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ABSTRACT OF THESIS 

 

Chemical Composition of Atmospheric Aerosols in Air Quality Field Measurements 

using a Compact Time-of-Flight Aerosol Mass Spectrometer 

 

by 

 

Kennedy- Kiet Tuan Vu 

Masters of Science, Environmental Toxicology Graduate Program 

University of California, Riverside, March 2016 

Dr. Roya Bahreini, Chairperson 

 

Atmospheric aerosols affect climate, ecosystems, visibility, and human health. 

However, aerosol sources, atmospheric processing and climate effects still have 

significant uncertainties. Aerosols have a variety of characteristics, in terms of size, 

morphology, optical properties, and chemical composition owing to their complex nature. 

The presented work in this thesis summarizes measurements carried out in Mira Loma, 

CA (2013) and the Colorado Front Range (2014) with the aim to better characterize the 

local air quality by quantifying the aerosol composition and extinction properties. Here, 

this thesis will address: 

(1) Summertime ambient aerosol composition and extinction in Mira Loma, 

California. 

In Southern California, pollution is primarily caused by emissions from 

transportation sources, and are also influenced by topography and meteorology in the 

area. Specifically, in the Inland Empire, warm, and dry climate promotes the formation of 
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ozone during summer months and eastern portions of the region trap pollution due to 

mountain induced topography. Aimed with the goal to characterize and understand the 

summertime composition of ambient aerosols, and the dominant aerosol composition 

driving aerosol optical extinction (ext), we conducted ground-based measurements from 

August 17 – September 22, 2013 at the Mira Loma South Coast Air Quality Management 

District site.  OA (54%) was found to be the most dominate aerosol non-refractory 

species, followed by nitrate (20%) and sulfate (14%). A strong correlation between 

optical extinction and aerosol nitrate fraction was also observed, indicating that visibility 

degradation in the eastern Los Angeles Basin is driven by secondary formation of 

inorganic ammonium nitrate rather than organic aerosol. 

 

(2) Impacts of the Denver Cyclone on Air Quality in the Colorado Front Range 

during the FRAPPÉ 2014 campaign. 

We present airborne measurements made aboard the NSF C-130 aircraft during 

the 2014 FRAPPÉ campaign. During the study, a synoptic mesoscale development 

termed the “Denver Cyclone” was prominent on July 27-28, 2014.  The Denver Cyclone 

has a unique flow structure due to mountain induced circulation, making aircraft 

measurements critical and insightful to pollution transport patterns during this episode. 

Our results showed an increase in aerosol mass concentration of OA, NO3
-, and SO4

2-, 

during the cyclone by as much as 40-80%. Additionally, different aerosol species were 

found to impact optical extinction (βext) on cyclone vs. non-cyclone periods. Specifically, 
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during the non-cyclone period, OA was responsible for driving βext in the Denver 

Metropolitan area while in the presence of the cyclone, NO3
- influenced βext the most. 

The overarching objectives of both of these field campaigns is to gain a better 

understanding of the chemical and physical characteristics of atmospheric aerosols 

formed from different sources that are responsible for the reduction in the overall air 

quality. Advanced understanding of aerosol characteristics and the relationships with 

precursor sources is essential for determining effective emission control strategies to 

improve air quality.
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CHAPTER I:  

ATMOSPHERIC AEROSOLS 

1.1 Introduction 

Air pollution has been one of the leading environmental concerns, with impacts 

ranging from human health to climate change. Aerosols or particulate matter (PM) are 

solid and/or liquid particles suspended in a gas (air). Direct emissions of aerosols and 

their precursors have dramatically increased globally over the past century. Mass 

concentrations of aerosols smaller than 2.5 micron (PM2.5) or 10 micron (PM10) are two 

of the monitored criteria pollutants by the U.S Environmental Protection Agency (EPA) 

and have been associated with the exacerbation of health effects such as asthma and 

cardiovascular disease leading to an increase in morbidity and mortality from air 

pollution exposure1-9.  

Additionally, degradation of visibility (haze formation) is perhaps the most 

obvious evidence from urban and regional air pollution to the public. Particularly, 

aerosols in the size range of 0.1 – 1.0 μm are most important contributors to visibility 

impairment because of their highly efficient light scattering properties10-12. Some haze-

causing pollutants (mostly fine particles) are directly emitted to the atmosphere by 

sources such as power plants, industrial facilities, trucks and automobiles, and 

construction activities while others are formed when gases emitted to the air (such as 

sulfur dioxide and nitrogen oxides) undergo atmospheric oxidation, leading to aerosol 

formation downwind of the sources13-17. Deposition of oxidized (e.g., nitric acid) or 

reduced species of nitrogen (e.g., ammonia) with emissions from power plants, vehicular 
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traffic, and agricultural activities can also cause changes in soil nutrient levels, changing 

vegetation types, damaging  crops and forests.  

Furthermore, aerosols may act as sites for heterogeneous chemical reactions, 

altering the overall atmospheric chemical processes and increasing the potential for 

secondary inorganic or organic aerosol formation. In general, environmental and climate 

impact of aerosols are uncertain to various degrees and more studies to determine the 

roles of different aerosol components on the Earth’s climate system are needed.  

1.2 Relevance of Aerosols and Pollution  

Atmospheric aerosols may have impacts spanning from local, to regional and 

global scales. Numerous sources such as, local vehicular exhaust, wood burning, and 

large scale industrial processes contribute to urban air pollution, leading to possible 

adverse health effects. Aerosols can be transported regionally from areas of high 

emissions to areas that are more remote. Additionally, aerosols have a large but uncertain 

level of potential to significantly influence our global atmospheric chemistry and climate; 

for example, through heterogeneous chemistry in the troposphere and stratosphere18, 

scattering or absorbing light, or serving as cloud condensation nuclei (CCN) 19. To date, 

the radiative effects of aerosols have a significantly large uncertainty in global climate 

predictions of the anthropogenic radiative forcing. As a result, a better understanding of 

the formation, composition, and transformation of aerosols in the atmosphere is critical in 

quantifying the aerosol effects.  
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Improving air quality in the U.S. has been a challenge in the past decades, but due 

to federal regulation guidelines such as the Clean Air Act 20,  air quality has generally 

improved over the last 20-30 years . The Clean Air Act and subsequent amendments 

enacted by congress in 1970, 1977, and 1990 led to major changes in how the United 

States Environmental Protection Agency (U.S. EPA) implemented standards on air 

quality 21. The National Ambient Air Quality Standards (NAAQS) monitor six criteria 

pollutants that are deemed harmful to the environment and human health. Criteria 

pollutants, sources, and their attainment levels are outlined in Table 1.1. The pollutants 

that are regulated are ozone (O3), carbon monoxide (CO), sulfur dioxide (SO2), nitrogen 

oxides (NOx), lead (Pb), and particulate matter (PM). Among these, particulate matter/ 

aerosols have a higher potential for impacting human health due to the deposition 

potential of the particles in the respiratory tract 21, 22 and will be further discussed.  
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Table 1.1 Limits of Criteria Pollutant U.S EPA Federal Standards23      

 

Pollutant 

Primary / 

Secondary 

 

Major Sources 

Averaging 

Time 

Federal 

Standard 

Carbon Monoxide 

(CO) 

Primary Motor vehicle 

exhaust 

8 - h 9 ppm 

1 - h 35 ppm 

Lead (Pb) Primary / 

Secondary 

Fuels in on-road 

motor vehicles and 

industrial sources 

(metal processing) 

3 - month 0.15 µg·m-3 

Nitrogen Dioxide 

(NO2) 

Primary Motor vehicle 

exhaust 

1 - h 100 ppb 

Primary / 

Secondary 

Annual 53 ppb 

Ozone (O3) Primary / 

Secondary 

Chemical reactions 

between oxides of 

nitrogen (NOx) and 

volatile organic 

compounds (VOC) 

in the presence of 

sunlight 

8 - h 0.075 ppm 

Particulate 

Matter 

(PM) 

PM2.5a Primary Direct emission from 

incomplete 

combustion (gas-

phase), fire/wood 

burning, and 

industrial emissions 

Annual 12 µg·m-3 

Secondary Annual 15 µg·m-3 

Primary / 

Secondary 

24 - h 35 µg·m-3 

PM10b Primary / 

Secondary 

Unpaved road and 

agricultural dust 

24 - h 150 µg·m-3 

Sulfur 

Dioxide 

(SO2) 

Primary Combustion of sulfur 

containing fuels 

1 - h 75 ppb 

Secondary 3 - h 0.5 ppm 

a Particulate matter with Da < 2.5 µm  b Particulate matter with Da > 2.5 µm 

 

Aerosol particles arise from several natural and anthropogenic activities. 

Furthermore, some emission sources (e.g., sea spray, volcanic activities and biomass 

burning, fuel combustion, industrial processes, fugitive sources, and vehicular 

transportation) emit aerosols directly into the atmosphere, forming primary aerosols. 

Other sources, e.g., vegetation, industrial or agricultural activities, or fuel combustion, 
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emit precursors that undergo atmospheric oxidation (by ·OH, ·RO2, ·HO2 radicals) to 

form products such as sulfuric acid (H2SO4), nitric acid (HNO3), or organic species with 

low vapor pressures that may nucleate to form new particles or condense onto existing 

ones12, 18, 24, 25, leading to formation and growth of secondary aerosols.  

1.3 Aerosol Properties  

1.3.1 Aerosol Classifications 

Atmospheric aerosols have size distributions ranging between 0.001 to 100 μm in 

diameter (Fig. 1.1). Aerosol distribution of sizes is an important factor to consider and 

characterize, as it is not only related to the sources of the particles, but also determines 

their effects on health, visibility, and climate. Aerosols are present in a variety of shapes 

and sizes and typically do not resemble uniform spheres. Aside from aerosol size and 

shape, properties such as mass, volume, and surface area are important to characterize. 

From a regulatory stand point, air quality standards of PM2.5 and PM10 
  are critical to 

characterize as they represent mass of particles smaller than 2.5 μm and 10 μm, 

respectively, in the volume of air. Similarly, surface and volume distributions are of 

importance when considering reactions occurring on the surface of the aerosol or within 

the aerosols themselves (i.e., SO2 to sulfate).  

Distribution functions of number, mass, surface area, and volume among the 

various particle sizes are denoted as ∆N /∆logD, ∆S/∆logD, ∆V/∆logD, and ∆M/∆logD, ,  

where N, ∆S, ∆V, and ∆M, are the number, surface area, volume, and mass , 

respectively. Shown in Fig. 1.1 is the number, volume, and surface distribution for a 
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typical urban environment in California26. As indicated, aerosols formed from different 

processes appear in different size groups. Additionally, several important characteristics 

of typical urban aerosol appear in the plot. In Fig. 1.1a, a large mode in number 

distribution emerges at 0.02 µm and a slight bump in the trend around 0.1 μm. In the 

surface distribution (Fig. 1.1b) there is a prominent peak around 0.1-1 μm and a broad 

shoulder between 1-10 µm The volume distribution (Fig. 1.1c) shows strong modes at 

0.1-1 µm and a second mode at 1-10 µm. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1. (a) number, (b) surface area, and (c) volume distributions represented of urban 

aerosols in California26. 

 

 



 

7 

 

Lifetimes of aerosols are contingent on their size classification.  Size 

characterization of the particles is therefore an important aspect to understand their fate 

and transport in the atmosphere. Particulate matter can be categorized in four main 

classifications based on the aerodynamic diameter (Fig. 1.2) which include, coarse (<10 

µm), fine (<2.5 μm), Aiken nuclei (<0.01-0.08 μm), and ultrafine (<0.01 μm) 12, 18.  

Starting with the smallest of all the modes, ultrafine particles are sometimes 

referred to as the nucleation mode and are generated by homogenous gas-to-particles 

conversion processes. Although present at a significant number concentration, ultrafine 

particles do not make up a large portion of the total aerosol mass. For example, as 

reported by Hughes and colleagues from a study conducted in Los Angeles, ultrafine 

particles only contribute to about 1 µg m-3 of the total particulate mass but amount to 

significant deposition in the respiratory tract in a single day of exposure. Therefore, the 

high concentration inhaled can induce toxicological effects from primarily breathing in a 

large number of particles, rather than a high mass loading.  

Next, the Aiken nuclei is part of the fine particulate class with a diameter that 

spans from the lower nucleation sizes and can extend into the accumulation range. These 

aerosols are released into the atmosphere from ambient-temperature gas to particle 

conversion, for example combustion processes in which hot, supersaturated vapors 

undergo condensation upon cooling to ambient conditions. The particles behave as a 

nuclei for condensation of low-vapor pressure gaseous species resulting them to grow 

toward the accumulation range or they may grow through coagulation processes. These 
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transient nuclei aerosols contribute very little to the total mass loadings and their 

lifetimes in the atmosphere are short due to their rapid coagulation. 

 

Figure 1.2. Aerosol Size Distribution 22 . Solid lines represent the original hypothesis of Whitby 

et al. suggesting only a tri-modal distribution. Dashed lines represent the fourth ultrafine particle 

mode and the bimodal distribution occasionally seen in the accumulation mode.  

Aerosols in the accumulation range make up diameters between 0.08- ~1-2 μm 

which include PM2.5. Accumulation particulate matter typically arise from the 

condensation of low volatility vapors and from the coagulation of smaller particles in the 

nuclei range with larger particles or self-coagulation. Displaying two peaks under the 

accumulation mode may indicates presence of externally mixed aerosol with different 
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composition across the sizes, leading to some being more hygroscopic than others. 

Changes in aerosol hygroscopicity behavior, i.e., the ability to absorb water as a function 

of humidity, is one of the important parameters controlling aerosol direct and indirect 

climate effects. Atmospheric particles can absorb water at relative humilities well below 

100 % depending on their chemical composition. Due to water uptake, size of aerosols 

change, leading to changes in their optical properties18, 27-30. Lastly, coarse particles 

(PM10) are formed primarily from mechanical processes such as grinding, meteorological 

events (wind), sea spray, and the erosion of the Earth’s geological decomposition31. 

These large particles tend to settle out in the atmosphere largely through sedimentation 

(dry deposition). Frequent episodes of strong winds may allow coarse particles to re-enter 

the atmosphere, but the fallout usually displaces the re-entrainment of these events.  

1.3.2 Aerosol Chemical Composition  

Aerosols are complex in nature and require proper understanding of their 

composition in order to effectively regulate potential sources and quantify their effects on 

human health, atmospheric chemistry, and global climate change. Aerosol components 

are derived from soils, minerals, biogenic sources, and fuel combustion. In general, 

atmospheric aerosols are composed of both organic and inorganic fractions. Figure 1.3 

represents the average chemical composition of non-refractory submicron aerosols (NR-

PM1) measured at 25 sites around the world using an aerosol mass spectrometer (AMS, 

section 2.1). Most notably, the organic fraction often constitutes the major part of the 

total aerosol mass loading. This fraction is characterized by a complex mixture of 
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thousands of compounds that are products of multifaceted formation pathways. The 

inorganic fraction of NR-PM1 particles are composed of mainly ammonium nitrate and 

sulfate. The role of inorganic gases resulting in formation of new aerosols has been 

studied more extensively before. Sources such as ammonia, an abundant base in the 

atmosphere, commonly emitted from agricultural related activities, undergo reactions 

with nitric and sulfuric acids (HNO3 and H2SO4, respectively) and hydrochloric acid 

(HCl) to form ammonium nitrate, sulfate, and chloride aerosols. HNO3 is primarily 

produced by NOx (NO+NO2) oxidation, while H2SO4 originates from SO2 oxidation. Sea 

salt (NaCl), a refractory component of aerosols, is a major primary inorganic component 

from marine emissions and significantly affects climate change by acting as a cloud 

condensation nuclei (CCN)12, 18, 32, 33.  
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Figure 1.3. Worldwide aerosol chemical composition by AMS measurements. The compositional 

pie charts represent the average mass concentration and chemical composition: organics (green), 

sulfate (red), nitrate (blue), ammonium (orange), and chloride (purple), of NR-PM1. Colored 

circle markers show the study area and indicate the type of sampling location: urban areas (blue), 

<100 miles downwind of major cites (black), and rural/remote areas >100 miles downwind (pink) 
34. 

The carbonaceous fraction of aerosols is comprised of both elemental and organic 

carbon. Elemental carbon (EC), also known as black carbon or soot, is found to be 

emitted directly by combustion processes such as biomass burning or diesel exhaust. It is 

possible for particles containing organic carbon (OC) to be directly emitted into the 

atmosphere from primary sources (i.e., biomass burning), forming primary organic 

aerosol (POA) or for organic precursors to undergo atmospheric oxidation reactions (i.e., 

OH, RO2) forming reaction products that have low enough volatilities to form secondary 

organic aerosol (SOA)35-37. However there are still considerable uncertainties on SOA 

formation in the atmosphere, complicating characterization of the SOA components. Due 
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to their complexity, the study of this aerosol fraction typically requires application of 

source apportionment and factorization techniques to quantify the major emission 

sources. Typical precursors of SOA include anthropogenic volatile organic compounds 

(VOCs) such as alkanes, alkenes, aromatics and carbonyls, and naturally emitted 

compounds such as isoprene, monoterpenes and sesquiterpenes.  

Among techniques to determine the composition of non-refractory aerosols is 

aerosol mass spectrometry, which will be described in section 2.1. Specifically, the 

Aerodyne Aerosol Mass Spectrometer has provided the means of obtaining highly time-

resolved, size-dependent chemical composition of aerosols in real-time.  

1.4. Environmental Impacts 

Aerosols attenuate solar radiation as it passes through the atmosphere, which in 

turn affects the radiative budget of the Earth, Fig. 1.4. The extent of this interaction 

depends on aerosol size and composition. Since atmospheric aerosols are composed of a 

mixture of species from a number of sources, aerosol optical properties can be variable 

spatially and temporally. Climate impacts of aerosols are categorize into direct and 

indirect effects. Direct effects are the result of light attenuation due to scattering and 

absorption by aerosol particles while the indirect effects include aerosol impacts on 

modifying cloud properties, e.g., cloud droplet size, cloud lifetime, and reflectivity38-41.   

According to a theory by Twomey and colleagues, as aerosol concentration increases 

within a cloud, the water in the cloud is spread over a larger number of droplets, each of 

which is correspondingly smaller, resulting in smaller droplets that reflect more sunlight 
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and formation of clouds with a longer lifespan due to drizzle suppression 18, 42, 43. Overall, 

these changes in cloud droplets number concentration and size and their lifetime are 

believed to increase the amount of sunlight that is reflected into space, resulting in a 

cooling effect12. 

 

 

 

 

 

 

 

 

 

 

Figure 1.4. Emission and drivers and their estimate radiative forcing on the global climate 

system42.  
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Figure 1.4, summarizes the state of knowledge and scientific level of confidence 

of the effects of various external factors on the Earth’s global climate as reported by the 

Intergovernmental Panel on Climate Change44. The figure represents the radiative forcing 

due to presence of various pollutants in the atmosphere in 2011 compared to the 

preindustrial levels in 1750. Radiative forcing, expressed in Wm-2 is the measure of the 

net change in the incoming and outgoing radiation energy and overall energy balance of 

the earth, with positive (negative) values indicating warming (cooling). Uncertainty 

levels in the estimated forcing values are variable, with lower uncertainties are associated 

with forcing of the greenhouse gases (GHG) and aerosol direct effects. Overall, lower 

level of confidence is associated with aerosol indirect forcing. It is important to also note 

that the cooling extent of the aerosols could be as much as the total warming effect of the 

GHG.  

This summary provides a clear picture that there is much less confidence in the 

ability to quantify the total aerosol direct and indirect effects on the global climate than 

there is for other factors such as greenhouse gases. This is partly due to the fact that 

aerosols stem from a variety of processes and have a variety of chemical and 

microphysical characteristics, neither of which is well understood. Additionally, they are 

relatively short-lived in the atmosphere, specifically, in the lower troposphere, and thus 

are spatially and temporally non-uniform.  As such, aerosol effects on a regional and 

global scale need to be further investigated to accurately quantify the relative impacts of 

natural and anthropogenic sources on climate.  
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In addition to changing the Earth’s energy balance, light attenuation by aerosols 

also impacts regional visibility. Visibility reduction in urban environments is common 

due to high concentration of scattering and absorbing aerosols (and gases such as 

nitrogen dioxide) present in the boundary layer. During wintertime, and under the 

influence of atmospheric inversion and stagnation, visibility degradation is typically 

worse. An example of such a phenomena is the Denver Brown cloud that has been 

observed to form over Denver, CO during wintertime when urban emissions were 

trapped, causing a greyish-brown cloud45-47. Several chemical constituents were found to 

contribute to the brown cloud formation, but among the aerosol components, largest 

contribution was from elemental carbon, ammonium sulfate, and ammonium nitrate 

impacting the visibility in the region.  

Additionally, due to continuous formation and evolution of aerosols as they are 

transported downwind of the sources, aerosol-driven reduction of visibility is not limited 

to urban areas, but it is also observed in natural environments far from the sources48-51. 

To remedy reductions in visibility in the natural environments, legislations were amended 

to the Clean Air Act in 1977, leading to formation of the IMPROVE (Interagency 

Monitoring of the Protected Visual Environments, 

http://vista.cira.colostate.edu/improve/) network for regular monitoring of aerosol 

composition in the National Parks.  
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1.5 Health Effects 

New estimates from the World Health Organization (WHO) reported 

approximately 7 million premature deaths annually as a result of indoor and outdoor air 

pollution52-54. This current estimate puts air pollution as the world’s largest single 

environmental health risk and provides a stronger link to cardiovascular disease, such as 

strokes and ischemic heart disease. Air pollution has a long history associated with health 

risks. For example, the “London Fog” was a health related event observed in London, UK 

during 1952. The onset of tremendous smog due to industrial and residential coal burning 

plagued the city with mortality. This event took place during December, when cold 

temperature and stagnation created a low-level inversion layer, trapping the pollutants 

close to the surface. Nearly 12,000 deaths resulted from the tragic event of 1952 from 

acute and persistent exposure to the elevated smog, exacerbating respiratory illnesses by 

means of bronchitis and pneumonia55-57.  

The major route of exposure to aerosols is through inhalation. An individual may 

inhale coarse, fine, or ultrafine particles, with each size category corresponding to 

different health risks 58-60 owing to the nature of particle deposition in the human 

anatomy. Particles that are larger in size, typically course ( PM10), are subjected to 

deposition mechanism in the upper respiratory tract, in the Naso-oro-pharyngo-laryngal 

region, shown in Figure 1.5. Fine (PM2.5) and ultra-fine (PM0.1) particulates are of greater 

concern primarily because of their deposition potential in the pulmonary and 

tracheobronchial region leading to an exacerbation of health effects among exposed 

individuals. 
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Figure 1.5. Inhaled particle deposition within the respiratory tract 61 

Samet et al. (2000) reported a relationship between coarse particles and the 

decline in health, leading to an increase in mortality rate. They concluded that 10 μg m-3 

increase in PM10  produces a 0.5% increase in daily mortality 62. A multi-location 

statistical analysis showed that the relation between PM exposure level and daily deaths 

appears to be linear, down to the lowest exposure (<22 μg m-3). Additionally, Gauderman 

et al. (2000) has shown the association between air pollution and lung function growth 

which is measured by the volume of air exhaled in the first second of forced expiratory 

(FEV1), which also serves as an index to assess airway obstruction. A cohort of Southern 

California children in twelve communities had their lung function monitored over a 4-

year period with additional air pollution monitoring stations with hourly measurements of 

ozone, nitrogen dioxide, PM10, and PM2.5. Statistical analysis were evaluated with linear 

regression methods throughout the study period and determined if any correlations 
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between the average lung function growths of the children in each community were 

associated with the corresponding average pollutant levels monitored in those 

communities. Results concluded that no significant associations were observed with 

ozone, but children residing in the most polluted communities showed a 3.4% reduction 

in their lung volume measured in terms of the forced expiratory volume in one second 

(FEV1). Additionally, the prevalence of reduced forced expiratory volume that was less 

than 80% (FEV1<80%) of the normal range for each age bracket was 4.9 times greater in 

subjects with high PM2.5 exposure63. The results suggest that significant negative effects 

on lung function growth in children are linked to exposure to high ambient concentrations 

of particles. 

In a study conducted by Pope et al. (2002) on the relationship between long-term 

exposure to particulate matter and lung cancer, it was shown that a 10 μg m-3 increase in 

mean particulate matter was associated with an approximate 4% increase in overall 

mortality, a 6% increase in cardiopulmonary mortality, and an 8% increase in lung cancer 

mortality in a 500,000 sample size. The study concluded that long-term exposure to 

combustion-related fine particulate air pollution is an environmental risk factor for 

cardiopulmonary and lung cancer mortality8.  

A tremendous amount of focus has been placed on aerosols smaller than 2.5 

microns (PM2.5 and PM0.1) because of the potential delivery of toxic chemicals deep into 

the lungs 62. Particles in this size range are able to penetrate the inferior airways of the 

respiratory tract and diffuse into the alveolar sacs where they can remain for weeks or 

months 64, ultimately leading to several health complications (i.e., chronic obstructive 
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pulmonary disease (COPD), cardiovascular disease). Upon the deposition of particles 

through inhalation, particles can undergo a series of biological reactions, inducing an 

inflammatory response that is strongly linked to acute and chronic health effects, 

including asthma and cardiovascular pulmonary disease 8, 65.  The underlying 

mechanisms for particle-initiated inflammatory responses within the body are not clearly 

understood, but several studies identified reactive oxygen species (ROS) formation as 

contributors towards adverse health effects since high levels of ROS can intrinsically 

promote cellular damage 1, 65-72. 

1.6 Research Objectives 

The main objective of the work presented in this thesis is to provide a summary of 

two field campaigns that included ambient ground-based measurements in Mira Loma, 

CA (Chapter III) and airborne measurements in Colorado during the 2014 FRAPPÉ 

campaign (Chapter IV). Both projects focused on the online measurements of aerosol 

chemical composition and optical extinction using an aerodyne compact time-of-flight 

mass spectrometer (mAMS) and a cavity attenuated phase-shift spectrometer (CAPS-

PMex) to characterize aerosol composition and optical extinction.   
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CHAPTER II:   

COMPACT AEROSOL MASS SPECTROMETER (mAMS) &  

CAVITY ATTENUATED PHASE-SHIFT SPECTROSCOPY- 
PARTICLE EXTINCTION MONITOR (CAPS-PMex)  

Overview 

Complete understanding of the chemical composition and processes that control 

the formation and transformation of atmospheric aerosols has been limited by the 

available measurement techniques employed to study them. Over the past decade, aerosol 

mass spectrometry has gained considerable interest as a tool to determine the size and 

chemical composition of aerosol particles in real-time. The advancement of the Aerodyne 

Aerosol Mass Spectrometer (AMS) has represented a significant leap in this domain of 

research. The AMS is capable of providing quantitative information on chemical 

composition of submicron non-refractory fraction of aerosol particles with a high time 

resolution. As described previously (section 1.4), aerosol size and composition ultimately 

control aerosol optical characteristics such as scattering and absorbing potential of solar 

radiation. To more accurately determine the extent to which aerosols impact the climate 

and visibility, better characterization of the optical properties of atmospheric aerosols is 

needed. The recently developed Aerodyne Cavity Attenuated Phase-Shift Spectroscopy- 

extinction monitor (CAPS-PMex) has shown to provide robust measurements of aerosol 

extinction coefficients. Measurements described in this thesis primarily are obtained by 

the mAMS and CAPS-PMex. The next section will explore principles of operation of 

these two measurement methods in more detail. 
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2.1 Aerodyne Compact Particle Time-of-Flight Aerosol Mass 
Spectrometer (mAMS) 

The AMS is one of the most advanced online aerosol instruments and has been 

deployed in many locations around the world to study size-resolved, non-refractory 

chemical composition of ambient particles34. To date, the AMS has advanced our 

understanding of the emission and formation processes of aerosol particles both from 

anthropogenic and natural sources when combined with gas phase measurements73-88. 

This section will describe the components of the mAMS, its principles and modes of 

operation, and calibration practices to provide a quantitative approach to measure 

chemical composition and size distribution of submicron aerosols. Similar to a full-size 

AMS, the mAMS consists of three main compartments, including aerosol sampling inlet, 

particle sizing chamber, and particle vaporization/ionization and chemical analysis 

region. Unlike the full-size AMS, high vacuum pumping on the mAMS is achieved by a 

split-flow turbo pump, rather than separate individual turbo pumps. Additionally, the 

particle time-of-flight chamber of the mAMS is shorter by 10 cm compared to that of the 

full-size AMS. A basic schematic of the mAMS is shown in Fig. 2.1.  
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Figure 2.1. Schematic of Aerodyne Aerosol Mass Spectrometer. (Image adapted and modified 

from Aerodyne Inc.)  

2.1.1 Aerosol Sampling Inlet  

Aerosols are sampled through a critical orifice to achieve a pressure of ~1.3 mbar 

(flow rate of ~1.6 cm3s-1) in the lens system of the inlet. A system of aerodynamic lenses 

are  designed and optimized to focus the aerosol particles in the size range of ~100-500 

nm into a narrow beam89, 90. The aerodynamic lens system (Fig. 2.2) consists of a 

cylindrical tube containing five apertures of sequentially decreasing diameters from 5 

mm inner diameter (id) to 3 mm id that are used in series to focus the sampled particles 

into a narrow beam before accelerating through an end nozzle. The air streamlines 

undergo a series of contractions and expansions creating a particle trajectory that is 

independent from the gas streamline in the lens system for particles in the size range of 

~100-500 nm. This allows particles to remain focused as they expand through the nozzle 

into the particle time-of-flight chamber, producing a low-divergence particle beam as 

described by Liu and colleagues78, 89, 90. 
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Figure 2.2. FLUENT simulation results illustrating the focusing action of the aerodynamic lens 

for 100 nm diameter spheres78. 

Particles smaller than the lower cut-off size of the lens have too little inertia to be 

focused in the lens system and the majority of them end up in the gas streamlines and are 

not collimated into the particle beam. Particles with sizes larger than the upper limit of 

the lens system are lost through impaction on the critical orifice, resulting in a gradual 

decline in the transmission efficiency with increasing particle diameter above the upper 

limit of the aerodynamic lens system. Brownian motion caused by random collisions of 

air molecules with particles disturb the particle motion about the axis accelerating 

through the nozzle. The motion and drag forces on particles during nozzle expansion 

determine the minimum width of the particle beam produced by the aerodynamic lens 

system89, 90.    
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2.1.2 Aerosol particle sizing  

After exiting the lens system and upon expansion into the particle time-of-flight 

chamber, particles reach a size-dependent velocity travelling through the vacuum 

chamber, with smaller particles arriving at the detector sooner than the larger ones. By 

chopping the particle beam with a rotating multi-slit chopper wheel and measuring the 

time particles take to travel the known length of the vacuum chamber (29 cm) before 

arriving at the detector, vacuum aerodynamic diameter (dva) of the aerosols can be 

measured and calibrated for using standard-size polystyrene latex spheres (PSL, 

Polysciences Inc.). The velocity based on particle time-of-flight and the length of the 

chamber is related to dva according to the following equation:   

𝑣 = 𝑣𝐿 +  
𝑣𝑎 − 𝑣𝐿

1 +  (
𝐷𝑣𝑎

𝐷∗ )
𝑏 

91Equation 2.1 

where, 𝑣𝐿 ,𝑣𝑎,𝐷∗, and b are parameters determined through a fit to the calibration data 

points. Further details on this calculation can be referenced in Bahreini et al. (2003). 

Figure 2.3 shows an example of the velocity calibration curve obtained by sampling dry 

PSL particles in the size range of ~100-700 nm.  
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Figure 2.3. Particle velocity as a function of particle vacuum aerodynamic diameter. Data points 

are measurements from the pTOF mode using standard-size polystyrene latex spheres.  

The particle time-of-flight is determined in the free-molecular regime flow 

resulting in a measure of vacuum aerodynamic diameter in the AMS as opposed to the 

traditional aerodynamic diameter measured in the continuum regime flow. Considering 

the Cunningham slip correction factor for the free molecular regime, the following 

relationship between volume equivalent diameter (Dve) and Dva is obtained by: 

 

 

92Equation 2.2 

here, Dva is the vacuum aerodynamic diameter, v is the dynamic shape factor in the free 

molecular regime, Dve is the classical volume-equivalent diameter, p is the density of the 

particle and ρ0 is the unit density of 1g cm-3. For spherical particles, v, is assumed to be 

one and Dve is the same as the particle physical diameter. In contrast to the traditional 

single-slit chopper wheel that limits the particle throughput to 2% duty cycle, a newly 

𝐷𝑣𝑎 =  
𝜌𝑝

𝜌0
·

𝐷𝑣𝑒


𝑣

 



 

26 

 

designed, efficient particle time-of-flight (epToF) multi-slit chopper wheel has been 

designed to allow higher sampling rate of particles and to improve signal to noise of the 

measured mass distributions. The chopper is coupled to an optical sensor to define the 

start of the particle time-of-flight (ToF) cycle while end of travel-time is determined by 

ion detection through the mass spectrometer. A servo motor is used to control the copper 

position (open, closed, chopped) relative to the aerosol particle beam, according to the 

mAMS mode of operation (section 2.1.4).    

2.1.3 Particle detection and chemical analysis 

After travelling through the particle-time-of-light chamber, particles impact onto a 

tungsten inverted cone held at 550–600˚C, where non-refractory components of aerosols 

flash vaporize and are ionized by electron impact (70 eV electrons). Ions are then 

extracted into a time-of-flight mass spectrometer, separated according to their mass to 

charge ratio (m/z) (Tofwerk, Thun, Switzerland), and detected by a set of multi-channel 

plates. Species mass concentrations are calculated from the mass spectra, following the 

fragmentation table approach described by Allan et al. (2004)93.  

2.1.4 Modes of Operation  

The mAMS is capable of producing two types of data. In the mass spectrum mode 

(MS), the servo is used to move the chopper wheel in front and out of the path of the 

particle beam. Ensemble aerosol mass spectrum is defined as the difference between the 

spectra obtained with the fully open and fully blocked particle beam.   
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In the particle time-of-flight mode (pToF), the chopper wheel is set to the 

chopped position to allow passage of the particles through the slits. The chopper is 

typically rotating at a rate of ~100 Hz. An inversion algorithm is used to deconvolve the 

spectra obtained based on ion extraction times and the timing parameters of the chopper, 

resulting in size resolved mass distributions of different non-refractory chemical 

components of the aerosols.  

During normal operation of the mAMS, timing parameters are set in the data 

acquisition software to alternate between MS and pToF modes, with a full acquisition 

cycle time of 10-15 s.  

2.1.5 Signal Quantification and Calibration  

Single ion strength, determined daily through the acquisition software, is used 

along with the extraction timing parameters of the mass spectrometer to determine ion 

rate detected at each m/z of the spectrum. To convert  signal ion rate, I, to the 

corresponding ambient mass loading, C, the following formula is applied according to 

Jimenez et al. (2003)93 75, 94.  

 

 

75Equation 2.3  

where, MWs is the molecular weight of the parent species, NA is Avogadro’s number, Q 

is the volumetric flow rate into the AMS, and IEs is the ionization efficiency of the 

species. Since upon electron impact ionization, chemical species undergo major 

𝐶𝑠 =
1012𝑀𝑊𝑠

𝐼𝐸𝑠𝑄𝑁𝐴
 ∑ 𝐼𝑠,𝑖

𝑎𝑙𝑙 𝑖
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fragmentation, signal ion rate of all fragments stemming from a specific compound must 

be considered in the above equation.  

IEs for molecules other than nitrate is assumed to be related to IENO3 with a 

calibration factor, RIE and the ratio of the molecular weights of the species to that of 

nitrate since ionization cross section of a particular molecule is proportional to the 

number of electrons present and in turn, it can be proportional to the molecular weight of 

that molecule (Equation 2.4): 

𝐼𝐸𝑠

𝑀𝑊𝑠
=  𝑅𝐼𝐸𝑠  

𝐼𝐸𝑁𝑂3

𝑀𝑊𝑁𝑂3

 

75Equation 2.4 

 Thus the following modified equation can be applied to calculate the mass 

concentration (µg m-3) of a particular species: 

𝐶𝑠 =  
1012𝑀𝑊𝑁𝑂3

𝑅𝐼𝐸𝑆𝐼𝐸𝑁𝑂3
𝑄𝑁𝐴

 ∑ 𝐼𝑠,𝑖

𝑎𝑙𝑙 𝑖

 

75Equation 2.5 

RIE values for major ambient aerosol species have been determined previously in the 

laboratory to be 1.4 for organics, 1.2 for sulfate, 1.3 for chloride and ~4 for ammonium. 

Based on the above formulation, routine calibrations are carried out to determine the 

sensitivity of the instrument. Using procedures and calculations described in previous 

literature, calibrations of IENO3 and RIENH4 are performed by sampling dry, size-selected 

monodisperse NH4NO3 particles and monitoring the total number of particles introduced 

in the mAMS by a condensation particle counter 95, 96. IENO3 in this calculation is defined 

as the ratio of the number of ions of nitrate produced per particle to the number of nitrate 
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molecules per particle at a given size. AMS data analysis is carried out using the standard 

SQUIRREL analysis software (v1.56) with Igor Pro 6.37 (WaveMetrics, Lake Oswego, 

OR) (D. Sueper, ToFAMS Analysis Software, 2013, http://cires.colorado.edu/jimenez-

group/wiki/index.php/ToF-AMS_ Analysis Software)97. 

2.2 Cavity Attenuated Phase-Shift Spectroscopy- Particle Extinction 
Monitor (CAPS-PMex) 

The Aerodyne Cavity Attenuated Phase-Shift Particle Extinction (CAPS-PMex) 

monitor provides measurements of aerosol optical extinction coefficient (βext, sum of 

scattering (βsp) and absorption (βap) coefficients). The CAPS-PMex utilizes a visible light 

emitting diode (LED at 632 nm) as a light source with a sample cell, incorporating two 

highly reflective mirrors (R>0.9998) at the two ends of a long, near confocal cavity98. 

The instrument has a 1-second time response with a detection limit of 3 Mm-1(3) as 

extinction coefficient.  

The basic schematic of the CAPS-PMex is shown in Fig. 2.4. Particles are sampled 

at a volumetric flow of 0.85 lm-1 through a 26 cm sample cell, with an effective path 

length of approximately 2 km. Under the particle free sampling mode, the light output is 

directed to the first mirror then through the second mirror to the photodiode detector, 

producing a small distorted waveform.  
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When sampling particles, the distortion of the LED waveform relative to the 

initial modulation is more substantial due to decay of light within the cavity.   

 

 

 

 

 

 

 

 

 

Figure 2.4. Schematic representation of the main components of the CAPS-PMex extinction 

monitor98. 

This phase shift (θ) is related to the extinction coefficient (βext) by: 

 

cot θ = cot θ◦ + (c/2π*f ) ∗ βep 
98Equation 2.6   

 

where, cot θ◦ is the phase shift from particle-free mode, cot θ is the phase shift when 

particles are present within the cell, f is the frequency of modulation, and c is the speed of 

light,98-101. With the high potential of the CAPS-PMex as a lightweight, compact 

instrument, we can perform precise and accurate ext measurements of atmospheric 

aerosols in both laboratory and field studies.  
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CHAPTER III:   

SUMMERTIME MEASUREMENTS OF AMBIENT AEROSOL 
EXTINCTION AND CHEMICAL COMPOSITION IN MIRA 

LOMA, CALIFORNIA 

Abstract 

Atmospheric aerosols have been of great concern due to their ability to deteriorate 

air quality, reduce visibility, and change the Earth’s radiative balance. It is imperative to 

characterize aerosol micro-physical properties and chemical components to better 

understand their role on air quality and the climate system. In this study, we carried out 

fast time resolved measurements of ambient aerosol chemical constituents (organics, 

sulfate, nitrate, ammonium, and chloride) of non-refractory sub-micrometer particles 

along with optical extinction measurements in Mira Loma, California from August 17 to 

September 22, 2013. Online ambient aerosol composition was measured by an Aerodyne 

compact time-of-flight aerosol mass spectrometer (mAMS) while optical extinction at 

λ=632 nm was measured by a cavity attenuated phase-shift spectrometry- particle 

extinction monitor (CAPS-PMex).  

Pronounced diurnal patterns for organics, nitrate, chloride, and ammonium were 

observed while sulfate mass was uniform throughout the day. Organics were found to be 

the most dominant chemical species, contributing to ~54% of the total average aerosol 

mass loading. The average mass concentrations of organics were 2.92 ±1.58 μg m-3 and 

increased during the day, consistent with secondary organic aerosol formation due to 

photochemistry. Average nitrate concentrations were 1.04 ± 1.42 μg m-3 (~19% of total 

mass), followed by sulfate 0.71 ± 0.38 μg m-3 (~13%). A strong correlation between 
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optical extinction and aerosol nitrate fraction was observed, indicating that visibility 

degradation in the eastern Los Angeles Basin is driven by secondary formation of 

inorganic ammonium nitrate rather than organic aerosol. NOAA HYSPLIT Trajectory 

Models were performed to characterize 24-hr history of air parcels arriving at Mira 

Loma, CA. Combination of results from aerosol composition, extinction, and back 

trajectory analysis confirmed regions of aerosol precursors important for local air quality 

and visibility reduction.  

3.1 Introduction  

In Southern California, pollution is primarily caused by emissions from 

transportation sources including passenger cars, diesel trucks and buses, locomotives and 

ships. Air pollution is also caused by emissions from oil refineries, manufacturing plants, 

and residential wood burning in the region. In addition, Southern California’s 

meteorology, and sunny, warm, and dry climate promotes the formation of ozone during 

summer months. Eastern sections of the region trap the pollution due to typical on-shore 

flows, funneling the pollutants into the inland region, enhancing downwind aerosol 

formation, and putting residents at risk for the onset or exacerbation of respiratory 

illnesses, lung cancer, asthma attacks, and premature deaths. While overall Inland Empire 

has shown substantial reductions in ozone and particle pollution in recent decades, there 

are still air quality challenges that face the region. The Inland Empire is home to some of 

the most polluted air in the country and continues to put lives at risk throughout the state 

and region. As a result, with over 100 days of unhealthy air per year reported in each 
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county, San Bernardino and Riverside have the highest number of unhealthy ozone and 

particulate matter (annual average 16.8 μg m-3) days in the area and the nation as a 

whole102. Air quality in the South Coast Air Basin, which includes Orange Country, Los 

Angeles County, and the Inland Empire is monitored by a single entity, the South Coast 

Air Quality Management District (AQMD). The entire air basin currently exceeds the 

state’s annual PM2.5 (Federal NAAQS Standard, 15 μg m-3) and the national 24-hour 

PM2.5 standards (Federal NAAQS Standard, 35 μg m-3). With elevated aerosol 

concentrations in LA and Inland Empire, multiple studies have aimed to characterize 

aerosols in the region, dating back to 1987 with the Southern California Air Quality 

Study103, the 1997 Southern California Ozone Study104, and the Study of Organic Aerosol 

at Riverside in summer (SOAR-1) and fall (SOAR-2) in 2005105, 106, and California at the 

Nexus of Air Quality and Climate Change (CalNex 2010) 107, 108. To understand the 

important factors in determining the extent of health effects, visibility degradation, and 

formation of haze 109 affecting air quality in the Inland Empire, chemical and physical 

properties of aerosols need to be further evaluated.  

In this study, we carried out high time resolution aerosol optical extinction and 

size-resolved chemical composition measurements during the summer of 2013 at the 

South Coast Air Quality Management District (SCAQMD) monitoring station, located in 

Mira Loma, CA. Our study aimed to understand the summertime composition of ambient 

aerosols and the dominant aerosol components driving aerosol optical extinction.  
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3.2 Instrumentation and Analysis Techniques 

Ambient ground-based measurements were carried out from August 17 – 

September 22, 2013 at the South Coast AQMD Van Buren monitoring site (Fig. 3.1 and 

Fig. 3.2) in Mira Loma, CA (33˚59’46”N, 117˚29’32”W) to measure online aerosol 

composition and optical extinction using a compact aerosol mass spectrometer (mAMS) 

and a cavity phase-shift spectrometry- particle extinction monitor (CAPS-PMex).The 

concentrations of dried, non-refractory (NR-PM1) aerosol composition of organic and 

inorganic (nitrate, sulfate, ammonium, and chloride) species were measured by the 

mAMS, (section 2.1),  and sampled from an inlet downstream of a PM2.5 cyclone located 

2m above the roof of the monitoring facility. The sampled air passed through a 1/8th inch 

stainless steel insulated line and a dryer prior to analysis by the AMS. The data were 

averaged with a 1 minute time resolution. All data were analyzed using standard AMS 

software (SQUIRREL v1.53) within Igor Pro 6.37 (WaveMetrics, Lake Oswego, OR) (D. 

Sueper, ToFAMS Analysis Software, 2013, http://cires.colorado.edu/jimenez-

group/wiki/index.php/ToF-AMS_ Analysis Software)97. Concentrations are reported at 

conditions of standard temperature and pressure (1 atm and 273K) in units of μg sm-3). 

Aerosol optical extinction was measured by CAPS-PMex at a spectra band of λ=632 nm, 

through a common inlet line with the mAMS. Dried PM2.5 ambient aerosol extinction was 

measured at 1-s time resolution. 
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Figure 3.1. South Coast AQMD monitoring site, Mira Loma, CA 

 

 

 

 

 

 

 

 

 

Figure 3.2. South Coast AQMD monitoring site, Mira Loma, CA. (top right) PM2.5 cyclone 

affixed to a supporting pole on the AQMD monitoring facility rooftop. (bottom left) mAMS 

adjacent to a Teledyne PM2.5 filter sampling unit, (bottom right) CAPS-PMex on instrument rack.   
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Details of the mAMS and CAPS-PMex are explained in greater detail previously 

in Chapter II of this thesis. Routine measurements of auxiliary gas-phase ozone (O3), 

nitrogen oxides (NO, NO2), and carbon monoxide (CO) were carried out by the 

SCAQMD from various co-located instruments (An APT/Teledyne 400E analyzer (O3), 

Thermo 42i (NO, NO2), and a Horiba APMA 360 for ambient (CO)).  

Additionally, a Hybrid Single Particle Lagrangian Integrated Trajectory Model 

(HYSPLIT) was used to analyze back trajectories of measured air masses to understand 

the origin and trajectory the pollutants had travelled prior to reaching the sampling 

location. The model requires preformatted meteorological data that are used to compute 

complex dispersion and deposition simulations110. The model specifically applies a 

Lagrangian solution of the advection and diffusion equation as a chemical transport 

model to determine the air parcel trajectories within a given domain. Chemical species 

can be simulated into this model and the concentrations at different location at a point in 

time can be determined. One objective of this project is to gain insight on the transport of 

measured chemical species present during the Mira Loma, CA ground measurements in 

light of apportioning sources that are significant to local air quality. Utilizing this 

HYSPLIT Model will provide information on the relationship between the concentrations 

of measured aerosol species (Organic Aerosol or OA, NO3
-, SO4

2-, NH4
+, and Cl-) with 

respect to the trajectory of the air masses over various sources. 
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3.3 Results and Discussion  

3.3.1 Meteorology  

Average temperature during the measurement period was 26.6 ± 6.2 ˚C and 

relative humidity (RH) was 54.8 ± 20.0 % with maximum values reaching 35˚C and RH 

98%. In Figure 3.3, wind rose plots are shown for three time periods throughout the day 

for August 17th as a representation for the wind patterns for other days throughout the 

sampling period. In general, winds were calm and southwesterly in the early morning 

(~0:00-6:00) while slightly increased wind speeds were observed with westerly/north 

westerly winds during the morning to early afternoon (~6:00-14:00), followed by an 

additional increase in wind speed with westerly flows towards the early evening periods 

(~14:00-18:00). Additional wind rose plots are provided in Appendix A for other days of 

interest. Lagrangian HYSPLIT back trajectory 24-hr. models were evaluated to 

characterize air parcels sampled during field measurements. The 24-hr back-trajectories 

show typically a W/SW directional flow, generally travelling through high population 

density areas and dairy-active regions, but occasionally air mass trajectories were 

originating from south or southeast directions. HYSPLIT trajectory model results for 

individual examined periods throughout the field measurements are provided in 

Appendix A.  
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Figure 3.3. Wind rose plots for three time periods on Aug. 17, 2013 used as a representation for 

other selected days.  

3.3.3 Trends in NR-Aerosol composition  

Average aerosol mass loadings in Mira Loma during are presented in Fig. 3.4. On 

average, organics dominate the aerosol component, accounting for 54% of the total 

aerosol mass, followed by nitrate (19%), sulfate (13%), and ammonium (12%). Chloride 

had only a minor (1%) contribution to the total aerosol mass. 

 

 

 

 

 

 

Figure 3.4. Average chemical composition of AMS species during measurements in Mira Loma, 

CA. 
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Figure 3.5. Averaged diurnal profile of AMS species measured from August 17 – September 22, 

2013. 

In Figure 3.5, the average diurnal profile of OA represents two peaks, one was an 

early increase in OA around 6:00 AM consistent with local vehicular emissions during 

the rush hour, and a second increase around noon due to continuous secondary production 

of OA during transport from western LA Basin. It is expected that the mid-day 

production of OA was more significant than displayed due to the increase in boundary 

layer (BL) height during the day and the inherent impact on diluting the pollutants 

throughout the BL. Also consistent with secondary formation and transport, nitrate and 

ammonium displayed a similar behavior in their averaged diurnal trend. In contrast to 

OA, nitrate and chloride have a sharp decrease in the early afternoon possibly due to the 

influence of temperature increase on equilibrium partitioning of ammonia, nitric acid, and 

hydrochloric acid with respect to ammonium nitrate and ammonium chloride (Equation 

3.1).  
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𝐻𝑁𝑂3(𝑔)
+ 𝑁𝐻3(𝑔)

(𝑔) ↔  𝑁𝐻4𝑁𝑂3(𝑠,𝑎𝑞)
 

 

𝐻𝐶𝑙(𝑔) + 𝑁𝐻3(𝑔)
(𝑔) ↔  𝑁𝐻4𝐶𝑙(𝑠) 

Equation 3.1  

Time series of all aerosol constituents (OA, NO3
-, SO4

2-, NH4
+, and Cl-) measured 

by the mAMS are represented in Fig. 3.6. Short periods with high mass concentrations of 

either OA or nitrate (highlighted in blue) aerosols were observed throughout the sampling 

period. Typically, high nitrate mass was observed during early daytime hours, and on 

humid days with an on-shore flow, which favored formation of ammonium nitrate 

thermodynamically and by mixing of the NOx and NH3 emissions from vehicular and 

dairy-related activities.   

3.3.2 Trends in gas-phase tracers 

In Figure 3.7, time series of data on ozone (O3), a secondary pollutant and marker 

for photochemical processing, nitrogen oxides (NOx), a marker for diesel and vehicular 

emissions, and carbon monoxide (CO), a marker for light duty vehicular and combustion 

emissions, were obtained from measurements by South Coast Air Quality Management 

District. 
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Figure 3.6. Field monitored chemical composition of non-refractory aerosols for Mira, Loma, CA (08/16/2013 – 09/22/2013). (Left) OA, 

(Right) Inorganics (NO3
-, SO4

2-, NH4
+, and Cl-). Regions of interest for high nitrate masses are highlighted in light blue boxes. 
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Figure 3.7. Time series of auxiliary gas-phase tracers with aerosol components organic (OA) and nitrate (NO3
-) mass concentration (green 

and blue, respectively) measured by mAMS at Mira Loma, CA during Aug. 17th to Sept. 22, 2013. Data on ozone (pink), nitrogen oxides 

(NOx) (orange), and carbon monoxide (CO) (brown), were obtained from measurements by the South Coast AQMD. 
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Gas-phase auxiliary data measured by SCAQMD were used to evaluate the 

formation of aerosols in Fig. 3.7. Time-series of OA mass concentration tracked well 

with ozone rather than the primary markers such as NOx or CO, indicating significant 

contribution of secondary organic aerosols, through condensation of hydrocarbon 

oxidation products. This is consistent with the eastward transport of pollutants within the 

Los Angeles basin and photochemistry that occurs during onshore transport. Lack of a 

strong correlation between NOx or CO with OA suggest that the contribution of fresh, 

primary OA to the measured OA was minimal during the project.  

3.3.5 Impacts on optical extinction 

 

 

 

 

 

 

 

 

 

 

Figure 3.8. Measured ambient aerosol extinction at λ=632 nm in Mira, Loma, CA as a function 

of the total aerosol mass, sized with the amount of organic mass present, and color coded with the 

fraction of aerosol nitrate. (Boxed out regions have comparable total and organic aerosol masses 

with different fractions of aerosol nitrate.) 
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Figure 3.8 represents  the trend in extinction coefficient as a function of the total 

non-refractory mass, where sized markers represent the OA mass and colors indicate the 

fraction of nitrate on the particles [NO3
-/total mass]. As seen in Fig. 3.8, for a given total 

NR-PM1 mass, plumes with comparable OA mass loadings (i.e., similar sized markers) 

but higher optical extinction coefficients contained a greater fraction of aerosol nitrate 

(warmer color markers). Consequently, in these plumes, the increase in optical extinction 

was more strongly associated with the increase in the aerosol nitrate fraction. Although 

composition-dependent mass distributions were not measured during the study, it is 

suspected that OA species were concentrated on smaller particles that have lower optical 

extinction cross sections. Therefore, during the sampling period, OA did not appear to 

control optical extinction in the region while the data suggested that aerosol nitrate was 

the main component responsible for enhanced extinction and visibility reduction.  

In 1989, the State of California established the 4-hr ambient visibility standard   

ofext = 115 Mm-1, which is higher than the existing standards in other states such as 

Colorado with the 4-hr. daylight visibility standard of 76 Mm-1. Considering the 

hygroscopic nature of ammonium nitrate, measurements in Mira Loma suggest that the 

Inland Empire was possibly in violation of the visibility standards during days with the 

high aerosol nitrate mass loadings during the study period. If the tighter standards of 

Colorado were to be adopted in CA, more frequent violations might be observed during 

the summer in the Inland Empire.  
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 3.4 Conclusion  

Strong on-shore winds were shown to transport air masses over important 

regional sources that contribute to aerosol formation as measured in Mira Loma, CA. The 

average non-refractory aerosol chemical composition was dominated by OA, followed by 

nitrate, sulfate, and ammonium, with little influence of chloride. Diurnal profiles were 

consistent with secondary formation and transport of organic aerosols, nitrate, and 

ammonium. Additionally, OA correlated well with a secondary pollutant marker, O3, 

rather than primary emission markers (NOx and CO), supporting the hypothesis that 

secondary production of OA was prominent during the project. Lastly, this study 

investigated the impact of optical extinction in Mira Loma during the summer. It was 

concluded that ext was strongly enhanced during the times with higher aerosol nitrate 

fractions per total aerosol mass, resulting in the reduction of visibility in the region. 

Reductions in aerosol nitrate through controls on sources of nitrogen oxides and ammonia 

could provide improvements on air quality measures locally and statewide.  
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CHAPTER IV:  

IMPACTS OF THE DENVER CYCLONE ON REGIONAL AIR 
QUALITY AND AEROSOL FORMATION IN THE COLORADO 
FRONT RANGE AIR POLLUTION AND PHOTOCHEMISTRY 

ÉXPERIMENT (FRAPPÉ) 2014 

Abstract 

We present airborne measurements made aboard the NSF C-130 aircraft during 

the 2014 Front Range Air Pollution and Photochemistry Éxperiment (FRAPPÉ) project. 

Data on trace gases, non-refractory sub-micron aerosol chemical constituents, and aerosol 

optical extinction (βext) at λ=632 nm in the presence and absence of a pronounced surface 

mesoscale circulation pattern, called the Denver Cyclone, were analyzed in three study 

regions (In-Flow, Northern Front Range, Denver Metropolitan) in the Front Range.  

Pronounced increased mass concentrations of organics, nitrate, and sulfate in 

three distinct regions in the Front Range were observed during the cyclone episodes (Jul. 

27-28th), in contrast to the non-cyclonic days (Jul. 26, Aug. 02-03). Organics (OA) 

dominated the mass concentrations on all evaluated days, with a 40% increase in OA on 

cyclone days across all three regions while the increase during the cyclone episode was 

up to ~80% for DM, from 3.24 ± 1.23 µg sm-3 to 4.72 ± 1.64 µg sm-3. Average nitrate 

mass concentrations were 0.26 ± 0.27 µg sm-3 vs. 1.03 ± 0.74 µg sm-3 followed by sulfate 

with an average of 0.58 ± 0.23 µg sm-3 vs. 1.01 ± 0.58 µg sm-3 on non-cyclone vs. 

cyclonic days, respectively.  

Secondary production of OA due to photochemical processing in the most aged 

air masses (NOx/NOy<0.5), as evident by the enhancement ratio of OA vs. carbon 
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monoxide, was 60% higher during the cyclone while background OA increased by a 

factor of ~3, from 0.93 µg sm-3 to 3.70 µg sm-3 due to transport from NFR. Furthermore, 

during the cyclone episodes, enhanced partitioning of nitric acid to the aerosol phase was 

observed due to abundance of gas phase NH3. βext displayed strong correlations (r=0.71) 

during the non-cyclone events with OA and NO3
- in the NFR and only with OA (r=0.70) 

in the DM while correlation of βext during the cyclone was strongest (r=0.86) with NO3
- in 

the DM. Mass extinction efficiency values (MEE) values in the DM were similar under 

cyclone (2.85±0.09 m2 g-1) and non-cyclone (2.87±0.58 m2 g-1) days despite the influence 

of different aerosol species on βext (non-cyclone: OA, cyclone; NO3
-).  

4.1 Introduction  

Atmospheric aerosols are of interest due to their impacts on human health, 

visibility, and radiative forcing of climate through scattering and absorption of solar 

radiation 44, 111. Notably, numerous studies have shown that aerosols have adversely 

caused respiratory and cardiac disease, leading to an increase in morbidity and mortality 

in humans1, 2, 6-9, 112-114. Moreover, ecological changes in lakes and national forests from 

nitrogen deposition are a driving concern for the sustainability of the ecosystem12, 115-119. 

Urban air is comprised of a highly complex mixture of gaseous and particulate 

pollutants which are known to be hazardous to the environment and health; namely, 

carbon monoxide (CO), nitrogen dioxide (NO2), sulfur dioxide (SO2), ozone (O3) and 

fine particulates (PM2.5). A significant amount of submicron aerosol mass in the 

troposphere is comprised of organic aerosols (OA), but the direct sources, composition, 
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and formation processes are still confounding37, 85, 120-128. Generally, OA are comprised of 

primary emitted particles into the atmosphere (i.e. POA) and products formed from 

multiphase chemical reactions as secondary organic aerosols (SOA). Several important 

factors including aerosol composition and size determine the extent to which aerosols 

impact the environment and health. Together, the complexity of aerosol composition and 

formation presents major challenges for understanding OA and SOA properties on the 

regional and global scales.  

The Colorado Front Range continues to face challenges attributed to air quality. 

In 2007, the Northern Front Range (NFR) and the Denver Metropolitan area (DM) 

violated the federal eight-hour ozone standard (75 ppbv) and were designated as federal 

non-attainment areas 21. Since July 2012, these areas are classified as "marginal" 

nonattainment areas. Vehicular emissions from growing urbanization in the Denver 

Metropolitan area, local power-plants, agriculture (e.g., Concentrated Animal Feeding 

Operations (CAFOs)), and extensive oil and gas (O&G) exploration in the Northern Front 

Range contribute to the air pollution in the region. Recent studies have shown O&G 

emissions of non-methane hydrocarbons (NMHC) such as short-chain alkanes (C1-C4) 

and alkenes act as precursors to ozone 129-133, but the  potential for these emissions to 

contribute to primary and secondary OA in the region has not been investigated. 

Agricultural practices and power-plant operations in the greater Colorado region 

contribute to visibility impairment and ecosystem degradation by nitrogen deposition, 

through formation of secondary nitrate and sulfate containing compounds 116-118, 134-138. 

Previous air quality studies in the Colorado’s Front Range and urban corridor include the 
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Metropolitan Denver Brown Cloud study, conducted in the 1970’s and 1980’s, with a 

goal to identify emission sources associated with the urban and regional haze along the 

Front Range. In those studies, quantitative measurements of atmospheric constituents 

were focused on pollutants and their precursors (i.e., NOx, SO2, NH3) contributing to 

secondary formation of ammonium nitrate and sulfate, important compounds for 

visibility impairment. These studies demonstrated pronounced visibility reduction due to 

the presence of several aerosol constituents (elemental carbon, ammonium sulfate, and 

ammonium nitrate) during episodes of heavy wintertime air pollution47, 139-141. Several 

modeling efforts were also conducted to understand the local meteorology and the 

sources of aerosols and other pollutants associated with this seasonal event. Despite the 

extensive studies of air pollution during this time span, recent comprehensive 

characterization of summertime air quality in the Colorado Front Range is lacking.  

The highly complex topography and meteorology in the Colorado Front Range 

provide flow patterns driven by mountain-valley circulation that have the potential to 

strongly enhance or drain concentrations of ozone and precursors for secondary aerosol in 

the region. Under optimum meteorological conditions, terrain induced circulations can 

form in the Front Range, producing a mesoscale gyre over the Denver region known as 

the “Denver Cyclone.” Denver’s nearby topography plays an important role in controlling 

the vortex dynamics. To the west of Denver lies the Continental Divide, while located to 

the north and south are the east-west oriented ridges, namely the Palmer Divide and 

Cheyenne Ridge, respectively. The Denver Cyclone causes easterly and southeasterly 

winds to converge with winds over the continental divide, creating a zone of 
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convergence. The assembly of flows is diverted forming an eddy-type circulation north of 

the Palmer Divide. The result of the Denver Cyclone has been shown to influence 

convective storm systems to develop in the Denver area in the summer142-145. 

Meteorological developments akin to the Denver Cyclone lead to an ‘atmospheric 

mixing’ of pollutants between northern and southern latitudes in the Front Range. To 

date, there have been no studies aimed at understanding the influence of the Denver 

cyclone on pollution transport and the air quality in the greater Denver Metropolitan 

region.   

In the summer of 2014, a multiplatform study supported by the Colorado 

Department of Public Health and Environment (CDPHE), National Science Foundation 

(NSF), and the National Aeronautics and Space Administration (NASA) was conducted 

to characterize the emission sources and meteorological conditions that drive 

summertime air pollution in the Colorado Front Range. In this manuscript, we present 

data obtained during the Front Range Air Pollution and Photochemistry Éxperiment 

(FRAPPÉ) to assess the impact of the Denver Cyclone on the region’s air quality.  
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4.2 Measurements 

4.2.1 Field Campaign  

Airborne measurements were made during the Front Range Air Pollution and 

Photochemistry Éxperiment (FRAPPÉ) from July 16 - August 18, 2014. Fifteen research 

flights, flights tracks shown in Fig. 1, were conducted over the Northern Colorado plains, 

foothills, and west of the Continental Divide to sample air masses under the influence of 

diverse sources and meteorological patterns that impact the overall air quality in the 

region. In this analysis, measurements made in the geographical area of the greater 

Denver Metropolitan area (latitudes of 22°39′N–23°09′N and longitude of 113°31′E–

114°15′E) and northern Colorado counties in the Northern Front Range (NFR) (latitudes 

of 22°39′N–23°09′N and longitude of 113°31′E–114°15′E) during days when the Denver 

Cyclone was strongly developed (July 27-28) are contrasted to measurements made 

during the days before and after the cyclone formation (Jul. 26, Aug. 02-03). Airborne 

data presented in this analysis are limited to measurements in the boundary layer (i.e., 

altitudes below 2500 m east of the foothills) to capture air masses impacted by various 

local sources.  

4.2.2 Instrumentation 

In-situ size-resolved composition of non-refractory submicron aerosols (NR-PM1) 

(organic, nitrate, sulfate, ammonium, and chloride) were made with an Aerodyne aerosol 

mass spectrometer, equipped with a compact-time-of flight detector (mAMS). Principle 

details of the instrument are described in depth elsewhere75, 76, 78. In short, aerosols form a 
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narrow particle beam by passing through an aerodynamic lens system 89, 90. After 

travelling through the high-vacuum particle time-of-flight chamber and impaction on an 

inverted-cone tungsten vaporizer at approximately 600 ˚C, non-refractory components of 

aerosols are evaporated and ionized by electron impact ionization. The data are acquired 

in 15 s intervals in two distinct acquisition modes 95. In the particle time-of-flight (PToF) 

mode, the particle beam is modulated by a multi-slit chopper system, allowing for 

particle sizing. In the mass spectrometry mode (MS), the chopper is used to completely 

block or open the particle beam, allowing the determination of the ensemble mass spectra 

of aerosol species. Ambient aerosols were sampled through a secondary diffuser inside a 

forward facing NCAR HIAPER modular inlet (HIMIL) mounted under the aircraft, with 

a total residence time between the HIMIL inlet and the AMS of 0.5 s. A pressure 

controlled inlet (PCI) 146 was used to maintain a constant pressure of 350 Torr in the 

AMS inlet to eliminate the fluctuations in particle transmission efficiency with ambient 

pressure variations in the boundary layer.  

Measurements of gas-phase tracers used in this analysis included carbon 

monoxide (CO), measured by vacuum UV resonance fluorescence 147-149 and NOx (NO 

and NO2),measured by Chemiluminescence 150. Mixing ratios of NOy (total reactive 

oxidized nitrogen species) were estimated as the sum of NOx, nitric acid (HNO3), 

peroxyacetyl nitrate (PAN), and peroxypropionyl nitrate (PPN), all measured by chemical 

ionization mass spectrometry (CIMS) 151-153, and alkyl nitrates (ANs), measured using 

thermal dissociation-laser induced fluorescence (TD-LIF) 154, 155. A compact Quantum 

Cascade Tunable Infrared Laser Differential Absorption Spectrometer (QC-TILDAS) 
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was used for ammonia (NH3) measurements 156 while C2H6  and CH2O were measured by 

mid-infrared spectrometry using the Compact Atmospheric Multi-species Spectrometer 

(CAMS) 157-159. 

Various volatile organic compounds (VOC) were measured by online proton-

transfer mass spectrometry (PTR-MS) 160, 161, and online fast response Trace Organic Gas 

Analyzer (TOGA) cryogenic gas chromatography mass spectrometry (GC-MS) 162-164. 

Additionally, Advanced Whole air samples (AWAS) were collected periodically through 

each flight and offline analysis was performed by GC-MS 165. Hydroxyl (·OH), 

hydroperoxy (·HO2), and alkyl peroxy (·RO2) radical concentrations were measured with 

a four-channel chemical ionization mass spectrometer (HOx-CIMS) 166-168.  

4.2.3 Calibration and Data Processing 

The mass response of the AMS was calibrated regularly by sampling size-

selected, dry, monodisperse NH4NO3 particles with the procedure and calculations 

described in previous literature to determine ionization efficiency (IE) of nitrate and 

ammonium 95, 96. The average ratio of the nitrate ionization efficiency ratio to the air 

beam signal was 2.57×10-13± 2.6×10-14 from 5 calibrations performed during the study, 

indicating stability of the instrument throughout the project. Composition- dependent 

collection efficiency was used for all the data in this study 169. AMS data analysis was 

carried out using the standard SQUIRREL analysis software (v1.56, 97) with Igor Pro 

6.37 (WaveMetrics, Lake Oswego, OR).  
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Reported data are a subset of the FRAPPÉ 2014 data collected aboard the 

NSF/NCAR C-130 aircraft. All data presented here are limited to the planetary boundary 

layer air masses, below 2500 m (ASL), and values for aerosol concentrations are reported 

at STP (1013 hPa and 273 K, µg sm-3). Additionally, data were chosen from days before 

(Jul. 26), during (Jul. 27-28), and after (Aug. 2-3) development of a Denver Cyclone 

episode. The strongest features of the cyclone were observed on July 27th. To evaluate the 

impact of the Denver Cyclone in different regions of the Front Range, measurements 

were analyzed in three regions, labeled as In-Flow, Northern Front Range (NFR), and the 

Denver Metropolitan Area (DM), based on wind patterns and aerosol and gas phase tracer 

concentrations. Outlines of the latitude and longitudinal boxes for these regions are 

shown in Fig. 4.1.  

 

Figure 4.1. C-130 flight tracks in the Colorado Front Range for (a) non-cyclone days: Jul. 26, 

Aug. 02-03, 2014 and (b) cyclone days: Jul. 27-28, 2014; red marked boundaries represent three 

different study regions: In-Flow, Northern Front Range (NFR), and Denver Metropolitan Area 

(DM).  
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4.3 Results and Discussion 

4.3.1 Meteorology  

Meteorological measurements presented in Table 4.1 show average ambient 

temperature (T), relative humidity (RH), and wind speed (WS) during selected flights for 

each of the three regions of interest on non-cyclone and cyclone days, respectively. 

During non-cyclone days, temperature, relative humidity, and wind speeds were similar 

in all regions with an average of 23.0±1.6 ˚C, 35.3± 6.0 %, and 3.4±1.5 m s-1, 

respectively. During the cyclonic episode, the average temperature across all three 

regions was 21.6±1.6 ˚C and lower by 2-8% in the NFR and DM areas compared to the 

In-Flow. Additionally, average RH was higher in NFR and DM (64-70%) compared to 

the In-Flow (37%) during this mesoscale event. The contrast in RH between the events is 

further addressed in section 4.3.7 in relation to aerosol nitrate partitioning. Average wind 

speed showed a 65% percent increase in the In-Flow region (6.3±1.9 m s-1) during the 

cyclone event, with a gradual decrease in the average wind speeds across the NFR and 

DM.  
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Table 4.1. Average temperature (T, ˚C), relative humidity (RH, %), and wind speed (WS, ms-1) 

for measurements separated into “In-Flow”, “NFR”, and “DM” regions during the non-cyclone 

and cyclone episodes.  

 

The National Centers for Environmental Prediction (NCEP) Rapid Refresh (RAP) 

analysis plots were generated with surface observations of wind direction/speed and RH 

at 13 km resolution, for days with and without the influence of the cyclone. Surface wind 

direction/speed for both case scenarios are shown in Fig. 4.2 and Fig. 4.3. On non-

cyclone days and during the night, drainage flows are formed when surfaces of the 

mountains and Palmer Divide slopes cool radiatively, causing the denser, cool air to flow 

downhill and westerly along the valleys over Denver (Fig. 4.2a,c). The surrounding 

terrain channels this drainage flow to the northeast through Denver. This flow is an 

important component for carrying emissions away from the urban center, although 

emissions may still get trapped within the nocturnal boundary layer and returned by other 

short-range flow systems. Short-range return flows can occur any time of the day and 

lead to a shift in wind direction to easterly flow patterns, which can draw the Platte 

Valley air masses uphill and back over the greater Denver Metropolitan area, enhancing 

the mixing of older and new emissions 170. Additional daytime surface heating in the 
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region can also enhance the upslope flow seen in Fig. 4.2 (b,d) panels for non-cyclone 

days (Jul. 26th, and Aug. 02), with prevailing easterly winds.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2. (NCEP/NCAR) Reanalysis (RAP) model runs at 13 km resolution for (a-b) Jul. 26, 

2014 (12:00 UTC (5:00 A.M. LT), 21:00 UTC (4:00 P.M. LT), respectively) and (c-d) Aug. 02, 

2014 (12:00, 21:00 UTC, respectively). Arrows show surface wind patterns while the color scale 

represents surface RH. 

Distribution of the various pollution tracers in the Front Range were forecasted 

for 24-hr using the Weather Research and Forecasting Chemical tracer model 

(WRF/Chem), with a horizontal resolution of 3 km x 3 km. The model was initialized 

with the Global Forecast System (GFS) at 0.5°x 0.5° resolution and at 00 UTC (5:00 

P.M. local time, on previous day) or 12 UTC (5:00 A.M local time) Fig. S4.1 (a-f) of the 

supplementary material in appendix A) represents the distribution of the O&G tracer on 
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July 26-27th (http://www.acd.ucar.edu/acresp/forecast/). These forecasting results 

represent the cyclone development well on July 27th with the surface winds reflecting the 

counter-clockwise circulations (NE to SW) although the cyclone core was predicted to be 

further northeast of the Denver urban area. In this case, the model was able to predict the 

cyclone episode and transport of emission tracers 24-hr in advance, driving the 

motivation for aircraft measurements during this event.  

The Denver Cyclone (Jul. 27-28th) surface mesoscale circulations were 

pronounced and fully developed on Sunday, Jul. 27th. Surface wind patterns and RH in 

Fig. 4.3 (a-d) display the development of the Denver Cyclone between 10:00 and 18:00 

UTC (3:00 A.M. and 11:00 A.M. local time, correspondingly) on Jul. 27th. Fig. 4.3(a) 

depicts the early stages of the cyclone with E/SE surface winds forming in a 

counterclockwise circulation pattern with a north-south zone of convergence centered 

over Denver. As seen in Fig. 4.3(b), by 12:00 UTC (5:00 A.M. local time on July 27), the 

cyclone reached its peak RH, transporting cool and moist air masses to the south and west 

out of the core through Platte Valley and towards the urban area as the cyclone matured. 

As seen in Fig. 4.3(d), the cyclone became organized into a well-defined circulation by 

about 18:00 UTC (11:00 A.M. local time on July 27) with a warm, dry inflow and a cool, 

humid wrap-around flow on the west side of the Denver Meteropolitan Area. In the next 

section,  the impacts of this synoptic scale re-circulation flow on pollutant distribution in  

the region are discussed. 
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Figure 4.3. (NCEP/NCAR) Reanalysis (RAP) model runs at 13 km resolution for the Denver 

Cyclone on Sunday, Jul. 27, 2014 at (a) 10:00 UTC (3:00 A.M. LT), (b) 12:00 UTC (5:00 A.M. 

LT), (c) 15:00 UTC (8:00 A.M. LT), and (d) 18:00 UTC (11:00 A.M LT). Arrows show surface 

wind patterns while the color scale represents surface RH. 

4.3.2 Spatial distribution of aerosols 

The meteorological conditions described above are critical when considering 

atmospheric aerosol formation, evolution, and spatial distribution. Fig. 4.4 (a-h) shows 

the spatial distribution of gas phase species (ammonia (NH3) and ethane (C2H6)), tracers 

for agricultural and Concentrated Animal Feeding Operations (CAFOs) and oil and gas 

exploration and production (O&G), respectively. Additional spatial representations of 

other primary (NOx) and secondary pollutants through non-cyclone and cyclone days are 
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shown in Fig. S4.2 (O3, and PAN) and Fig. S4.3 (organic aerosol (OA), nitrate (NO3
-), 

and sulfate (SO4
2-)). Consistent with the meteorological conditions presented above, there 

is a stark contrast in the spatial distribution of pollutants during the non-cyclone and 

cyclone situations. Westward transport patterns of emissions were seen on the non-

cyclone (Jul. 26, Aug. 02-03) days with the segregation of emissions (e.g., NO3
-, NH3, 

and C2H6) in the northern and southern latitudes as depicted in Fig. 4.4 (a-c), Fig. S4.2, 

and Fig. S4.3. NH3 sources are concentrated in areas near Fort Collins and Greeley, CO 

where a significantly large number of animal and livestock feeding operations reside. 

Nitrate production has both an urban and agricultural component due to oxidation of NOx 

to HNO3, subsequent reaction of HNO3 with gas phase NH3, and partitioning of NH3 into 

the aerosol phase. These interactions will be explored further with a thermodynamic 

model in section 4.3.7. Emissions from O&G, which are concentrated northeast of 

Denver, were mostly localized downwind of the sources as was apparent in the ethane 

distribution. Overall, particle formation and growth during the non-cyclonic episodes 

occurred in separate areas of Colorado and downwind of the major point/area sources. 
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Figure 4.4. Spatial distribution maps of trace gases of ethane (C2H6), ammonia (NH3), and carbon monoxide (CO) in the Colorado Front 

Range during non-cyclone (a-c) and cyclone episodes (d-f).
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The cyclonic wind behavior on Jul. 27-28th distributed emissions from point 

sources in NFR down to the DM. For instance in Fig. 4.4 (d-f), emissions become 

particularly concentrated over the Denver/Boulder metropolitan areas compared to the 

northern counties during the cyclone event. Specifically, for several secondary pollutants 

seen in Fig. S4.2 photochemical products were concentrated in and around the urban 

center of Denver. A striking difference over DM during the cyclone episodes was 

observed for OA (Fig. S4.3), with concentrations peaking as high as 10 µg sm-3 observed 

over the region. There was also an increase in the mass concentration of NO3
- and mixing 

ratios of NH3 and C2H6, over DM indicating transport and mixing of emissions from the 

northern to southern latitudes, worsening the air quality of DM during this period. 

4.3.3 Trends in trace-gas and aerosol concentrations 

Variations in spatial distribution of pollutants during the cyclone and non-cyclone 

events specify the impacts of numerous sources on air quality and aerosol formation 

within the Front Range. Here, we evaluate measurements of several auxiliary gases along 

with aerosol chemical composition to gain an insight on the influence of atmospheric 

dynamics on aerosol formation in three regions of the Front Range. 

The boundary layer average values of non-refractory submicron aerosol (NR-

PM1) composition in the Front Range on both non-cyclone and cyclone episodes are 

shown in Fig. 4.5, with the exclusion of Cl- due to average mass loadings that were below 

the detection limit. Throughout the non-cyclone period, the average mass concentrations 

of NR-PM1 aerosols were consistently lower in all three regions, by a factor of ~2.5. 
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Additionally, the NR aerosol was dominated by OA (75%, 3.25±1.45 µg sm-3), followed 

by sulfate (13%, 0.58±0.27 µg sm-3), ammonium (6%, 0.28±0.88 µg sm-3), and nitrate 

(6%, 0.26±0.27 µg sm-3) (Fig. 4.5a). During the Cyclone events, OA still dominated NR-

PM1 aerosol composition, but with a lower fraction (60%), while the contribution of 

nitrate, and correspondingly ammonium, increased to 16% and 11%, respectively. 

Additional NR-PM1 compositional pie charts for individual regions (In-Flow, NFR, DM) 

during the non-cyclone and cyclone periods are shown in Fig. S4.4.  

 

 

 

 

 

 

 

 

Figure 4.5. Average chemical composition of AMS species during (a) non-cyclone and (b) 

cyclone events. Chloride (Cl-), not shown, was below the instrument detection limit.  

4.3.4 Gas-phase tracers 

In Fig. 4.6 statistical distribution of several gas phase tracers, namely C2H6, NH3, 

C7-C8 n-alkanes, and the sum of C6-C9 aromatics measured in In-Flow, NFR, and DM 

during the non-cyclone and cyclone periods are shown. During non-cyclone episodes, 

NH3 (Fig. 4.6a) was observed at an average value of 9.63±5.75 ppbv with higher mixing 

ratios through the In-Flow and NFR areas owing to locations of major ammonia point 
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sources. Cyclonic transport of NH3 from the NFR to DM resulted in a 30% increase in 

NH3 mixing ratios over DM from 3.81±2.84 to 8.84±3.88 ppbv while the mixing ratios in 

In-Flow and NFR did not change significantly. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6. Statistical representation of the distribution of gas tracer (NH3, C2H6, ∑C6-C9 

aromatics, and C7-C8 n-alkanes) mixing ratios within the three study regions. The box and 

whiskers indicate 10th, 25th, 75th, and 90th percentiles while the solid lines mark the median values 

and the circles represent the means. 

During the non-cyclone episodes, average mixing ratios of C2H6 (Fig. 4.6b) were 

higher by a factor of 2.6 in the NFR (11.92±7.99 ppbv) compared to the In-Flow (4.56 

±4.05 ppbv), due to substantial density of O&G exploration activities in NFR, and the 

average mixing ratio was lower by ~0.50 in the DM area (6.04±7.79 ppbv). Under the 

cyclone-influenced transport, lower mixing ratios were observed in In-Flow and NFR 
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compared to the non-cyclone events(2.80±1.86 ppbv and 6.42±3.91 ppbv, respectively) 

while ~70% higher average C2H6 was observed over DM (10.21±6.19 ppbv).  In this 

case, cyclonic transport from the In-Flow through the NFR forced air masses with a 

higher concentration of C2H6 towards Denver, explaining the increased mixing ratios 

observed in the DM. Volatile organic compounds (VOCs) play important roles as 

atmospheric precursors to ground-level ozone and SOA 37, 123, 127, 128, 171-173. 

Figures 4.6 (c-d) illustrate higher mixing ratios for C7-C8 n-alkanes and ∑C6-C9 

aromatics, in all regions, on non-cyclone events (~0.12±0.16 – 0.17±0.23 ppbv, 

~0.11±0.11 – 0.49±0.53 ppbv, respectively) compared to the cyclone events. However, 

similar to C2H6, during the cyclone episodes, an increasing trend in C7-C8 n-alkanes and 

the ∑C6-C9 aromatics was observed moving from In-Flow to NFR to DM.  

Increase in the mixing ratios of trace gases in an air mass may be explained by 

either boundary layer dynamics (i.e., emission into a shallower boundary layer and hence 

less dilution) or changes in source strength. Since carbon monoxide (CO) has an 

atmospheric lifetime of about a month, it is typically used as a conservative tracer to 

account for dilution of plumes upon transport from various emission sources. To further 

assess the role of dilution vs. source strengths in the observed trends during the cyclone 

events, ratios of trace gases with respect to CO over the studied regions were evaluated 

(Fig. S4.5 a-c). Statistically-significant higher values of NH3/CO were observed in the 

NFR compared to the values in DM during both cyclone and non-cyclone days, 

consistent with the high concentration of CAFOs in NFR. Additionally, higher values of 

NH3/CO and C2H6/CO over DM were observed on cyclone days compared to non-
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cyclone days, confirming that the mixing patterns associated with the cyclone episode 

efficiently transported NH3-rich and O&G-influenced plumes from NFR to DM. 

4.3.5 NR-Aerosol composition 

Represented in Fig. 4.7 (a-c) are the observed trends in the measured NR-PM1 

aerosol concentrations (OA, NO3
-, and SO4

2-) measured in In-Flow, NFR, and DM during 

the non-cyclone and cyclone periods. Mass concentrations were consistently lower on 

non-cyclone periods for all the measured aerosol species and within all three regions. On 

average, there was a 40% increase in OA (Fig. 4.7a) on cyclone days across all three 

regions while the increase during the cyclone episode was up to ~80% for DM; an 

important consideration for air quality measures. During the non-cyclone days, average 

NO3
- was slightly higher in NFR (0.43±0.39 µg sm-3) compared to DM (0.20±0.20 µg 

sm-3), whereas during the cyclone episode, average NO3
- was a factor of 3.3 higher in 

DM (2.21±1.44 µg sm-3) compared to NFR (0.67±0.54 µg sm-3). Overall, average SO4
2- 

(Fig. 4.7c) mass concentrations also displayed a 2 fold increase across all regions during 

the cyclone period. Most notably, among the three regions of interest, the highest aerosol 

concentrations during the cyclone period were observed in the greater DM, underscoring 

the importance of the impact of local meteorology on air quality in an area with a large 

population density.  
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Figure 4.7. Statistical representation of the distribution of the mass concentrations of aerosol 

species (OA, NO3
-, SO4

2-) within the three study regions. The box and whiskers indicate 10th, 25th, 

75th, and 90th percentiles while the solid lines mark the median values and the circles represent the 

means. 

As discussed previously, CO was used as a conservative tracer to account for 

dilution of plumes upon transport from various emission sources. Ratios of the major 

components of aerosols with respect to CO (aerosol component mass /CO, µg sm-3 ppbv-

1) were calculated and shown in Fig. S4.5 (d-f). In NFR and DM, average values of 

aerosol species/CO peaked on July 27th, the peak of the Denver Cyclone episode, while 

the ratios were lower during the pre-/post-cyclone days. Therefore, the increasing trends 

in the mass concentration of NR-PM1 aerosol species observed during the cyclone 

episodes (Fig. 4.7) could not have been caused by differences in the dilution factors and 

boundary layer heights on these days. Similar to the absolute concentrations, differences 

in the ratios between the cyclone and non-cyclone days were most pronounced in the DM 

region, confirming the significant role of aerosol precursor sources in NFR and the 

influence of photochemical processing of these pollutants to form secondary aerosol 

during transport to DM under the cyclonic meteorology. 
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4.3.6 Photochemical Processing 

As seen in Fig. 4.8a, mean ozone mixing ratios in NFR and DM showed 

insignificant differences during the non-cyclone and cyclone events (68.05±11.00 ppbv 

vs. 69.58±6.08 ppbv, respectively for NFR and 62.81±12.37 ppbv vs. 68.11±9.05 ppbv, 

respectively for DM). Since the increase in the average DM ozone mixing ratio on 

cyclone days was only 2-8% compared to those on the non-cyclone days, it appears that 

ozone formation in the Front Range was more complex than what meteorology alone 

could explain in these case scenarios.  

 

 

 

 

 

 

 

 

Figure 4.8. Statistical representation of the mixing ratio distributions of gas phase secondary 

pollutants: (a) O3 and (b) PAN. The box and whiskers indicate 10th, 25th, 75th, and 90th percentiles 

while the solid lines mark the median values and the circles represent the means. 

One such complication may be the impact of lower NOx emissions during the 

weekends (Jul. 26-27th). Several studies in high density population areas such as in Los 

Angeles have investigated the weekend effect of ambient ozone. These studies 

demonstrate that the higher ozone mixing ratios observed on weekends compared to 

weekdays are due to the significant weekend decrease in NOx emissions from diesel 
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vehicles and a marginal, if any, decrease in the emissions of non-methane hydrocarbons 

from gasoline vehicles, resulting in faster photochemistry, less ozone loss due to NOx-

titration, and more rapid ozone production 174, 175. In contrast, a recent study by Reddy et 

al. (2016) concluded that surface ozone in the western U.S. is strongly correlated with 

meteorology. Through transport modeling, Reddy and authors have shown that the 

increase in 500hPa heights correlates well with the high ozone episodes in the western 

U.S. during July and that ozone tends to accumulate in regions similar to the Front Range 

where elevated terrain surrounds sources of NO2 and ozone precursors, causing 

accumulation of these species under topographic influenced zonal wind circulations 176. 

Trace gas spatial distribution maps, provided in Fig. S4.2, indeed show strong 

accumulation of secondary pollutants during the cyclonic event; however, further 

analysis to investigate the impact of the cyclone on ozone formation in the Front Range is 

beyond the scope of this manuscript. 

To understand the evolution of secondary aerosol species we first assess the 

extent of photochemistry in the sampled air masses. Because of the lack of OH 

measurements on 7/26/14 (non-cyclone), for consistency, we evaluated the patterns 

observed for hydroxyl radicals (·OH), peroxy radicals (·RO2), and hydroperoxy radicals 

(·HO2), on August 02-03 (Fig. 4.9). Average ·OH concentrations during the non-cyclone 

days were 20-40% lower than on cyclone days. The sharp decrease in ·OH concentrations 

in the NFR on non-cyclone days could not be explained with our analysis after 

accounting for various factors such as hydrocarbon reactivity (Fig. S4.6), cloud cover 

(jNO2), and mixing ratios of ·OH- forming and depleting species (·HO2, ·RO2). For 
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example, changes in mixing ratios of the three hydrocarbons with highest OH-reactivity 

(acetaldehyde (C2H4O), formaldehyde (CH2O), and methanol (CH3OH) along with the 

corresponding kOH values did not compensate for the decrease in ·OH in the NFR. 

Additionally, increase in cloud cover, as represented by a decrease in jNO2, was more 

pronounced over DM during the non-cyclone days and not NFR. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9. Statistical representation of the distributions of photochemical species (·OH, ·RO2, 

·HO2) and the rate of in-situ NO2 photolysis (jNO2) during the non-cyclone and cyclone periods 

within the three studied regions. The box and whiskers indicate 10th, 25th, 75th, and 90th 

percentiles while the solid lines mark the median values and the circles represent the means. 
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To assess the degree of atmospheric aging in air masses impacted by combustion, 

the relationship between primary emitted NOx (sum of nitric oxide (NO) and nitrogen 

dioxide (NO2)) and the resulting oxidized species (NOy) can be investigated. We utilize 

the ratio of NOx to NOy, as a measure of photochemical processing of NOx-containing air 

masses. As the ratio approaches one, the air masses are considered to be fresh while the 

value for the more aged air masses approaches zero. The evolution of SOA through 

photochemical aging was studied in air mass with NOx/NOy <0.5 which represent 

intermediate to strongly processed air masses. As the plumes age, an increase in the 

observed OA/∆CO ratio suggest SOA production.  

In this analysis, only air masses sampled over DM were evaluated to determine 

the extent of photochemical aging effects on Denver’s local air quality. The error 

weighted (30% OA, 3% CO) linear orthogonal distance (ODR) regression fits to the 

scatter plots of measured OA against background subtracted CO were obtained, with the 

slopes representing the enhancement ratios of OA/∆CO (Fig. S4.7). Background CO 

values were estimated from the measurements to be 90 ppbv and 110 ppbv during the 

non-cyclone and cyclone days, respectively. OA/∆CO values were slightly higher during 

the cyclone episodes (0.08±0.01 µg sm-3 ppbv-1 (r=0.59) compared to non-cyclone 

episodes (0.05±0.01 µg sm-3 ppbv-1 (r=0.45). This suggests that the rate of secondary 

production of OA due to photochemical processing was not significantly affected by the 

cyclone. However, a higher intercept value of the fit during the cyclone days (3.70±0.19 

µg sm-3) compared to the non-cyclone days (0.93±0.18 µg sm-3) was obtained, suggesting 

transport of additional OA relative to CO from the northern latitudes towards DM during 
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the cyclone events. From an air quality stand point, such enhancement in total OA 

concentration is significant since it is comparable in magnitude to the average OA over 

DM during the typical non-cyclone summer days.   

4.3.7 Aerosol nitrate production  

We assess the regional formation of aerosol nitrate through comparisons of 

aerosol nitrate fraction (fNO3) in the In-Flow, NFR and DM regions with and without the 

cyclone influence (Fig. 4.10a). Low fNO3 values observed in the NFR and DM regions 

during the non-cyclone days indicate that nitric acid was predominantly present in the gas 

phase while higher fNO3 values, meaning increased partitioning of nitric acid to the 

condensed phase, were observed during the cyclone. As noted earlier, environmental 

factors including relative humidity, temperature, and atmospheric dynamics play 

important roles in the formation of aerosol nitrate177-179. As seen in Table 4.1, slightly 

lower temperature and increased RH were observed in the NFR and DM during the 

cyclone period. Higher RH may enhance formation of nitrate aerosols by promoting 

aqueous and heterogeneous phase reactions that increase the equilibrium partitioning of 

gas phase NH3 and HNO3 to the condensed particle phase 128, 178-181. Moreover, local 

meteorology during the cyclone period which facilitated transport of NH3 from the 

nearby feedlots in NFR to DM (section 3.3.1, Fig. 4.4b) could have favored partitioning 

of nitric acid to the aerosol phase due to abundance of gas phase NH3. 

To further investigate the role of atmospheric conditions and mixing patterns, 

resulting in higher fNO3 during the cyclone days, nitrate partitioning was evaluated by 
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ISORROPIA II 182 model calculations. The model input parameters were based on 

measurements of total (gas + aerosol) ammonia (i.e., NH3 and NH4
+), nitrate (HNO3 and 

NO3
-), sulfate, sulfuric acid, temperature, and relative humidity. The model was run in the 

forward mode, with particles assumed to be in a metastable state. The predicted 

partitioning results (fNO3), summarized in Table S4.1 and Fig. 4.10a are in reasonable 

agreement with the observed fNO3 values on non-cyclone and cyclone days. Over DM, the 

model predicted 24% more nitrate existing in the aerosol phase compared to the 

measurements, predicted fNO3 is still within the limits of variability of the observed fNO3 

data. To evaluate the thermodynamic influence of RH and T on aerosol nitrate formation, 

we considered model input variables based on the non-cyclone concentrations while 

providing the higher RH and lower T values representing to the conditions of the cyclone 

period (Table S4.1). In this case, the model predicted similar fNO3 values in NFR and 

significantly lower fNO3 over DM compared to the measurements, indicating that the 

higher partitioning of nitrate to the aerosol phase during the cyclone events was not solely 

driven by thermodynamics, but it was rather due to increased availability of NH3 over 

DM with the cyclonic transport from NFR. 
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Figure 4.10. Statistical representation of the distribution of (a) aerosol nitrate fraction (fNO3 = 

NO3
-/ [NO3

-+HNO3] and (b) aerosol optical extinction within the three studied regions during 

non-cyclone and cyclone periods. The box and whiskers indicate 10th, 25th, 75th, and 90th 

percentiles while the solid lines mark the median values and the circles represent the means. 

Modeled fNO3 values with actual inputs of chemical composition and T and RH are shown with 

green diamonds while the predicted values with the non-cyclone composition and cyclone T and 

RH are shown with blue stars. 
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4.3.8 Impacts on optical extinction  

Several studies have discussed the importance of nitrate containing aerosols on 

optical extinction (βext), scattering and absorption of light, coefficients that impede 

visibility in affected regions 14, 177, 183-186. As seen in Fig. 4.10b, βext values were similar in 

In-Flow, NFR, and DM during non-cyclone days with an average of 10.55 ± 3.45 Mm-1, 

whereas, factors of 1.5-3 increase were seen during the cyclone periods, with the most 

significant impact observed over the DM.   

As shown in Fig. 4.7, a significant increase in the average mass concentrations of 

the aerosol species was observed during cyclone days. To further assess the role of 

different aerosol components in driving the observed increase in βext, correlations 

between βext and NO3
-, OA, and SO4

2- mass under the influence of non-cyclone and 

cyclone air masses were examined (Fig. 4.11). During the non-cyclone events, βext 

displayed strong correlations (r=0.71) with OA and NO3
- in the NFR and only with OA 

(r=0.70) in the DM. βext was poorly correlated with sulfate aerosols in the region during 

the non-cyclone events (r = -0.18, 0.11, for NFR and DM, respectively). During the 

cyclone events, all aerosol components equally influenced βext in the NFR (r=0.88, 0.84, 

0.87), while only strong correlations with NO3
- (r=0.86) was observed in the DM. These 

results indicate that the Denver cyclone directly impacted visibility in the DM by 

facilitating transport of an additional aerosol precursor (i.e., NH3) to the region compared 

to the non-cyclone events.  
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Figure 4.11. Correlation coefficients of scatter plots of ext against individual aerosol species for 

NFR and DM during (a) non-cyclone and (b) cyclone episodes. 

Additionally, mass extinction efficiency values (MEE), defined as the slopes of 

the error-weighted (10% βext, 30% AMS) ODR fits of βext against total NR-PM1 mass, 

were compared (Fig. 4.12). MEE values under the non-cyclone events in the NFR and 

DM were similar at 2.87±0.58 m2 g-1 (0.71) and 2.72±0.14 m2 g-1 (0.62), respectively. 

During the cyclone events, MEE values were 43% higher over DM compared to NFR 

(2.85±0.09 m2 g-1 (r=0.84) and 1.99±0.08 m2 g-1 (r=0.88), respectively), but similar to the 

values observed during the non-cyclone days, despite the influence of different aerosol 

species on βext (non-cyclone: OA, cyclone; NO3
-).  
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Figure 4.12. Mass extinction efficiency plots of ext against total NR-PM1 mass for NFR and DM 

during (a) non-cyclone and (b) cyclone episodes.  

4.4 Conclusion  

Data from FRAPPÉ-2014 project in the Colorado Front Range were presented to 

understand the influence of the Denver Cyclone on source distribution and processes that 

impact summertime air quality and visibility in the region. The analysis demonstrated 

that synoptic scale re-circulation patterns changed the spatial distribution of pollutants 

emitted in the northern latitudes, transporting pollutants over the Denver Metropolitan 

area leading to enhanced concentration of secondary aerosol species. Overall, particle 

formation and growth during the non-cyclonic episodes occurred in separate areas of the 

Front Range and downwind of the major point/area sources. Cyclonic transport from the 

In-Flow to the NFR forced air masses with a higher concentration of trace gases towards 

Denver, explaining the increased mixing ratios observed in the DM. Average DM 
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concentrations of OA and nitrate increased by ~42% and a factor of 10, respectively 

during the cyclone episodes.  

By considering OA/∆CO enhancement ratios in the most aged air masses 

(NOx/NOy< 0.5), it was determined that the secondary production of OA due to 

photochemical processing was 60% higher during the cyclone. Furthermore, the cyclonic 

flow facilitated transport of additional OA relative to CO from the northern latitudes 

towards DM, as seen by the increase in OA background. Observations showed that the 

MEE values in the DM were similar under cyclone and non-cyclone days despite the 

influence of different aerosol species on βext (non-cyclone: OA, cyclone; NO3
-). During 

the cyclone events, as confirmed by ISORROPIA II modeling, summertime visibility in 

the Front Range may significantly be impacted by increase in aerosol nitrate formation 

due to abundance of NH3 transported from the NFR region. 

Overall, results from this study improve our understanding of sources and 

atmospheric processes responsible for summertime formation of aerosols in the greater 

Front Range and the impacts on air quality and regional haze during cyclone and non-

cyclone events. Based on these results, reduction in source strengths of aerosol precursors 

in NFR leading to OA and NO3
- formation could dramatically reduce the impact of 

Cyclone events on Denver’s air quality and visibility. 
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Figure S3.1. Wind rose plots for three time periods on selective days when aerosol 

nitrate was observed to be high.  
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Figure S3.1. HYSPLIT 24-hr. back trajectory model outputs for selective days where 

aerosol nitrate mass was observed to be high.  Models are all ran at 20:00 UTC with 

GDAS meteorological data. 



 

86 

 

86 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

APPENDIX B: SUPPLEMENTARY MATERIAL FOR “IMPACTS 
OF THE DENVER CYCLONE ON REGIONAL AIR QUALITY 
AND AEROSOL FORMATION IN THE COLORADO FRONT 

RANGE DURING FRAPPÉ 2014” 



 

 

 

8
7 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S4.1. WRF-Chem. Tracer 24-hr model results for Sunday, July 27, 2014 during the early to late developments of the 

Denver Cyclone. Oil and gas tracer mixing patterns were forecasted during the advancement of the Denver Cyclone from (9 

UTC - 23 UTC). Individual time-frames correspond to: (a) 9:00 UTC (2:00 A.M. LT), (b) 11:00 UTC (4:00 A.M. LT), (c) 

18:00 UTC (11:00 A.M. LT), (d) 20:00 UTC (1:00 P.M. LT), (e) 21:00 UTC (2:00 P.M. LT), (f) 23:00 UTC (11:00 P.M. LT).  
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Figure S4.2. Spatial distribution maps of trace gases of NOx (NO+NO2), ozone (O3), and peroxyalkylnitrate (PAN) in the 

Colorado Front Range during the non-cyclone (a-c) and cyclone episodes (d-f). 
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Figure S4.3. Spatial distribution maps of aerosol species (OA, NO3
-, and SO4

2-) in the Colorado Front Range during the non-

cyclone (a-c) and cyclone episodes (d-f) 
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Figure S4.4. Average chemical composition of NR-PM1 for different regions during the non-cyclone (top) and cyclone 

episodes (bottom) within the three study regions of the Front Range. Chloride (Cl-), not shown, was below the instrument 

detection limit. 
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Figure S4.5. Statistical representation of the distribution of dilution corrected (a-c) gas tracers (C2H6, NH3, ∑C6-C9 aromatics) 

and (d-f) aerosol species (OA, NO3
-, and SO4

2-). 
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Figure S4.6. Box-and-whisker plots summarizing the statistical distributions of the three 

most reactive aromatics identified in this campaign (a) acetaldehyde (C2H4O), (b) 

formaldehyde (CH2O), and (c) methanol (CH3OH) to evaluate ·OH reactivity.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S4.7. Scatter plot of OA (µg sm-3) vs. ∆CO (ppbv) under the most aged air masses 

(NOx/NOy<0.5) in the DM for non-cyclone (black) and cyclone (red) days. Slope and 

intercept values are based on the ODR error weighted (30% AMS, 3% CO) fits while the 

correlation coefficients are based on the LLS fits (not shown).   
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Table S4.1. Summary table of the ISORROPIA II input parameters and output values in a forward based calculation, with all aerosol 

species assumed to be in a metastable state. Inorganic nitrate partitioning calculations is reported as a fraction of nitrate present in the 

aerosol phase (fNO3). Highlighted in blue are RH and T parameters from the cyclone period used, with the non-cyclone aerosol mass 

concentration inputs to determine the thermodynamic influence on fNO3.  
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41. Myhre, G.; Shindell, D.; Bréon, F.-M.; Collins, W.; Fuglestvedt, J.; Huang, J.; 
Koch, D.; Lamarque, J.-F.; Lee, D.; Mendoza, B.; Nakajima, T.; Robock, A.; Stephens, 
G.; Takemura, T.; Zhang, H., 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.; 
Qin, D.; Plattner, G.-K.; Tignor, M.; Allen, S. K.; Boschung, J.; Nauels, A.; Xia, Y.; Bex, 
V.; Midgley, P. M., Eds. Cambridge University Press: Cambridge, United Kingdom and 
New York, NY, USA, 2013; pp 659–740. 

42. Bauer, S. E.; Menon, S., Aerosol direct, indirect, semidirect, and surface albedo 
effects from sector contributions based on the IPCC AR5 emissions for preindustrial and 
present‐day conditions. Journal of Geophysical Research: Atmospheres 2012, 117, (D1). 

43. Warner, J.; Twomey, S., The production of cloud nuclei by cane fires and the 
effect on cloud droplet concentration. Journal of the atmospheric sciences 1967, 24, (6), 
704-706. 

44. Stocker, T.; Qin, D.; Plattner, G.; Tignor, M.; Allen, S.; Boschung, J.; Nauels, A.; 
Xia, Y.; Bex, B.; Midgley, B., IPCC, 2013: climate change 2013: the physical science 
basis. Contribution of working group I to the fifth assessment report of the 
intergovernmental panel on climate change. 2013. 

45. Groblicki, P. J.; Wolff, G. T.; Countess, R. J., Visibility-reducing species in the 
Denver “brown cloud”—I. Relationships between extinction and chemical composition. 
Atmospheric Environment 1981, 15, (12), 2473-2484. 

46. Wolff, G. T.; Countess, R. J.; Groblicki, P. J.; Ferman, M. A.; Cadle, S. H.; 
Muhlbaier, J. L., Visibility-reducing species in the Denver “brown cloud”—II. Sources 
and temporal patterns.  Atmospheric Environment 1981, 15, (12), 2485-2502. 

47. 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), 269-285. 



 

98 

 

48. Park, R. J.; Jacob, D. J.; Chin, M.; Martin, R. V., Sources of carbonaceous 
aerosols over the United States and implications for natural visibility. Journal of 
Geophysical Research: Atmospheres 2003, 108, (D12). 

49. Malm, W.; Gebhart, K.; Molenar, J.; Cahill, T.; Eldred, R.; Huffman, D., 
Examining the relationship between atmospheric aerosols and light extinction at Mount 
Rainier and North Cascades National Parks. Atmospheric Environment 1994, 28, (2), 
347-360. 

50. Malm, W. C.; Molenar, J. V., Visibility Measurements lo National Parks In the 
Western United States. Journal of the Air Pollution Control Association 1984, 34, (9), 
899-904. 

51. Malm, W. C.; Day, D. E., Optical properties of aerosols at Grand Canyon national 
park. Atmospheric Environment 2000, 34, (20), 3373-3391. 

52. WHO, Burden of disease attributable to outdoor air pollution. In Geneva: 2011. 

53. Ezzati, M.; Lopez, A. D.; Rodgers, A.; Vander Hoorn, S.; Murray, C. J., Selected 
major risk factors and global and regional burden of disease. The Lancet 2002, 360, 
(9343), 1347-1360. 

54. Burnett, R. T.; Pope III, C. A.; Ezzati, M.; Olives, C.; Lim, S. S.; Mehta, S.; Shin, 
H. H.; Singh, G.; Hubbell, B.; Brauer, M., An integrated risk function for estimating the 
global burden of disease attributable to ambient fine particulate matter exposure. 
Environmental Health Perspectives (Online) 2014, 122, (4), 397. 

55. Bell, M. L.; Davis, D. L., Reassessment of the lethal London fog of 1952: novel 
indicators of acute and chronic consequences of acute exposure to air pollution. 
Environmental health perspectives 2001, 109, (Suppl 3), 389. 

56. Dooley, E., Clearing the Air over the London Fog. Environmental health 
perspectives 2002, 110, (12), A748. 

57. Hunt, A.; Abraham, J. L.; Judson, B.; Berry, C. L., Toxicologic and 
epidemiologic clues from the characterization of the 1952 London smog fine particulate 
matter in archival autopsy lung tissues. Environmental health perspectives 2003, 111, (9), 
1209. 

58. Dockery, D. W.; Pope, C. A., Acute Respiratory Effects of Particulate Air 
Pollution. Annual Review of Public Health 1994, 15, (1), 107-132. 

59. Sydbom, A. B., A.; Stenfors, N.; Sandstrom, T.; Dahlen, S.E., Health effects of 
diesel exhaust emissions. European Respiratory Journal 2001, 17, 733-746. 

60. Viegi, G., Enarson, D.A., Human health effects of air pollution from mobile 
sources in Europe. International Journal of Tuberculosis and Lung Disorders 1998, 2, 
(11), 947-967. 

61. Yeh, H.-C.; Cuddihy, R. G.; Phalen, R. F.; Chang, I. Y., Comparisons of 
Calculated Respiratory Tract Deposition of Particles Based on the Proposed NCRP 



 

99 

 

Model and the New ICRP66 Model. Aerosol Science and Technology 1996, 25, (2), 134-
140. 

62. Samet, J. M.; Dominici, F.; Curriero, F. C.; Coursac, I.; Zeger, S. L., Fine 
Particulate Air Pollution and Mortality in 20 U.S. Cities, 1987–1994. New England 
Journal of Medicine 2000, 343, (24), 1742-1749. 

63. James Gauderman, W.; McConnell, R.; Gilliland, F.; London, S.; Thomas, D.; 
Avol, E.; Vora, H.; Berhane, K.; Rappaport, E. B.; Lurmann, F., Association between air 
pollution and lung function growth in southern California children. American journal of 
respiratory and critical care medicine 2000, 162, (4), 1383-1390. 

64. Phalen, R. F., Methods in inhalation toxicology. CRC Press: 1997; Vol. 3. 

65. Patel, H.; Eo, S.; Kwon, S., Effects of diesel particulate matters on inflammatory 
responses in static and dynamic culture of human alveolar epithelial cells. Toxicol Lett 
2011, 200, (1-2), 124-31. 

66. Buonocore, G.; Perrone, S.; Tataranno, M. L. In Oxygen toxicity: chemistry and 
biology of reactive oxygen species, Seminars in Fetal and Neonatal Medicine, 2010; 
Elsevier: 2010; pp 186-190. 

67. Chung, M. Y.; Lazaro, R. A.; Lim, D.; Jackson, J.; Lyon, J.; Rendulic, D.; 
Hasson, A. S., Aerosol-Borne Quinones and Reactive Oxygen Species Generation by 
Particulate Matter Extracts. Environmental Science & Technology 2006, 40, (16), 4880-
4886. 

68. Kumagai, Y.; Arimoto, T.; Shinyashiki, M.; Shimojo, N.; Nakai, Y.; Yoshikawa, 
T.; Sagai, M., 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), 479-487. 

69. Martin, L. D.; Krunkosky, T. M.; Dye, J. A.; Fischer, B. M.; Jiang, N. F.; 
Rochelle, L. G.; Akley, N. J.; Dreher, K. L.; Adler, K. B., The role of reactive oxygen 
and nitrogen species in the response of airway epithelium to particulates. Environmental 
health perspectives 1997, 105, (Suppl 5), 1301. 

70. Nguyen, M. V. C.; Lardy, B.; Rousset, F.; Hazane-Puch, F.; Zhang, L.; Trocmé, 
C.; Serrander, L.; Krause, K.-H.; Morel, F., Quinone compounds regulate the level of 
ROS production by the NADPH oxidase Nox4. Biochemical Pharmacology 2013, 85, 
(11), 1644-1654. 

71. Sugimoto, R.; Kumagai, Y.; Nakai, Y.; Ishii, T., 9,10-Phenanthraquinone in diesel 
exhaust particles downregulates Cu,Zn–SOD and HO-1 in human pulmonary epithelial 
cells: Intracellular iron scavenger 1,10-phenanthroline affords protection against 
apoptosis. Free Radical Biology and Medicine 2005, 38, (3), 388-395. 

72. Terashvili, M.; Pratt, P. F.; Gebremedhin, D.; Narayanan, J.; Harder, D. R., 
Reactive oxygen species cerebral autoregulation in health and disease. Pediatric clinics of 
North America 2006, 53, (5), 1029. 



 

100 

 

73. Aiken, A.; Salcedo, D.; Cubison, M. J.; Huffman, J.; DeCarlo, P.; Ulbrich, I. M.; 
Docherty, K. S.; Sueper, D.; Kimmel, J.; Worsnop, D. R., 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), 6633-6653. 

74. Alfarra, M. R.; Paulsen, D.; Gysel, M.; Garforth, A. A.; Dommen, J.; Prévôt, A. 
S.; Worsnop, D. R.; Baltensperger, U.; Coe, H., 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, (12), 
5279-5293. 

75. Canagaratna, M.; Jayne, J.; Jimenez, J.; Allan, J.; Alfarra, M.; Zhang, Q.; Onasch, 
T.; Drewnick, F.; Coe, H.; Middlebrook, A., Chemical and microphysical 
characterization of ambient aerosols with the aerodyne aerosol mass spectrometer. Mass 
Spectrometry Reviews 2007, 26, (2), 185-222. 

76. Drewnick, F.; Hings, S. S.; DeCarlo, P.; Jayne, J. T.; Gonin, M.; Fuhrer, K.; 
Weimer, S.; Jimenez, J. L.; Demerjian, K. L.; Borrmann, S., A new time-of-flight aerosol 
mass spectrometer (TOF-AMS)—Instrument description and first field deployment. 
Aerosol Science and Technology 2005, 39, (7), 637-658. 

77. Huang, X.-F.; He, L.-Y.; Hu, M.; Canagaratna, M.; Sun, Y.; Zhang, Q.; Zhu, T.; 
Xue, L.; Zeng, L.-W.; Liu, X.-G., Highly time-resolved chemical characterization of 
atmospheric submicron particles during 2008 Beijing Olympic Games using an Aerodyne 
High-Resolution Aerosol Mass Spectrometer. Atmospheric Chemistry and Physics 2010, 
10, (18), 8933-8945. 

78. Jayne, J. T.; Leard, D. C.; Zhang, X.; Davidovits, P.; Smith, K. A.; Kolb, C. E.; 
Worsnop, D. R., Development of an aerosol mass spectrometer for size and composition 
analysis of submicron particles. Aerosol Science & Technology 2000, 33, (1-2), 49-70. 

79. Ng, N.; Canagaratna, M.; Zhang, Q.; Jimenez, J.; Tian, J.; Ulbrich, I.; Kroll, J.; 
Docherty, K.; Chhabra, P.; Bahreini, R., Organic aerosol components observed in 
Northern Hemispheric datasets from Aerosol Mass Spectrometry. Atmospheric Chemistry 
and Physics 2010, 10, (10), 4625-4641. 

80. Salcedo, D.; Onasch, T. B.; Dzepina, K.; Canagaratna, M.; Zhang, Q.; Huffman, 
J.; DeCarlo, P.; Jayne, J.; Mortimer, P.; Worsnop, D. R., Characterization of ambient 
aerosols in Mexico City during the MCMA-2003 campaign with Aerosol Mass 
Spectrometry: results from the CENICA Supersite. Atmospheric Chemistry and Physics 
2006, 6, (4), 925-946. 

81. Takegawa, N.; Miyazaki, Y.; Kondo, Y.; Komazaki, Y.; Miyakawa, T.; Jimenez, 
J.; Jayne, J.; Worsnop, D.; Allan, J.; Weber, R., Characterization of an Aerodyne Aerosol 
Mass Spectrometer (AMS): Intercomparison with other aerosol instruments. Aerosol 
Science and Technology 2005, 39, (8), 760-770. 

82. Ulbrich, I. M.; Canagaratna, M. R.; Zhang, Q.; Worsnop, D. R.; Jimenez, J. L., 
Interpretation of organic components from Positive Matrix Factorization of aerosol mass 
spectrometric data. Atmospheric Chemistry and Physics 2009, 9, (9), 2891-2918. 



 

101 

 

83. Zhang, J.; Wang, Y.; Huang, X.; Liu, Z.; Ji, D.; Sun, Y., Characterization of 
organic aerosols in Beijing using an aerodyne high-resolution aerosol mass spectrometer. 
Advances in Atmospheric Sciences 2015, 32, (6), 877-888. 

84. Zhang, Q.; Alfarra, M. R.; Worsnop, D. R.; Allan, J. D.; Coe, H.; Canagaratna, M. 
R.; Jimenez, J. L., Deconvolution and quantification of hydrocarbon-like and oxygenated 
organic aerosols based on aerosol mass spectrometry. Environmental Science & 
Technology 2005, 39, (13), 4938-4952. 

85. Zhang, Q.; Jimenez, J. L.; Canagaratna, M. R.; Ulbrich, I. M.; Ng, N. L.; 
Worsnop, D. R.; Sun, Y., Understanding atmospheric organic aerosols via factor analysis 
of aerosol mass spectrometry: a review. Analytical and Bioanalytical Chemistry 2011, 
401, (10), 3045-3067. 

86. Zhang, Q.; Jimenez, J. L.; Worsnop, D. R.; Canagaratna, M., A case study of 
urban particle acidity and its influence on secondary organic aerosol. Environmental 
science & technology 2007, 41, (9), 3213-3219. 

87. Zhang, Q.; Worsnop, D. R.; Canagaratna, M. R.; Jimenez, J. L., Hydrocarbon-like 
and oxygenated organic aerosols in Pittsburgh: insights into sources and processes of 
organic aerosols. Atmospheric Chemistry and Physics 2005, 5, 3289-3311. 

88. Zhao, Y.; Hennigan, C. J.; May, A. A.; Tkacik, D. S.; de Gouw, J. A.; Gilman, J. 
B.; Kuster, W. C.; Borbon, A.; Robinson, A. L., Intermediate-Volatility Organic 
Compounds: A Large Source of Secondary Organic Aerosol. Environmental Science & 
Technology 2014, 48, (23), 13743-13750. 

89. Liu, P.; Ziemann, P. J.; Kittelson, D. B.; McMurry, P. H., Generating particle 
beams of controlled dimensions and divergence: I. Theory of particle motion in 
aerodynamic lenses and nozzle expansions. Aerosol Science and Technology 1995, 22, 
(3), 293-313. 

90. Liu, P.; Ziemann, P. J.; Kittelson, D. B.; McMurry, P. H., Generating particle 
beams of controlled dimensions and divergence: II. Experimental evaluation of particle 
motion in aerodynamic lenses and nozzle expansions. Aerosol Science and Technology 
1995, 22, (3), 314-324. 

91. Bahreini, R.; Jimenez, J. L.; Wang, J.; Flagan, R. C.; Seinfeld, J. H.; Jayne, J. T.; 
Worsnop, D. R., Aircraft‐based aerosol size and composition measurements during ACE‐
Asia using an Aerodyne aerosol mass spectrometer. Journal of Geophysical Research: 
Atmospheres 2003, 108, (D23). 

92. DeCarlo, P. F.; Slowik, J. G.; Worsnop, D. R.; Davidovits, P.; Jimenez, J. L., 
Particle morphology and density characterization by combined mobility and aerodynamic 
diameter measurements. Part 1: Theory. Aerosol Science and Technology 2004, 38, (12), 
1185-1205. 

93. Allan, J. D.; Jimenez, J. L.; Williams, P. I.; Alfarra, M. R.; Bower, K. N.; Jayne, 
J. T.; Coe, H.; Worsnop, D. R., Quantitative sampling using an Aerodyne aerosol mass 
spectrometer 1. Techniques of data interpretation and error analysis. Journal of 
Geophysical Research: Atmospheres (1984–2012) 2003, 108, (D3). 



 

102 

 

94. Bley, W. G., Quantitative measurements with quadrupole mass spectrometers: 
important specifications for reliable measurements. Vacuum 1988, 38, (2), 103-109. 

95. Jimenez, J. L.; Jayne, J. T.; Shi, Q.; Kolb, C. E.; Worsnop, D. R.; Yourshaw, I.; 
Seinfeld, J. H.; Flagan, R. C.; Zhang, X.; Smith, K. A., Ambient aerosol sampling using 
the aerodyne aerosol mass spectrometer. Journal of Geophysical Research: Atmospheres 
(1984–2012) 2003, 108, (D7). 

96. Zhang, Q.; Canagaratna, M. R.; Jayne, J. T.; Worsnop, D. R.; Jimenez, J. L., 
Time‐and size‐resolved chemical composition of submicron particles in Pittsburgh: 
Implications for aerosol sources and processes. Journal of Geophysical Research: 
Atmospheres (1984–2012) 2005, 110, (D7). 

97. Sueper, D. ToF-AMS Analysis Toolkit v1.56 available online at: . 
http://cires1.colorado.edu/jimenez-group/ToFAMSResources/ToFSoftware/  

98. Massoli, P.; Kebabian, P. L.; Onasch, T. B.; Hills, F. B.; Freedman, A., 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), 428-435. 

99. Kebabian, P. L.; Freedman, A., System and method for trace species detection 
using cavity attenuated phase shift spectroscopy with an incoherent light source. In 
Google Patents: 2007. 

100. Kebabian, P. L.; Robinson, W. A.; Freedman, A., Optical extinction monitor 
using cw cavity enhanced detection. Review of scientific instruments 2007, 78, (6), 
063102. 

101. Petzold, A.; Onasch, T.; Kebabian, P.; Freedman, A., 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), 1141-1151. 

102. American Lung Association  State of the Air. 
http://www.stateoftheair.org/2015/city-rankings/most-polluted-cities.html (2016-02-01),  

103. Lawson, D. R.; Groblicki, P. J.; Stedman, D. H.; Bishop, G. A.; Guenther, P. L., 
Emissions from lit-use Motor Vehicles in Los Angeles: A Pilot Study of Remote Sensing 
and the Inspection and Maintenance Program. Journal of the Air & Waste Management 
Association 1990, 40, (8), 1096-1105. 

104. Croes, B. E.; Fujita, E. M., Overview of the 1997 southern California ozone study 
(SCOS97-NARSTO). Atmospheric environment 2003, 37, 3-26. 

105. Docherty, K. S.; Stone, E. A.; Ulbrich, I. M.; DeCarlo, P. F.; Snyder, D. C.; 
Schauer, J. J.; Peltier, R. E.; Weber, R. J.; Murphy, S. M.; Seinfeld, J. H., Apportionment 
of primary and secondary organic aerosols in Southern California during the 2005 Study 
of Organic Aerosols in Riverside (SOAR-1). Environmental science & technology 2008, 
42, (20), 7655-7662. 



 

103 

 

106. Docherty, K. S.; Aiken, A. C.; Huffman, J. A.; Ulbrich, I. M.; DeCarlo, P. F.; 
Sueper, D.; Worsnop, D. R.; Snyder, D. C.; Peltier, R.; Weber, R., The 2005 Study of 
Organic Aerosols at Riverside(SOAR-1): instrumental intercomparisons and fine particle 
composition. Atmospheric Chemistry and Physics 2011, 11, (23), 12387-12420. 

107. Ryerson, T.; Andrews, A.; Angevine, W.; Bates, T.; Brock, C.; Cairns, B.; Cohen, 
R.; Cooper, O.; Gouw, J.; Fehsenfeld, F., The 2010 California research at the Nexus of 
air quality and climate change (CalNex) field study. Journal of Geophysical Research: 
Atmospheres 2013, 118, (11), 5830-5866. 

108. Bahreini, R.; Middlebrook, A.; Gouw, J. d.; Warneke, C.; Trainer, M.; Brock, C.; 
Stark, H.; Brown, S.; Dube, W.; Gilman, J., Gasoline emissions dominate over diesel in 
formation of secondary organic aerosol mass. Geophysical Research Letters 2012, 39, 
(6). 

109. Friedlander, S. K., Smoke, Dust, and Haze: Fundamentals of Aerosol Dynamics. 
Oxford UP: New York, 2000. 

110. Draxler, R. R.; Rolph, G., HYSPLIT (HYbrid Single-Particle Lagrangian 
Integrated Trajectory) model access via NOAA ARL READY website (http://www.arl. 
noaa. gov/ready/hysplit4. html). NOAA Air Resources Laboratory, Silver Spring. In Md: 
2003. 

111. Monks, P.; Granier, C.; Fuzzi, S.; Stohl, A.; Williams, M.; Akimoto, H.; Amann, 
M.; Baklanov, A.; Baltensperger, U.; Bey, I., Atmospheric composition change–global 
and regional air quality. Atmospheric Environment 2009, 43, (33), 5268-5350. 

112. Pope, C. A.; Bates, D. V.; Raizenne, M. E., Health effects of particulate air 
pollution:  time for reassessment? Environ Health Perspect 1995, 103, 472-480. 

113. Poschl, U., Atmospheric aerosols: Composition, transformation, climate and 
health effects. Angewandte Chemie-International Edition 2005, 44, (46), 7520-7540. 

114. Pope III, C. A.; Thun, M. J.; Namboodiri, M. M.; Dockery, D. W.; Evans, J. S.; 
Speizer, F. E.; Heath Jr, C. W., Particulate air pollution as a predictor of mortality in a 
prospective study of US adults. American journal of respiratory and critical care 
medicine 1995, 151, (3_pt_1), 669-674. 

115. Baron, J. S.; Rueth, H. M.; Wolfe, A. M.; Nydick, K. R.; Allstott, E. J.; Minear, J. 
T.; Moraska, B., Ecosystem Responses to Nitrogen Deposition in the Colorado Front 
Range. Ecosystems 2000, 3, (4), 352-368. 

116. Burns, D. A., The effects of atmospheric nitrogen deposition in the Rocky 
Mountains of Colorado and southern Wyoming, USA—a critical review. Environmental 
Pollution 2004, 127, (2), 257-269. 

117. Williams, M. W.; Tonnessen, K. A., Critical loads for inorganic nitrogen 
deposition in the Colorado Front Range, USA. Ecological Applications 2000, 10, (6), 
1648-1665. 



 

104 

 

118. Blett, T.; Morris, K.; Baron, J.; Campbell, D.; Cordova, K.; Ely, D.; Latimer, D.; 
Mitchell, B.; Shaver, C.; Silverstein, M., Nitrogen Deposition: Issues and Effects in 
Rocky Mountain National Park Technical Background Document. National Park Service, 
Air Resources Division, Lakewood, CO 2004. 

119. Wilson, R.; Spengler, J. D., Particles in our air: concentrations and health 
effects. Harvard School of Public Health Cambridge, MA: 1996. 

120. Jimenez, J.; Canagaratna, M.; Donahue, N.; Prevot, A.; Zhang, Q.; Kroll, J.; 
DeCarlo, P.; Allan, J.; Coe, H.; Ng, N., Evolution of organic aerosols in the atmosphere. 
Science 2009, 326, (5959), 1525-1529. 

121. Claeys, M.; Graham, B.; Vas, G.; Wang, W.; Vermeylen, R.; Pashynska, V.; 
Cafmeyer, J.; Guyon, P.; Andreae, M. O.; Artaxo, P.; Maenhaut, W., Formation of 
secondary organic aerosols through photooxidation of isoprene. Science 2004, 303, 
(5661), 1173-1176. 

122. Kroll, J. H.; Ng, N. L.; Murphy, S. M.; Flagan, R. C.; Seinfeld, J. H., Secondary 
organic aerosol formation from isoprene photooxidation. Environmental Science & 
Technology 2006, 40, (6), 1869-1877. 

123. Kroll, J. H.; Seinfeld, J. H., Chemistry of secondary organic aerosol: Formation 
and evolution of low-volatility organics in the atmosphere. Atmospheric Environment 
2008, 42, (16), 3593-3624. 

124. Odum, J. R.; Hoffmann, T.; Bowman, F.; Collins, D.; Flagan, R. C.; Seinfeld, J. 
H., Gas/particle partitioning and secondary organic aerosol yields. Environmental Science 
& Technology 1996, 30, (8), 2580-2585. 

125. Pandis, S. N.; Harley, R. A.; Cass, G. R.; Seinfeld, J. H., Secondary Organic 
Aerosol Formation and Transport. Atmospheric Environment Part a-General Topics 
1992, 26, (13), 2269-2282. 

126. Schell, B.; Ackermann, I. J.; Hass, H.; Binkowski, F. S.; Ebel, A., Modeling the 
formation of secondary organic aerosol within a comprehensive air quality model system. 
Journal of Geophysical Research-Atmospheres 2001, 106, (D22), 28275-28293. 

127. Turpin, B. J.; Huntzicker, J. J., Identification of Secondary Organic Aerosol 
Episodes and Quantitation of Primary and Secondary Organic Aerosol Concentrations 
During SCAQS. Atmospheric Environment 1995, 29, (23), 3527-3544. 

128. Volkamer, R.; Jimenez, J. L.; San Martini, F.; Dzepina, K.; Zhang, Q.; Salcedo, 
D.; Molina, L. T.; Worsnop, D. R.; Molina, M. J., Secondary organic aerosol formation 
from anthropogenic air pollution: Rapid and higher than expected. Geophysical Research 
Letters 2006, 33, (17). 

129. Gilman, J. B.; Lerner, B.; Kuster, W.; De Gouw, J., Source signature of volatile 
organic compounds from oil and natural gas operations in northeastern Colorado. 
Environmental science & technology 2013, 47, (3), 1297-1305. 



 

105 

 

130. Edwards, P.; Young, C.; Aikin, K.; deGouw, J.; Dubé, W.; Geiger, F.; Gilman, J.; 
Helmig, D.; Holloway, J.; Kercher, J., Ozone photochemistry in an oil and natural gas 
extraction region during winter: simulations of a snow-free season in the Uintah Basin, 
Utah. Atmospheric Chemistry and Physics 2013, 13, (17), 8955-8971. 

131. Karion, A.; Sweeney, C.; Pétron, G.; Frost, G.; Michael Hardesty, R.; Kofler, J.; 
Miller, B. R.; Newberger, T.; Wolter, S.; Banta, R., Methane emissions estimate from 
airborne measurements over a western United States natural gas field. Geophysical 
Research Letters 2013, 40, (16), 4393-4397. 

132. Pétron, G.; Frost, G.; Miller, B. R.; Hirsch, A. I.; Montzka, S. A.; Karion, A.; 
Trainer, M.; Sweeney, C.; Andrews, A. E.; Miller, L., Hydrocarbon emissions 
characterization in the Colorado Front Range: A pilot study. Journal of Geophysical 
Research: Atmospheres (1984–2012) 2012, 117, (D4). 

133. Pétron, G.; Karion, A.; Sweeney, C.; Miller, B. R.; Montzka, S. A.; Frost, G. J.; 
Trainer, M.; Tans, P.; Andrews, A.; Kofler, J., 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), 6836-
6852. 

134. Boy, M.; Karl, T.; Turnipseed, A.; Mauldin, R. L.; Kosciuch, E.; Greenberg, J.; 
Rathbone, J.; Smith, J.; Held, A.; Barsanti, K., New particle formation in the Front Range 
of the Colorado Rocky Mountains. Atmospheric Chemistry and Physics 2008, 8, (6), 
1577-1590. 

135. Malm, W. C.; Schichtel, B. A.; Barna, M. G.; Gebhart, K. A.; Rodriguez, M. A.; 
Collett Jr, J. L.; Carrico, C. M.; Benedict, K. B.; Prenni, A. J.; Kreidenweis, S. M., 
Aerosol species concentrations and source apportionment of ammonia at Rocky 
Mountain National Park. Journal of the Air & Waste Management Association 2013, 63, 
(11), 1245-1263. 

136. Nanus, L.; Campbell, D. H.; Ingersoll, G. P.; Clow, D. W.; Mast, M. A., 
Atmospheric deposition maps for the Rocky Mountains. Atmospheric Environment 2003, 
37, (35), 4881-4892. 

137. Thompson, T. M.; Rodriguez, M. A.; Barna, M. G.; Gebhart, K. A.; Hand, J. L.; 
Day, D. E.; Malm, W. C.; Benedict, K. B.; Collett, J. L.; Schichtel, B. A., Rocky 
Mountain National Park reduced nitrogen source apportionment. Journal of Geophysical 
Research: Atmospheres 2015, 120, (9), 4370-4384. 

138. Mast, M. A.; Ely, D., Effect of power plant emission reductions on a nearby 
wilderness area: a case study in northwestern Colorado. Environmental monitoring and 
assessment 2013, 185, (9), 7081-7095. 

139. Groblicki, P. J.; Wolff, G. T.; Countess, R. J., Visibility-reducing species in the 
Denver “brown cloud”—I. Relationships between extinction and chemical composition. 
Atmospheric Environment (1967) 1981, 15, (12), 2473-2484. 



 

106 

 

140. Watson, J.; Chow, J.; Richards, L.; Andersen, S.; Houck, J.; Dietrich, D., The 
1987-88 Metro Denver Brown Cloud Air Pollution Study, Volume II: Measurements. 
DRI document 1988, (8810.1), F2. 

141. Wolff, G.; Countess, R.; Groblicki, P.; Ferman, M.; Cadle, S.; Muhlbaier, J., 
Visibility-reducing species in the Denver “brown cloud”—II. Sources and temporal 
patterns. Atmospheric Environment (1967) 1981, 15, (12), 2485-2502. 

142. Szoke, E. J., Eye of the Denver cyclone. Monthly weather review 1991, 119, (5), 
1283-1292. 

143. Szoke, E. J.; Barjenbruch, D.; Glancy, R.; Kleyla, R. In The Denver Cyclone and 
Tornadoes 25 Years Later: The Continued Challenge of Predicting Non-Supercell 
Tornadoes, 23rd Conference on Severe Local Storms, 2006; 2006. 

144. Wilczak, J. M.; Christian, T. W., Case Study of an Orographically Induced 
Mesoscale Vortex (Denver Cyclone). Monthly Weather Review 1990, 118, (5), 1082-
1102. 

145. Wilczak, J. M.; Glendening, J. W., Observations and Mixed-Layer Modeling of a 
Terrain-Induced Mesoscale Gyre: The Denver Cyclone. Monthly Weather Review 1988, 
116, (12), 2688-2711. 

146. Bahreini, R.; Dunlea, E. J.; Matthew, B. M.; Simons, C.; Docherty, K. S.; 
DeCarlo, P. F.; Jimenez, J. L.; Brock, C. A.; Middlebrook, A. M., Design and operation 
of a pressure-controlled inlet for airborne sampling with an aerodynamic aerosol lens. 
Aerosol Science and Technology 2008, 42, (6), 465-471. 

147. Gerbig, C.; Schmitgen, S.; Kley, D.; Volz‐Thomas, A.; Dewey, K.; Haaks, D., An 
improved fast‐response vacuum‐UV resonance fluorescence CO instrument. Journal of 
Geophysical Research: Atmospheres (1984–2012) 1999, 104, (D1), 1699-1704. 

148. Holloway, J. S.; Jakoubek, R. O.; Parrish, D. D.; Gerbig, C.; Volz‐Thomas, A.; 
Schmitgen, S.; Fried, A.; Wert, B.; Henry, B.; Drummond, J. R., Airborne 
intercomparison of vacuum ultraviolet fluorescence and tunable diode laser absorption 
measurements of tropospheric carbon monoxide. Journal of Geophysical Research: 
Atmospheres (1984–2012) 2000, 105, (D19), 24251-24261. 

149. Takegawa, N.; Kita, K.; Kondo, Y.; Matsumi, Y.; Parrish, D.; Holloway, J.; 
Koike, M.; Miyazaki, Y.; Toriyama, N.; Kawakami, S., Airborne vacuum ultraviolet 
resonance fluorescence instrument for in situ measurement of CO. Journal of 
Geophysical Research: Atmospheres (1984–2012) 2001, 106, (D20), 24237-24244. 

150. Ridley, B.; Ott, L.; Pickering, K.; Emmons, L.; Montzka, D.; Weinheimer, A.; 
Knapp, D.; Grahek, F.; Li, L.; Heymsfield, G., Florida thunderstorms: A faucet of 
reactive nitrogen to the upper troposphere. Journal of Geophysical Research: 
Atmospheres (1984–2012) 2004, 109, (D17). 

151. Kim, S.; Huey, L.; Stickel, R.; Tanner, D.; Crawford, J.; Olson, J.; Chen, G.; 
Brune, W.; Ren, X.; Lesher, R., Measurement of HO2NO2 in the free troposphere during 



 

107 

 

the intercontinental chemical transport experiment–North America 2004. Journal of 
Geophysical Research: Atmospheres (1984–2012) 2007, 112, (D12). 

152. 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), 166-184. 

153. Crounse, J. D.; McKinney, K. A.; Kwan, A. J.; Wennberg, P. O., Measurement of 
gas-phase hydroperoxides by chemical ionization mass spectrometry. Analytical 
chemistry 2006, 78, (19), 6726-6732. 

154. Thornton, J. A.; Wooldridge, P. J.; Cohen, R. C., Atmospheric NO2: In situ laser-
induced fluorescence detection at parts per trillion mixing ratios. Analytical Chemistry 
2000, 72, (3), 528-539. 

155. Day, D.; Wooldridge, P.; Dillon, M.; Thornton, J.; Cohen, R., A thermal 
dissociation laser‐induced fluorescence instrument for in situ detection of NO2, peroxy 
nitrates, alkyl nitrates, and HNO3. Journal of Geophysical Research: Atmospheres 
(1984–2012) 2002, 107, (D6), ACH 4-1-ACH 4-14. 

156. Ellis, R.; Murphy, J.; Pattey, E.; Haarlem, R. v.; O'Brien, J.; Herndon, S., 
Characterizing a quantum cascade tunable infrared laser differential absorption 
spectrometer (QC-TILDAS) for measurements of atmospheric ammonia. Atmospheric 
Measurement Techniques 2010, 3, (2), 397-406. 

157. Richter, D.; Weibring, P.; Walega, J. G.; Fried, A.; Spuler, S. M.; Taubman, M. 
S., Compact highly sensitive multi-species airborne mid-IR spectrometer. Applied 
Physics B 2015, 119, (1), 119-131. 

158. Weibring, P.; Richter, D.; Fried, A.; Walega, J.; Dyroff, C., Ultra-high-precision 
mid-IR spectrometer II: system description and spectroscopic performance. Applied 
Physics B 2006, 85, (2-3), 207-218. 

159. Weibring, P.; Richter, D.; Walega, J. G.; Fried, A., First demonstration of a high 
performance difference frequency spectrometer on airborne platforms. Optics Express 
2007, 15, (21), 13476-13495. 

160. Lindinger, W.; Hansel, A.; Jordan, A., On-line monitoring of volatile organic 
compounds at pptv levels by means of proton-transfer-reaction mass spectrometry (PTR-
MS) medical applications, food control and environmental research. International 
Journal of Mass Spectrometry and Ion Processes 1998, 173, (3), 191-241. 

161. de Gouw, J.; Warneke, C., Measurements of volatile organic compounds in the 
earth's atmosphere using proton‐transfer‐reaction mass spectrometry. Mass Spectrometry 
Reviews 2007, 26, (2), 223-257. 

162. Apel, E.; Emmons, L.; Karl, T.; Flocke, F.; Hills, A.; Madronich, S.; Lee-Taylor, 
J.; Fried, A.; Weibring, P.; Walega, J., Chemical evolution of volatile organic compounds 
in the outflow of the Mexico City Metropolitan area. Atmospheric Chemistry and Physics 
2010, 10, (5), 2353-2375. 



 

108 

 

163. Apel, E.; Hills, A.; Lueb, R.; Zindel, S.; Eisele, S.; Riemer, D., A fast‐GC/MS 
system to measure C2 to C4 carbonyls and methanol aboard aircraft. Journal of 
Geophysical Research: Atmospheres (1984–2012) 2003, 108, (D20). 

164. Apel, E.; Hornbrook, R.; Hills, A.; Campos, T.; Pan, L.; Kinnison, D.; Lamarque, 
J.; Emmons, L.; Saiz-Lopez, A.; Riemer, D. In Spatial distributions of trace organic 
species: Results from the TORERO and CONTRAST airborne campaigns with the 
interpretation aided by the CAM-Chem 3D chemistry climate model, AGU Fall Meeting 
Abstracts, 2014; 2014; p 3374. 

165. Colman, J. J.; Swanson, A. L.; Meinardi, S.; Sive, B. C.; Blake, D. R.; Rowland, 
F. S., Description of the analysis of a wide range of volatile organic compounds in whole 
air samples collected during PEM-Tropics A and B. Analytical Chemistry 2001, 73, (15), 
3723-3731. 

166. Hornbrook, R.; Crawford, J.; Edwards, G.; Goyea, O.; Mauldin III, R.; Olson, J.; 
Cantrell, C., Measurements of tropospheric HO 2 and RO 2 by oxygen dilution 
modulation and chemical ionization mass spectrometry. Atmospheric Measurement 
Techniques 2011, 4, (4), 735-756. 

167. Ren, X.; Mao, J.; Brune, W.; Cantrell, C.; Mauldin III, R.; Hornbrook, R.; 
Kosciuch, E.; Olson, J.; Crawford, J.; Chen, G., Airborne intercomparison of HO x 
measurements using laser-induced fluorescence and chemical ionization mass 
spectrometry during ARCTAS. Atmospheric Measurement Techniques 2012, 5, (8), 
2025-2037. 

168. Sjostedt, S.; Huey, L.; Tanner, D.; Peischl, J.; Chen, G.; Dibb, J.; Lefer, B.; 
Hutterli, M.; Beyersdorf, A.; Blake, N., Observations of hydroxyl and the sum of peroxy 
radicals at Summit, Greenland during summer 2003. Atmospheric Environment 2007, 41, 
(24), 5122-5137. 

169. Middlebrook, A. M.; Bahreini, R.; Jimenez, J. L.; Canagaratna, M. R., Evaluation 
of composition-dependent collection efficiencies for the aerodyne aerosol mass 
spectrometer using field data. Aerosol Science and Technology 2012, 46, (3), 258-271. 

170. Neff, W. In Meteorological classifications used in the 1987-1988 Denver Brown 
Cloud Study, 6th Joint Conference on Applications of Air Pollution Meteorology, 1989; 
1989. 

171. Riva, M.; Robinson, E. S.; Perraudin, E.; Donahue, N. M.; Villenave, E., 
Photochemical Aging of Secondary Organic Aerosols Generated from the Photooxidation 
of Polycyclic Aromatic Hydrocarbons in the Gas-Phase. Environmental science & 
technology 2015, 49, (9), 5407-5416. 

172. Song, C.; Na, K.; Cocker, D. R., Impact of the hydrocarbon to NO x ratio on 
secondary organic aerosol formation. Environmental science & technology 2005, 39, (9), 
3143-3149. 

173. von Stackelberg, K.; Buonocore, J.; Bhave, P. V.; Schwartz, J. A., Public health 
impacts of secondary particulate formation from aromatic hydrocarbons in gasoline. 
Environ. Health 2013, 12, 13. 



 

109 

 

174. Pollack, I.; Ryerson, T.; Trainer, M.; Parrish, D.; Andrews, A.; Atlas, E.; Blake, 
D.; Brown, S.; Commane, R.; Daube, B., Airborne and ground‐based observations of a 
weekend effect in ozone, precursors, and oxidation products in the California South Coast 
Air Basin. Journal of Geophysical Research: Atmospheres (1984–2012) 2012, 117, 
(D21). 

175. Warneke, C.; Gouw, J. A.; Edwards, P. M.; Holloway, J. S.; Gilman, J. B.; 
Kuster, W. C.; Graus, M.; Atlas, E.; Blake, D.; Gentner, D. R., Photochemical aging of 
volatile organic compounds in the Los Angeles basin: Weekday‐weekend effect. Journal 
of Geophysical Research: Atmospheres 2013, 118, (10), 5018-5028. 

176. Reddy, P. J., Pfister, G.G, Meteorological factors contributing to the interannual 
variability of mid-summer surface ozone in Colorado, Utah, and other western U.S. 
states. Journal of Geophysical Research: Atmospheres 2016. 

177. Watson, J. G., Visibility: Science and regulation. Journal of the Air & Waste 
Management Association 2002, 52, (6), 628-713. 

178. Stelson, A.; Friedlander, S.; Seinfeld, J., A note on the equilibrium relationship 
between ammonia and nitric acid and particulate ammonium nitrate. Atmospheric 
Environment (1967) 1979, 13, (3), 369-371. 

179. Stelson, A.; Seinfeld, J. H., Relative humidity and temperature dependence of the 
ammonium nitrate dissociation constant. Atmospheric Environment (1967) 1982, 16, (5), 
983-992. 

180. Hessberg, C. v.; Hessberg, P. v.; Pöschl, U.; Bilde, M.; Nielsen, O. J.; Moortgat, 
G., Temperature and humidity dependence of secondary organic aerosol yield from the 
ozonolysis of β-pinene. Atmospheric Chemistry and Physics 2009, 9, (11), 3583-3599. 

181. Na, K.; Song, C.; Switzer, C.; Cocker, D. R., Effect of ammonia on secondary 
organic aerosol formation from α-pinene ozonolysis in dry and humid conditions. 
Environmental science & technology 2007, 41, (17), 6096-6102. 

182. Fountoukis, C.; Nenes, A., ISORROPIA II: a computationally efficient 
thermodynamic equilibrium model for K+–Ca 2+–Mg 2+–NH 4+–Na+–SO 4 2−–NO 
3−–Cl−–H 2 O aerosols. Atmospheric Chemistry and Physics 2007, 7, (17), 4639-4659. 

183. Lei, H.; Wuebbles, D. J., Chemical competition in nitrate and sulfate formations 
and its effect on air quality. Atmospheric Environment 2013, 80, 472-477. 

184. Li, S.; Wang, T.; Zhuang, B.; Han, Y., Indirect radiative forcing and climatic 
effect of the anthropogenic nitrate aerosol on regional climate of China. Advances in 
Atmospheric Sciences 2009, 26, 543-552. 

185. Tang, I. N., Chemical and size effects of hygroscopic aerosols on light scattering 
coefficients. JOURNAL OF GEOPHYSICAL RESEARCH-ALL SERIES- 1996, 101, 
19,245-19,250. 



 

110 

 

186. Zhang, H.; Shen, Z.; Wei, X.; Zhang, M.; Li, Z., Comparison of optical properties 
of nitrate and sulfate aerosol and the direct radiative forcing due to nitrate in China. 
Atmospheric Research 2012, 113, 113-125. 

 




