2 shows the flowchart representing the 

iteration process. 

 

 

Figure 4.2 Flowchart of the iteration process to determine refractive index. 
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To establish the applicability of this method of RI determination, we first applied 

it to compounds with known values of RI, namely ammonium sulfate (Thermo Scientific, 

99.7 %) and nigrosin (Sigma-Aldrich). Polydispersed ammonium sulfate aerosols were 

generated by a Collison-type atomizer and dried with a silica-gel diffusion dryer before 

being sampled by SEMS, PAX, CAPS, and Cambustion Particle Mass Analyzer 

(CPMA). We performed the above calculations and determined the refractive index of n 

=1.51-1.53 with χ2 range of 0.36-0.97, which is in good agreement with the reference RI 

value of 1.53 [151, 152]. Similarly, the refractive index of dry, polydispersed nigrosin 

was determined to be (1.58-1.59) + (0.103-0.104)i at 375 nm with χ2 range of 0.45-0.63. 

Ugelow et al. 2017 [153] performed refractive index retrievals using photoacoustic 

spectroscopy and cavity ring-down spectroscopy (CASCaRD) techniques at 405 nm for 

nigrosin dye and estimated n = 1.57 ± 0.03 and k = 0.133 ± 0.014. Our estimated n value 

is similar to that of Ugelow et al., while our k estimate is lower. One reason for this 

difference may be the non-standard nature of nigrosin dye that it is not a pure molecule 

itself but a mixture of dyes, resulting in different ‘blackness’ of the dye in different 

sample batches.  

Having established the validity of our approach to estimate RI values of scattering 

and absorbing aerosols, we applied this technique to determine time-dependent RI values 

of SOA. Figure 4.3 presents examples of contour plots of k vs. n, color-coded to the log 

of the χ2 values during different oxidation stages of 1-methylnaphthalene by OH radicals. 

In this particular case, the minimized χ2 values were at 0.0017, 0.0071, 0.49, and 0.066, 

respectively. 



 69

 

 

Figure 4.3 Sample contour plots of k vs. n, color-coded with log (χ 2), for a 1-methylnaphthalene oxidation experiment 
(reference plot III) at 30, 90, 150, and 210 minutes after initiation of the experiment. Note that the colder colors 
indicate lower values of χ2 and thus more optimized values of n and k. 

Generally, χ2 >> 1 indicates unacceptable agreement between the measured and 

calculated optical coefficients while χ2 < 1 indicates satisfactory agreement [154]. Once 

the optimized n and k values were determined based on the minimized values of χ2 

calculations, the corresponding calculated βscat and βabs at 375 nm and βscat at 632 nm 

were compared with the measured values to examine the closure between the measured 

and calculated coefficients further. These comparisons indicate that the closure is within 

~ ± 10% for βscat and ~ ± 15% for βabs in each experiment, with strong correlation 

coefficients (r2>0.73).   

Next, we examine the uncertainties for n and k based on the uncertainty of the 

measured diameter, number concentrations from SEMS, βscat and βabs measurements from 
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PAX, and βext from CAPS. Considering the various measurement uncertainties indicated 

in the previous section, we determined the range of uncertainties in the deduced RI 

values. The range represents the difference between nominal calculations of n and k and 

those from Mie calculations incorporating our measurement uncertainties. Our results 

indicate the uncertainties for n at 375 nm, n at 632 nm, and k at 375 nm to be �%�.��
4�.�!, 

�%�.�!
4�.�F , and M%�.���

4�.���, respectively. 

4.4 Results and Discussion 
 
4.4.1 Longifolene SOA 
 
An example of the experimental profile of longifolene oxidation under high NOx 

conditions is provided in Figure 4.4a-c. The production of SOA began immediately after 

the lights were turned on and particle size grew slowly throughout the experiment (Figure 

4.4a), but coagulation and particle-wall losses caused the total number concentration to 

decrease sharply soon after the start of irradiation. Trends in βscat and βabs at 375 nm and 

βext at 632 nm were initially controlled by the increase in number concentration and 

particle size and ceased to increase during the latter part of the experiment due to the 

decrease in number concentration and lack of significant growth. As shown in Figure 

4.4c, absorption coefficient at 375 nm showed minimal values of ~ 2 Mm-1 throughout 

the experiment, suggesting that the SOA was mostly scattering.   
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Figure 4.4 Time series of longifolene experiment with an initial concentration of ~83 ppb. (a) gas phase decay of 
longifolene and SOA volume concentration, (b) evolution of SOA total particle number concentration and, (c) aerosol 
scattering and absorption coefficient at 375 nm and extinction coefficient at 632 nm. 

Figure 4.5a shows SSA for longifolene SOA as a function of size parameter and 

color-coded to OH exposure at 375 nm, with size parameter defined as  the following, 

[155]: 

N �
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@
  (4.6) 

 
where d represents the mode of the size distribution from the SEMS data and λ 

refers to the wavelength of light (375 nm for this setup). Regardless of the NOx regime 

and the initial HC/NOx condition, longifolene SOA are significantly scattering aerosols, 

with minimal absorption, leading to SSA values ~0.99 for x >1. In addition, OH exposure 

times for high NOx conditions were ~5.5x greater than intermediate NOx conditions, but 
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this effect does not significantly impact the overall SSA. Note that for x < 1.2 on some 

occasions, data points for SSA fell below 0.99, then increased from ~0.55 to 0.99 when x 

> 1.2. The number of points that represents the initial rise in SSA with x is limited 

primarily due to βscat and βabs values being below the detection limit, hence not considered 

in the analysis. However, the increase in SSA with size parameter is expected even 

without any changes in RI values.  

 

Figure 4.5 (a) SSA vs. size parameter, and (b) n at 375 nm, (c) k at 375 nm, and (d) n at 632 nm vs. OH exposure for 
longifolene SOA. 
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To investigate the intrinsic parameters related to chemical composition, we examined 

trends in RI of SOA with the extent of oxidation, i.e., OH radical exposure (molecules 

cm-3 s), and size parameter. Under intermediate NOx  regimes , n =1.49 – 1.50 for initial 

OH exposure of 6.7 x 109 - 3.6 x 1010 molecules cm-3 s, and decreased sharply from 1.50 

to 1.43 when OH exposure increased to 9 x 1010 molecules cm-3 s (Figure 4.5b). In 

contrast, under high NOx regimes, n remained constant at 1.49 – 1.52 for OH exposures 

between 2.4 x 1010 to 5 x 1011 molecules cm-3 s (x = 1.5 – 2.5). Regardless of the initial 

longifolene concentration for experiments under intermediate NOx regimes, k was mostly 

zero after OH exposure of 1.8 x 1010 molecules cm-3 s. However, under high NOx 

regimes, k ranged from 0.001–0.002, showing minimally absorbing SOA products. 

Although there is a clear difference in the behavior of n between experiments under 

intermediate and high NOx conditions for OH exposure > 3.7 x 1010 molecules cm-3 s, the 

SSA remained close to 0.99 for both conditions, indicating the formation of mostly 

scattering SOA products. There was no significant trend in n at 632 nm under 

intermediate and high NOx conditions, with values in the range of 1.45-1.47 at OH 

exposure > 5.62 x 1010 molecules cm-3 s.  

4.4.2 α-pinene SOA 
 
We also explored the behavior of α-pinene derived SOA to represent another biogenic 

precursor. In this case, the SSA of α-pinene formed under intermediate NOx conditions 

was similar to that of longifolene SOA. Note that in this study, we only report on α-

pinene SOA from intermediate NOx regimes with HC/NOx > 2.69 (OH exposure=2.6 x 

109 -9.3 x 1010 molecules cm-3 s) due to the very low SOA formation under high NOx. 
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Also, optical values were below the detection limit of measurements under high NOx 

conditions. Similar to longifolene SOA, α-pinene SOA are scattering aerosols with 

minimal absorption, resulting in SSA ~ 0.99 for x >1 (Figure 4.6a). We observed n and k 

at 375 for x > 1 ranging between 1.45 -1.48, with the higher values observed at shorter 

OH exposure, and 0.000 – 0.002, respectively, while n at 632 nm was 1.45 -1.46 (Figures 

4.6b-d). Limited numbers of previous retrievals of n and k values at similar wavelengths 

are available to compare to our estimates. For SOA generated from OH oxidation of α-

pinene in a Potential Aerosol Mass (PAM) flow reactor in the absence of NOx, Lambe et 

al. (2013) [132] utilized cavity ring-down photoacoustic spectrometry (405 nm) and UV-

vis spectrometry. As OH exposure increased from ~ 1 x 1011 to 1.5  x 1012 molecules cm-3 

s, n decreased from 1.51 (± 0.02) to 1.45 (± 0.04). In addition, Lambe et al. [132] found k 

values at 405 nm ranging from 0.0002-0.001. Although our measurement wavelengths 

are not identical, the values we determined for n and k at 375 nm are consistent with 

those of Lambe et al. (2013) at 405 nm considering the variability in those measurements, 

and our uncertainties indicated previously. More importantly, the decreasing trend in n 

with an increase in OH exposure was captured by both studies. In a different study of 

ozonolysis of α-pinene in a smog chamber, Nakayama et al. [148, 150] reported similar n 

values at wavelengths of 355 nm (n = 1.458) and 405 nm (n=1.463 - 1.475) for NOx 

levels at 0 and 180 ppbv, respectively. The initial α-pinene concentration was 100 ppm 

for both NOx levels. For the studies by Nakayama et al., they utilized cavity ring-down 

and Photoacoustic Soot Spectrometer measurement techniques. The similarity in n values 

at UV/near UV ranges for both OH oxidation and ozonolysis of α-pinene in literature and 
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our study suggests similarity in the optical properties of the SOA products in these 

systems, regardless of the NOx condition. 

 

 

Figure 4.6 (a) SSA vs. size parameter, and (b) n at 375 nm, (c) k at 375 nm, and (d) n at 632 nm vs. OH exposure for α-
pinene SOA. 
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4.4.3 1-Methylnaphthalene SOA 

Figure 4.7 presents an example of the experimental profile of 1-methylnaphthalene 

oxidation. Like longifolene, the production of SOA began immediately after the lights 

were turned on and particle size grew slowly throughout the experiment (Figure 4.7a), 

but coagulation and particle-wall losses caused the total number concentration to 

decrease sharply, soon after the start of irradiation. Optical properties at 375 nm and 632 

nm peaked at different times after irradiation due to differences in size-dependence of 

aerosol optical efficiencies at different wavelengths. 
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Figure 4.7. Time series of 1-methylnaphthalene oxidation for reference experiment III with an initial concentration of 
~50 ppb. (a) gas phase decay of 1-methylnaphthalene and increase in SOA volume concentration, (b) evolution of SOA 
total particle number concentration, and (c) aerosol scattering and absorption coefficient at 375 nm and extinction 
coefficient at 632 nm. 

The profiles of SSA vs. x show a consistent trend of increase in SSA with an 

increase in x. As shown in Figure 4.8a, with the increase in size parameter from 0.2 to 

0.8, the SSA increased from 0.56 to values greater than 0.80. During this time, RI values 

also changed (Figure 4.8b-c), suggesting SOA composition was also changing. Therefore, 

the observed trends in SSA during these initial stages of the experiment (x=0.2-0.8) are 

likely due to a combination of an increase in aerosol scattering efficiency and size as well 

as changes in composition. Furthermore, there is a clear difference in SSA values for a 
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given x between 1-methylnaphthalene experiments at different initial HC/NOx ratio. We 

observed that under high NOx regimes (initial HC/NOx ~0.34-0.36) and at larger size 

parameters (x =0.8-1.25), SSA approached values that are ~5-10% lower than under 

intermediate NOx regimes (HC/NOx > 2.5): 0.85-0.90 vs. 0.93-0.95. This observation 

suggests that high NOx conditions resulted in the formation of SOA components that are 

chemically different and are more absorbing, leading to lower SSA values. We next 

examined trends in RI with OH exposure.  
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Figure 4.8 (a) SSA vs. size parameter color coded to size parameter, and (b) n at 375 nm, (c) k at 375 nm, and (d) n at 
632 nm vs. OH exposure for 1-methylnaphthalene SOA. White crosses indicate NO injection 2 hours after irradiation.  

 
  The real component of RI n at 375 nm for size parameter x=0.2-0.6, decreased 

from ~1.80 to 1.53 and 1.65 to 1.53 for high and intermediate NOx regimes, respectively. 

For x > 0.6, n values were 1.53-1.57 (with an increasing trend) and 1.53-1.44 (with a 

decreasing trend) under high and intermediate NOx regimes, respectively. Similarly, we 

observed a decrease in k from 0.05 to 0.016 at x=0.2-0.6 and a slight increase from 0.016 
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to 0.021 at longer exposures time at high NOx conditions as seen in Figure 4.8c. For 

intermediate NOx conditions, k decreased from 0.02 to 0.004 for x=0.2-0.6 and increased 

from 0.004 to 0.008 for x>0.6. Focusing on the latter parts of the experiments, at OH 

exposure greater than 5 x 1011 molecules cm-3 s, 1-methylnaphthalene SOA formed under 

high NOx regime, the real component of RI is ~ 10 % higher under high NO conditions 

compared to the intermediate NOx conditions, while the complex component of RI was ~ 

3 times higher. This relatively higher contribution of absorption to overall RI is consistent 

with the lower SSA observed under high NOx conditions. 

Similar to the observations at 375 nm, n at 632 nm is slightly higher under high 

NOx regimes compared to intermediate NOx, with values in the range of 1.49-1.53 vs. 

1.41-1.50, respectively for x > 0.4 (Figure 4.8d). Our results indicate that differences in 

the dominant reaction pathways for RO2, i.e., namely RO2+NO reactions under high NOx 

and RO2+HO2  under intermediate NOx [26, 149, 156], led to significant compositional 

differences of 1-methylnaphthalene SOA and altered the real components of RI (at 375 

nm and 632 nm) as well as the imaginary component (at 375 nm). Further evaluation of 

the production of light absorbing compounds and chemical difference of SOA under high 

and intermediate NOx conditions will be investigated in a follow-up paper. 

To further evaluate the impact of RO2+ NO chemistry on RI, in experiments 

under intermediate NOx and higher initial 1-methylnaphthalene concentrations 

(experiment referenced I and II), NO was injected to the chamber ~ 2 hours after the start 

of irradiation (indicated by the white cross markers in Figure 4.8a-d). Doing so decreased 

the HC/NOx  ratio at the instant of NO injection. No significant change in n at 375 nm 
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and 632 nm and k at 375 nm was observed in comparison to the times before NO 

injection, indicating that availability of NO radicals to significantly alter RO2 chemistry 

is more critical during initial stages of 1-methylnaphthalene oxidation and RO2 

production.    

Using SOA mass concentrations based on the SEMS integrated volume 

distributions and assuming a density of 1.35 g cm-3 [157], we calculated the mass 

absorption coefficient (MAC), the corresponding mass-normalized value of absorption 

coefficient, of SOA at 375 nm. MAC is an important parameter in climate models to 

determine the relationship between aerosol radiative effects and mass concentration [34]. 

As shown in Figure 4.9a, as the OH exposure progressed to values greater than 1 x 1011 

molecules cm-3 s, MAC values increased from ~ 0.3 m2 g-1 to 0.6 m2 g-1 during the high 

NOx conditions. During experiments under intermediate NOx conditions and at OH 

exposure times of 4.5 x 109 to 9.9 x 1010 molecules cm-3 s, MAC increased from ~ 0.1 m2 

g-1 to 0.3 m2 g-1. As shown as an example in Figure 4.7a, during the latter part of each 

experiment, SEMS volume concentrations decreased; this decrease in SOA volume, and 

hence mass concentration, could lead to an apparent increase in MAC. We, therefore, 

investigate the relationship between MAC and k (Figure. 4.9b). MAC values were 

strongly and positively correlated (r=0.91) with the derived k values under both high and 

intermediate NOx conditions. This correlation indicates that the increase in MAC at 

longer OH exposure times and larger size parameters when the mass concentration in the 

chamber decreased was not due to changes in mass concentration, but rather the presence 

of more absorbing aerosol (i.e., higher k values) per unit SOA mass. Previous laboratory 
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and field studies have found different MAC depending on the source, wavelength of 

light, and chemical composition. For example, Hecobian et al. (2010) [158] found that 

urban water-soluble organic carbon (WSOC) impacted by biomass burning emissions in 

the South East U.S had MAC (at 355 nm) values of 0.70 ± 0.07 m2 g-1 and 0.31 ± 0.20 m2 

g-1 during winter and summer, respectively. In urban-influenced air masses in California, 

Cappa et al. (2012) [159] observed brown carbon MAC values (405 nm) of 0.12-0.14 m2 

g-1. In comparison to previously measured ambient MAC values, our values under high 

NOx conditions are most similar to those observed in biomass burning emissions, 

whereas MAC under intermediate NOx conditions reflects similar values to urban 

aerosols. It should be noted that the measurements made by the groups mentioned above 

were based on a population of aerosols, not a single hydrocarbon precursor. 

 

 
Figure 4.9 Trends in derived (a) MAC and OH exposure (b) MAC and k for1-methylnaphthalene SOA. Markers are 
color-coded to the size parameter.  
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4.4.4 Mixed Biogenic and Anthropogenic SOA 

As described before, to promote condensation of oxidized hydrocarbon vapors, we 

formed phenol and toluene SOA under high NOx conditions in the presence of 

longifolene seed aerosol (LgF +Phe and LgF + Tol experiments). In these types of 

experiments, we initially injected ~50 ppb of longifolene into the chamber. Oxidation of 

longifolene by OH was initiated similar to other hydrocarbons by photolysis of HONO 

for high NOx conditions. Longifolene reacted quickly, resulting in ~1000 cm-3 of SOA in  

~10-15 minutes after irradiation time, at which point the anthropogenic precursor, phenol 

or toluene, was injected into the chamber. Initial number concentration of longifolene 

SOA provided surface area for condensation of vapors formed from oxidation of phenol 

or toluene. We performed similar Mie calculations, and χ2 analysis as describes above to 

obtain the overall n and k values of the mixed SOA. To isolate the absorbing properties of 

phenol and toluene SOA, we performed mass weighted calculations (i.e., volume 

weighted calculations assuming similar densities of the two SOA components) and 

determined the RI complex component for phenol or toluene SOA by using the following 

equation: 

kmix = kLgF fLgF + karom (1- fLgf)  (4.7) 

where kmix is the imaginary component of RI of mixed SOA, kLgF is that of  pure 

longifolene SOA (assumed to be 0.002, based on our observations during longifolene 

experiment III and IV),  fLgF is the mass fraction of longifolene in the mix precursor 

experiment, and karom is the imaginary component of RI of phenol and toluene SOA 

formed in the mixed precursor experiments. Mass fraction of longifolene was determined 
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by comparing the mass fraction of a fragment common to terpene related compounds 

(i.e., m/z 79) [160] in the mAMS mass spectrum during the mixed-hydrocarbon 

experiment with the fraction in the pure longifolene experiment at comparable oxidation 

conditions. Based on this calculation, the mass fraction of longifolene was at 1 at the time 

of aromatic compound injection, and it decreased linearly to 0.87 and 0.73 for phenol and 

toluene experiments, respectively, by the end of the experiment. Example mass spectra of 

Lgf, LgF + Phe, and Lgf+Tol SOA at the peak mass concentration of experiments are 

shown in Figure 4.10. 

 

 

Figure 4.10. Mass spectra of Longifolene, Longifolene + Phenol, and Longifolene+Toluene SOA  

4.4.4.1 Longifolene + Phenol SOA Mixtures 
 
At high NOx conditions (HC/NOx < 0.16), LgF + Phe SOA mixture were slightly more 

scattering than 1-methylnaphthalene SOA with SSA ~ 0.95-0.97 for x > 1.5 (Figure 

4.11a). The real part of the refractive index n, at high NOx conditions, was consistent at 

1.49-1.52 for OH exposure 3.5 x 1010 - 4.5 x 1011 molecules cm-3 s, then decreased only 
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slightly to 1.46 at the longer exposure levels (Figure 4.11b). In contrast to the decreasing 

trend in n, values of k increased from 0.005 to 0.013 with an increase in OH exposure 

(Figure 4.11c), showing a similar behavior to that of 1-methylnaphthalene SOA. This 

observation highlights the contribution of phenol SOA to absorption and suggests that the 

chemical pathways of aromatics oxidation and SOA formation are preserved within 

similar conditions and systems. Under high NOx conditions, n at 632 nm was relatively 

constant at 1.46-1.48 for OH exposure greater than 2.5 x 1010 molecules cm-3 s.   

 

Figure 4.11 (a) SSA vs. size parameter color coded to size parameter, and (b) n at 375 nm, (c) k at 375 nm, and (d) n at 
632 nm vs. OH exposure for longifolene+phenol SOA. 



 86

 
Similar to pure 1-methylnaphthalene SOA, MAC of LgF + Phe SOA increased 

with OH exposure and MAC values were strongly correlated (r = 0.98) with the derived k 

values (Figure 4.12). MAC values for 1-methylnaphthalene ranged from 0.2 to 0.7 m2 g-1 

while MAC values for the LgF + Phe SOA mix ranged from 0.1 to 0.5 m2 g-1 indicating 

that SOA produced from aromatic systems contain absorbing components.  

 

Figure 4.12 Trends in derived (a) MAC and OH exposure (b) MAC and k for longifolene+Phenol SOA. Markers are 
color coded with the size parameter. 

 
As described in Liu et al. (2016) [140], in mixtures of biogenic and anthropogenic SOA, 

the non-absorbing biogenic SOA will “dilute” the absorbing properties of the 

anthropogenic SOA. Using volume weighted calculations, we isolated kphe as described in 

Equation 4.7. Although k of the SOA mixture increased with OH exposure, given the 

increase in the mass fraction of phenol-SOA during the experiment, the derived kphe 

decreased with OH exposure (Figure 4.13), which is in contrast to that of 1-

methylnaphthalene. Regardless, the predicted kphe values are at least 3 times higher than 

that of pure 1-methylnaphthalene at comparable OH exposure levels. Although the SOA 
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produced in the mixture is dominated by longifolene products (Figure 4.11), these results 

indicate that even less than 20% contribution of phenol SOA can influence the overall 

absorbing properties of the mixture. Further evaluation of the absorbing properties and 

chemical nature of the chromophores in the LgF + Phe SOA mixture will be made in the 

future. 

 

Figure 4.13 kphe vs. OH exposure color-coded to phenol fraction under high NOx conditions. 

4.4.4.2 Longifolene + Toluene SOA Mixtures 

Under high NOx conditions (HC/NOx < 0.23) and at x >1.5, SSA approached 0.96-0.98, 

indicating some SOA absorbing characteristics. Similar to phenol, upon oxidation, n at 
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375 nm decreased at longer exposure times (Figure 4.14b). For example, under high NOx 

conditions, n was relatively constant at ~1.51 and 1.47 (for reference experiment I and II 

respectively) until OH exposure levels of ~4 x 1011 molecules cm-3 s, beyond which it 

decreased to 1.47 and 1.42, respectively (Figure 4.14b). Mie calculations resulted in k 

values ~0.002-0.009. In Figure 4.14d, the trend for n at 632 nm was explored. In contrast 

to n at 375 nm, n remained constant at 1.45 -1.47 (similar to that of LGF+Phe SOA) 

under high NOx conditions at x > 0.8.   

 

Figure 4.14 (a) SSA vs. size parameter color coded to size parameter, and (b) n at 375 nm, (c) k at 375 nm, and (d) n at 
632 nm vs. OH exposure for longifolene+toluene SOA. 
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A similar volume-weighted calculation was performed for the LgF+Tol SOA 

mixture during reference experiment II when enhanced absorption was observed. With 

the toluene SOA fraction increasing to 0.2 at the longest OH exposure, the average ktol 

during the experiment was 0.036 ± 0.026 with a small decrease. Previous data on the 

imaginary component of RI of toluene SOA are limited to relatively lower NOx 

conditions compared to this study, with k values in the range of 0.0018 – 0.0072 [62]. 

The significantly higher ktol values determined in our study may be the result of lower 

HC/NOx levels (<0.23 vs. 7 or 37 in Nakayama et al. [148, 149]) or the consequence of 

heterogeneous chemistry in these SOA mixtures. Although we observed some absorbing 

properties in the SOA for Lgf + Tol mixtures under high NOx conditions, the absorbing 

properties of the mixture and toluene SOA were not as strong as in the phenol system. 

4.5 Atmospheric Implications 

As mentioned above, SSA is an important parameter in climate models for estimating 

radiative forcing. In this section, we compare our SSA values at size parameters > 0.8 

from laboratory studies and field measurements of ambient aerosols. In this study, OH 

oxidation of 1-methylnaphthalene, phenol, and toluene at high (and intermediate NOx) 

conditions resulted in SSA= 0.85-0.90 (and 0.93-0.95), 0.95-0.97 , and 0.96-0.98, 

respectively. However, oxidation of longifolene and α-pinene led to the formation of 

highly scattering SOA, with SSA ~ 0.99. In biomass burning events, Lack et al. (2012) 

[161] observed SSA = 0.85 at 404 nm in fires near Boulder, Colorado, while Ma et al. 

(2012) [162] reported SSA = 0.83-0.84 (± 0.01) at 355 nm for biomass burning aerosols 

of pear tree leaves and Afghanistan pine needle for laboratory and ambient studies [126, 
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162]. For individual hydrocarbon precursors, Lambe et al. (2013) [132] observed SSA for 

naphthalene SOA to be 0.96 for OH exposures most comparable to those in our 

intermediate NOx experiments.  

 We compared relative radiative forcing effects of SOA from the oxidation of 1-

methylnaphthalene and longifolene to several biomass burning fuel types, by evaluating 

the relative direct radiative forcing values based on a simplified equation 4.8 [139, 163]: 

PQR�9 � ��"1 � S&
�;6	7� � 2S;7E6�      (4.8) 

where a is the surface albedo (0.15), β is the fraction of light scattered in the upward 

direction based on the aerosol asymmetry parameter (assumed as 0.50, McComiskey et 

al. 2008 [136]), and Qscat  and Qabs are the scattering and absorption efficiencies 

respectively based on the refractive index of interest. β was obtained using the equation 

[139, 163]:  
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      (4.9) 

where g is the asymmetry parameter that represents the angular distribution of scattering. 

Note that the n and k values used in the calculations represent points during the latter part 

of our experimental runs, with OH exposure greater than 1 x 1011 molecules cm-3 s and 5 

x 1011 molecules cm-3 s for intermediate and high NOx, conditions, respectively, 

corresponding to 14-70 hours of photochemical oxidation under ambient conditions 

(assumed OH=2 x 106 molecules cm-3) (Figure 4.15). Ammonium sulfate is plotted to 

represent a purely scattering aerosol reference (n=1.53 and k=0.000 at 375 nm) and wood 

and biomass burning smoke with significant influence of absorption (k=0.112 at 440 nm 

[129]). Overall, the estimated relative forcing at λ=375 nm decreased with size to a more 
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negative value from 0.010 µm to 0.4 µm, reaching minimum values at ~0.4-0.5 µm 

depending on the refractive index, before increasing at larger sizes, reflecting the size 

dependency of Qscat and Qabs. We observed that in the size range of 0.010-0.4 µm, 1-

methylnaphthalene and longifolene SOA under intermediate NOx conditions follow 

similar trends as OA formed in burns of ponderosa pine and Alaskan duff. However, at 

sizes larger than 0.4 µm, longifolene SOA is predicted to have the most negative relative 

forcing, reflecting the influence of its purely scattering properties and 1-

methylnaphthalene followed a similar profile as ammonium sulfate and Alaskan duff 

burning. For the more absorbing SOA from 1-methylnaphthalene under high NOx 

conditions, relative forcing values were most similar to that of OA in emissions of 

ponderosa pine and Alaskan duff burns at sizes smaller than ~0.4-0.5 µm. The estimated 

cooling decreased by up to 70% at larger sizes, approaching values observed for OA of 

the smoke of pine/wood burning. The influence of absorbing SOA on relative radiative 

forcing at 375 nm is most significant for aerosol sizes greater than 0.4 µm. For example, 

absorbing SOA of 1-methylnaphthalene under high NOx conditions was 55% less 

cooling than a purely scattering SOA from longifolene at > 0.6 µm whereas this 

difference was insignificant at 0.4 µm. Therefore, the extent of the bias in estimating 

direct radiative effects of SOA by neglecting its absorption properties strongly depends 

on its size distributions. 
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Figure 4.15 Relative radiative forcing calculated for given refractive index values as a function of aerosol size. Note 
trends coded in markers represents values from this study. 

4.6 Conclusions 

In this study, we observed different optical properties between biogenic and 

anthropogenic SOA. Single scattering albedo showed that regardless of the NOx regime, 

longifolene and α-pinene SOA were purely scattering with SSA values ~ 0.99. In 

contrast, anthropogenic SOA from 1-methylnaphthalene precursor showed lower SSA 

values of 0.93-0.95 and 0.85-0.90 under intermediate and high NOx regimes, 

respectively. The lower SSA values in high NOx conditions correspond well to higher k 

values, factor of 3 times higher when compared to k values under intermediate NOx 

conditions. Also, MAC values of 1-methylnaphthalene SOA increased from ~ 0.3 m2 g-1 
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to 0.6 m2 g-1 during the high NOx conditions, while experiments under intermediate NOx 

conditions MAC increased from ~ 0.1 m2 g-1 to 0.3 m2 g-1 signifying the impacts of NOx 

in the oxidation of 1-methylnaphthalene. We hypothesize that a major contributor to the 

lower SSA values observed in the 1-methylnaphthalene SOA is the conjugated double 

bonds of the aromatic structure contributing to the higher absorbing properties at 375 nm. 

Also, it has been suggested that nitrogen-containing SOA are strong light absorbers [140, 

149]. In longifolene + phenol mixture experiments, we determined that in the presence of 

the aromatic precursor, SSA of the mixture decreased to 0.95-0.97, with kphe by itself 

decreasing with OH exposure with values from 0.2 to 0.05. However, despite the 

decrease in kphe, it was at least 3 times greater than the k for pure 1-methylnaphthalene 

SOA at high NOx conditions. In longifolene + toluene mixture, the average ktol was 0.036 

± 0.026, which is also considerably higher than in Nakayama et al. [148, 149] possibly 

due to the high NOx conditions in our system or unique heterogeneous chemistry of our 

biogenic + aromatic mixture. Further investigation into SOA composition of the biogenic 

+ aromatic mixture experiments is needed.  
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CHAPTER V 
 

General Conclusions 
 

The aerosol optical properties of organic aerosols, specifically SOA, impact air quality 

and climate. Optical properties of aerosols depend on the chemical composition and 

refractive index, sizes of aerosols, the wavelength of light, number concentration and 

morphology and shape. The full extent of the understanding of SOA optical properties is 

limited due to the multitude of SOA hydrocarbon precursors emitted by many sources 

and the very complex, multiphase SOA formation pathways. This dissertation examined 

the aerosol optical properties in the ambient through airborne measurements and in the 

laboratory through OH-radical reactions of biogenic and anthropogenic hydrocarbon 

precursors. 

In the ambient, in particular the Colorado Front Range, recent summertime air 

quality was not characterized despite significant growth in oil and gas exploration 

activities in the region. During July-August 2014, airborne field measurements were 

conducted to investigate the role of photochemically aged masses, local sources and 

regional wildfires on aerosol optical properties. Our results showed that there are many 

variables that contribute to summertime degradation of visibility and air quality. First of 

all, we determined that extinction coefficient (βext) at 632 nm was enhanced in aged urban 

air masses by 54% when compared to fresh air masses. In addition, aerosol composition 

for non-refractory aerosols less than 1 µm in size was dominated by organic aerosols. In 

urban sources, about 74% of the non-refractory aerosols are organics and under aged air 

masses, enhancement ratios between organic aerosol mass to carbon monoxide 
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concentration was 5x greater than fresh air masses, signifying that changes in optical 

extinction were driven by the secondary formation of aerosols. Secondly, we evaluated 

the mass extinction efficiencies (MEE) and found that βext vs. OA best correlated in urban 

and oil and gas emissions. Finally, our observations showed enhancement in βext and 

MEE in biomass burning influenced air mass by 63% vs. non-biomass burning days. To 

our understanding, OA impacts aerosol optical properties in ambient measurements. To 

understand the impacts of subsets of organic aerosol systems, we conducted laboratory 

chamber studies for a variety of hydrocarbon precursors to determine the chemical, 

optical, and microphysical characteristics of secondary organic aerosols.       

 Atmospheric simulation experiments in a smog chamber were carried out to study 

OH-radical initiated reactions of biogenic longifolene and α-pinene precursors and 

anthropogenic 1-methylnaphthalene, phenol, and toluene. Atmospheric climate models 

lack information on BrC absorbing aerosols. In our laboratory experiments, oxidation 

reactions were conducted at intermediate and high NOx conditions to determine the 

scattering and absorbing characteristics of SOA. Among the optical parameters necessary 

for climate models, we calculated single scattering albedo, the real (n) and imaginary (k) 

components of the refractive index, and mass absorption coefficient (MAC). For 

intermediate and high NOx conditions, OH exposures in our study represent mid-day 

summer and highly polluted ambient environment conditions, respectively. Our results 

showed mostly scattering SOA for the biogenic aerosols under both NOx conditions. 

However, for anthropogenic precursors, a definite difference in the optical behavior in 

intermediate and high NOx conditions was observed. Results from 1-methylnaphthalene 
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oxidation experiments are an important representation of BrC aerosol contributing to 

optical absorption at 375 nm. The lower SSA values of 0.93-0.95 and 0.85-0.90 for 1-

methylnaphthalene SOA under intermediate and high NOx conditions, respectively, 

correspond well with the increased k of the refractive index by a factor of 3 at high NOx, 

reflecting the absorbing effects of chromophoric structured compounds and NOx 

chemistry for this system. However, in studies with mixtures of longifolene and phenol or 

longifolene and toluene SOA under high NOx conditions, SSA of the mixture SOA was 

~2-5% lower than that of pure longifolene SOA. Our results suggest that both the 

aromatic characteristics of anthropogenic precursors and high NOx conditions drive the 

absorbing properties of SOA. 

 Field measurements and experiments conducted in smog chamber studies detailed 

in this dissertation allowed us to determine the impacts of emission sources and aging of 

air masses on aerosol optical properties. Results of these studies are significant and may 

be utilized as inputs in climate models to determine radiative forcing effects of SOA.         

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 



 97

References 
 
1. Kebabian, P.L., W.A. Robinson, and A. Freedman, Optical extinction monitor 

using cw cavity enhanced detection. Review of Scientific Instruments, 2007. 
78(6). 

2. Bharadwaj, P., J.G. Zivin, J.T. Mullins, and M. Neidell, Early-Life Exposure to 
the Great Smog of 1952 and the Development of Asthma. American Journal of 
Respiratory and Critical Care Medicine, 2016. 194(12): p. 1475-1482. 

3. Polivka, B.J., The Great London Smog of 1952. American Journal of Nursing, 
2018. 118(4): p. 57-61. 

4. Haagen-Smit, A.J., CHEMISTRY AND PHYSIOLOGY OF LOS-ANGELES 
SMOG. Industrial and Engineering Chemistry, 1952. 44(6): p. 1342-1346. 

5. Whitby, K.T., B.Y.H. Liu, and R.B. Husar, AEROSOL SIZE DISTRIBUTION OF 
LOS-ANGELES SMOG. Journal of Colloid and Interface Science, 1972. 39(1): p. 
177-&. 

6. Haagen-Smit, A.J., E.F. Darley, M. Zaitlin, H. Hull, and W. Noble, 
INVESTIGATION ON INJURY TO PLANTS FROM AIR POLLUTION IN THE 
LOS-ANGELES AREA. Plant Physiology, 1952. 27(1): p. 18-34. 

7. Finlayson-Pitts, B.J. and J.N. Pitts Jr., Chemistry of the Upper and Lower 
Atmosphere. 2000, San Diego, Ca: Academic Press. 

8. Turco, R.P., Earth Under Siege: From Air Pollution to Global Change. 2002, 
New York: Oxford University Press. 

9. Seinfeld, J.H. and S.N. Pandis, Atmospheric chemistry and physics: from air 
pollution to climate change. Atmospheric chemistry and physics: from air 
pollution to climate change, ed. J.H. Seinfeld and S.N. Pandis. 2006, Hoboken, 
New Jersey: John Wiley and Sons, Inc. 

10. Wilkins, E.T., AIR POLLUTION ASPECTS OF THE LONDON FOG OF 
DECEMBER 1952 - DISCUSSION. Quarterly Journal of the Royal 
Meteorological Society, 1954. 80(344): p. 267-271. 

11. Carslaw, N. and D. Carslaw, The gas-phase chemistry of urban atmospheres. 
Surveys in Geophysics, 2001. 22(1): p. 31-53. 

12. Kokhanovsky, A.A., Aerosol Optics: Light Absorption and Scattering by 
Particles in the Atmosphere. Aerosol Optics: Light Absorption and Scattering by 
Particles in the Atmosphere. 2008. 1-146. 



 98

13. Jaenicke, R., Landolt-Bornstein: Aerosol physics and chemistry. 1988, Berlin, 
Germany: Springer. 

14. Zhang, Q., J.L. Jimenez, M.R. Canagaratna, J.D. Allan, H. Coe, I. Ulbrich, M.R. 
Alfarra, A. Takami, A.M. Middlebrook, Y.L. Sun, K. Dzepina, E. Dunlea, K. 
Docherty, P.F. DeCarlo, D. Salcedo, T. Onasch, J.T. Jayne, T. Miyoshi, A. 
Shimono, S. Hatakeyama, N. Takegawa, Y. Kondo, J. Schneider, F. Drewnick, S. 
Borrmann, S. Weimer, K. Demerjian, P. Williams, K. Bower, R. Bahreini, L. 
Cottrell, R.J. Griffin, J. Rautiainen, J.Y. Sun, Y.M. Zhang, and D.R. Worsnop, 
Ubiquity and dominance of oxygenated species in organic aerosols in 
anthropogenically-influenced Northern Hemisphere midlatitudes. Geophysical 
Research Letters, 2007. 34(13). 

15. Odowd, C.D., M.H. Smith, I.E. Consterdine, and J.A. Lowe, Marine aerosol, sea-
salt, and the marine sulphur cycle: A short review. Atmospheric Environment, 
1997. 31(1): p. 73-80. 

16. Gong, S.L., L.A. Barrie, and J.P. Blanchet, Modeling sea-salt aerosols in the 
atmosphere .1. Model development. Journal of Geophysical Research-
Atmospheres, 1997. 102(D3): p. 3805-3818. 

17. Okada, K., J. Heintzenberg, K.J. Kai, and Y. Qin, Shape of atmospheric mineral 
particles collected in three Chinese arid-regions. Geophysical Research Letters, 
2001. 28(16): p. 3123-3126. 

18. Robock, A., Volcanic eruptions and climate. Reviews of Geophysics, 2000. 38(2): 
p. 191-219. 

19. Wittmaack, K., H. Wehnes, U. Heinzmann, and R. Agerer, An overview on 
bioaerosols viewed by scanning electron microscopy. Science of the Total 
Environment, 2005. 346(1-3): p. 244-255. 

20. Casati, R., V. Scheer, R. Vogt, and T. Benter, Measurement of nucleation and 
soot mode particle emission from a diesel passenger car in real world and 
laboratory in situ dilution. Atmospheric Environment, 2007. 41(10): p. 2125-
2135. 

21. Wehner, B., U. Uhrner, S. von Lowis, M. Zallinger, and A. Wiedensohler, 
Aerosol number size distributions within the exhaust plume of a diesel and a 
gasoline passenger car under on-road conditions and determination of emission 
factors. Atmospheric Environment, 2009. 43(6): p. 1235-1245. 

22. Hinds, W.C., Aerosol Technology: Properties, Behavior and Measurements of 
Airborne Particles. 2nd ed. 1999, New York, NY: John Wiley & Sons, Inc. 



 99

23. Kanakidou, M., J.H. Seinfeld, S.N. Pandis, I. Barnes, F.J. Dentener, M.C. 
Facchini, R. Van Dingenen, B. Ervens, A. Nenes, C.J. Nielsen, E. Swietlicki, J.P. 
Putaud, Y. Balkanski, S. Fuzzi, J. Horth, G.K. Moortgat, R. Winterhalter, C.E.L. 
Myhre, K. Tsigaridis, E. Vignati, E.G. Stephanou, and J. Wilson, Organic aerosol 
and global climate modelling: a review. Atmospheric Chemistry and Physics, 
2005. 5: p. 1053-1123. 

24. Volkamer, R., J.L. Jimenez, F. San Martini, K. Dzepina, Q. Zhang, D. Salcedo, 
L.T. Molina, D.R. Worsnop, and M.J. Molina, Secondary organic aerosol 
formation from anthropogenic air pollution: Rapid and higher than expected. 
Geophysical Research Letters, 2006. 33(17). 

25. Hobbs, P.V., Introduction to Atmospheric Chemistry: A Companion Text to Basic 
Physical Chemistry for the Atmospheric Sciences. 2000, Cambridge: Cambridge 
UP. 

26. Ng, N.L., P.S. Chhabra, A.W.H. Chan, J.D. Surratt, J.H. Kroll, A.J. Kwan, D.C. 
McCabe, P.O. Wennberg, A. Sorooshian, S.M. Murphy, N.F. Dalleska, R.C. 
Flagan, and J.H. Seinfeld, Effect of NOx level on secondary organic aerosol 
(SOA) formation from the photooxidation of terpenes. Atmospheric Chemistry 
and Physics, 2007. 7(19): p. 5159-5174. 

27. Ziemann, P.J. and R. Atkinson, Kinetics, products, and mechanisms of secondary 
organic aerosol formation. Chemical Society Reviews, 2012. 41(19): p. 6582-
6605. 

28. Atkinson, R., Atmospheric chemistry of VOCs and NOx. Atmospheric 
Environment, 2000. 34(12-14): p. 2063-2101. 

29. Stirnweis, L., C. Marcolli, J. Dommen, P. Barmet, C. Frege, S.M. Platt, E.A. 
Bruns, M. Krapf, J.G. Slowik, R. Wolf, A.S.H. Prevot, U. Baltensperger, and I. 
El-Haddad, Assessing the influence of NOx concentrations and relative humidity 
on secondary organic aerosol yields from alpha-pinene photo-oxidation through 
smog chamber experiments and modelling calculations. Atmospheric Chemistry 
and Physics, 2017. 17(8): p. 5035-5061. 

30. Li, K., J.L. Li, J. Liggio, W.G. Wang, M.F. Ge, Q.F. Liu, Y.C. Guo, S.R. Tong, 
J.J. Li, C. Peng, B. Jing, D. Wang, and P.Q. Fu, Enhanced Light Scattering of 
Secondary Organic Aerosols by Multiphase Reactions. Environmental Science & 
Technology, 2017. 51(3): p. 1285-1292. 

31. Kidd, C., V. Perraud, L.M. Wingen, and B.J. Finlayson-Pitts, Integrating phase 
and composition of secondary organic aerosol from the ozonolysis of alpha-
pinene. Proceedings of the National Academy of Sciences of the United States of 
America, 2014. 111(21): p. 7552-7557. 



 100

32. Hallquist, M., J.C. Wenger, U. Baltensperger, Y. Rudich, D. Simpson, M. Claeys, 
J. Dommen, N.M. Donahue, C. George, A.H. Goldstein, J.F. Hamilton, H. 
Herrmann, T. Hoffmann, Y. Iinuma, M. Jang, M.E. Jenkin, J.L. Jimenez, A. 
Kiendler-Scharr, W. Maenhaut, G. McFiggans, T.F. Mentel, A. Monod, A.S.H. 
Prevot, J.H. Seinfeld, J.D. Surratt, R. Szmigielski, and J. Wildt, The formation, 
properties and impact of secondary organic aerosol: current and emerging 
issues. Atmospheric Chemistry and Physics, 2009. 9(14): p. 5155-5236. 

33. Moosmuller, H., R.K. Chakrabarty, and W.P. Arnott, Aerosol light absorption 
and its measurement: A review. Journal of Quantitative Spectroscopy & Radiative 
Transfer, 2009. 110(11): p. 844-878. 

34. Bond, T.C. and R.W. Bergstrom, Light absorption by carbonaceous particles: An 
investigative review. Aerosol Science and Technology, 2006. 40(1): p. 27-67. 

35. Bond, T.C., S.J. Doherty, D.W. Fahey, P.M. Forster, T. Berntsen, B.J. DeAngelo, 
M.G. Flanner, S. Ghan, B. Karcher, D. Koch, S. Kinne, Y. Kondo, P.K. Quinn, 
M.C. Sarofim, M.G. Schultz, M. Schulz, C. Venkataraman, H. Zhang, S. Zhang, 
N. Bellouin, S.K. Guttikunda, P.K. Hopke, M.Z. Jacobson, J.W. Kaiser, Z. 
Klimont, U. Lohmann, J.P. Schwarz, D. Shindell, T. Storelvmo, S.G. Warren, and 
C.S. Zender, Bounding the role of black carbon in the climate system: A scientific 
assessment. Journal of Geophysical Research-Atmospheres, 2013. 118(11): p. 
5380-5552. 

36. Yu, H., Y.J. Kaufman, M. Chin, G. Feingold, L.A. Remer, T.L. Anderson, Y. 
Balkanski, N. Bellouin, O. Boucher, S. Christopher, P. DeCola, R. Kahn, D. 
Koch, N. Loeb, M.S. Reddy, M. Schulz, T. Takemura, and M. Zhou, A review of 
measurement-based assessments of the aerosol direct radiative effect and forcing. 
Atmospheric Chemistry and Physics, 2006. 6: p. 613-666. 

37. Ramanathan, V., F. Li, M.V. Ramana, P.S. Praveen, D. Kim, C.E. Corrigan, H. 
Nguyen, E.A. Stone, J.J. Schauer, G.R. Carmichael, B. Adhikary, and S.C. Yoon, 
Atmospheric brown clouds: Hemispherical and regional variations in long-range 
transport, absorption, and radiative forcing. Journal of Geophysical Research-
Atmospheres, 2007. 112(D22). 

38. Feng, Y., V. Ramanathan, and V.R. Kotamarthi, Brown carbon: a significant 
atmospheric absorber of solar radiation? Atmospheric Chemistry and Physics, 
2013. 13(17): p. 8607-8621. 

39. Andreae, M.O. and A. Gelencser, Black carbon or brown carbon? The nature of 
light-absorbing carbonaceous aerosols. Atmospheric Chemistry and Physics, 
2006. 6: p. 3131-3148. 



 101

40. Pope, C.A. and D.W. Dockery, Health effects of fine particulate air pollution: 
Lines that connect. Journal of the Air & Waste Management Association, 2006. 
56(6): p. 709-742. 

41. Pope, C.A., D.W. Dockery, and J. Schwartz, REVIEW OF EPIDEMIOLOGICAL 
EVIDENCE OF HEALTH-EFFECTS OF PARTICULATE AIR-POLLUTION. 
Inhalation Toxicology, 1995. 7(1): p. 1-18. 

42. Klaassen, C.D. and J.B. Watkins III, Casarett and Doull's Toxicology: The Basic 
Science of Poisons. 5th ed. 1999: The McGraw-Hill Companies, Inc. 

43. Martin, L.D., T.M. Krunkosky, J.A. Dye, B.M. Fischer, N.F. Jiang, L.G. 
Rochelle, N.J. Akley, K.L. Dreher, and K.B. Adler, The role of reactive oxygen 
and nitrogen species in the response of airway epithelium to particulates. 
Environmental Health Perspectives, 1997. 105: p. 1301-1307. 

44. Kumagai, Y., T. Arimoto, M. Shinyashiki, N. Shimojo, Y. Nakai, T. Yoshikawa, 
and M. Sagai, Generation of reactive oxygen species during interaction of diesel 
exhaust particle components with NADPH-cytochrome P450 reductase and 
involvement of the bioactivation in the DNA damage. Free Radical Biology and 
Medicine, 1997. 22(3): p. 479-487. 

45. Patel, H., S. Eo, and S. Kwon, Effects of diesel particulate matters on 
inflammatory responses in static and dynamic culture of human alveolar 
epithelial cells. Toxicology Letters, 2011. 200(1-2): p. 124-131. 

46. Dockery, D.W., C.A. Pope, X.P. Xu, J.D. Spengler, J.H. Ware, M.E. Fay, B.G. 
Ferris, and F.E. Speizer, AN ASSOCIATION BETWEEN AIR-POLLUTION AND 
MORTALITY IN 6 UNITED-STATES CITIES. New England Journal of Medicine, 
1993. 329(24): p. 1753-1759. 

47. Daniels, M.J., F. Dominici, J.M. Samet, and S.L. Zeger, Estimating particulate 
matter-mortality dose-response curves and threshold levels: An analysis of daily 
time-series for the 20 largest US cities. American Journal of Epidemiology, 2000. 
152(5): p. 397-406. 

48. Samet, J.M., F. Dominici, F.C. Curriero, I. Coursac, and S.L. Zeger, Fine 
particulate air pollution and mortality in 20 US Cities, 1987-1994. New England 
Journal of Medicine, 2000. 343(24): p. 1742-1749. 

49. Schwartz, J., F. Laden, and A. Zanobetti, The concentration-response relation 
between PM2.5 and daily deaths. Environmental Health Perspectives, 2002. 
110(10): p. 1025-1029. 



 102

50. Jacob, D.J., Introduction to Atmospheric Chemistry. 1999, Princeton, New Jersey: 
Princeton University Press. 

51. Friedlander, S.K., Smoke, Dust, and Haze: Fundamentals of Aerosol Dynamics. 
Second ed. 2000, New York, New York: Oxford University Press, Inc. 

52. Malm, W.C., Atmospheric Haze-Its Sources and Effects on Visibility in Rural 
Areas of the Continental United States. Environmental Monitoring and 
Assessment, 1989. 12(3): p. 203-225. 

53. Haywood, J.M., The mean physical and optical properties of regional haze 
dominated by biomass burning aerosol measured from the C-130 aircraft during 
SAFARI 2000. Journal of Geophysical Research, 2003. 108(D13). 

54. Hansen, J.E., M. Sato, A. Lacis, R. Ruedy, I. Tegen, and E. Matthews, Climate 
forcings in the Industrial era. Proceedings of the National Academy of Sciences 
of the United States of America, 1998. 95(22): p. 12753-12758. 

55. Dietz, T. and E.A. Rosa, Effects of population and affluence on CO2 emissions. 
Proceedings of the National Academy of Sciences of the United States of 
America, 1997. 94(1): p. 175-179. 

56. Myhre, G., D. Shindell, F.-M. Bréon, W. Collins, J. Fuglestvedt, J. Huang, D. 
Koch, J.-F. Lamarque, B.M. D. Lee, T. Nakajima, A. Robock, G. Stephens, T. 
Takemura, and H. Zhang, Anthropogenic and Natural Radiative Forcing. In: 
Climate Change 2013: The Physical Science Basis. Contribution of Working 
Group I to the Fifth Assessment Report of the Intergovernmental Panel on 
Climate Change [Stocker, T.F., D. Qin, G.-K. Plattner, M. Tignor, S.K. Allen, J. 
Boschung, A. Nauels, Y. Xia, V. Bex and P.M. Midgley (eds.)]. C. Cambridge 
University Press, United Kingdom and New York, NY, USA., Editor. 2013. 

57. Henderson, K.G. and R.A. Muller, Extreme temperature days in the south-central 
United States. Climate Research, 1997. 8(2): p. 151-162. 

58. Meehl, G.A., Pacific region climate change. Ocean & Coastal Management, 
1997. 37(1): p. 137-147. 

59. Arbatskaya, M.K. and E.A. Vaganov, Long-term variation in fire frequency and 
radial increment in pine from the middle taiga subzone of central Siberia. Russian 
Journal of Ecology, 1997. 28(5): p. 291-297. 

60. Melack, J.M., J. Dozier, C.R. Goldman, D. Greenland, A.M. Milner, and R.J. 
Naiman, Effects of climate change on inland waters of the Pacific Coastal 
Mountains and Western Great Basin of North America. Hydrological Processes, 
1997. 11(8): p. 971-992. 



 103

61. Magrin, G.O., M.I. Travasso, R.A. Diaz, and R.O. Rodriguez, Vulnerability of the 
agricultural systems of Argentina to climate change. Climate Research, 1997. 
9(1-2): p. 31-36. 

62. Moise, T., J.M. Flores, and Y. Rudich, Optical Properties of Secondary Organic 
Aerosols and Their Changes by Chemical Processes. Chemical Reviews, 2015. 
115(10): p. 4400-4439. 

63. Massoli, P., P.L. Kebabian, T.B. Onasch, F.B. Hills, and A. Freedman, Aerosol 
Light Extinction Measurements by Cavity Attenuated Phase Shift (CAPS) 
Spectroscopy: Laboratory Validation and Field Deployment of a Compact 
Aerosol Particle Extinction Monitor. Aerosol Science and Technology, 2010. 
44(6): p. 428-435. 

64. Petzold, A., T. Onasch, P. Kebabian, and A. Freedman, Intercomparison of a 
Cavity Attenuated Phase Shift-based extinction monitor (CAPS PMex) with an 
integrating nephelometer and a filter-based absorption monitor. Atmospheric 
Measurement Techniques, 2013. 6(5): p. 1141-1151. 

65. Wang, Q.Y., R.J. Huang, J.J. Cao, Y.M. Han, G.H. Wang, G.H. Li, Y.C. Wang, 
W.T. Dai, R.J. Zhang, and Y.Q. Zhou, Mixing State of Black Carbon Aerosol in a 
Heavily Polluted Urban Area of China: Implications for Light Absorption 
Enhancement. Aerosol Science and Technology, 2014. 48(7): p. 689-697. 

66. Dingle, J.H., K. Vu, R. Bahreini, E.C. Apel, T.L. Campos, F. Flocke, A. Fried, S. 
Herndon, A.J. Hills, R.S. Hornbrook, G. Huey, L. Kaser, D.D. Montzka, J.B. 
Nowak, M. Reeves, D. Richter, J.R. Roscioli, S. Shertz, M. Stell, D. Tanner, G. 
Tyndall, J. Walega, P. Weibring, and A. Weinheimer, Aerosol Optical Extinction 
during the Front Range Air Pollution and Photochemistry Éxperiment (FRAPPÉ) 
2014 Summertime Field Campaign, Colorado U.S.A. Atmos. Chem. Phys. 
Discuss., 2016. 2016: p. 1-21. 

67. Vu, K.T., J.H. Dingle, R. Bahreini, P.J. Reddy, E.C. Apel, T.L. Campos, J.P. 
DiGangi, G.S. Diskin, A. Fried, S.C. Herndon, A.J. Hills, R.S. Hornbrook, G. 
Huey, L. Kaser, D.D. Montzka, J.B. Nowak, S.E. Pusede, D. Richter, J.R. 
Roscioli, G.W. Sachse, S. Shertz, M. Stell, D. Tanner, G.S. Tyndall, J. Walega, P. 
Weibring, A.J. Weinheimer, G. Pfister, and F. Flocke, Impacts of the Denver 
Cyclone on regional air quality and aerosol formation in the Colorado Front 
Range during FRAPPÉ 2014. Atmos. Chem. Phys., 2016. 16(18): p. 12039-
12058. 

68. Drewnick, F., S.S. Hings, P. DeCarlo, J.T. Jayne, M. Gonin, K. Fuhrer, S. 
Weimer, J.L. Jimenez, K.L. Demerjian, S. Borrmann, and D.R. Worsnop, A new 
time-of-flight aerosol mass spectrometer (TOF-AMS) - Instrument description and 
first field deployment. Aerosol Science and Technology, 2005. 39(7): p. 637-658. 



 104

69. Bahreini, R., E.J. Dunlea, B.M. Matthew, C. Simons, K.S. Docherty, P.F. 
DeCarlo, J.L. Jimenez, C.A. Brock, and A.M. Middlebrook, Design and operation 
of a pressure-controlled inlet for airborne sampling with an aerodynamic aerosol 
lens. Aerosol Science and Technology, 2008. 42(6): p. 465-471. 

70. Middlebrook, A.M., R. Bahreini, J.L. Jimenez, and M.R. Canagaratna, Evaluation 
of Composition-Dependent Collection Efficiencies for the Aerodyne Aerosol Mass 
Spectrometer using Field Data. Aerosol Science and Technology, 2012. 46(3): p. 
258-271. 

71. Aiken, A.C., D. Salcedo, M.J. Cubison, J.A. Huffman, P.F. DeCarlo, I.M. 
Ulbrich, K.S. Docherty, D. Sueper, J.R. Kimmel, D.R. Worsnop, A. Trimborn, M. 
Northway, E.A. Stone, J.J. Schauer, R.M. Volkamer, E. Fortner, B. de Foy, J. 
Wang, A. Laskin, V. Shutthanandan, J. Zheng, R. Zhang, J. Gaffney, N.A. 
Marley, G. Paredes-Miranda, W.P. Arnott, L.T. Molina, G. Sosa, and J.L. 
Jimenez, Mexico City aerosol analysis during MILAGRO using high resolution 
aerosol mass spectrometry at the urban supersite (T0) - Part 1: Fine particle 
composition and organic source apportionment. Atmospheric Chemistry and 
Physics, 2009. 9(17): p. 6633-6653. 

72. Alfarra, M.R., D. Paulsen, M. Gysel, A.A. Garforth, J. Dommen, A.S.H. Prevot, 
D.R. Worsnop, U. Baltensperger, and H. Coe, A mass spectrometric study of 
secondary organic aerosols formed from the photooxidation of anthropogenic and 
biogenic precursors in a reaction chamber. Atmospheric Chemistry and Physics, 
2006. 6: p. 5279-5293. 

73. Canagaratna, M.R., J.T. Jayne, J.L. Jimenez, J.D. Allan, M.R. Alfarra, Q. Zhang, 
T.B. Onasch, F. Drewnick, H. Coe, A. Middlebrook, A. Delia, L.R. Williams, 
A.M. Trimborn, M.J. Northway, P.F. DeCarlo, C.E. Kolb, P. Davidovits, and 
D.R. Worsnop, Chemical and microphysical characterization of ambient aerosols 
with the aerodyne aerosol mass spectrometer. Mass Spectrometry Reviews, 2007. 
26(2): p. 185-222. 

74. Zhang, Q., J.L. Jimenez, M.R. Canagaratna, I.M. Ulbrich, N.L. Ng, D.R. 
Worsnop, and Y.L. Sun, Understanding atmospheric organic aerosols via factor 
analysis of aerosol mass spectrometry: a review. Analytical and Bioanalytical 
Chemistry, 2011. 401(10): p. 3045-3067. 

75. Liu, P., P.J. Ziemann, D.B. Kittelson, and P.H. McMurry, GENERATING 
PARTICLE BEAMS OF CONTROLLED DIMENSIONS AND DIVERGENCE .1. 
THEORY OF PARTICLE MOTION IN AERODYNAMIC LENSES AND NOZZLE 
EXPANSIONS. Aerosol Science and Technology, 1995. 22(3): p. 293-313. 

76. Liu, P., P.J. Ziemann, D.B. Kittelson, and P.H. McMurry, GENERATING 
PARTICLE BEAMS OF CONTROLLED DIMENSIONS AND DIVERGENCE .2. 



 105

EXPERIMENTAL EVALUATION OF PARTICLE MOTION IN AERODYNAMIC 
LENSES AND NOZZLE EXPANSIONS. Aerosol Science and Technology, 1995. 
22(3): p. 314-324. 

77. Ng, N.L., M.R. Canagaratna, J.L. Jimenez, P.S. Chhabra, J.H. Seinfeld, and D.R. 
Worsnop, Changes in organic aerosol composition with aging inferred from 
aerosol mass spectra. Atmospheric Chemistry and Physics, 2011. 11(13): p. 
6465-6474. 

78. Takegawa, N., Y. Miyazaki, Y. Kondo, Y. Komazaki, T. Miyakawa, J.L. Jimenez, 
J.T. Jayne, D.R. Worsnop, J.D. Allan, and R.J. Weber, Characterization of an 
Aerodyne Aerosol Mass Spectrometer (AMS): Intercomparison with other aerosol 
instruments. Aerosol Science and Technology, 2005. 39(8): p. 760-770. 

79. Ulbrich, I.M., M.R. Canagaratna, Q. Zhang, D.R. Worsnop, and J.L. Jimenez, 
Interpretation of organic components from Positive Matrix Factorization of 
aerosol mass spectrometric data. Atmospheric Chemistry and Physics, 2009. 
9(9): p. 2891-2918. 

80. Allan, J.D., A.E. Delia, H. Coe, K.N. Bower, M.R. Alfarra, J.L. Jimenez, A.M. 
Middlebrook, F. Drewnick, T.B. Onasch, M.R. Canagaratna, J.T. Jayne, and D.R. 
Worsnop, A generalised method for the extraction of chemically resolved mass 
spectra from aerodyne aerosol mass spectrometer data. Journal of Aerosol 
Science, 2004. 35(7): p. 909-922. 

81. Skoog, D., F.J. Holler, and S.R. Crouch, Principles of Instrumental Analysis. 6th 
ed. 2007, United States: Thomson Brooks/Cole. 

82. Bohren, C.F. and D.R. Huffman, Absorption and Scattering of Light by Small 
Particles. 1998, New York: Wiley. 

83. Langridge, J.M., M.S. Richardson, D. Lack, D. Law, and D.M. Murphy, Aircraft 
Instrument for Comprehensive Characterization of Aerosol Optical Properties, 
Part I: Wavelength-Dependent Optical Extinction and Its Relative Humidity 
Dependence Measured Using Cavity Ringdown Spectroscopy. Aerosol Science 
and Technology, 2011. 45(11): p. 1305-1318. 

84. Ramanathan, V., P.J. Crutzen, J.T. Kiehl, and D. Rosenfeld, Atmosphere - 
Aerosols, climate, and the hydrological cycle. Science, 2001. 294(5549): p. 2119-
2124. 

85. Ying, Q., M. Mysliwiec, and M.J. Kleeman, Source apportionment of visibility 
impairment using a three-dimensional source-oriented air quality model. 
Environmental Science & Technology, 2004. 38(4): p. 1089-1101. 



 106

86. Levin, E.J.T., S.M. Kreidenweis, G.R. McMeeking, C.M. Carrico, J.L. Collett, Jr., 
and W.C. Malm, Aerosol physical, chemical and optical properties during the 
Rocky Mountain Airborne Nitrogen and Sulfur study. Atmospheric Environment, 
2009. 43(11): p. 1932-1939. 

87. Groblicki, P.J., G.T. Wolff, and R.J. Countess, VISIBILITY-REDUCING 
SPECIES IN THE DENVER BROWN CLOUD .1. RELATIONSHIPS BETWEEN 
EXTINCTION AND CHEMICAL-COMPOSITION. Atmospheric Environment, 
1981. 15(12): p. 2473-2484. 

88. Wolff, G.T., R.J. Countess, P.J. Groblicki, M.A. Ferman, S.H. Cadle, and J.L. 
Muhlbaier, VISIBILITY-REDUCING SPECIES IN THE DENVER BROWN 
CLOUD .2. SOURCES AND TEMPORAL PATTERNS. Atmospheric 
Environment, 1981. 15(12): p. 2485-2502. 

89. Neff, W.D., The Denver Brown Cloud studies from the perspective of model 
assessment needs and the role of meteorology. Journal of the Air & Waste 
Management Association, 1997. 47(3): p. 269-285. 

90. Watson, J.G., E. Fujita, J.C. Chow, B. Zielinska, L. Richards, W. Neff, and D. 
Dietrich, Northern Front Range Air Quality Study Final Report. 1998, Colorado 
State University. 

91. Ely, D.W., J.T. Leary, and D.M. Ross, The establishment of the Denver visibility 
standard, in Air And Waste Management Association Annual Meeting, A.A.W.M. 
Association, Editor. 1993. p. 1-17. 

92. Vu, K.T., J.H. Dingle, R. Bahreini, P.J. Reddy, T.L. Campos, G.S. Diskin, A. 
Fried, S.C. Herndon, R.S. Hornbrook, G. Huey, L. Kaser, D.D. Montzka, J.B. 
Nowak, D. Richter, J.R. Roscioli, S. Shertz, M. Stell, D. Tanner, G. Tyndall, J. 
Walega, P. Weibring, A.J. Weinheimer, G. Pfister, and F. Flocke, Impacts of the 
Denver Cyclone on Regional Air Quality and Aerosol Formation in the Colorado 
Front Range during FRAPPÉ 2014 Atmos. Chem. Phys. Discuss., 2016. 

93. Reddy, P.J., D.E. Barbarick, and R.D. Osterburg, DEVELOPMENT OF A 
STATISTICAL-MODEL FOR FORECASTING EPISODES OF VISIBILITY 
DEGRADATION IN THE DENVER METROPOLITAN-AREA. Journal of Applied 
Meteorology, 1995. 34(3): p. 616-625. 

94. Crook, N.A., T.L. Clark, and M.W. Moncrieff, THE DENVER CYCLONE .1. 
GENERATION IN LOW FROUDE-NUMBER FLOW. Journal of the Atmospheric 
Sciences, 1990. 47(23): p. 2725-2742. 

95. Scamehorn, H.L., High Altitude Energy: A History of Fossil Fuels in Colorado. 
Boulder, CO. 2002, Colorado: University Press of Colorado. 



 107

96. Pétron, G., A. Karion, C. Sweeney, B.R. Miller, S.A. Montzka, G.J. Frost, M. 
Trainer, P. Tans, A. Andrews, J. Kofler, D. Helmig, D. Guenther, E. 
Dlugokencky, P. Lang, T. Newberger, S. Wolter, B. Hall, P. Novelli, A. Brewer, 
S. Conley, M. Hardesty, R. Banta, A. White, D. Noone, D. Wolfe, and R. Schnell, 
A New Look at Methane and Nonmethane Hydrocarbon Emissions from Oil and 
Natural Gas Operations in the Colorado Denver-Julesburg Basin. Journal of 
Geophysical Research-Atmospheres, 2014. 119(11): p. 6836-6852. 

97. Gilman, J.B., B.M. Lerner, W.C. Kuster, and J.A. de Gouw, Source Signature of 
Volatile Organic Compounds from Oil and Natural Gas Operations in 
Northeastern Colorado. Environmental Science & Technology, 2013. 47 p. 
1297−1305. 

98. Park, R.J., D.J. Jacob, M. Chin, and R.V. Martin, Sources of carbonaceous 
aerosols over the United States and implications for natural visibility. Journal of 
Geophysical Research-Atmospheres, 2003. 108(D12). 

99. Langridge, J.M., D. Lack, C.A. Brock, R. Bahreini, A.M. Middlebrook, J.A. 
Neuman, J.B. Nowak, A.E. Perring, J.P. Schwarz, J.R. Spackman, J.S. Holloway, 
I.B. Pollack, T.B. Ryerson, J.M. Roberts, C. Warneke, J.A. de Gouw, M.K. 
Trainer, and D.M. Murphy, Evolution of aerosol properties impacting visibility 
and direct climate forcing in an ammonia-rich urban environment. Journal of 
Geophysical Research: Atmospheres, 2012. 117(D21). 

100. Schneider, W., G.K. Moortgat, G.S. Tyndall, and J.P. Burrows, ABSORPTION 
CROSS-SECTIONS OF NO2 IN THE UV AND VISIBLE REGION (200 - 700 
NM) AT 298-K. Journal of Photochemistry and Photobiology a-Chemistry, 1987. 
40(2-3): p. 195-217. 

101. Bahreini, R., B. Ervens, A.M. Middlebrook, C. Warneke, J.A. de Gouw, P.F. 
DeCarlo, J.L. Jimenez, C.A. Brock, J.A. Neuman, T.B. Ryerson, H. Stark, E. 
Atlas, J. Brioude, A. Fried, J.S. Holloway, J. Peischl, D. Richter, J. Walega, P. 
Weibring, A.G. Wollny, and F.C. Fehsenfeld, Organic aerosol formation in urban 
and industrial plumes near Houston and Dallas, Texas. Journal of Geophysical 
Research-Atmospheres, 2009. 114. 

102. Kleinman, L.I., P.H. Daum, Y.N. Lee, G.I. Senum, S.R. Springston, J. Wang, C. 
Berkowitz, J. Hubbe, R.A. Zaveri, F.J. Brechtel, J. Jayne, T.B. Onasch, and D. 
Worsnop, Aircraft observations of aerosol composition and ageing in New 
England and Mid-Atlantic States during the summer 2002 New England Air 
Quality Study field campaign. Journal of Geophysical Research-Atmospheres, 
2007. 112(D9). 

103. DeCarlo, P.F., I.M. Ulbrich, J. Crounse, B. de Foy, E.J. Dunlea, A.C. Aiken, D. 
Knapp, A.J. Weinheimer, T. Campos, P.O. Wennberg, and J.L. Jimenez, 



 108

Investigation of the sources and processing of organic aerosol over the Central 
Mexican Plateau from aircraft measurements during MILAGRO. Atmospheric 
Chemistry and Physics, 2010. 10(12): p. 5257-5280. 

104. Ridley, B.A. and F.E. Grahek, A SMALL, LOW FLOW, HIGH-SENSITIVITY 
REACTION VESSEL FOR NO CHEMILUMINESCENCE DETECTORS. Journal 
of Atmospheric and Oceanic Technology, 1990. 7(2): p. 307-311. 

105. Huey, L.G., Measurement of trace atmospheric species by chemical ionization 
mass spectrometry: Speciation of reactive nitrogen and future directions. Mass 
Spectrometry Reviews, 2007. 26(2): p. 166-184. 

106. Huey, L.G., E.J. Dunlea, E.R. Lovejoy, D.R. Hanson, R.B. Norton, F.C. 
Fehsenfeld, and C.J. Howard, Fast time response measurements of HNO3 in air 
with a chemical ionization mass spectrometer. Journal of Geophysical Research-
Atmospheres, 1998. 103(D3): p. 3355-3360. 

107. Thornton, J.A., P.J. Wooldridge, and R.C. Cohen, Atmospheric NO2: In situ 
laser-induced fluorescence detection at parts per trillion mixing ratios. Analytical 
Chemistry, 2000. 72(3): p. 528-539. 

108. Day, D.A., P.J. Wooldridge, M.B. Dillon, J.A. Thornton, and R.C. Cohen, A 
thermal dissociation laser-induced fluorescence instrument for in situ detection of 
NO2, peroxy nitrates, alkyl nitrates, and HNO3. Journal of Geophysical 
Research-Atmospheres, 2002. 107(D5-6). 

109. Zheng, W., F.M. Flocke, G.S. Tyndall, A. Swanson, J.J. Orlando, J.M. Roberts, 
L.G. Huey, and D.J. Tanner, Characterization of a thermal decomposition 
chemical ionization mass spectrometer for the measurement of peroxy acyl 
nitrates (PANs) in the atmosphere. Atmospheric Chemistry and Physics, 2011. 
11(13): p. 6529-6547. 

110. Slusher, D.L., L.G. Huey, D.J. Tanner, F.M. Flocke, and J.M. Roberts, A thermal 
dissociation–chemical ionization mass spectrometry (TD‐CIMS) technique for 
the simultaneous measurement of peroxyacyl nitrates and dinitrogen pentoxide. 
Journal of Geophysical Research: Atmospheres, 2004. 109. 

111. Gerbig, C., S. Schmitgen, D. Kley, A. Volz-Thomas, K. Dewey, and D. Haaks, An 
improved fast-response vacuum-UV resonance fluorescence CO instrument. 
Journal of Geophysical Research-Atmospheres, 1999. 104(D1): p. 1699-1704. 

112. Richter, D., P. Weibring, J.G. Walega, A. Fried, S.M. Spuler, and M.S. Taubman, 
Compact highly sensitive multi-species airborne mid-IR spectrometer. Applied 
Physics B-Lasers and Optics, 2015. 119(1): p. 119-131. 



 109

113. Ellis, R.A., J.G. Murphy, E. Pattey, R. van Haarlem, J.M. O'Brien, and S.C. 
Herndon, Characterizing a Quantum Cascade Tunable Infrared Laser 
Differential Absorption Spectrometer (QC-TILDAS) for measurements of 
atmospheric ammonia. Atmospheric Measurement Techniques, 2010. 3(2): p. 
397-406. 

114. Apel, E.C., R.S. Hornbrook, A.J. Hills, N.J. Blake, M.C. Barth, A. Weinheimer, 
C. Cantrell, S.A. Rutledge, B. Basarab, J. Crawford, G. Diskin, C.R. Homeyer, T. 
Campos, F. Flocke, A. Fried, D.R. Blake, W. Brune, I. Pollack, J. Peischl, T. 
Ryerson, P.O. Wennberg, J.D. Crounse, A. Wisthaler, T. Mikoviny, G. Huey, B. 
Heikes, D. O'Sullivan, and D.D. Riemer, Upper tropospheric ozone production 
from lightning NOx-impacted convection: Smoke ingestion case study from the 
DC3 campaign. Journal of Geophysical Research-Atmospheres, 2015. 120(6): p. 
2505-2523. 

115. de Gouw, J. and C. Warneke, Measurements of volatile organic compounds in the 
earths atmosphere using proton-transfer-reaction mass spectrometry. Mass 
Spectrometry Reviews, 2007. 26(2): p. 223-257. 

116. Karl, T., E. Apel, D.D. Riemer, D.R. Blake, and C. Wiedinmyer, Emissions of 
volatile organic compounds inferred from airborne flux measurements over a 
mega city. Atmos. Chem. Phys., 2009. 9(1): p. 271-285. 

117. Rosenberg, P.D., A.R. Dean, P.I. Williams, J.R. Dorsey, A. Minikin, M.A. 
Pickering, and A. Petzold, Particle sizing calibration with refractive index 
correction for light scattering optical particle counters and impacts upon PCASP 
and CDP data collected during the Fennec campaign. Atmospheric Measurement 
Techniques, 2012. 5(5): p. 1147-1163. 

118. Borbon, A., J.B. Gilman, W.C. Kuster, N. Grand, S. Chevaillier, A. Colomb, C. 
Dolgorouky, V. Gros, M. Lopez, R. Sarda-Esteve, J. Holloway, J. Stutz, H. 
Petetin, S. McKeen, M. Beekmann, C. Warneke, D.D. Parrish, and J.A. de Gouw, 
Emission ratios of anthropogenic volatile organic compounds in northern mid-
latitude megacities: Observations versus emission inventories in Los Angeles and 
Paris. Journal of Geophysical Research-Atmospheres, 2013. 118(4): p. 2041-
2057. 

119. Warneke, C., S.A. McKeen, J.A. deGouw, P.D. Goldan, W.C. Kuster, J.S. 
Holloway, E.J. Williams, B.M. Lerner, D.D. Parrish, M. Trainer, F.C. Fehsenfeld, 
S. Kato, E.L. Atlas, A. Baker, and D.R. Blake Determination of urban volatile 
organic compound emission ratios and comparison with an emissions database. J. 
Geophys. Res.- Atmos., 2007. 112,  DOI: 10.1029/2006JD007930. 



 110

120. Weber, R.J., H. Guo, A.G. Russell, and A. Nenes, High aerosol acidity despite 
declining atmospheric sulfate concentrations over the past 15 years. Nature 
Geoscience, 2016. 9: p. 282-285. 

121. Massoli, P., T.S. Bates, P.K. Quinn, D.A. Lack, T. Baynard, B.M. Lerner, S.C. 
Tucker, J. Brioude, A. Stohl, and E.J. Williams, Aerosol optical and hygroscopic 
properties during TexAQS-GoMACCS 2006 and their impact on aerosol direct 
radiative forcing. Journal of Geophysical Research-Atmospheres, 2009. 114. 

122. Jayne, J.T., D.C. Leard, X.F. Zhang, P. Davidovits, K.A. Smith, C.E. Kolb, and 
D.R. Worsnop, Development of an aerosol mass spectrometer for size and 
composition analysis of submicron particles. Aerosol Science and Technology, 
2000. 33(1-2): p. 49-70. 

123. Chow, J.C., J.G. Watson, D.H. Lowenthal, and L.W. Richards, Comparability 
between PM2.5 and particle light scattering measurements. Environmental 
Monitoring and Assessment, 2002. 79(1): p. 29-45. 

124. Hand, J.L. and W.C. Malm, Review of aerosol mass scattering efficiencies from 
ground-based measurements since 1990. Journal of Geophysical Research-
Atmospheres, 2007. 112(D18). 

125. May, A.A., G.R. McMeeking, T. Lee, J.W. Taylor, J.S. Craven, I. Burling, A.P. 
Sullivan, S. Akagi, J.L. Collett, Jr., M. Flynn, H. Coe, S.P. Urbanski, J.H. 
Seinfeld, R.J. Yokelson, and S.M. Kreidenweis, Aerosol emissions from 
prescribed fires in the United States: A synthesis of laboratory and aircraft 
measurements. Journal of Geophysical Research-Atmospheres, 2014. 119(20): p. 
11826-11849. 

126. Lack, D.A., J.M. Langridge, R. Bahreini, C.D. Cappa, A.M. Middlebrook, and 
J.P. Schwarz, Brown carbon and internal mixing in biomass burning particles. 
Proc Natl Acad Sci U S A, 2012. 109(37): p. 14802-7. 

127. Laskin, A., J. Laskin, and S.A. Nizkorodov, Chemistry of Atmospheric Brown 
Carbon. Chemical Reviews, 2015. 115(10): p. 4335-4382. 

128. Venkataraman, C., G. Habib, A. Eiguren-Fernandez, A.H. Miguel, and S.K. 
Friedlander, Residential biofuels in south Asia: Carbonaceous aerosol emissions 
and climate impacts. Science, 2005. 307(5714): p. 1454-1456. 

129. Zhang, X.L., H. Kim, C.L. Parworth, D.E. Young, Q. Zhang, A.R. Metcalf, and 
C.D. Cappa, Optical Properties of Wintertime Aerosols from Residential Wood 
Burning in Fresno, CA: Results from DISCOVER-AQ 2013. Environmental 
Science & Technology, 2016. 50(4): p. 1681-1690. 



 111

130. Kirchstetter, T.W., T. Novakov, and P.V. Hobbs, Evidence that the spectral 
dependence of light absorption by aerosols is affected by organic carbon. Journal 
of Geophysical Research-Atmospheres, 2004. 109(D21). 

131. Kim, H. and S.E. Paulson, Real refractive indices and volatility of secondary 
organic aerosol generated from photooxidation and ozonolysis of limonene, 
alpha-pinene and toluene. Atmospheric Chemistry and Physics, 2013. 13(15): p. 
7711-7723. 

132. Lambe, A.T.e.a., Relationship between Oxidation Level and Optical Properties of 
Secondary Organic Aerosol. Environ. Sci. Technol., 2013. 47: p. 6349−6357. 

133. Kim, H., B. Barkey, and S.E. Paulson, Real Refractive Indices and Formation 
Yields of Secondary Organic Aerosol Generated from Photooxidation of 
Limonene and alpha-Pinene: The Effect of the HC/NOx Ratio. Journal of Physical 
Chemistry A, 2012. 116(24): p. 6059-6067. 

134. Kim, H., B. Barkey, and S.E. Paulson, Real refractive indices of alpha- and beta-
pinene and toluene secondary organic aerosols generated from ozonolysis and 
photo-oxidation. Journal of Geophysical Research-Atmospheres, 2010. 115. 

135. Saleh, R., C.J. Hennigan, G.R. McMeeking, W.K. Chuang, E.S. Robinson, H. 
Coe, N.M. Donahue, and A.L. Robinson, Absorptivity of brown carbon in fresh 
and photo-chemically aged biomass-burning emissions. Atmospheric Chemistry 
and Physics, 2013. 13(15): p. 7683-7693. 

136. McComiskey, A., S.E. Schwartz, B. Schmid, H. Guan, E.R. Lewis, P. Ricchiazzi, 
and J.A. Ogren, Direct aerosol forcing: Calculation from observables and 
sensitivities to inputs. Journal of Geophysical Research-Atmospheres, 2008. 
113(D9). 

137. Haywood, J. and O. Boucher, Estimates of the direct and indirect radiative 
forcing due to tropospheric aerosols: A review. Reviews of Geophysics, 2000. 
38(4): p. 513-543. 

138. Dubovik, O., B. Holben, T.F. Eck, A. Smirnov, Y.J. Kaufman, M.D. King, D. 
Tanre, and I. Slutsker, Variability of absorption and optical properties of key 
aerosol types observed in worldwide locations. Journal of the Atmospheric 
Sciences, 2002. 59(3): p. 590-608. 

139. Zarzana, K.J., D.O. De Haan, M.A. Freedman, C.A. Hasenkopf, and M.A. 
Tolbert, Optical properties of the products of alpha-dicarbonyl and amine 
reactions in simulated cloud droplets. Environ Sci Technol, 2012. 46(9): p. 4845-
51. 



 112

140. Liu, J.M., P. Lin, A. Laskin, J. Laskin, S.M. Kathmann, M. Wise, R. Caylor, F. 
Imholt, V. Selimovic, and J.E. Shilling, Optical properties and aging of light-
absorbing secondary organic aerosol. Atmospheric Chemistry and Physics, 2016. 
16(19): p. 12815-12827. 

141. Nakayama, T., H. Suzuki, S. Kagamitani, Y. Ikeda, A. Uchiyama, and Y. 
Matsumi, Characterization of a Three Wavelength Photoacoustic Soot 
Spectrometer (PASS-3) and a Photoacoustic Extinctiometer (PAX). Journal of the 
Meteorological Society of Japan, 2015. 93(2): p. 285-308. 

142. Lopez-Yglesias, X.F., M.C. Yeung, S.E. Dey, F.J. Brechtel, and C.K. Chan, 
Performance Evaluation of the Brechtel Mfg. Humidified Tandem Differential 
Mobility Analyzer (BMI HTDMA) for Studying Hygroscopic Properties of Aerosol 
Particles. Aerosol Science and Technology, 2014. 48(9): p. 969-980. 

143. Wonaschutz, A., M. Coggon, A. Sorooshian, R. Modini, A.A. Frossard, L. Ahlm, 
J. Mulmenstadt, G.C. Roberts, L.M. Russell, S. Dey, F.J. Brechtel, and J.H. 
Seinfeld, Hygroscopic properties of smoke-generated organic aerosol particles 
emitted in the marine atmosphere. Atmospheric Chemistry and Physics, 2013. 
13(19): p. 9819-9835. 

144. Jaramillo, G., C. Buffa, M. Li, F.J. Brechtel, G. Langfelder, and D.A. Horsley, 
MEMS Electrometer With Femtoampere Resolution for Aerosol Particulate 
Measurements. Ieee Sensors Journal, 2013. 13(8): p. 2993-3000. 

145. Kokhanovsky, A.A., Aerosol Optics: Light Absoprtion and Scattering by 
Particles in the Atmosphere. 2008, Chichester, UK: Praxis Publishing. 

146. Spindler, C., A.A. Riziq, and Y. Rudich, Retrieval of aerosol complex refractive 
index by combining cavity ring down aerosol spectrometer measurements with 
full size distribution information. Aerosol Science and Technology, 2007. 41(11): 
p. 1011-1017. 

147. Riziq, A.A., C. Erlick, E. Dinar, and Y. Rudich, Optical properties of absorbing 
and non-absorbing aerosols retrieved by cavity ring down (CRD) spectroscopy. 
Atmospheric Chemistry and Physics, 2007. 7(6): p. 1523-1536. 

148. Nakayama, T., Y. Matsumi, K. Sato, T. Imamura, A. Yamazaki, and A. 
Uchiyama, Laboratory studies on optical properties of secondary organic 
aerosols generated during the photooxidation of toluene and the ozonolysis of 
alpha-pinene. Journal of Geophysical Research-Atmospheres, 2010. 115. 

149. Nakayama, T., K. Sato, Y. Matsumi, T. Imamura, A. Yamazaki, and A. 
Uchiyama, Wavelength and NOx dependent complex refractive index of SOAs 



 113

generated from the photooxidation of toluene. Atmospheric Chemistry and 
Physics, 2013. 13(2): p. 531-545. 

150. Nakayama, T.e.a., Wavelength dependence of refractive index of secondary 
organic aerosols generated during ozonolysis and photooxidation of alpha-
pinene. SOLA, 2012. 8: p. 119-123. 

151. Macdonald, F. and D.R. Lide, CRC handbook of chemistry and physics: From 
paper to web. Abstracts of Papers of the American Chemical Society, 2003. 225: 
p. U552-U552. 

152. Toon, O.B., J.B. Pollack, and B.N. Khare, OPTICAL-CONSTANTS OF SEVERAL 
ATMOSPHERIC AEROSOL SPECIES - AMMONIUM-SULFATE, ALUMINUM-
OXIDE, AND SODIUM-CHLORIDE. Journal of Geophysical Research-Oceans 
and Atmospheres, 1976. 81(33): p. 5733-5748. 

153. Ugelow, M.S., K.J. Zarzana, D.A. Day, J.L. Jimenez, and M.A. Tolbert, The 
optical and chemical properties of discharge generated organic haze using in-situ 
real-time techniques. Icarus, 2017. 294: p. 1-13. 

154. Taylor, J.R., An Introduction to Error Analysis: The Study of Uncertainties on 
Physical Measurements. Second ed. 1997: University Science Books. 

155. Moosmuller, H. and W.P. Arnott, Particle Optics in the Rayleigh Regime. Journal 
of the Air & Waste Management Association, 2009. 59(9): p. 1028-1031. 

156. Liu, P.F., N. Abdelmalki, H.M. Hung, Y. Wang, W.H. Brune, and S.T. Martin, 
Ultraviolet and visible complex refractive indices of secondary organic material 
produced by photooxidation of the aromatic compounds toluene and m-xylene. 
Atmospheric Chemistry and Physics, 2015. 15(3): p. 1435-1446. 

157. Malloy, Q.G.J., S. Nakao, L. Qi, R. Austin, C. Stothers, H. Hagino, and D.R. 
Cocker, Real-Time Aerosol Density Determination Utilizing a Modified Scanning 
Mobility Particle SizerAerosol Particle Mass Analyzer System. Aerosol Science 
and Technology, 2009. 43(7): p. 673-678. 

158. Hecobian, A., X. Zhang, M. Zheng, N. Frank, E.S. Edgerton, and R.J. Weber, 
Water-Soluble Organic Aerosol material and the light-absorption characteristics 
of aqueous extracts measured over the Southeastern United States. Atmospheric 
Chemistry and Physics, 2010. 10(13): p. 5965-5977. 

159. Cappa, C.D., T.B. Onasch, P. Massoli, D.R. Worsnop, T.S. Bates, E.S. Cross, P. 
Davidovits, J. Hakala, K.L. Hayden, B.T. Jobson, K.R. Kolesar, D.A. Lack, B.M. 
Lerner, S.M. Li, D. Mellon, I. Nuaaman, J.S. Olfert, T. Petaja, P.K. Quinn, C. 
Song, R. Subramanian, E.J. Williams, and R.A. Zaveri, Radiative Absorption 



 114

Enhancements Due to the Mixing State of Atmospheric Black Carbon. Science, 
2012. 337(6098): p. 1078-1081. 

160. McLafferty, F.W. and F. Turecek, Interpretation of Mass Spectra. 4th ed. 1993, 
Sausality, Ca: University Science Books. 

161. Lack, D.A., M.S. Richardson, D. Law, J.M. Langridge, C.D. Cappa, R.J. 
McLaughlin, and D.M. Murphy, Aircraft Instrument for Comprehensive 
Characterization of Aerosol Optical Properties, Part 2: Black and Brown Carbon 
Absorption and Absorption Enhancement Measured with Photo Acoustic 
Spectroscopy. Aerosol Science and Technology, 2012. 46(5): p. 555-568. 

162. Ma, L.L. and J.E. Thompson, Optical Properties of Dispersed Aerosols in the 
Near Ultraviolet (355 nm): Measurement Approach and Initial Data. Analytical 
Chemistry, 2012. 84(13): p. 5611-5617. 

163. Chylek, P. and J. Wong, EFFECT OF ABSORBING AEROSOLS ON GLOBAL 
RADIATION BUDGET. Geophysical Research Letters, 1995. 22(8): p. 929-931. 

 




