
 

 

 

 

 

 

 

 

 

DEVELOPMENT AND APPLICATION OF AN OXIDATION FLOW REACTOR 

TO STUDY SECONDARY ORGANIC AEROSOL FORMATION FROM AMBIENT AIR 

by 

BRETT BRIAN PALM 

B.A., Dartmouth College, 2009  

 

 

 

 

A thesis submitted to the 

Faculty of the Graduate School of the 

University of Colorado in partial fulfillment  

of the requirement for the degree of 

Doctor of Philosophy 

Department of Chemistry and Biochemistry 

2017 

  



ii 
 

 

 

This thesis entitled: 

Development and Application of an Oxidation Flow Reactor to Study  

Secondary Organic Aerosol Formation from Ambient Air 

written by Brett Brian Palm 

has been approved for the Department of Chemistry and Biochemistry 

 

 

 

       

Professor Jose-Luis Jimenez 

 

 

       

Professor Steven S. Brown 

 

 

Date    

 

 

The final copy of this thesis has been examined by the signatories, and we 

find that both the content and the form meet acceptable presentation standards 

of scholarly work in the above mentioned discipline.  



iii 
 

Palm, Brett Brian (Ph.D., Chemistry; Department of Chemistry and Biochemistry) 

Development and Application of an Oxidation Flow Reactor to Study Secondary Organic Aerosol  

Formation from Ambient Air 

Thesis directed by Professor Jose-Luis Jimenez 

 

ABSTRACT 

Secondary organic aerosols (SOA) in the atmosphere play an important role in air quality, human 

health, and climate. However, the sources, formation pathways, and fate of SOA are poorly constrained. 

In this dissertation, I present development and application of the oxidation flow reactor (OFR) technique 

for studying SOA formation from OH, O3, and NO3 oxidation of ambient air. With a several-minute 

residence time and a portable design with no inlet, OFRs are particularly well-suited for this purpose. 

I first introduce the OFR concept, and discuss several advances I have made in performing and 

interpreting OFR experiments. This includes estimating oxidant exposures, modeling the fate of low-

volatility gases in the OFR (wall loss, condensation, and oxidation), and comparing SOA yields of single 

precursors in the OFR with yields measured in environmental chambers. When these experimental 

details are carefully considered, SOA formation in an OFR can be more reliably compared with ambient 

SOA formation processes. 

I then present an overview of what OFR measurements have taught us about SOA formation in 

the atmosphere. I provide a comparison of SOA formation from OH, O3, and NO3 oxidation of ambient 

air in a wide variety of environments, from rural forests to urban air. In a rural forest, the SOA formation 

correlated with biogenic precursors (e.g., monoterpenes). In urban air, it correlated instead with 

reactive anthropogenic tracers (e.g., trimethylbenzene). In mixed-source regions, the SOA formation did 

not correlate well with any single precursor, but could be predicted by multilinear regression from 

several precursors. Despite these correlations, the concentrations of speciated ambient VOCs could only 
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explain approximately 10-50% of the total SOA formed from OH oxidation. In contrast, ambient VOCs 

could explain all of the SOA formation observed from O3 and NO3 oxidation. Evidence suggests that 

lower-volatility gases (semivolatile and intermediate-volatility organic compounds; S/IVOCs) were 

present in ambient air and were the likely source of SOA formation that could not be explained by VOCs. 

These measurements show that S/IVOCs likely play an important intermediary role in ambient SOA 

formation in all of the sampled locations, from rural forests to urban air.  
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Chapter 1 

Introduction 

1.1 Atmospheric aerosols 

Aerosols, liquid or solid particles that are suspended in the atmosphere, are important 

constituents of the Earth’s atmosphere. In the troposphere, particles with diameters less than one µm 

(i.e., submicron particles) are particularly consequential. These particles impact climate by directly 

scattering light and by affecting cloud formation and lifetimes (IPCC, 2013). Due to a relatively poor 

ability to predict global aerosol distributions and their impacts on clouds, the aerosol radiative forcing is 

the most uncertain forcing in the climate system (Myhre et al., 2013). They can contribute to poor air 

quality and visibility (Godish et al., 2014), and substantially increase morbidity in affected human 

populations (Pope and Dockery, 2006).  

Figure 1.1 illustrates the abundances and chemical composition of submicron aerosols (not 

including black carbon or refractory metals, which are typically minor components) measured at a 

variety of locations in the Northern Hemisphere (Zhang et al., 2007). These particles consist of inorganic 

nitrate (NO3
-), sulfate (SO4

2-), ammonium (NH4
+), and chloride (Cl-) components, as well as organic (OA) 

components. Inorganic aerosols, e.g., ammonium sulfate ((NH4)2SO4) and ammonium nitrate (NH4NO3), 

have relatively few sources and sinks in the atmosphere, and are consequently better understood than 

the organic fraction. OA, which often comprises the majority of submicron aerosol mass concentrations, 

consists of thousands of different molecules with a large variety of sources and sinks. Simplified 

mechanisms to accurately simulate the global distribution of OA have so far proven elusive due to 

fundamental gaps in our understanding (Tsigaridis et al., 2014; Chen et al., 2015b).  

1.2 Secondary organic aerosol (SOA) formation 

OA can be split into two broad categories: primary and secondary. Primary OA (POA) is emitted 

directly into the atmosphere as particles, e.g., as smoke from biomass burning, vehicular combustion, 
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sea spray, and windblown dust. Typically, POA represents a relatively small fraction of total OA in the 

atmosphere (Jimenez et al., 2009). The majority of OA tends to be formed through secondary processes, 

where the organic molecules are emitted to the atmosphere as gases (or evaporated POA) and go 

through secondary degradation processes that convert them into particles. These processes include gas-

phase oxidation (typically by reaction with hydroxyl radical (OH), ozone (O3), or nitrate radical (NO3)), 

photolysis, multiphase reactions, or condensed phase reactions within particles or in aerosol or cloud 

liquid water (Hallquist et al., 2009; Ervens et al., 2011). 

Fig. 1.1. Pie charts showing the average mass concentration and chemical composition of non-refractory 
submicron particulate matter at various locations in the Northern Hemisphere, measured using an AMS. 
The label colors indicate the type of sampling location, where blue labels indicate urban areas, black 
indicates areas within 100 miles downwind of urban areas, and pink indicates rural/remote 
measurements. This figure is reproduced from Zhang et al. (2007). 

Exactly which gases in the atmosphere are responsible for SOA formation, and at which 

locations and times they are important, is still an open research question. Broadly, SOA-forming gases 

can be broken down into three source categories: biogenic, anthropogenic, and biomass burning (e.g., 

Goldstein and Galbally, 2007; Hallquist et al., 2009). They span approximately 10 orders of magnitude in 

vapor pressure (Donahue et al., 2006). The most volatile gases are called volatile organic compounds 

(VOCs), and many VOCs (e.g., isoprene, terpenes, aromatics) from each source type are widely 
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recognized to contribute to SOA formation in the atmosphere. Gases that are less volatile than VOCs, 

called semi-volatile and intermediate volatility organic compounds (S/IVOCs), have also emerged as 

important contributors to SOA formation (e.g., Robinson et al., 2007; Zhao et al., 2014). However, 

relatively little is known about the processes by which VOCs and S/IVOCs are transformed to SOA in the 

atmosphere. 

1.3 Techniques for studying SOA formation and properties 

SOA formation from VOCs and/or S/IVOCs has typically been studied using large environmental 

chambers in the laboratory (Hallquist et al., 2009, and references therein). These chambers allow gases 

to be oxidized under controlled conditions in order to measure the amount and properties of SOA 

formed after oxidation, and to study the mechanisms of SOA formation. SOA yields (mass of SOA formed 

per mass of VOC reacted) from laboratory chamber experiments are used to model SOA formation on 

local, regional, and global scales (e.g., Tsimpidi et al., 2010). However, these experiments suffer from 

substantial particle and gas losses to the chamber walls, which increases the uncertainties associated 

with using chamber results to model SOA formation in the atmosphere (Pierce et al., 2008; Matsunaga 

and Ziemann, 2010; Zhang et al., 2014; Krechmer et al., 2015). Also, large chambers are generally not 

suitable for conducting experiments with ambient air. Several “mobile” chambers have been developed 

for ambient or point source sampling; however, these chambers still typically require residence times on 

the order of hours to perform a single experiment, leading to possible wall loss effects and low time 

resolution (Tanaka et al., 2003; Presto et al., 2011; Platt et al., 2013; Peng et al., 2016a). 

As an alternative to chambers, several varieties of oxidation flow reactors (OFRs) have been 

recently introduced , including the Potential Aerosol Mass (PAM) reactor used in this work (Kang et al., 

2007). The OFR technique employs a small reactor with short residence times (typically several minutes), 

using elevated oxidant concentrations (10–1000s of time higher than the atmosphere) in order to 

achieve minutes to weeks of equivalent atmospheric oxidant exposure. OFRs are small and portable, 
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meaning they can be used in a laboratory or deployed to oxidize ambient air during field campaigns. 

They are logistically and financially easier to use than large chambers. Photographs of the PAM OFR used 

during a field campaign are shown in Fig. 1.2. 

OFRs are versatile scientific tools. They can be used for studying SOA formation processes (e.g., 

Lambe et al., 2012) or to investigate heterogeneous oxidation (e.g., George et al., 2008; Smith et al., 

2009). The amount of SOA formed from oxidation of gases can be measured to quantify SOA yields (e.g., 

Kang et al., 2007, 2011; Lambe et al., 2011a). The properties of the SOA formed in the OFR can be 

measured as well, e.g., cloud condensation nuclei (CCN) activity or oxidation level (e.g., George et al., 

2008; Massoli et al., 2010; Saukko et al., 2012). However, as of the beginning of my thesis work, there 

had been no publications describing the oxidation of ambient air in OFRs. Furthermore, many questions 

remained about how well the OFR could really reproduce ambient SOA formation processes. 

 

Fig. 1.2. Photographs of inlet (left) and output (right) of the OFR during the BEACHON-RoMBAS field 
campaign. 

1.4 Dissertation focus 

In this dissertation, I present development and field application of the OFR technique for the 

purpose of studying atmospheric SOA formation. I will discuss several advances that I have made in the 

interpretation of OFR measurements, which are particularly critical for proper quantification of SOA 

formed in the OFR. I also present the results of SOA formation from the oxidation of ambient air. These 
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measurements were made at two locations, including a rural, biogenically-dominated location 

(BEACHON-ROMBAS campaign in the Colorado Rockies, USA) and downwind of an urban area in a 

location with mixed biogenic, anthropogenic, and biomass burning sources of SOA-forming gases 

(GoAmazon2014/5 campaign in Amazonia, Brazil). The results at these contrasting locations provide 

information about the spatial heterogeneity of SOA-forming gases in the atmosphere. 

In Chapter 2, OH-initiated oxidation of ambient pine forest air in an OFR during BEACHON-

RoMBAS is discussed. I introduce a model to predict the fate of condensable gases in the OFR for the 

purpose of correcting for limitations of the technique. The sources of SOA-forming gases (a common 

theme of each chapter in this thesis) in an atmosphere dominated by biogenic emissions are explored. 

In Chapter 3, the techniques for studying SOA formation from O3 and NO3-initiated oxidation of 

ambient air are introduced for the first time. These oxidants were also used for the oxidation of ambient 

pine forest air, as in Chapter 2. I discuss chemical properties of the SOA formed from OH, O3, and NO3 

oxidation in the OFR. Further discussion about the amounts and sources of SOA-forming gases can also 

be found in this chapter. 

In Chapter 4, the sources of SOA-forming gases in an Amazon forest atmosphere with mixed 

biogenic, anthropogenic, and biomass burning emissions are investigated as part of the 

GoAmazon2014/5 field campaign. SOA yields were measured under the conditions used during the 

oxidation of ambient air in the OFR to compare with published SOA yields in chambers. Properties of the 

SOA formed in the OFR are investigated, including CCN activity and the lifetimes and formation rates of 

the major components of SOA and POA. This analysis informs the investigation of sources of SOA-

forming gases at this field site. 

Finally, Chapter 5 summarizes the conclusions drawn from this dissertation as a whole. I also 

discuss possible future avenues of research using the OFR. I suggest possible upgrades to the technique, 

and share which science questions I believe could be answered by using them.   
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CHAPTER 2 

In situ secondary organic aerosol formation from ambient pine forest air  

using an oxidation flow reactor 

Adapted from Palm, B.B., Campuzano-Jost, P., Ortega, A.M., Day, D.A., Kaser, L., Jud, W., Karl, T., Hansel, 

A., Hunter, J.F., Cross, E.S., Kroll, J.H., Peng, Z., Brune, W.H., Jimenez, J.L., Atmos. Chem. Phys., 16, 2943-

2970, doi: 10.5194/acp-16-2943-2016, 2016. 

Abstract  

An oxidation flow reactor (OFR) is a vessel inside which the concentration of a chosen oxidant 

can be increased for the purpose of studying SOA formation and aging by that oxidant. During the 

BEACHON-RoMBAS field campaign, ambient pine forest air was oxidized by OH radicals in an OFR to 

measure the amount of SOA that could be formed from the real mix of ambient SOA-precursor gases, 

and how that amount changed with time as precursors changed. High OH concentrations and short 

residence times allowed for semi-continuous cycling through a large range of OH exposures ranging 

from hours to weeks of equivalent (eq.) atmospheric aging. A simple model is derived and used to 

account for the relative time scales of condensation of low volatility organic compounds (LVOCs) onto 

particles, condensational loss to the walls, and further reaction to produce volatile, non-condensing 

fragmentation products. More SOA production was observed in the OFR at nighttime (average 3 µg m-3 

when LVOC fate corrected) compared to daytime (average 0.9 µg m-3 when LVOC fate corrected), with 

maximum formation observed at 0.4–1.5 eq. days of photochemical aging. SOA formation followed a 

similar diurnal pattern to monoterpenes, sesquiterpenes, and toluene+p-cymene concentrations, 

including a substantial increase just after sunrise at 7 AM local time. Higher photochemical aging (>10 

eq. days) led to a decrease in new SOA formation and a loss of preexisting OA due to heterogeneous 

oxidation followed by fragmentation and volatilization. When comparing two different commonly used 

methods of OH production in OFRs (OFR185 and OFR254-70), similar amounts of SOA formation were 
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observed. We recommend the OFR185 mode for future forest studies. Concurrent gas-phase 

measurements of air after OH oxidation illustrate the decay of primary VOCs, production of small 

oxidized organic compounds, and net production at lower ages followed by net consumption of 

terpenoid oxidation products as photochemical age increased. New particle formation was observed in 

the reactor after oxidation, especially during times when precursor gas concentrations and SOA 

formation were largest. Approximately 4.4 times more SOA was formed in the reactor from OH 

oxidation than could be explained by the VOCs measured in ambient air. To our knowledge this is the 

first time that this has been shown when comparing VOCs and SOA formation measured at the same 

time, rather than comparing measurements made at different times. Several recently-developed 

instruments quantified ambient semi- and intermediate-volatility organic compounds (S/IVOCs) that 

were not detected by a PTR-TOF-MS. An SOA yield of 18-58% from those compounds can explain the 

observed SOA formation. This work suggests that these typically unmeasured gases play a substantial 

role in ambient SOA formation. Our results allow ruling out condensation sticking coefficients much 

lower than 1. These measurements help clarify the magnitude of potential SOA formation from OH 

oxidation in forested environments, and demonstrate methods for interpretation of ambient OFR 

measurements.  

2.1 Introduction 

Atmospheric aerosols play a complex and important role in air pollution, human health, and 

global climate. Exposure to fine particles has adverse effects on cardiopulmonary health (Pope and 

Dockery, 2006). Aerosols affect climate forcing by directly scattering or absorbing incoming solar 

radiation. They also act as cloud condensation nuclei (CCN; acronyms are listed in Table 2.1), affecting 

the reflectivity, lifetime, and precipitation of clouds (IPCC, 2013). Among all radiative forcings, the 

estimates for aerosols represent the largest uncertainty (Myhre et al., 2013).  
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Table 2.1. Glossary. 
 

Organic aerosols (OA) make up a substantial fraction of submicron aerosols (Murphy et al., 

2006; Zhang et al., 2007; Jimenez et al., 2009). OA is composed of thousands of different molecules, of 

which only a small fraction has been speciated (Goldstein and Galbally, 2007). OA can be emitted 

directly in the particle phase as primary OA (POA), or it can be formed as secondary OA (SOA) through 

OFR Oxidation flow reactor 
SOA Secondary organic aerosol 
LVOC Low volatility organic compound 
OA Organic aerosol 
VOC Volatile organic compound 
S/IVOC Semi- and intermediate-volatility organic compound 
PTR-TOF-MS Proton transfer reaction time-of-flight mass spectrometer 
OH Hydroxyl radical 
O3 Ozone 
NO3 Nitrate radical 
MBO 2-methyl-3-buten-2-ol 
MT Monoterpenes 
SQT Sesquiterpenes 
OHRext External OH reactivity 
OHRint Internal OH reactivity 
OHexp OH exposure 
eq.  Equivalent 
SMPS Scanning mobility particle sizer 
AMS Aerodyne High-Resolution Time-of-Flight Aerosol Mass Spectrometer 
kOH Rate constant for reaction with OH 
kO3 Rate constant for reaction with O3 
TD-EIMS Thermal desorption electron impact mass spectrometer 
C* Effective saturation vapor concentration 
τaer Lifetime of LVOCs (or H2SO4) for condensation onto aerosols 
τwall Lifetime of LVOCs (or H2SO4) for loss to OFR walls 
τOH Lifetime of LVOCs for reaction with OH 
τtotal Total lifetime for loss of LVOCs (or H2SO4) 
CS Condensational sink 
D Gas diffusion coefficient 
r Particle radius 
N(r) Particle number size distribution 
α Sticking coefficient 
Kn Knudsen number 
λg Mean free path of gas molecules 
A/V Surface-area-to-volume ratio of OFR 
ke Coefficient of eddy diffusion 
Fx Fraction of LVOCs (or H2SO4) lost to pathway x 
SO4 Sulfate aerosol 
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gas-to-particle conversion. During gas-phase SOA formation, an oxidant (mainly OH, O3, or NO3) reacts 

with organic gases to produce either less-volatile functionalized products (e.g., reacting to add a 

hydroxyl group) or more-volatile fragmented products (e.g., breaking C-C bonds to produce smaller 

molecules).  If the reaction products have sufficiently lower volatility, they can then partition into the 

particle phase to form SOA (Pankow, 1994; Donahue et al., 2006). In addition to gas-phase oxidation 

pathways, SOA formation can result from aqueous chemistry within aerosol water or in cloud droplets 

(e.g., Lim et al., 2010; Ervens et al., 2011; Ervens, 2015) or heterogeneous uptake reactions (e.g., Surratt 

et al., 2010). Oxidative aging of gases and particles continues until deposition occurs (or CO2 is 

produced). The complexity of OA chemistry arises from this intricate mix of multiphase-

multigenerational reaction pathways and physicochemical processes involving thousands of molecules.   

Much progress has been made in the past decade towards identifying and quantifying the 

sources, formation, and aging mechanisms of SOA. Aerosol models using traditional (pre-2007) aerosol 

yields for volatile organic compounds (VOCs) from chamber studies generally underpredict SOA mass by 

a factor of 10 in urban areas (Volkamer et al., 2006; Hodzic et al., 2010; Hayes et al., 2015). More recent 

models are able to better predict SOA mass in urban areas by using higher VOC yields and adding 

previously ignored semivolatile and intermediate volatility organic compounds (S/IVOCs; Hodzic et al., 

2010; Hayes et al., 2015). Model comparisons for biogenically-dominated areas have not shown such 

systematic underpredictions even when using older models (e.g., Tunved et al., 2006; Chen et al., 2009; 

Hodzic et al., 2009; Slowik et al., 2010). Recent measurements of the oxidation of biomass burning 

emissions, vehicle exhaust, and urban air have also found S/IVOCs to be important contributors to SOA 

formation (Grieshop et al., 2009; Miracolo et al., 2010; Zhao et al., 2014), building on the ideas of 

Robinson, et al. (2007). However, model parameterizations of SOA formation from S/IVOCs are based on 

large extrapolations and are still uncertain. The recent AeroCom intercomparison of 31 global OA 

models showed large variability between models and low temporal correlations between models and 



10 
 

measurements (Tsigaridis et al., 2014). Their work suggests that current model parameterizations of 

SOA formation, transport, and removal processes are inadequate. 

SOA formation has traditionally been studied in large environmental “smog” chambers. These 

chamber experiments have provided the SOA yields for models, but recent evidence shows that 

chamber experiments are affected by large losses of semivolatile gases to chamber walls (Matsunaga 

and Ziemann, 2010; Zhang et al., 2014; Krechmer et al., 2015) in addition to well-known particle wall 

losses (Pierce et al., 2008). This is especially true at long (>1 day) residence times, making it difficult to 

study SOA formation and aging on longer time scales. Also, while chamber experiments have been 

performed using emissions from mesocosm (e.g., whole tree) systems in the laboratory (e.g., Wyche et 

al., 2014), it is difficult to perform field experiments with ambient air in chambers (Tanaka et al., 2003). 

To explore the sources of SOA on a rapid time scale and with a wide range of oxidant exposures, a 

variety of oxidation flow reactors (OFR) have been developed (Kang et al., 2007; George et al., 2008; 

Smith et al., 2009; Keller and Burtscher, 2012). OFRs employ higher oxidant concentrations than 

chambers while having a short residence time with reduced wall contact. This allows hours to months of 

equivalent (eq.) atmospheric aging, and the same experimental system can be used in both laboratory 

and field experiments.  

Previous experiments have shown SOA yields from various precursor gases oxidized in an OFR to 

be similar to yields from large environmental chambers (Kang et al., 2007, 2011, Lambe et al., 2011b, 

2015). OFRs have also been used to investigate SOA formation from pollution source emissions 

containing complex mixtures of precursors such as controlled biomass burning (Ortega et al., 2013; 

Bruns et al., 2015) and vehicular emissions in a tunnel (Tkacik et al., 2014). Ortega et al. (2016) 

pioneered the use of an OFR to study SOA formation from ambient air in an urban study in the Los 

Angeles area. Bruns et al. (2015) found that for a wood combustion system, the amount of SOA formed 

in an OFR compared to a large chamber agreed reasonably well. Tkacik et al. (2014) and Ortega et al. 
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(2013) showed substantially more SOA formation than could be explained from speciated VOCs. Despite 

relying on SOA yields measured in large chambers, which can be affected by the aforementioned wall 

losses of semivolatile gases, these results suggest that S/IVOCs contribute to SOA formation in biomass 

burning plumes and vehicle exhaust.  

In this study, we used an OFR to expose ambient air to variable levels of OH in a ponderosa pine 

forest during the BEACHON-RoMBAS campaign. We extensively characterized both the gas and particle 

phase to investigate the formation and aging of SOA. Changes in aerosol formation with gas precursor 

concentrations, time of day, and OH exposure were explored. The fate of condensable organic gases in 

the OFR was modeled. This model was used to estimate how much SOA formation was missed in the 

OFR due to gas-phase wall losses, excessive OH reaction that led to gas-phase fragmentation prior to 

condensation, and inadequate time/particle surface area for condensation. The SOA mass produced via 

oxidation was compared to the amount of SOA predicted based on literature yields of measured VOCs. 

The role of S/IVOCs in SOA formation in a forest was also explored. These results are discussed in the 

context of improving our knowledge of SOA sources and formation processes in a biogenic-dominated 

environment. 

2.2 Experimental Methods 

2.2.1 BEACHON-RoMBAS Campaign 

The BEACHON-RoMBAS field campaign (Bio-hydro-atmosphere interactions of Energy, Aerosols, 

Carbon, H2O, Organics & Nitrogen – Rocky Mountain Biogenic Aerosol Study; 

http://cires.colorado.edu/jimenez-group/wiki/index.php/BEACHON-RoMBAS) took place at the Manitou 

Experimental Forest Observatory near Woodland Park, Colorado, in July–August 2011 (39.10° N, 105.10° 

W; 2370 m elevation). It was a collaboration of 27 institutions from the United States and Europe, 

focused on understanding primary and secondary biogenic aerosol emissions, formation and processing. 

http://cires.colorado.edu/jimenez-group/wiki/index.php/BEACHON-RoMBAS
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An overview of atmospheric chemistry research at the Manitou Experimental Forest Observatory, 

including the BEACHON-RoMBAS campaign, has been previously published (Ortega et al., 2014). 

 The sampling site was located in a ponderosa pine forest in a mountain valley. VOC 

concentrations were characterized by high 2-methyl-3-buten-2-ol (MBO) during the daytime and 

monoterpenes (MT) during the nighttime. VOCs at this site have been described in detail for previous 

campaigns during July–September 2008 (Kim et al., 2010) and August–September 2010 (Kaser et al., 

2013a, 2013b), while Fry et al. (2013) discussed diurnal cycles of select biogenic and anthropogenic 

VOCs during this campaign. The diurnal cycle of the concentration of MBO+isoprene (detected as the 

same product ion in the proton transfer reaction time-of-flight mass spectrometer; PTR-TOF-MS) 

measured at an above-canopy 25 m inlet ranged from about 1.5 ppb during the day to 0.3 ppb at night, 

while MT concentrations were on average 0.1 ppb during the day and 0.5 ppb at night. The relative ratio 

of isoprene/(MBO + isoprene) at this field site was estimated using a combination of GC-MS, PTR-TOF-

MS, and whole air sample measurements during summer 2010 (Kaser et al., 2013a) and using NO+ 

ionization mass spectrometry during the BEACHON-RoMBAS campaign (Karl et al., 2012) to be 

approximately 20%. Isoprene concentrations are calculated in this study using that approximation, 

which gives values typically <300 ppt. While largely dominated by biogenic emissions, the site receives 

some airflow from the front range urban areas (Denver metropolitan area and Colorado Springs) on 

most days, as evidenced by moderate increases in NOx, CO, and anthropogenic VOCs during late 

afternoon and into the evening (Fry et al., 2013; Ortega et al., 2014; Chan et al., 2016). 

2.2.2 Oxidation flow reactor 

The Potential Aerosol Mass (PAM) oxidation flow reactor (hereafter flow reactor or OFR) is a 

cylindrical tube 45.7 cm long and 19.7 cm ID with a volume of approximately 13 liters, previously 

described elsewhere (Kang et al., 2007, 2011; Lambe et al., 2011a; Ortega et al., 2013, 2016). Ambient 

air was sampled through the reactor with a residence time of 2–4 min (3.5–6.5 lpm total flow rate), 
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achieving oxidant exposures of hours to months of eq. atmospheric aging. The 14 cm diameter inlet 

plate was removed from the intake end of the OFR to reduce possible losses of semivolatile SOA 

precursors to the inlet plate inferred in a previous study (Ortega et al., 2013) and to reduce the width of 

the residence time distribution in the reactor (Ortega et al., 2016). Air was sampled into the reactor 

through this 14 cm diameter opening, which was covered with a coarse-grid mesh screen to reduce 

turbulence in the reactor and prevent insects and debris from entering the reactor. The mesh was 

coated with an inert silicon coating (Sulfinert by SilcoTek, Bellefonte, PA) to minimize gas and particle 

losses. OH radicals in the OFR were produced inside the reactor through one of two methods: OH 

production from photolysis of ambient H2O, O2, and concurrently produced O3 using 185 and 254 nm 

light (referred to as the OFR185 method), or OH production from photolysis of injected (externally 

produced) O3 using 254 nm light (referred to as the OFR254 method; Peng et al., 2015). O3 and NO3 

oxidation were also investigated and will be the subject of a future manuscript. 

For both methods, UV light was produced using two low-pressure mercury lamps (BHK, Inc., 

model no. 82-9304-03) mounted inside and on the upper part of the flow reactor. The lamps have 

discrete emission wavelengths of 185 and 254 nm. The following reactions produce the OH radicals:  

H2O + hν(185 nm)  OH + H         (R1) 

O2 + hν(185 nm)  2 O(3P)         (R2) 

O2 + O(3P)  O3           (R3) 

O3 + hν(254 nm)  O2 + O(1D)         (R4) 

O(1D) + H2O  2 OH          (R5) 

In the OFR185 method, OH was produced by H2O photolysis (R1) and also by O3 photolysis (R4-5), as O3 

was formed in the reactor from O2 photolysis (R2-3). In the OFR254 method, the mercury lamps were 

mounted inside Teflon-coated quartz sheaths, which blocked transmission of 185 nm light into the OFR, 

and only (R4-5) produced OH by photolysis of injected O3. Following the terminology introduced by Peng 
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et al. (2015), the method used in this work can be referred to as OFR254-70, signifying that typically 70 

ppm of O3 was injected when using the OFR254 method. Note that both wavelengths (185 and 254 nm) 

may initiate chemistry not normally occurring in the troposphere, and O(3P) and O(1D) are also present 

in the reactor at elevated concentrations. However, under the OFR conditions of our study neither of 

those non-OH reactants is a competitive reaction pathway (Peng et al., 2016b). O3 oxidation, on the 

other hand, can be competitive in the OH oxidation experiments under certain conditions. According to 

Fig. 5 of Peng et al. (2016b), O3 in the OFR185 method during this study likely contributed only a minor 

(< 20%) role in the oxidation of a few biogenic VOCs with the largest 𝑘𝑂3
/𝑘𝑂𝐻 ratios (e.g., β-

caryophyllene, α-terpinene, α-humulene), and only at the lowest OH exposures (OHexp) equivalent to 

several hours of aging. With the OFR254-70 method though, the ratio of O3 exposure to OHexp was as 

high as 106 for the lowest OHexp in this study. Under these conditions, O3 may have played a substantial 

role in the initial oxidation of a larger number of species of biogenic VOCs (e.g., reacting with ~100% of 

β-caryophyllene and α-terpinene, ~60% of α-pinene and limonene, ~20% of 3-carene and β-pinene, 10% 

of isoprene). Still, the relative importance of O3 vs. OH oxidation in the OFR was over an order-of-

magnitude lower than under typical daily-average atmospheric conditions (Peng et al., 2016b). 

The OH exposure was stepped over a range of exposures by adjusting the mercury lamp 

intensities using programmable computer controls. A key parameter for interpreting the flow reactor 

aging was the total oxidant exposure, or oxidant concentration integrated over time, experienced by the 

sampled air. OHexp for the OFR185 method was estimated in part based on a model-derived equation, 

which uses measurements of ambient water vapor concentration, O3 produced in the reactor, and 

estimated external OH reactivity (OHRext) as equation parameters (Li et al., 2015). OHRext is the OH 

reactivity from ambient gases such as VOCs, CO, SO2, and is accounted for separately from the “internal 

OH reactivity (OHRint)” from species such as HOx/H2O2/O3 that are greatly enhanced by this reactor. For 

this study, OHexp was calculated using an estimated OHRext = 10 s-1, based on measurements at the same 
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field site and season during previous campaigns (Kim et al., 2013; Nakashima et al., 2014). To provide 

the best estimate of OHexp for this study, the output OHexp from the model was divided by a factor of two 

(which is within the estimated model uncertainty of a factor of three) in order to bring it into better 

agreement with VOC decay rates measured during this campaign (Sect. 3.2). OHexp for the OFR254-70 

method was calculated from a different model-derived equation, using OHRext and a measurement of 

the amount of O3 consumed as equation parameters (Peng et al., 2015), and was also divided by a factor 

of two. For both methods, OHexp was converted to eq. days of atmospheric aging by dividing by a 24-h-

average atmospheric concentration of 1.5  106 molec cm-3 OH (Mao et al., 2009). All usage of 

hours/days of aging in this work refers to eq. ages calculated in this manner. 

Oxidant exposure is not the only factor that determines aerosol chemistry. NOx concentrations 

have been shown to affect oxidation products and aerosol yields in chamber studies, especially due to 

the competition of NO and HO2/RO2 to react with the RO2 radicals formed during oxidation (e.g., Ng et 

al., 2007; Lim and Ziemann, 2009). In all OH oxidation experiments in the reactor, ambient NOx was 

rapidly oxidized to HNO3 in as little as a couple of seconds at the highest OH concentrations, while 

photolysis of HNO3 back to NOx was too slow to compete with oxidation (Li et al., 2015). Thus, the OH 

flow reactor experiments were assumed to occur under RO2+HO2 conditions. 

2.2.3 Sampling strategy and measurements 

An important advantage of the OFR technique is that the oxidant concentration inside the 

reactor can be rapidly and consistently controlled to achieve any desired amount of oxidation from 

hours up to many weeks of eq. atmospheric age. Stepping through a repeating cycle of several oxidant 

concentrations from no added OH to several weeks of eq. aging allowed continuous investigation of SOA 

formation as a function of this age. The time needed to complete one cycle was kept as short as possible 

(~2 h), limited by the number of steps and reactor residence time). This allows the potential of SOA 
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formation from OH oxidation to be studied over the whole range of exposures as functions of time of 

day and the concentration of precursors that change on that time scale. 

In typical OFR185 and OFR254-70 exposure cycles during BEACHON-RoMBAS, the UV lamps 

inside the reactor were stepped through six 20-min-long settings of varying lamp intensities for a 

combined cycle length of 2 h, from both lamps off to both lamps at full intensity. Oxidant and product 

concentrations in the reactor were allowed 15 min (~4–7 reactor residence times) to reach a steady 

state at each light setting (mainly to allow the OFR to flush, as the lamp UV intensity stabilizes within 

seconds) before being sampled for the last 5 min of each cycle. Immediately after this 5 min sampling 

period, the lamp intensity was changed to prepare for the next oxidant concentration in the cycle. 

During the 15 min in which the OFR was not being sampled, ambient aerosols were sampled directly, 

through a thermodenuder (Huffman et al., 2008), and directly again, for 5 min each. In this method, all 

perturbation measurements (OFR or thermodenuder) are bracketed by unperturbed ambient 

measurements. The ambient AMS sampling has also been described in Fry et al. (2013). 

Ambient aerosols and those after oxidation in the OFR were measured using a TSI 3936 Scanning 

Mobility Particle Sizer (SMPS) and an Aerodyne High-Resolution Time-of-Flight Aerosol Mass 

Spectrometer (HR-ToF-AMS, hereafter AMS; DeCarlo et al., 2006). A system of automated valves 

(Aerodyne AutoValve), controlled by a custom automation program written in Labview (National 

Instruments, Inc.), was used to multiplex the AMS and SMPS to alternate between measuring ambient 

air and air oxidized in the OFR (or heated by the thermodenuder). The flow rate through the OFR and all 

sampling lines was kept constant at all times by using make-up flows when not sampling from each of 

the inlet lines or reactors. The same custom software was used to control and schedule the UV lamp 

cycling as well as record relative humidity (RH), temperature and output O3 concentrations in the OFR.  

Sampled air was dried to <30% relative humidity upstream of the SMPS and AMS using a Nafion 

membrane drier (Perma Pure, LLC; MD-110-24S-4). For OHexp calculations in the OFR, O3 was measured 
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using a 2B Technologies Model 205 Monitor and ambient water vapor was measured using a Vaisala 

HM70 probe. A schematic of the experimental setup is shown in Fig. 2.1. The SMPS consisted of a TSI 

3080 Electrostatic Classifier, a 3081 long Differential Mobility Analyzer (DMA) column, and a 3010 

Condensation Particle Counter (CPC). It was operated with sheath and aerosol flow rates of 3.0 and 0.3 

lpm, respectively, with a TSI Kr-85 neutralizer and no impactor. The SMPS sampled the range of 14–626 

nm mobility diameters, with one 4 min scan every five minutes, and synchronized with OFR and AMS 

sampling.  

 
Fig. 2.1. Simplified schematic of the experimental setup. Ambient air was alternately sampled either 
directly or through the oxidation flow reactor (OFR).  In the OFR, the concentration of OH was increased 
to simulate atmospheric aging from hours up to several weeks. 

The AMS data used in this analysis was recorded as 2.5 min average mass spectra in “V-mode”. 

Instrument sensitivity was calibrated every 3 days with 400 nm monodisperse, dried, ammonium nitrate 

particles. The gas-phase N2 signal, commonly referred to as the airbeam, was used to track changes in 

sensitivity between calibrations. The flow rate of air into the AMS was calibrated in the field before 

measurements began. A fluorocarbon standard was leaked into the ionization chamber in order to 

provide high m/z background peaks for improved m/z calibration up to approximately m/z 300 (DeCarlo 

et al., 2006). Corrections were applied to account for gas-phase CO2 interference and water 

fragmentation patterns using daily aerosol-free background filters and continuous ambient CO2 

measurements. AMS and SMPS concentrations and SMPS size distributions were corrected to account 

for diffusion losses to the walls of the inlet sampling lines, described in Sect. S1. AMS data was 
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processed using a collection efficiency (CE) of 1, detailed in Sect. S2 and based on a comparison of the 

AMS and SMPS measurements of ambient aerosol volume (Fig. S2), OFR-oxidized aerosol volume and 

change in volume (Fig. S3), and total volume enhancement as a function of photochemical age (Fig. S4). 

AMS concentrations were also corrected for losses of small particles through the aerodynamic lens and 

to the OFR walls. Details for these corrections can be found in the Sect. S3. AMS data is reported at 293 

K and 0.76 atm (typical ambient values at this research site). The time series, diurnal cycles, and average 

size distributions of ambient OA, sulfate (SO4), nitrate (NO3), and ammonium (NH4) aerosol mass 

concentrations have been previously published (Ortega et al., 2014). 

While both OH generation methods detailed above were used during the campaign, the analysis 

in this paper will mainly focus on the OFR185 mode for several reasons. The analysis of SOA mass 

formed vs. predicted in Sect. 3.6 was done using the age range that produced the maximum SOA 

formation (0.4–1.5 eq. days). However, determination of ages below approximately 1 eq. day using the 

OFR254-70 method was limited by the ability to accurately measure the amount of injected O3 that was 

consumed in the reactor. The variability of the measurement of the initial concentration of O3 inside the 

reactor was approximately ±2 ppm (when reaching a total of about 70 ppm of O3) due to variations in 

the mixing of injected O3 with ambient air sampled into the OFR, especially when sampling in windy 

conditions. The model used to estimate eq. age for the OFR254-70 method estimated that 2 ppm of 

photolyzed O3 produced an age of 0.5 eq. days, so that was the effective lower limit of detection of age 

with the OFR254-70 method under the experimental conditions used during this campaign. Measuring 

the decay of a compound that reacts relatively quickly with OH but does not react with O3 could allow 

for better OHexp quantification at low ages for OFR254-70. Also, the OFR254 method requires high 

concentrations of O3 (up to 70 ppm in this study) to be injected in order to reach high ages. As discussed 

above, O3 may play a role in the oxidation of some VOCs in the OFR254-70 method, while the role of O3 

oxidation in OFR185 is minor. This could further complicate the interpretation of the results of OH 
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oxidation for the lower measurable ages (hours–days) when using OFR254-70. In addition, the temporal 

data coverage of OFR185 oxidation (23 July–4 August, 9–14 and 24–26 August) was much greater than 

OFR254-70 (17–20 and 28-30 August). This short time period of OFR254-70 measurements combined 

with the difficulty of sampling at short eq. ages with this particular experimental setup meant that there 

were few OFR254-70 measurements relative to OFR185 measurements for the analysis in Sect. 3.6. Also, 

there were no concurrent measurements of S/IVOC concentrations and SOA formation using OFR254-70 

available for the analysis in Sect. 3.6.2. If these analyses would have been performed on a combined 

dataset using both OH production methods, the results would be driven almost completely by OFR185 

measurements. For these reasons, the analyses were performed and conclusions reached using only 

OFR185 measurements. Regardless, we document below that both OH oxidation methods gave 

consistent results for SOA production over the range of overlapping ages (~1-30 eq. days) used during 

this campaign (Sect. 3.4). The time series of OFR185 and OFR254-70 OA measurements are shown 

compared to ambient OA, MT, and S/IVOCs in Fig. S7.  

This work focuses on the changes in OA mass due to SOA formation and OA aging as a result of 

exposure of ambient air to OH. OA enhancement is defined here as the difference between OA mass 

measured by the AMS after oxidation in the OFR and the average of the two ambient OA concentrations 

measured just before and after the oxidation data point. If SOA was produced in the reactor, the OA 

enhancement was positive; if oxidation led to a net loss of OA mass, then the OA enhancement was 

negative. As discussed in the results below, SOA formation in the OFR correlated with ambient precursor 

gas concentrations. If the ambient concentration of those gases was close to zero, then no SOA 

formation was observed (e.g., Fig 8). Therefore, any SOA formation from, e.g., gases desorbing from the 

OFR walls, was negligible. 

Measurements of VOCs in ambient air and after OFR oxidation were made using a high-

resolution PTR-TOF-MS (Kaser et al., 2013a). This technique can separate and identify isobaric 
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compounds with a mass resolution (m/Δm) of up to ~4000. This allowed for tracking of the depletion of 

primary biogenic species in the OFR as well as the production of more oxygenated products. Signals 

from isotopes, internal standards, and possible artifacts (e.g., saturated hydrocarbons that correlate 

with O3 concentration in the reactor) were removed from the analysis. When calculating predicted 

depletion for -pinene, -pinene, 3-carene, toluene, p-cymene, methanol, and sesquiterpenes (SQT; 

using longifolene as a representative compound) in the following analysis, the rate constants used were: 

kOH = 5.3 x 10-11, 7.7 x 10-11, 8.7 x 10-11, 5.5 x 10-12, 1.5 x 10-11, 9.1 x 10-13, and 4.8 x 10-11 cm3 molec-1 s-1, 

respectively (Calvert et al., 2002; Atkinson and Arey, 2003; Alarcón et al., 2014). As an approximation of 

previous measurements at this site, MT are assumed to be an equal mix of -pinene, -pinene, and 3-

carene for this analysis (Kim et al., 2010; Ortega et al., 2014). Likewise, the ratio of toluene:p-cymene 

used in calculations was taken from Kaser et al. (2013a) to be 74:26. Similar to the multiplexing scheme 

described above for particle sampling, a system of automated Teflon valves was used to alternate 

between measuring ambient air and air through the OFR, sampling from the OFR concurrently with the 

AMS+SMPS. PTR-TOF-MS measurements from the OFR were performed during 1-4 and 24-25 August, 

2011, while using the OFR185 method. The analysis here focuses on two consecutive sampling cycles 

from 00:0004:00 MDT (local time) on 3 August, 2011, when the concentration of MT was relatively high 

(0.8 ppbv) and the concentration of MBO+isoprene was relatively low (0.1 ppbv). 

Ambient PTR-TOF-MS measurements are also used in this work to estimate how much SOA 

could form in the OFR. The continuous PTR-TOF-MS measurements during BEACHON-RoMBAS were 

made from an inlet at the top of a tower above the canopy at 25 m height, while the OFR was located on 

top of an instrument trailer within the canopy at approximately 4 m height. In-canopy gradients were 

accounted for by comparing the PTR-TOF-MS measurements at 25 m with measurements made through 

the OFR in the absence of oxidant and with measurements from a different nearby inlet at 1 m height. It 

was observed that the concentrations of MT, SQT, MBO+isoprene, and toluene+p-cymene were 
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approximately 1.9, 5.9, 1.4, and 1.2 times higher in the canopy than at 25 m, respectively (discussed in 

Sect. S4). All analyses in this work were done using estimated in-canopy concentrations, which were 

inferred by applying these empirical relationships to the continuous 25 m inlet measurements. This 

scaling technique has been used before, producing similar results when applied to measurements during 

the summer 2010 BEACHON-ROCS campaign at the same field location (Kim et al., 2013; Wolfe et al., 

2014).  

Ambient SO2 concentrations were measured using a Thermo Environmental Model 43C-TLE 

analyzer. Data were reported as 5 min averages from 6 different heights on a tower up to 25.1 m. We 

used only data measured at the 5 m height, to best match the height of the OFR on top of the trailer. 

The SO2 instrument was automatically zeroed every 6 h, using scrubbed zero grade air. It was calibrated 

by a standard addition of 3 sccm of a 14 ppmv SO2 in N2 standard (Scott-Marrin) into the 3 slpm sample 

flow. 

A novel thermal desorption electron impact mass spectrometer (TD-EIMS) was used to measure 

ambient concentrations of ensemble S/IVOCs with volatilities in the range of effective saturation vapor 

concentrations (C*) of 101-107 µg/m3. This method involved cryogenic collection of organic gases, 

temperature-programmed desorption into ultra-high-purity (UHP) helium, and measurement with a 

high-resolution time-of-flight mass spectrometer (Cross et al., 2013; Hunter et al., 2016). The TD-EIMS 

provided a time series of the gas-phase organic mass and composition in each volatility bin. 

2.3 Results and discussion 

2.3.1 OFR operation 

Under typical operation, an OFR is used to study oxidation dominated by a single oxidant, similar 

to typical large chamber experiments. In the case of a field application (as in this study) the sample is a 

complex and time-varying mixture of ambient precursors that enter the OFR. Importantly, the 

OH:O3:NO3 oxidant ratios produced within the OFR are generally not the same as the changing ambient 
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ratios. Therefore SOA formation in the OFR does not, and is not meant to, reproduce in situ ambient 

SOA formation at each point in time. In other words, the OFR can be used as a tool to determine the 

amount of SOA from a single oxidant that would form upon oxidation of ambient gases (both identified 

and unidentified) at any time of day. 

Typical OFR operation of OH oxidation using the OFR185 method is illustrated in Fig. 2.2, by an 

example of the evolution of OA and SO4 aerosol mass concentrations as OH concentration was cycled 

through the range of eq. ages. As age increased over the first few lamp settings, OA mass increased due 

to production and condensation of low volatility species from the oxidation of gas-phase SOA 

precursors. SO4 mass remained nearly the same as in ambient air for these lower ages. The increase of 

SOA mass at lower ages compared to SO4 is thought to be due to the different rate constants for 

reaction of OH. The rates with biogenic VOCs, e.g., kOH = 5.3 x 10-11 cm3 molec-1 s-1 for α-pinene (Atkinson 

and Arey, 2003), are generally much faster than the reaction of OH with SO2, where kOH = 9.4910-13  cm3 

molec-1 s-1 (Sander et al., 2011). As the eq. age continued to increase, OA mass enhancement decreased, 

eventually resulting in net OA loss. These high ages led to a lack of formation of SOA as well as 

heterogeneous oxidation of the preexisting OA, leading to fragmentation and evaporation (Ortega et al., 

2016). The amount of SO4 aerosol production increased with eq. age, and plateaued with no further 

production at ages above ~10 days. This behavior is consistent with theory, since SO2 has a lifetime of ~8 

days with respect to oxidation by OH (Sander et al., 2011). Also, as expected, SO4 aerosol (and H2SO4 

gas) was not consumed by excess OHexp in the same way as OA (and SOA precursor gases).  
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Fig. 2.2. Continuous cycling of OH oxidation using the OFR185 method, compared to concurrent ambient 
measurements. The sawtooth pattern in the OFR results from OA mass enhancement at low–
intermediate OH exposure (OHexp) and decreases at the highest photochemical ages. SO4 mass increased 
monotonically with OHexp and at higher exposures, as expected from relatively slow SO2 + OH oxidation 
and lack of OH destruction of SO4. 

2.3.2 VOC enhancement/depletion vs eq. age 

VOCs were measured before (in ambient air) and after OH oxidation in the OFR using a PTR-TOF-

MS. This showed which VOCs were being depleted, potentially to form SOA, as well as which products 

were being formed. Also, the decay of VOCs after oxidation provided a direct measurement for 

validation of the model-derived age estimates. A number of likely compounds have been identified 

based on measurements from previous campaigns at the Manitou Experimental Forest Observatory site 

(Kim et al., 2010; Kaser et al., 2013b), as listed in Table 2.2.  
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Table 2.2. List of prominent compounds detected by PTR-TOF-MS in the OFR. Likely compound 
identifications are taken from previous measurements at the same research site, described in Kim et al. 
(2010) and Kaser et al. (2013b). 

Protonated molecular 
formula 

Likely compound(s) Exact mass (m/z) 

CH2O-H+ formaldehyde 31.02 

CH4O-H+ methanol 33.03 

C2H4O-H+ acetaldehyde 45.03 

CH2O2-H+ formic acid 47.01 

C3H6O-H+ acetone 59.05 

C2H4O2-H+ acetic acid 61.03 

C5H8-H+ MBO(~80%)+isoprene(~20%)a 69.07 

C7H8-H+ toluene(74%)+p-cymene(26%)b 93.07 

C10H14-H+ p-cymene 135.12 

C10H16-H+ MT 137.13, 81.07 

C9H14O-H+ nopinone 139.11 

C10H14O-H+ pinonaldehyde(-H2O),caronaldehyde(-H2O) 151.11 

C10H16O-H+ camphor+α-pinene oxide 153.13 

C15H24-H+ SQT 205.20 

a(Karl et al., 2012; Kaser et al., 2013a) 
b(Kaser et al., 2013a) 

For an overview of PTR-TOF-MS measurements, the difference mass spectrum and mass defect 

(exact mass minus nominal mass) plots for 4 eq. hours of aging during nighttime are shown in Fig. 2.3. 

The greatest absolute magnitude of depletion in oxidized air compared to ambient nighttime air was 

observed for MT. Depletion was also observed for toluene+p-cymene, MBO+isoprene, SQT, 

pinonaldehyde+caronaldehyde, and camphor+α-pinene oxide. Notably, formation of nopinone was 

observed after 4 eq. hours of aging. OH oxidation also led to substantial production of several relatively 

small oxidation product molecules, including formaldehyde, acetaldehyde, formic acid, acetone, and 

acetic acid, which have been commonly observed in similar photooxidation experiments (e.g., Lee et al., 

2006; Ortega et al., 2013). Many other unidentified molecules were observed to be produced in smaller 

concentrations as a result of OH oxidation in the flow reactor. A similar plot is shown for higher eq. age 
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(7 days) in Fig. S9, for comparison to Fig. 2.3. At such a high age, species such as MT, SQT, and 

toluene+p-cymene were completely depleted, while many small oxidation products increased as much 

as 5-fold. 

 
Fig. 2.3. The absolute changes (signal after OH oxidation in the reactor minus ambient signal)  of 
molecules measured by the PTR-TOF-MS after 4 hours of eq. aging using the OFR185 method, shown as 
a difference mass spectrum and in a mass defect diagram. The mass spectra are 10-min averages (5 min 
from each of the two sample cycles used). The background-subtracted signals are shown in arbitrary 
units, not corrected for differences in sensitivity of each compound due to the large number of 
compounds and the inability to positively identify all of them. Prominent molecules are labeled by name 
or elemental formula assignments. Dashed lines representing molecules with varying double bond 
equivalents (DBE) or number of oxygen atoms are shown for reference. A red marker signifies that the 
signal decreased due to oxidation, while a black marker indicates where signal was greater after 
oxidation. The markers are sized by the square root of the absolute change in signal at each peak after 
oxidation (i.e., marker area is proportional to signal). Minor signals with absolute change of <0.2 arb. 
units or change of <20% of total ambient signal were removed.  
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In general for all degrees of oxidation, molecules with higher positive mass defects 

(corresponding to more chemically reduced species such as hydrocarbons) were depleted. Conversely, 

molecules with lower mass defect (more oxygenated compounds) were formed. This trend is consistent 

with what would be expected from gas-phase or heterogeneous OH oxidation chemistry. Also, Fig. 2.3 

shows that monoterpenes constituted the majority of VOCs measured by the PTR-TOF-MS that were 

depleted after oxidation, while other compounds associated with terpenoid emissions and/or oxidation 

products were consumed or produced in smaller concentrations.  

The relative changes of each of the compounds discussed above are shown as a function of 

OHexp in Fig. 2.4. As previously discussed, nopinone is an example of a compound that increased in 

concentration at 4 hours eq. age, indicating that it was an oxidation product in the OFR. This signal 

showed net formation at low ages (earlier than the peak of maximum SOA formation in the OFR) and 

eventually decreased to net loss at high exposures, as expected due to its reactivity with OH. Fig. 2.4 

also shows the net decay of several other terpene-related species and the formation of smaller, more 

volatile oxidation products as OHexp increased. While the MBO+isoprene signal showed a substantial 

increase with increasing age, this is likely due to production of an isomeric interference, e.g., a fragment 

of an oxidation product.  
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Fig. 2.4. Relative changes in prominent PTR-TOF-MS compounds as a function of photochemical age 
using the OFR185 method: a) toluene+p-cymene and terpene-related signals compared to nighttime OA 
enhancement using the OFR185 method (not LVOC fate corrected), and b) oxidation products formed in 

the OFR. For comparison, dashed lines indicate theoretical depletion of an equal mix of of -pinene, -
pinene, and 3-carene (the three major MT at this site; Kim et al., 2010; Ortega et al., 2014), a 74:26 mix 
of toluene+p-cymene (Kaser et al., 2013a), and methanol.  

An assessment of the reasonableness of the model-derived OHexp (including the factor of two 

decrease discussed in Sect. 2.2) can be made by comparing the measured depletion of gases vs. 

expected depletion using published reaction rates with OH. This comparison is shown for an average 

speciated MT mixture, toluene+p-cymene, and methanol in Fig. 2.4. The MT and methanol signals decay 

slower than predicted, while the toluene+p-cymene signal decays slightly faster. These results are 
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consistent with the previous evaluation of the model-predicted OHexp for laboratory and field studies (Li 

et al., 2015). Determination of OHexp in the OFR is limited by many factors, including model uncertainties 

(Peng et al., 2015), the true non-plug-flow residence time distribution in the OFR,  the difficulty of 

measuring a difference of signals using the PTR-TOF-MS in a perturbed environment, the possibility of 

competing production of the measured compounds (e.g., methanol), interferences and/or false 

identification of measured signal (e.g., fragments or different species with the same elemental 

composition interfering with the measured ions), and uncertainty in the relative composition of the MT 

and toluene+p-cymene mixtures.  Despite these uncertainties, the PTR-TOF-MS is clearly measuring 

formation and decay of compounds that react with OH on the time scale of several hours of 

photochemical age. This is strong evidence that the OFR can be used to study a wide range of 

atmospherically-relevant time scales. 

2.3.3 Fate of condensable gases in an OFR  

2.3.3.1 Modeled Low-volatility organic compound (LVOC) Fate 

In order to properly interpret SOA formation as a function of age in an OFR, the time scales of 

various competing processes need to be carefully considered in the context of the relative importance 

of those processes in the OFR vs the atmosphere. When organic gases are oxidized in the OFR, they can 

form LVOCs, a term used here to describe organic gases with volatilities that are low enough to 

(effectively) irreversibly condense onto particles or surfaces. In the atmosphere, the dominant fate of 

these LVOCs is to condense onto aerosols (lifetime of ~minutes), as dry and wet deposition of even fast-

depositing species are generally slower sinks (lifetime of ~hours; Farmer and Cohen, 2008; Knote et al., 

2015; Nguyen et al., 2015). However, due to the different time scales, the LVOCs formed in the OFR can 

have other fates besides condensation onto aerosols. These include condensational loss to the walls of 

the OFR, further reaction with OH to produce either condensable or non-condensable gas-phase 

products, or exiting the reactor in the gas-phase (where they will almost entirely condense on the 
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sampling tube walls, due to the large surface-area-to-volume ratio). If the LVOCs condense onto 

aerosols, then they are measured by the AMS+SMPS. However, if they are subject to one of the other 

three fates, then the AMS + SMPS measurements would underestimate the amount of SOA that would 

form in the atmosphere at the same level of OH exposure. Similar to loss of gases to large Teflon 

chamber walls (e.g., Matsunaga and Ziemann, 2010), these other three fates are experimental 

limitations of the OFR technique that need to be corrected in order to relate OFR measurements to real 

atmospheric SOA formation processes. As mentioned above, this correction takes into account that dry 

deposition of such LVOCs is not competitive with condensation onto particles in the atmosphere (Knote 

et al., 2015; Nguyen et al., 2015). Note that this section pertains to gas-phase losses, while a correction 

for particle losses to the OFR walls was also included as described in Sect. S3. The need for an LVOC 

correction to OFR measurements has been suggested before (Lambe et al., 2011a, 2015), but to our 

knowledge this work is the first attempt to apply one. 

In this analysis, we calculate approximate lifetimes of LVOCs for condensation onto aerosols 

(τaer), loss to the walls of the OFR (τwall), and reaction with OH (τOH) as a function of OHexp. Some 

semivolatile species (SVOC) will likely also be produced. However, we focus on irreversibly condensing 

LVOCs, both for simplicity and based on the observation that most of the OA has low volatility at this 

site, according to thermal denuder measurements (Hunter et al., 2016), and consistent with 

measurements at other locations (Cappa and Jimenez, 2010; Lopez-Hilfiker et al., 2016). If the low 

volatility of OA is a result of condensation of SVOC followed by fast particle-phase reactions to produce 

low-volatility species, then the distinction between LVOC and SVOC would be irrelevant for this analysis. 

The lifetimes of LVOCs against different processes are estimated as follows: 

- τaer: Following Pirjola et al. (1999), the lifetime for LVOC condensation onto aerosols was calculated as  

𝜏𝑎𝑒𝑟  =
1

4𝜋∙𝐶𝑆∙𝐷
               (1) 
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with a diffusion coefficient D = 7 x 10-6 m2 s-1 representative of an oxidized organic molecule with a 

molecular weight of approximately 200 g mol-1 at the field site ambient pressure (Tang et al., 2015). CS is 

the “condensational sink”  

𝐶𝑆 = ∫ 𝑟𝛽(𝑟)𝑁(𝑟)𝑑𝑟
∞

0
              (2) 

which is the integral of the first moment of the particle size distribution, where r is the wet particle 

radius, N(r) is the particle number size distribution, and 

𝛽(𝑟) =
𝐾𝑛+1

0.377𝐾𝑛+1+
4

3
𝛼−1𝐾𝑛2+

4

3
𝛼−1𝐾𝑛

             (3) 

is the Fuchs-Sutugin correction for gas diffusion to a particle surface in the transition regime, calculated 

using the sticking coefficient α of the condensing species (Seinfeld and Pandis, 2006). CS was calculated 

using the average of the size distributions of ambient air entering the OFR and of air exiting the OFR 

after oxidation, as a best approximation of the actual CS experienced by LVOCs in the OFR. Since LVOC 

condensation in the OFR took place under ambient RH, the dried SMPS particle size distribution 

measurement was corrected to account for the increase in CS from hygroscopic particle growth as a 

function of RH. For each data point, a growth factor (gf) was calculated from the equation 

𝜅 =  ∑ 𝜀𝑖𝜅𝑖 = (𝑔𝑓3 − 1)(1 − 𝑎𝑤)𝑎𝑤
−1        (4) 

from Petters and Kreidenweis (2007) and Nguyen et al. (2015), where εi is the volume fraction of aerosol 

species i, κi is the hygroscopicity parameter of aerosol species i, κ is the hygroscopicity parameter of the 

total aerosol, and aw is water activity. We approximate aw as being equal to RH, between 0 and 1. Total κ 

was estimated using κOA = 0.13 as previously reported for this site and campaign (Levin et al., 2014) and 

κinorganic = 0.6, using the volume mixing rule (Petters and Kreidenweis, 2007). The volume fractions were 

calculated from AMS measurements in ambient air or after OFR oxidation, using estimated component 

densities (Salcedo et al., 2006; Kuwata et al., 2012). The gf ranged between 1 and 2.3 with an average of 

1.2. It was applied to the dry SMPS particle diameter before calculating CS. The correction (r) is a 

function of the Knudsen number  
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𝐾𝑛 =
𝜆𝑔

𝑟
                (5) 

where 𝜆𝑔 is the mean free path of the condensing gas. Based on previous modeling and measurements, 

we assume α = 1 for LVOCs (Kulmala and Wagner, 2001; Julin et al., 2014; Krechmer et al., 2015). A 

sensitivity study on the values of D, the impact of deviations from α = 1, and the choice of SMPS size 

distribution used to calculate CS is discussed below in Sect. 3.6.3. 

- τwall: Following McMurry and Grosjean (1985), we estimate the first-order rate of LVOC loss to the walls 

of the OFR limited by eddy diffusion as  

𝑘𝑤𝑎𝑙𝑙 =
1

𝜏𝑤𝑎𝑙𝑙
=

𝐴

𝑉
∙

2

𝜋
∙ √𝑘𝑒𝐷              (6) 

which is the version of this equation that is valid when α is sufficiently large (i.e., greater than ~10-5). We 

used the measured OFR surface-area-to-volume ratio of A/V = 25 m-1 and a coefficient of eddy diffusion 

ke = 0.0036 s-1 (much faster than the coefficient D estimated above), estimated by extrapolating values 

given in McMurry and Grosjean (1985). The choice of ke is included in the sensitivity analysis in Sect. 

3.6.3. Equation (6) results in an estimated wall loss rate of 0.0025 s-1 (τwall = 400 s), similar to the lifetime 

of ~600 s estimated for this type of OFR in Lambe et al. (2011a). In the absence of any CS and oxidant, an 

upper limit of approximately 30% of LVOCs would be lost to the walls and the balance would exit the 

reactor and be lost to the tubing walls. When including this campaign’s average integrated dry particle 

surface area of 63 µm2 cm-3 (with number mode at ~50 nm) in the calculation, the percentage lost to the 

walls decreases by only a few percent to 26%. If using an integrated particle surface area of 500 µm2 cm-

3 that might be found in an urban, pollution source, or lab study, the percentage drops to 15%. 

- τOH: To estimate the loss of LVOCs to non-condensable products due to continued reaction with OH, 

τOH, we make the assumption that LVOCs will remain available to condense on aerosols, walls, or exit the 

reactor for up to 5 generations of OH reaction. After they have reacted 5 times with OH, they are 

deemed lost by fragmentation into small oxidized molecules that are too volatile to condense. Further, 

we assume a rate constant for reaction with OH (of the order of that for an oxygenated molecule with 
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ten carbon atoms and no C=C double bonds) of kOH = 1 x 10-11 cm3 molec-1 s-1 (Ziemann and Atkinson, 

2012), so  

𝜏𝑂𝐻 =
5

𝑘𝑂𝐻∙[OH]
              (7) 

Sensitivity studies for variations in parameters kOH and the number of reactions with OH before 

LVOCs fragment to non-condensable products are also discussed in Sect. 3.6.3. 

These three lifetimes are combined to determine the total lifetime of loss of LVOCs to these three 

combined pathways,  

𝜏𝑡𝑜𝑡𝑎𝑙 = (
1

𝜏𝑎𝑒𝑟
+

1

𝜏𝑤𝑎𝑙𝑙
+

1

𝜏𝑂𝐻
)−1             (8) 

This total lifetime is compared to the average OFR residence time τOFR (OFR volume divided by flow rate) 

to determine the fraction of LVOCs that exits the OFR without reaching one of the three other fates (and 

thus condenses onto sampling line walls),  

𝐹𝑒𝑥𝑖𝑡 = 𝑒
−τ𝑂𝐹𝑅
τ𝑡𝑜𝑡𝑎𝑙                (9) 

The fraction of LVOCs that is lost to each pathway inside the OFR is then  

𝐹𝑥 = (1 − 𝐹𝑒𝑥𝑖𝑡) ∙ (
𝑘𝑥

𝑘𝑡𝑜𝑡𝑎𝑙
)              (10) 

where the rate constant kx = τx
-1 and x = wall, OH, or aerosol (aer).  

Figure 2.5c compares all of the LVOC lifetimes and fractional fates as a function of age and 

OHexp, with a typical OFR residence time of 140 s shown for comparison. The fractional fates are shown 

using high (Fig. 2.5a) and low (Fig. 2.5b) rates of condensation to aerosol, based on typical higher and 

lower aerosol surface areas during this particular campaign. As discussed below (Sect. 2.3.5), OH 

oxidation leads to a substantial increase in the number of small particles when gas-phase precursors are 

available. This in turn increases the surface area available for condensation of LVOCs, and therefore τaer 

depends on the amount of SOA formed from OH oxidation in the OFR in addition to the ambient particle 

surface area. During times of low SOA formation (<0.3 µg m-3), total dry surface area concentrations 
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after oxidation are similar to ambient concentrations in the range of 30-100 µm2 cm-3, and τaer is 

estimated to be approximately 400 s or longer. However, during times with >1.5 µg m-3 SOA formation, 

total dry surface area concentrations increase to 100-400 µm2 cm-3 or larger and τaer becomes <100 s.  

 
Fig. 2.5. Fractional fates of loss of LVOCs to OFR walls, condensation to aerosols, reaction with OH to 
produce volatile products, or exiting the OFR to be lost on sampling line walls as a function of 
photochemical age for a) high CS and b) low CS cases; c) LVOC lifetimes for each of these pathways. 
Lifetime for condensation to aerosols is shown for all data points (colored by OA enhancement after 
oxidation) using CS calculated from SMPS measurements. 

For an eq. age of 0.1 day, as little as 20% of the LVOCs formed in the OFR are predicted to 

condense onto aerosols, with the rest being lost to the walls in or after the OFR. However, the majority 

of LVOCs are likely not produced until higher OHexp, concurrent with the highest SOA production. As eq. 

age increases into the 0.2-3 day range, condensation onto aerosols can account for as much as 75% of 
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LVOC fate, provided there is enough SOA formation to sufficiently increase the total particle surface 

area. In this case, shown in Fig. 2.5a, the remaining 25% of LVOCs are approximately equally split 

between loss to the walls, exiting the OFR, and reacting with OH >5 times. However if sufficient particle 

surface area is not formed, as in Fig. 2.5b, then still only 20% of LVOCs will condense onto aerosols.  

For the conditions analyzed here from the BEACHON-RoMBAS campaign, these calculations 

suggest that when there were enough gas-phase precursors to produce >1.5 µg m-3 SOA, it is likely that 

the majority of this aerosol (up to ~75%) would be produced and measured in the OFR despite the 

perturbed time scales. When there were relatively few gas-phase precursors and little SOA was formed, 

it is likely that a majority of the LVOCs were not able to condense into SOA during the reactor residence 

time. However, if there were few precursors to begin with, the absolute amount of potential SOA mass 

that would not have time to condense would still be relatively small, limiting the effect of this correction 

on the objectives of this study.  

Another important conclusion from this analysis is that for high eq. ages >10 days, a very small 

fraction of the LVOC formed (<10%) will condense to form new SOA. The remainder will react many 

times with OH before having a chance to condense, likely leading to smaller fragmentation products that 

are too volatile to condense into SOA. This is, of course, different from what occurs in the atmosphere, 

where LVOCs would typically have sufficient time for condensation to aerosols under most conditions. 

Since this rapid oxidation will remove any semi-volatile vapors from the gas phase, semi-volatile OA 

molecules will begin to evaporate to reestablish equilibrium partitioning. However, measurements of 

evaporation kinetics for ambient and lab-generated SOA suggest that evaporation is too slow to account 

for the changes measured during the short OFR residence time (Vaden et al., 2011). Furthermore, 

thermodenuder measurements have shown that only a small fraction (~20%) of ambient OA would be 

susceptible to evaporation due to removal of the gas phase molecules (Cappa and Jimenez, 2010; Ortega 
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et al., 2016). Therefore, heterogeneous oxidation of the preexisting OA by OH likely dominates the 

measured OA depletion at very high eq. ages (DeCarlo et al., 2008; Ortega et al., 2016). 

2.3.3.2 Model validation: sulfuric acid (H2SO4) condensation 

In addition to LVOCs, H2SO4 can also be produced in the OFR from OH oxidation of SO2. H2SO4 

molecules can also condense onto OFR or sampling line walls (but not be lost to further reaction with 

OH). These limitations of the OFR technique need to be corrected in order to relate OFR measurements 

to real atmospheric processes. H2SO4 formation is an analogous yet much simpler system compared to 

LVOC formation, so it can be used to validate the LVOC fate model. If the H2SO4 condenses onto 

aerosols, it will be measured as SO4 aerosol by the AMS. SO4 aerosol formation in the OFR was predicted 

by using estimated OHexp to calculate how much ambient SO2 would be oxidized into H2SO4. The LVOC 

fate model was then used to determine Faer, Fwall, and Fexit for H2SO4, while FOH was set equal to zero 

since gas-phase H2SO4 will not continue to react with OH to produce volatile fragments. We used D = 1 x 

10-5 m2 s-1 for an H2SO4 molecule hydrated by H2O molecules in the gas phase at the relevant ambient 

pressure and humidity (Hanson and Eisele, 2000), and the best-fit value of α = 0.65 from Pöschl et al. 

(1998). An additional minor correction was applied to account for the fact that the SO2+OH reaction is 

relatively slow, so the effective τOFR for H2SO4 molecules in the reactor can be less than the full OFR 

residence time depending on OHexp. Using the model results, the fraction of H2SO4 that does not 

condense onto aerosol was corrected for by dividing the newly produced SO4 mass measured with the 

AMS by Faer.  

The measured vs. predicted SO4 enhancement after OH oxidation in the OFR using the OFR185 

method is shown in Fig. 2.6. The AMS measured 61% of the predicted SO4 enhancement. After applying 

the correction for H2SO4 wall and sampling line losses as described in the previous paragraph, the 

measured and predicted SO4 enhancements agreed well with a slope of 0.81, and R2 slightly increased 

from 0.80 to 0.85. To illustrate the sensitivities of this model to key uncertain parameters, namely the 
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effects of using the range of α = 0.43-1 given in Pöschl et al. (1998) and using the size distributions 

before or after oxidation in the OFR (as lower and upper bounds of CS) are illustrated in Fig. S10. 

Generally, the amount of SO4 formed after applying the H2SO4 wall and sampling line loss correction was 

consistent with the expected amount within the uncertainties. The amount of scatter introduced by 

applying the correction was larger when the amount of SO4 produced (and predicted) was close to zero, 

when the Faer correction factor was less than ~0.3. This suggests that the LVOC fate model becomes 

more uncertain when the correction factors are large and Faer is close to zero. However, this analysis 

demonstrates that a correction can be successfully applied for H2SO4 condensation, and that a similar 

correction should also be applied for LVOC condensation to accurately interpret the results of SOA 

formation in an OFR.  

 
Fig. 2.6. Measured vs. predicted SO4 formation after OH oxidation in an OFR. The data points are colored 
by the fraction of H2SO4 predicted to condense on aerosols, calculated using α = 0.65 and the average of 
the SMPS size distributions measured before and after oxidation. Data are shown with the LVOC fate 
correction applied, along with linear fits to the corrected (red) and uncorrected (black) data. Ambient 
SO2 concentrations <0.2 ppb have been excluded from this analysis.  
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In the subsequent analyses, SOA formation is presented both with and without applying a 

correction to account for incomplete LVOC condensation to aerosol in the reactor. The correction, 

hereafter referred to as the “LVOC fate correction,” is applied by dividing the amount of SOA mass 

formed by Faer. The correction is only applied for data with eq. age < 5 days. At higher exposures, it 

becomes unfeasible to apply the correction, because dividing small SOA mass formation by small 

fractions of condensation on aerosol results in large uncertainties. Instead, only uncorrected data is 

shown for eq. age > 5 days, and it is interpreted as being dominated by heterogeneous oxidation. 

2.3.4 SOA mass enhancement vs. OHexp 

Both the concentrations and relative fractions of ambient SOA precursor gases changed 

between day and night. They were dominated by MBO+isoprene (under ambient OH chemistry) during 

the day, and by MT+SQT (under ambient O3/NO3 chemistry) at night (Fry et al., 2013). SOA will be 

formed in the OFR from these changing VOC mixtures and any other gases present in the ambient air 

that enters the reactor, so it might be expected that different amounts of SOA production would be 

observed during daytime vs. nighttime. Fig. 2.7 shows daytime and nighttime OA enhancement as a 

function of eq. age and OHexp. During all times of the day, OA enhancement was largest in the range of 

0.4–1.5 eq. days of photochemical aging, hereafter referred to as the age range of maximum OA 

enhancement. The diurnal profile of the OA enhancement in this range (inset of Fig. 2.7) shows that the 

maximum OA enhancement follows a pattern that is more nuanced than strictly daytime vs. nighttime, 

with a peak of SOA production in the early morning. Net loss of OA was observed above 10 eq. days of 

aging, consistent with the LVOC fate model and the interpretation that heterogeneous oxidation 

dominates at high eq. ages. This is also consistent with previous studies of heterogeneous OH oxidation 

of OA in a flow tube (George et al., 2008) and with results with the OFR in the Los Angeles urban area 

(Ortega et al., 2016).  
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Fig. 2.7. Comparison of absolute OA enhancement from OH oxidation using the OFR185 and OFR254-70 
methods, binned by photochemical age and separated into daytime (08:00–20:00 local time) and 
nighttime (20:00–08:00 local time) to reflect the changes in ambient SOA precursors between day and 
night. Data are shown with (right axis, open symbols, and dashed lines) and without (left axis, closed 
symbols and solid lines) the LVOC fate correction described in Sect. 3.3. Inset: the maximum OA 
enhancement (all data 0.4–1.5 days eq. age) as a function of time of day, with (dashed) and without 
(solid) the LVOC fate correction. OFR254-70 measurements with positive OA enhancement were 
multiplied by the ratio of ambient MT concentrations measured during OFR185 vs. OFR254-70 sampling 
periods (ratio = 1.8). Negative OA enhancements were not normalized in this way since the amount of 
mass lost due to heterogeneous oxidation would not necessarily correlate with ambient MT 
concentrations. 

As shown in Fig. 2.7, OA enhancement shows a strong difference between daytime and 

nighttime. However, SOA formation potential in the OFR should not be a function of time of day itself. 

Rather, this is thought to be a coincidental dependence based on the SOA precursor gas concentrations 
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that change in a diurnal manner. In other words, this OH oxidation in the OFR is not meant to reproduce 

true ambient nighttime chemistry, rather it allows us to measure SOA formation from OH oxidation of 

the true mix of ambient gases as it evolves with time of day, including nighttime. In fact, the lack of 

ambient nighttime OH oxidation may help explain the increased SOA formation potential when 

nighttime air is oxidized by OH in the OFR.  

These measurements were made in a pine forest dominated by MT (Ortega et al., 2014). As an 

alternative to separating by time of day, the data are separated by ambient MT concentrations in Fig. 

2.8. The magnitude of SOA formation increased with ambient MT concentrations, ranging from no 

formation up to greater than 6 g m-3 OA enhancement (up to 3 g m-3 enhancement without the LVOC 

fate correction). For the range of ages with maximum OA enhancement (0.4–1.5 eq. days), a correlation 

is observed between OA enhancement and MT concentrations (R2=0.56). Of course, MT may not be the 

only important precursors driving this correlation. Other gases that are correlated with MT, e.g. 

sesquiterpenes (R2=0.70 with MT shown in Fig. S11) or MT reaction products, may also contribute to the 

observed correlations. Although MT emissions are strongest during daytime due to their positive 

temperature dependence, their concentrations are higher at night due to the shallower nighttime 

boundary layer and reduced oxidation rate (Kim et al., 2010).  
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Fig. 2.8. OA enhancement from OH oxidation of ambient air using the OFR185 method as a function of 
photochemical age. All data points (uncorrected only) are shown, shaded by in-canopy monoterpene 
(MT) concentrations. Average OA enhancements of age quantiles with equal number of data points with 
(right axis, dashed lines) and without (left axis, solid lines) the LVOC fate correction are also shown, 
separated into low (0 to 0.75 ppbv), medium (0.75 to 1.5 ppbv), and high (>1.5 ppbv) ambient MT 
concentration ranges. The inset shows the correlation (R2=0.56) between the LVOC fate corrected 
maximum OA enhancement (0.4–1.5 eq. days aging) and in-canopy MT concentrations. 

We observed much less SOA formation during the daytime, when concentrations of 

MBO+isoprene peaked but MT concentrations were lower. We note that SOA formation mechanisms 

that involve heterogeneous uptake followed by multiphase reactions are not efficiently simulated by the 

OFR, as their time scales are not shortened proportionally to increased OH concentrations (Hu et al., 

2016). This includes the IEPOX pathway from isoprene (Paulot et al., 2009) and the similar pathway 
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proposed for MBO (Zhang et al., 2012). While SOA formation from isoprene in an OFR has been 

demonstrated (Lambe et al., 2015), the total SOA formation potential from MBO + isoprene may be 

underestimated in our study. 

OA enhancement from the OFR185 and OFR254-70 modes of operation are compared in Fig. 

2.7. Because these were performed with the same physical reactor, we could only perform one of them 

at a time (see Fig. S7). Since ambient MT concentrations changed over the course of the campaign and 

they correlated with the amount of SOA formed in the reactor, this effect needed to be corrected before 

the results of the two reactor modes could be compared. The positive OA enhancement for the OFR254-

70 data was multiplied by the ratio of average MT concentrations between the OFR185 and OFR254-70 

periods (a factor of 1.8). From Fig. 2.7, we conclude that there were no major differences in the amount 

of SOA formation between the OFR185 and OFR254-70 methods over the range of ages measured in this 

campaign. Minor differences in SOA formation between the two methods are likely a result of limits on 

the ability to determine the proper eq. age (especially for low ages in OFR254-70 as discussed in Sect. 

2.2.3) or due to real changes in ambient SOA precursor gases, since the measurements using each 

method were not simultaneous. Additional comparisons of both methods sampling the same air, 

carefully designed and controlled to more accurately determine low ages in OFR254-70, would be useful 

to further explore this issue. Since the OFR185 mode is experimentally simpler and does not require 

addition of O3 (with associated issues of mixing, dilution, possible contamination, etc.), and since the 

OFR185 mode more faithfully simulates OH chemistry due to reduced O3 concentrations (Peng et al., 

2016b), we recommend the OFR185 mode of operation for future OFR studies of OH oxidation in 

forested areas. 

2.3.5 Condensation vs. nucleation in the OFR  

When gas-phase molecules are oxidized and achieve a low enough volatility, they can condense 

onto existing particles (or other surfaces) or nucleate/grow new particles. The difference can be 
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important experimentally because nucleation may produce some particles too small for the size range of 

the AMS, and it also increases surface area more efficiently than condensation to preexisting particles. 

Changes in the size distributions measured by the SMPS are used here to investigate the relative 

importance of these processes. 

Particle volume size distributions of air oxidized over the full range of eq. photochemical ages in 

the flow reactor are shown in Fig. 2.9, during a period with relatively large OA enhancement in order to 

clearly demonstrate the behavior. OH oxidation in the reactor resulted in substantial new particle 

formation and growth, as well as growth of the preexisting ambient particles. The maximum 

enhancement in both particle modes occurred at an eq. age of ~1 day, consistent with AMS 

measurements of total mass enhancement. At higher ages, the new particle mode decreased in 

magnitude and diameter and eventually was not present at the highest ages. This is consistent with the 

results of the LVOC fate model, where at high eq. ages organic gases are rapidly oxidized into smaller 

volatile products that do not condense. The accumulation mode was also depleted at higher eq. ages, 

consistent with heterogeneous oxidation leading to fragmentation and evaporation of OA. The observed 

nucleation at lower eq. ages likely results from some combination of H2SO4 and extremely low-volatility 

organic compounds (ELVOCs; Kirkby et al., 2011; Ehn et al., 2014).  
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Fig. 2.9. SMPS volume size distributions after OH oxidation using the OFR185 method, labeled by 
photochemical age and compared to concurrent ambient measurements. Each of the 6 OH-aged size 

distributions is an average of 6 SMPS scans from the night of 2829 July, when relatively large OA 
enhancement was observed and the ambient aerosol dry surface area was in the range of 80-100 µm2 
cm-3. Dashed lines represent the approximate size distributions that were transmitted through the AMS 
aerodynamic lens (for which a correction was applied to reported OA values as discussed in Sect. S3). 
Scans with large OA enhancement were used in order to more clearly illustrate the condensation vs. 
nucleation behavior in the OFR, so the AMS lens transmission correction in this figure appears larger 
than average. All scans have been corrected for small particle losses to sampling lines (Sect. S1). 

For the data shown in Fig. 2.9, a larger fraction of SOA molecules condensed onto the freshly 

nucleated particle mode than onto the preexisting particles. This behavior likely depends on the 

availability and position of the CS in the size distribution. With the small aerosol concentrations during 

this campaign, the CS from the new small particles sometimes competed with the CS from ambient 

particles. During periods when the CS entering the OFR in ambient air was larger, it reduced the 
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condensation of SOA onto new particles, consistent with the lower importance of this mode for an OFR 

study in the Los Angeles area (Ortega et al., 2016). These results support the possibility of using flow 

reactors to study the potential for new particle formation and growth in different ambient airmasses 

and sources (Ezell et al., 2014; Chen et al., 2015a). 

2.3.6 Sources of SOA in ambient air 

2.3.6.1 SOA mass formed vs. mass predicted from VOCs 

Many previous studies have measured the yields of SOA from oxidation of VOCs in chambers. 

Those experiments were generally performed under controlled conditions, with detailed information 

about the type and amount of VOCs available to form SOA at the beginning of the experiment. In this 

study, we also measured the yield of SOA from oxidation of organic gases, but in this case we started 

with a complex mixture of ambient organic gases, with some species not being directly measured or 

speciated. Therefore, the method used here provided a measure of the total SOA formation (or 

destruction) as a function of oxidant exposure from all ambient gases present, measured and 

unmeasured. The total SOA formation in the OFR was compared to the amount predicted from 

measured VOCs. SOA formation was predicted by applying low-NOx, OA-concentration-dependent, 

chamber derived aerosol yields to the ambient VOC concentrations predicted to react in the OFR based 

on OHexp. Estimated fractions reacted were >99% of ambient MT, SQT, and isoprene, and ~45% of 

toluene+p-cymene in the age range of 0.4–1.5 eq. days. The yields used to predict SOA formation were 

calculated for each individual data point as a function of the OA mass concentration measured after 

oxidation in the OFR, using the two- or four-product basis set parameterizations listed in Table 2.3 

(Henze and Seinfeld, 2006; Tsimpidi et al., 2010). With an average post-oxidation OA concentration of 

4.1 g m-3 with the LVOC fate correction applied, this resulted in campaign-average SOA yields of 12.5, 

13.2, 13.8, and 3.2% for MT, SQT, toluene, and isoprene, respectively. Previous experiments have shown 

SOA yields from various precursor gases oxidized in the OFR to be of the same order as yields from large 
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environmental chambers (Kang et al., 2007, 2011, Lambe et al., 2011b, 2015). These yield values reflect 

the amount of SOA that forms after several generations of gas-phase oxidation of precursor gases. We 

do not include additional “aging” of the precursors through additional oxidation steps, as such 

parameterizations are not well-supported experimentally.  

Table 2.3. Low-NOx SOA yield parameters using basis sets, used to estimate SOA yields from VOCs in the 
OFR (Sect. 3.6.1). 

 
SOA precursor 

C* saturation vapor concentrations (µg m-3 at 298K) 

1 10 100 1000 

MTa 0.107 0.092 0.359 0.600 
SQTa 0.075 0.150 0.750 0.900 
Toluenea 0.075 0.225 0.375 0.525 

 C* saturation vapor concentrations (µg m-3 at 295K) 
 0.6 116 

Isopreneb 0.0288 0.232 
a(Tsimpidi et al., 2010), not including the chemical “aging” parameterization 
b(Henze and Seinfeld, 2006) 

The comparison of maximum measured vs. predicted SOA formation in Fig. 2.10 shows that 

approximately 4.4 times more SOA was formed than predicted from MT, SQT, toluene+p-cymene, and 

isoprene. If the LVOC fate correction is not applied, still 3.1 times more SOA was measured than 

predicted (Fig. S12). Note that while the LVOC fate correction led to a factor of ~2.5 increase in OA 

enhancement (seen in Figs. 2.7–2.8), it causes only a factor of 1.4 increase in the slope in Fig. 2.10. This 

is because the higher OA concentrations also lead to higher predicted SOA formation due to increased 

SOA yields (resulting from increased partitioning to the particle phase). 
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Fig. 2.10. Measured vs. predicted SOA formation from OH oxidation of ambient air in an OFR using the 
OFR185 method. Only the range of photochemical ages with the highest SOA formation (0.4–1.5 eq. 
days) was used, and the LVOC fate correction was applied. Predicted SOA formation was calculated by 
applying OA concentration-dependent yields (average of 12.5%, 13.2%, 13.8%, and 3.2% for MT, SQT, 
toluene+p-cymene, and isoprene, respectively, with average OA concentration of 4.1 µg m-3) to VOCs 
reacted in the OFR (Tsimpidi et al., 2010). The amount of reacted VOCs was estimated using OHexp and 
ambient VOC concentrations. If a non-zero y-intercept is allowed, the regression line becomes y = 5.0x – 
0.5. 

MT were the dominant SOA precursors, contributing an average of 87% to predicted SOA 

formation, with SQT, toluene+p-cymene, and isoprene contributing 5%, 3%, and 5%, respectively. Other 

known VOCs that form SOA, such as benzene or xylenes, were present in such low concentrations that 

they would contribute even smaller percentages to predicted SOA formation, so they were not included 

in this analysis.  
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The correlation between measured and predicted SOA was R2 = 0.65, indicating that SOA 

formation potential was controlled mainly by MT and other biogenic gases with similar concentration 

diurnal patterns, including SQT. Toluene also likely originated at least partially from biogenic sources at 

this site (Misztal et al., 2015). A diurnal plot of the measured maximum (0.4–1.5 eq. days age) and 

predicted SOA formation is shown in Fig. 2.11, along with ambient MT, SQT, toluene+p-cymene, and 

MBO+isoprene concentrations (and S/IVOC concentrations, discussed in Sect. 2.3.6.2). SOA formation 

followed a similar diurnal pattern to MT, SQT, and toluene+p-cymene, including a substantial increase 

just after sunrise at 7 AM local time. SOA formation in the OFR followed a very different diurnal pattern 

than ambient MBO+isoprene, supporting the conclusion that MBO+isoprene was an insignificant 

contributor to SOA formation in the OFR for the ambient conditions of this campaign. 

 
Fig. 2.11. Top: diurnal maximum measured OA enhancement (all data from 0.4–1.5 eq. days aging, LVOC 
fate corrected) in the OFR from OH oxidation using the OFR185 method, and predicted OA formation 
from measured VOCs (x4.4). Bottom: ambient MT, SQT (x5), toluene+p-cymene (x5), MBO+isoprene, and 
S/IVOC mass concentrations vs. time of day. 
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In order for SOA formation in the OFR to be fully explained by the ambient VOCs, the SOA yields 

would have needed to be approximately a factor of 4.4 larger than the values used in this analysis. This 

would mean, e.g., a 55% yield from MT with the OA concentrations of only 4.1 µg m-3 (34% at 2.9 µg m-3 

if the LVOC fate correction is not applied), which is inconsistent with previous OFR and chamber studies 

that have only achieved such high SOA yields in experiments with over an order of magnitude higher OA 

concentrations (Kang et al., 2007, 2011; Tsimpidi et al., 2010; Lambe et al., 2011b, 2015). Accounting for 

S/IVOC wall losses in such experiments (Matsunaga and Ziemann, 2010; Zhang et al., 2014) or including 

aging parameterizations (Tsimpidi et al., 2010) might lessen this discrepancy, but is unlikely to be the 

entire answer. Therefore, this analysis strongly suggests that there are other gases in ambient air than 

the VOCs measured by the PTR-TOF-MS that make important contributions to SOA formation.  

2.3.6.2 SOA mass formed vs. predicted from S/IVOCs 

While the lowest-volatility organic matter (i.e., OA) is measured by the AMS and the highest-

volatility range (VOCs and some IVOCs) is sampled by the PTR-TOF-MS, there is a substantial range of 

S/IVOCs between them. The gases that enter the OFR as S/IVOCs are the most likely source of SOA 

formation contributing to the factor of 4.4 discrepancy in Sect. 2.3.6.1. During the BEACHON-RoMBAS 

campaign, measurements were made using the TD-EIMS instrument to quantify the bulk (volatility-

resolved) ambient S/IVOC mass (Hunter et al., 2016). Other techniques at the site identified and 

quantified various subsets of the S/IVOCs (Yatavelli et al., 2014; Chan et al., 2016). All of the 

measurements are compiled in Hunter et al. (2016) to determine the total average organic volatility 

distribution during the campaign, which shows that S/IVOCs were the only pool of gas-phase species 

that could possibly produce as much SOA mass as observed in our study. 

The average bulk S/IVOC mass concentrations measured with the TD-EIMS are shown as a 

function of log(C*) in the inset of Fig. 2.12. In Hunter et al. (2016), this mass was interpreted as being an 

approximate lower limit to S/IVOC mass, assuming the S/IVOCs measured by Yatavelli et al. (2014), Chan 
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et al. (2016), and by the PTR-TOF-MS were subsets of the TD-EIMS measurement. The upper limit is to 

assume that each instrument measured a different set of S/IVOCs with no overlap, and would be ~3.2 

times larger than the mass shown in the inset of Fig. 2.12. With the substantial temporal overlap 

between OFR185 operation and TD-EIMS measurements, it is feasible to perform a point-by-point 

analysis using the full TD-EIMS time series (shown in Fig. S7) to determine what the SOA yield of the 

lower limit S/IVOC mass would need to be in order to fully explain the amount of SOA formed from OH 

oxidation in the OFR.  

 
Fig. 2.12. Measured vs. predicted SOA formation from OH oxidation of ambient air in an OFR using the 
OFR185 method. Only the range of photochemical ages with the highest SOA formation (0.4–1.5 eq. 
days) was used, and the LVOC fate correction was applied. Predicted SOA formation is estimated using 
VOCs (described in Sect. 2.3.6.1) with and without including an empirical 58% SOA yield from S/IVOCs 
measured by the TD-EIMS (a lower limit of total S/IVOCs). Inset: average S/IVOC concentrations as a 
function of the log of the saturation vapor concentration C*. This comparison includes all data for which 
S/IVOCs and SOA formation in the OFR were concurrently measured (26, 28-29 July, and 9-10, 12-13 
August). For some data points, PTR-TOF-MS data was not available, so the VOC contribution was 
estimated using the linear fit in Fig. 2.10. 
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Ideally, the total mass of S/IVOCs at each data point that would be converted into SOA by 

oxidation would be determined by multiplying the mass in each volatility bin by the SOA yields of each 

bin. Since experimental measurements of the aerosol yields of such gases are generally not available 

and the ambient mixture of S/IVOCs was not fully speciated, we instead proceed under the assumption 

that all of the SOA formation that was not due to the previously discussed PTR-TOF-MS-measured VOCs 

came instead from the mass measured in the C* = 101–107 µg m-3 volatility bins, with one correction. 

Since SQT are typically in the C* = 105 µg m-3 range, we subtracted the SQT mass measured by the PTR-

TOF-MS from the bulk S/IVOC mass (a subtraction of 6% of the total TD-EIMS measurement), to avoid 

double-counting due to this expected measurement overlap. While MT are in the C* = 107 µg m-3 

volatility bin, that bin is at the upper volatility limit of the TD-EIMS measurement capability. Some gases 

in that bin were sampled, but MT were expected to be too volatile to be measured (Hunter et al., 2016). 

This was supported by the fact that the campaign-average mass in the C* = 107 µg m-3 bin was only 0.43 

µg m-3, which would correspond to only approximately 0.1 ppbv MT, if there were no other gases in that 

bin. The campaign-average in-canopy MT concentration measured by the PTR-TOF-MS was 

approximately 0.8 ppbv.  

For the lower limit S/IVOC mass case, the average SOA yield of the total S/IVOCs was 

determined by finding the yield value that made the slope of SOA measured vs. predicted from VOCs + 

S/IVOCs equal to one. As shown in Fig. 2.12, an average SOA yield of 58% for the bulk S/IVOC mass was 

required in order to bring the measured vs. predicted SOA formation into optimal agreement in this 

time series analysis. The correlation between measured and predicted SOA formation was R2=0.66. 

Attempts were made to optimize the correlation between measured and predicted SOA formation by 

applying arbitrary C*-dependent yields, but this did not result in significantly better correlations. Since 

speciated S/IVOC measurements as well as yields for each volatility bin (which may have varied with 
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diurnal changes in the composition of each bin) were not available, we concluded that further detailed 

interpretation of SOA production from the measured S/IVOCs would be under-constrained 

As mentioned above, this average SOA yield for S/IVOCs of 58% was estimated by assuming the 

lower limit case where the total ambient S/IVOC mass was sampled by the TD-EIMS. The upper limit 

mass case in Hunter et al. (2016) assumed that the several instruments that measured S/IVOCs were 

measuring different subsets of total S/IVOCs, so the measurements needed to be summed in order to 

determine the total mass concentration. Due to limited temporal overlap between all instruments, the 

analysis in Hunter et al. (2016) was performed on campaign average measurements. For this reason, the 

average SOA yield of S/IVOCs for the upper limit case is also done using the campaign average values 

instead of the time series analysis that was possible for the lower limit case. The average upper and 

lower limit S/IVOC mass concentrations were 10 and 3.1 µg m-3. To estimate the SOA yield of S/IVOCs in 

the upper limit case, the TD-EIMS time series data was multiplied by 3.2, so that it reflected a campaign 

average of 10 µg m-3. Using this upper limit mass time series, an average SOA yield for S/IVOCs of 18% 

was needed to bring measured vs. predicted SOA formation in the OFR into agreement. This makes the 

assumption that the ratio of S/IVOC mass measured by each technique was always constant.  

While measurements of SOA yields for speciated S/IVOCs are limited, especially for the relatively 

low OA concentrations in this study, previous work suggests that this range of 18-58% yield is 

reasonable. A yield of 51% was measured for n-heptadecane (C* = 104 µg/m3) with OA = 15.4 µg/m3 

under high-NOx conditions (Presto et al., 2010). Yields can be even higher from cyclic compounds (Lim 

and Ziemann, 2009; Tkacik et al., 2012) and under low-NOx conditions (Ng et al., 2007; Lane et al., 2008). 

SOA yields from several other IVOCs (naphthalene and alkylnapthalenes) under low-NOx conditions were 

determined to be 58-73% with OA concentrations of 10–40 µg/m3 (Chan et al., 2009). 

This analysis suggests that OH oxidation of organic gases in a parcel of ambient pine forest air 

can potentially produce approximately 3.4 times more SOA from S/IVOC gases than from VOCs. This 
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does not provide information about the sources of the lower volatility organic gases in this parcel. They 

may be directly emitted, formed as oxidation products of VOCs that were emitted upwind of this parcel, 

or some combination of these two options. Ambient MT and S/IVOC concentrations measured by the 

TD-EIMS exhibit a modest correlation (R2 = 0.43, shown in Fig. S13), suggesting that the S/IVOCs may at 

least partially come from a biogenic source related to the emission of MT. For example, O3 and NO3 may 

react with the C=C-containing MT and SQT emissions during nighttime, leading to a buildup of oxidation 

product S/IVOCs that lack C=C double bonds and would generally not react further with O3 and NO3 

(Atkinson, 1997). If this occurs, then OFR oxidation is merely starting with precursors that are partway 

through the “aging” process from VOC emission to SOA formation. Variations in the ratio of measured to 

predicted SOA formation in Figs. 2.10 and 2.12 could be due partly to variations in the ratio of the 

concentrations of S/IVOCs to VOCs due to changes in the meteorological or chemical conditions of the 

atmosphere, or from periodic changes in the biogenic and/or anthropogenic sources of S/IVOCs. 

However, as shown in Fig. 2.11, the diurnal profile of S/IVOC concentrations showed a relatively smaller 

increase in concentrations at night compared to MT or measured SOA formation. Since emissions 

generally change with time of day, it would not be unreasonable to expect the speciation and SOA 

formation potential of ambient S/IVOCs to also change with time of day. Until the S/IVOCs in a dataset 

such as this can be better speciated and quantified, these conclusions remain speculative. 

2.3.6.3 Sensitivity to LVOC fate model parameters 

The LVOC fate correction in this analysis led to a relatively large factor of 2.5 increase in OA 

enhancement and factor of 1.4 increase in measured vs. predicted SOA formation. As the values of 

several of the model parameters are not well constrained, in this section we investigate the sensitivity of 

the LVOC fate correction to these parameters. Fig. 2.13 shows the sensitivity of the slope of measured 

vs. predicted SOA formation from VOCs, as well as how that affected the range of SOA yields needed 

from S/IVOCs in order to explain the total SOA formation in the OFR. Sensitivity was tested for kOH, the 
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number of reactions with OH before LVOCs are lost to volatile, non-condensable products, the SMPS size 

distribution used to calculate CS, α, ke, and D.  

 
Fig. 2.13. Sensitivity of the slope of measured vs. predicted SOA formation from VOCs, and of the range 
of SOA yields estimated for bulk S/IVOCs (same curves, different Y axes), to parameters in the LVOC fate 
model. The change in slope and yields is calculated by changing only one parameter at a time while 
keeping the rest at the base case values of 5 reactions with OH, kOH = 1 x 10-11 cm3 molec-1 s-1, average 
CS, α = 1, ke = 0.0036 s-1, and D = 7 x 10-6 m2 s-1. 

The least-well-defined parameters in the model were likely kOH and the number of reactions 

with OH, especially since the analysis of H2SO4 condensation in Sect. 3.3.2 did not use them. However, 
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the LVOC fate correction was relatively insensitive to these parameters, specifically for values of kOH less 

than 3 x 10-11 cm3 molec-1 s-1 or when assuming 2+ reactions with OH. If we assume LVOCs always remain 

available to condense and never fragment, the slope reaches a lower asymptote of 4.1. The model also 

showed a relatively low sensitivity to ke and D over several orders of magnitude. 

The slope of measured vs. predicted SOA formation was more sensitive to the choice of CS and 

α. The slope is mainly sensitive to CS when approaching the ambient (smaller) value. Since using the 

average value of CS worked well for the H2SO4 analysis (and the ambient CS gave poor results there), it is 

likely that the average CS is at least close enough to the proper value as not to cause systematic biases. 

Using values of α less than 1 led to a rapid increase in the magnitude of the LVOC fate correction. Values 

less than approximately α = 0.1 would require the SOA yield from S/IVOCs to approach 100% as a lower 

limit, which is unlikely to be the case. In other words, if the sticking coefficient was very low (e.g. α < 0.1) 

it would be impossible to explain the amount of SOA formed from the carbon present in the gas-phase. 

This suggests that α = 1 or close to 1 is a good approximation for the conditions in the OFR at this 

campaign, and allows us to rule out values much lower than 1. 

It is noteworthy that none of the changes to these four parameters led to a substantial decrease 

in the slope of measured vs. predicted SOA formation. The parameters that can lead to a considerable 

increase in Faer are the CS and residence time of the OFR (i.e., time allowed for condensation onto 

particles, which is controlled by flow rate). However, these values were among the best constrained 

parameters, since we had direct measurements of both during the campaign. This suggests that while 

the LVOC fate correction was relatively large, it was unlikely to be much smaller. 

2.4 Conclusions 

During the BEACHON-RoMBAS campaign, ambient air was oxidized by OH in an OFR to study in 

situ SOA formation from the ambient mixture of SOA precursors as they exist in a forest environment. 

SOA formation was measured semi-continuously, and the changes in both gas and particle phases were 



55 
 

documented as a function of photochemical age. The amount of SOA formation increased with age to a 

maximum at 0.41.5 days of eq. photochemical aging, coinciding with depletion of known SOA 

precursors measured with the PTR-TOF-MS. SOA formation in the OFR correlated with MT 

concentrations, both of which were typically larger during nighttime. Net SOA loss was observed at >10 

days eq. age, consistent with heterogeneous oxidation processes being important only for the longest 

lived aerosol (e.g., free tropospheric aerosol). Similar amounts of SOA formation were observed from 

both the OFR185 and OFR254-70 methods for the overlapping range of eq. ages (~1-30 days). 

Comparison at shorter ages was not possible because the OFR254-70 method, especially as it was 

employed during this campaign, was not suitable for measuring <1 eq. day of OH aging. Condensation 

onto preexisting ambient particles and nucleation and growth of small particles were both observed.  

A modeling analysis of the fate of LVOCs in the OFR was presented. The validity of this model 

was evaluated using the simpler process of SO2 gas conversion to SO4 aerosol. The fraction of LVOCs that 

condense onto aerosols, versus the other fates of LVOCs including condensing on the reactor walls, 

exiting the reactor to condense on sampling lines, or reacting with OH to produce volatile fragmentation 

products, depends strongly on the aerosol surface area available for condensation. Our measurements 

rule out sticking coefficients much lower than 1. For ambient experiments in rural areas with low CS, 

laboratory experiments without seed aerosol, or when sampling with a relatively short residence time, a 

large correction may be required. Addition of an aerosol seed to sample air with low aerosol CS (such as 

this study) would reduce the uncertainties associated with the LVOC fate correction. In urban areas or in 

laboratory studies with large seed aerosol surface area, the correction can be much smaller (<20%). In 

either case, the relative time scales of key processes in the OFR need to be carefully considered in order 

to properly interpret the results of measured SOA formation. 

The amount of SOA that could be produced from OH oxidation of the major VOC species 

measured at this site (MT, SQT, toluene+p-cymene, and isoprene) was insufficient to explain the 
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measured SOA formation in the reactor by a factor of 4.4. To our knowledge, this is the first time this 

has been demonstrated by comparing simultaneous VOC measurements with in situ SOA formation, 

particularly in a biogenic environment. A discrepancy this large is unlikely to be completely explained by 

incorrect yields for the speciated VOCs or by experimental uncertainties. The correlation between 

measured and predicted SOA formation suggests that the unidentified SOA precursors were of biogenic 

origin with a similar diurnal pattern to MT, SQT, and toluene +p-cymene. Novel TD-EIMS measurements 

quantified the reservoir of S/IVOCs, which are not measured efficiently by a PTR-TOF-MS and represent 

the only pool of gas-phase carbon at the site that could possibly explain the observed SOA. An SOA yield 

of 18-58% for the total mass of S/IVOCs measured was required to account for all of the SOA formation 

from OH oxidation in the OFR. This research points to a need to improve our understanding and 

measurement capabilities of S/IVOCs. 

We have demonstrated how an OFR can be used in combination with a variety of aerosol and 

gas instruments to provide information about the net SOA formation potential of forest air. The OFR 

technique allows investigating the quantity and variability of SOA precursor gases that are present in 

ambient air. These results could be used to inform the treatment of S/IVOCs, such as VOC oxidation 

products, in SOA models. Future OFR experiments could be designed with additional specialized 

instrumentation to determine the molecular identities of S/IVOCs and investigate their specific SOA 

yields. 

2.5 Supplementary information  

2.5.1 Correction for particle diffusion to sampling line walls 

AMS and SMPS particle concentrations were corrected for diffusion losses to the walls of the 

inlet sampling lines, estimated using the Max Planck Institute for Chemistry’s Particle Loss Calculator 

(von der Weiden et al., 2009). The sampling lines were constructed from a mixture of 3/8” and 1/4” OD 

copper tubing. The ambient air sampling line contained a PM2.5 cyclone impactor at the inlet. The total 
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length of tubing between the cyclone/OFR and AMS/SMPS was approximately 8 m, with a total 

residence time of about 9 s. The transmission curve used to correct for line losses is shown in Fig. 2.S1. 

Estimates for particle losses in the ambient sampling line and in the OFR sampling line were similar, so a 

single transmission curve is applied to all data. The transmission curve was applied to SMPS size 

distributions to determine particle volume lost to the inlet walls. This volume was added to the AMS 

species in the same ratio that the species volumes were measured by the AMS. As seen in Fig. 2.S1, 

there was on average only a slight size dependence to the species mass fractions of ambient aerosol. 

The mass fractions are also particularly noisy at smaller particle sizes due to small mass concentrations. 

Ideally, the species size distributions measured at each point in time could be used to allocate the 

sampling line particle losses to each species. In practice, the AMS size-distribution measurement mode is 

not sensitive enough at these concentrations to do such a correction at high time-resolution. Ambient 

AMS size distribution data could be averaged over long periods of time to increase the signal-to-noise, 

but this would not be possible for OFR measurements, since the OH exposure is changed between each 

successive data point. Thus, we have applied the best correction possible and expect that it should 

improve quantification. Regardless, the small size dependence of species mass fractions would have a 

minimal impact on this analysis since the correction is at most 20% at the smallest sizes. Mass was 

estimated from volume using densities of  1.52 g cm-3 for chloride and 1.75 g cm-3 for sulfate, 

ammonium, and nitrate AMS aerosol species (DeCarlo et al., 2004; Salcedo et al., 2006; Lide, 2013), and 

a parameterization using elemental composition to estimate the density of OA (Kuwata et al., 2012). The 

combination of the sampling line particle loss correction and the AMS lens transmission correction 

(discussed in Sect. 2.5.3) added an average of 4% to the ambient OA, and an average of 12% to the OA 

measured after 0.4–1.5 days of aging (when the corrections were largest). 
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Fig. 2.S1. Top: Average species mass fraction of ambient aerosol measured by the AMS, and inlet 
sampling line particle transmission efficiency. The transmission efficiency was estimated using the Max 
Planck Institute for Chemistry Particle Loss Calculator (von der Weiden et al., 2009). This transmission 
curve was used to correct SMPS size distributions for particle losses in the ambient and OFR sampling 
lines. Particle losses to surfaces inside the OFR are discussed in Sect. 2.5.3. Bottom: Average species 
mass size distribution of ambient aerosol measured by the AMS. 

2.5.2 Determination of AMS collection efficiency (CE) 

CE is typically variable between 0.5 and 1, depending on composition, as detailed in 

Middlebrook et al. (2012). To our knowledge, ambient AMS measurements with a constant CE of ~1  

have been reported in two prior studies in forested environments: during the wet season in the remote 

Amazon forest at the Amazonian Aerosol Characterization Experiment 2008 (Chen et al., 2015c), and 

South American Biomass Burning Analysis (SAMBBA) experiment during the dry season and dry-to-wet 
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transition period in the southwestern Amazon rainforest in 2012 (Brito et al., 2014). Here, we assessed 

CE by comparing AMS measurements with an SMPS that sampled from the same inlet. This SMPS 

measurement was validated by an intercomparison with four other calibrated and independently-

operated SMPS instruments, as well as three CPC total particle number measurements, that sampled 

concurrently at the same research site. Fig. 2.S2 shows that CE = 1 was required to match the AMS and 

SMPS measurements.  

 

Fig. 2.S2. Scatter plot of ambient aerosol volume measurements from AMS vs. SMPS with regression 
line. AMS data was calculated using CE=1. AMS volume was estimated using densities of 1.52 g cm-3 for 
chloride, 1.75 g cm-3 for sulfate, ammonium, and nitrate (DeCarlo et al., 2004; Salcedo et al., 2006; Lide, 
2013), and a parameterization using elemental composition to estimate the density of OA (Kuwata et al., 
2012). All data is shown without the LVOC fate correction. 
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One concern was that the CE would change after oxidation in the OFR, due to changes in the 

aerosol composition and properties. A change in CE would result in a change in the slope of AMS vs. 

SMPS volume. However, we did not observe such a change, as seen in the comparison of total aerosol 

volume measured after the OFR in the left panel of Fig. 2.S3. Occasionally, high concentrations of 

NH4NO3 were produced in the OFR from OH oxidation. During those times, the AMS measured up to 

several times more volume than the SMPS (implying a CE>>1). This is likely due to evaporation of the 

NH4NO3 in the SMPS, as the SMPS sample flow was diluted inside the DMA column, as well as between 

the DMA and the CPC. For this reason, these data are not included in the analysis of CE.  

  

Fig. 2.S3. Scatter plot of aerosol volume and change in volume after OH aging from AMS vs. SMPS. AMS 
volume was estimated using densities of 1.52 for chloride, 1.75 for sulfate, ammonium, and nitrate 
(DeCarlo et al., 2004; Salcedo et al., 2006; Lide, 2013), and a parameterization using elemental 
composition to estimate the density of OA (Kuwata et al., 2012). Data is shown after correction for 
particle transmission losses in the AMS aerodynamic lens according to the case 2 correction in Fig. 2.S5. 
All data is shown without the LVOC fate correction. At the highest ages, heterogeneous oxidation led to 
fragmentation/volatilization of preexisting OA, resulting in a net loss of OA. 

Fig. 2.S4 shows total particle volume enhancements as quantified by both the AMS and the 

SMPS for the OFR185 method vs. photochemical age, split into daytime and nighttime, showing that the 

two instruments measured similar enhancements within the errors at all ages. Data in Figs. 2.S2, 2.S3, 
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and 2.S4 were corrected using the sampling inlet line particle transmission efficiency curve in Fig. 2.S1 as 

well as a correction for the transmission of the AMS aerodynamic lens, discussed in Sect. 2.5.3. 

 

Fig. 2.S4. Total particle volume enhancement as measured by the AMS and SMPS as a function of 
photochemical age, split into daytime (08:00–20:00 local time) and nighttime (20:00–08:00 local time) 
data. AMS volume was estimated using densities of 1.52 g cm-3 for chloride, 1.75 g cm-3 for sulfate, 
ammonium, and nitrate (DeCarlo et al., 2004; Salcedo et al., 2006; Lide, 2013), and a parameterization 
using elemental composition to estimate the density of OA (Kuwata et al., 2012). All data is shown 
without the LVOC fate correction. Error bars represent the standard error of the mean of each quantile 
of data. 
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2.5.3 Determination of AMS aerodynamic lens transmission efficiency 

As discussed in Sect. 2.3.5 and Fig. 2.9, OH oxidation of ambient air in the OFR often led to 

substantial new particle formation. The AMS aerodynamic lens is known to have less than 100% 

transmission at small sizes (Liu et al., 2007). A standard transmission curve has been suggested for 

correcting AMS data when lacking a determination of the transmission for the particular operating 

conditions of the AMS, referred to as case 0 here (Knote et al., 2011). However, it is preferable to use 

data from a specific experiment when available to make such a determination for specific operating 

condtitions. The lens transmission curve was estimated for the conditions in which the AMS was 

operated at the BEACHON-RoMBAS campaign by empirically finding the low particle size cutoff that 

resulted in the highest R2 correlation of the AMS and SMPS total volume sampled through an OFR 

(including all data from unperturbed to the highest OHexp). We tested a range of corrections, shown in 

Fig. 2.S5. The results are shown in Table 2.S1. Scatterplots of total volume and change in volume for the 

base case (no correction) and the chosen case 2 correction are shown in Figs. 2.S6 and 2.S3, 

respectively. The combination of the sampling line particle loss correction and the AMS lens 

transmission correction added an average of 4% to the ambient OA, and an average of 12% to the total 

OA measured after 0.4–1.5 days of aging in the reactor (when the corrections were largest).  

Table 2.S1. Slope and correlation values for a comparison of AMS vs. SMPS volume, when applying 
aerodynamic lens transmission correction curves 0-5 (shown in Fig. 2.S5) or no correction (base case). 

Total Volume Change in Volume 

Case Slope R2 Case Slope R2 

0 1.056 0.85 0 1.446 0.77 

1 1.036 0.85 1 1.341 0.77 

2 1.017 0.86 2 1.219 0.75 

3 1.001 0.85 3 1.107 0.70 

4 0.989 0.84 4 1.032 0.65 

5 0.983 0.82 5 0.997 0.61 

base 0.981 0.81 base 0.986 0.58 
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Fig. 2.S5. Potential AMS aerodynamic lens transmission efficiency curves used to evaluate small particle 
losses in the lens, as a function of vacuum aerodynamic diameter Dva and mobility diameter Dm. Dva was 
converted to Dm assuming a density of 1.45 g cm-3 (the campaign average). Case 0 is the recommended 
AMS lens transmission efficiency when no campaign-specific determination is possible (Knote et al., 
2011). Case 2 was chosen as the best fit for the data under the conditions during BEACHON-RoMBAS. 
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Fig. 2.S6. Scatter plot of aerosol volume and change in volume after OH aging from AMS vs. SMPS. AMS 
volume was estimated using densities of 1.52 g cm-3 for chloride, 1.75 g cm-3 for sulfate, ammonium, and 
nitrate (DeCarlo et al., 2004; Salcedo et al., 2006; Lide, 2013), and a parameterization using elemental 
composition to estimate the density of OA (Kuwata et al., 2012). Data is shown for base case 
(uncorrected) for particle transmission losses in the AMS aerodynamic lens according to Fig. 2.S5. All 
data is shown without the LVOC fate correction. At the highest ages, heterogeneous oxidation led to 
fragmentation/volatilization of preexisting OA, resulting in a net loss of OA. 

 

Fig. 2.S7. Time series of ambient OA, total OA, and OA enhancement for OFR185 and OFR254 methods, 
ambient MT (25 m inlet), and ambient S/IVOC mass concentrations measured by the TD-EIMS. The OA 
enhancements are not LVOC fate corrected here, and include all ages. 
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Finally, to account for any particle losses on the surfaces inside the OFR, the aerosol mass 

measured in the OFR when no oxidant was added was adjusted to be equal to the concurrent ambient 

aerosol data, which was interpolated from the measurements immediately before and after the OFR 

data. Aerosol was sampled through the OFR with no added oxidant approximately every 2 hours. The 

OFR data for which oxidant concentrations were increased were corrected by multiplying by the average 

ratio of ambient aerosol mass to aerosol mass measured through the OFR without added oxidant. This 

correction was small, increasing the mass of OFR data by 4%, similar in magnitude to the loss of particles 

in the sampling lines and aerodynamic lens.   

2.5.4 In-canopy vs. 25 m height PTR-TOF-MS measurements 

The primary PTR-TOF-MS dataset from BEACHON-RoMBAS was measured from an inlet located 

on a tower at 25 m, above the average canopy height of 16 m (Ortega et al., 2014). The OFR was located 

within the canopy at approximately 4 m height. Occasionally, concurrent PTR-TOF-MS measurements 

were available from the 25 m height and either through the OFR (1–6 and 8–10 August) or from a 1 m 

high inlet (19–21 August). Scatterplots of in-canopy (OFR or 1 m) vs. 25 m inlet MT, SQT, MBO+isoprene, 

and toluene+p-cymene concentrations are shown in Fig. 2.S8. In-canopy concentrations were observed 

to be 1.9, 5.9, 1.4, and 1.2 times higher than at 25 m for those four compounds, respectively, and these 

ratios were used to estimate a campaign-long time series of in-canopy concentrations using the 25 m 

measurements. The correlations are high for MT, toluene, and MBO+isoprene (R2=0.80-0.82), but the 

correlation for SQT is R2=0.12. This low correlation adds uncertainty to the estimation of in-canopy SQT 

concentrations. However, this will have only a minor effect on the predicted SOA formation from VOCs 

(Sect. 2.3.6.1) since on average only 5% of the predicted SOA formation came from SQT.  
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Fig. 2.S8. Scatterplots of in-canopy (through OFR or 1 m inlet) vs. 25 m inlet for PTR-TOF-MS 
measurements of MT, SQT, MBO+isoprene, and toluene. In-canopy concentrations were 1.9, 5.9, 1.4, 
and 1.2 times higher than at 25 m, respectively.  
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Fig. 2.S9. The absolute changes of ions (signal after OH oxidation in the reactor minus ambient signal) 
measured by the PTR-TOF-MS after 7 days of aging using the OFR185 method, shown as a difference 
mass spectrum and in a mass defect diagram. The mass spectra are 10-min averages (5 min from each of 
the two sample cycles used). The background-subtracted signals are shown in arbitrary units, not 
corrected for differences in sensitivity of each compound due to the large number of compounds and 
the inability to positively identify all of them. Prominent ions are labeled by name or elemental formula 
assignments. Dashed lines representing molecules with varying double bond equivalents (DBE) or 
number of oxygen atoms are shown for reference. A red marker signifies that the signal decreased due 
to oxidation, while a black marker indicates where signal was greater after oxidation. The markers are 
sized by the square root of the absolute change in signal at each peak after oxidation (i.e., marker area is 
proportional to signal). Minor signals with absolute change of <0.2 arb. units or change of <20% of total 
ambient signal are removed. 
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Fig. 2.S10. Sensitivity study of the measured vs. predicted SO4 formation after OH oxidation in the OFR 
vs. key uncertain parameters. The data points are colored by the fraction of H2SO4 predicted to 
condense on aerosols, calculated using α = 0.65 and the average of the SMPS size distributions (SD) 
measured before and after oxidation. Data are shown without applying the LVOC fate correction, along 
with linear fits that result from applying various sets of corrections including α = 0.43-1 and using the 
ambient (start), post-oxidation (end), or average SD to calculate the CS. Ambient SO2 concentrations 
<0.2 ppb have been excluded from this analysis. 
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Fig. 2.S11. Scatterplot of ambient MT vs. SQT concentrations measured by the PTR-TOF-MS at the 25 m 
inlet above the canopy. 
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Fig. 2.S12. Measured vs. predicted SOA formation from OH oxidation of ambient air in an OFR using the 
OFR185 method. Only the range of photochemical ages with the highest SOA formation (0.4-1.5 eq. 
days) was used. The LVOC fate correction was not applied. Predicted SOA formation was calculated by 
applying OA concentration-dependent yields (average of 10.9%, 11.1%, 11.5%, and 2.9% for MT, SQT, 
toluene, and isoprene, respectively, with average OA concentration of 2.9 µg m-3) to VOCs reacted in the 
OFR (Tsimpidi et al., 2010). The amount of reacted VOCs was estimated using OHexp and ambient VOC 
concentrations. If a non-zero y-intercept is allowed, the regression line becomes y = 4.0x – 0.8. 
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Fig. 2.S13. Scatterplot of mass concentration of ambient S/IVOCs (lower limit measured by TD-EIMS) vs. 
ambient MT measured by PTR-TOF-MS. Data are shown colored by local time of day. 
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CHAPTER 3 

Secondary organic aerosol formation from in situ OH, O3, and NO3 oxidation of ambient forest air  

in an oxidation flow reactor 

Adapted from B.B. Palm, P. Campuzano-Jost, D.A. Day, A.M. Ortega, J.L. Fry, S.S. Brown, K.J. Zarzana, W. 

Dube, N.L. Wagner, D.C. Draper, L. Kaser, W. Jud, T. Karl, A. Hansel, C. Gutiérrez-Montes, and J.L. 

Jimenez. Atmos. Chem. Phys., submitted. 2017. 

Abstract 

Ambient pine forest air was oxidized by OH, O3, or NO3 radicals using an oxidation flow reactor 

(OFR) during the BEACHON-RoMBAS (Bio-hydro-atmosphere interactions of Energy, Aerosols, Carbon, 

H2O, Organics & Nitrogen–Rocky Mountain Biogenic Aerosol Study) campaign to study biogenic 

secondary organic aerosol (SOA) formation and organic aerosol (OA) aging. A wide range of equivalent 

atmospheric photochemical ages was sampled, from hours up to days (for O3 and NO3) or weeks (for 

OH). Ambient air processed by the OFR was typically sampled every 20-30 min, in order to determine 

how the availability of SOA precursor gases in ambient air changed with diurnal and synoptic conditions, 

for each of the three oxidants. More SOA was formed during nighttime than daytime for all three 

oxidants, indicating that SOA precursor concentrations were higher at night. At all times of day, OH 

oxidation led to approximately 4 times more SOA formation than either O3 or NO3 oxidation. This is likely 

because O3 and NO3 will only react with gases containing C=C bonds (e.g., terpenes) to form SOA, but 

won’t react appreciably with many of their oxidation products or any species in the gas phase that lacks 

a C=C bond (e.g., pinonic acid, alkanes). In contrast, OH can continue to react with compounds that lack 

C=C bonds to produce SOA. Closure was achieved between the amount of SOA formed from O3 and NO3 

oxidation in the OFR and the SOA predicted to form from measured concentrations of ambient 

monoterpenes and sesquiterpenes using published chamber yields. This is in contrast to previous work 

at this site (Palm et al., 2016), which has shown that a source of SOA from semi- and intermediate-
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volatility organic compounds (S/IVOCs) 3.4 times larger than the source from measured VOCs is needed 

to explain the measured SOA formation from OH oxidation. This work suggests that those S/IVOCs 

typically do not contain C=C bonds. O3 and NO3 oxidation produced SOA with elemental O:C and H:C 

similar to the least oxidized OA observed in local ambient air, and neither oxidant led to net mass loss at 

the highest exposures, in contrast with OH oxidation. An OH exposure in the OFR equivalent to several 

hours of atmospheric aging also produced SOA with O:C and H:C values similar to ambient OA, while 

higher aging (days–weeks) led to formation of SOA with progressively higher O:C and lower H:C (and net 

mass loss at the highest exposures). NO3 oxidation led to the production of particulate organic nitrates 

(pRONO2), while OH and O3 oxidation (under low NO) did not, as expected. These measurements of SOA 

formation provide the first direct comparison of SOA formation potential and chemical evolution from 

OH, O3 and NO3 oxidation in the real atmosphere, and help to clarify the oxidation processes that lead to 

SOA formation from biogenic hydrocarbons. 

3.1 Introduction 

Submicron atmospheric aerosols have important impacts on radiative climate forcing (Myhre et 

al., 2013) and human health (Pope and Dockery, 2006). A large fraction of submicron particulate mass is 

composed of organic aerosols (OA), and is produced from a variety of sources (Zhang et al., 2007). 

Primary OA (POA) is directly emitted as particles (e.g., via fossil fuel combustion, biomass burning), while 

secondary OA (SOA) can be formed through gas-phase oxidation and gas-to-particle conversion of 

directly emitted organic gases, or via aqueous pathways. Globally, SOA comprises the majority of OA, 

particularly in rural locations away from primary sources (Zhang et al., 2007; Jimenez et al., 2009). 

However, the processes of formation, chemical transformation, and removal of SOA remain uncertain 

(Hallquist et al., 2009; Shrivastava et al., 2016). 
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Hydroxyl radicals (OH), ozone (O3), and nitrate radicals (NO3) are the three major oxidants in the 

atmosphere that react with organic gases to form SOA. The initial steps of oxidation for each oxidant are 

summarized here according to Atkinson and Arey (2003):  

 OH can react via H-abstraction or addition to a C=C double bond, depending on the structure of 

the organic molecule;  

 O3 generally reacts only with alkenes, adding to a C=C bond to produce a primary ozonide which 

then decomposes to form a carbonyl plus a Criegee intermediate;  

 NO3 radicals also react by addition to a C=C bond, producing an organic peroxy radical with an 

adjacent organic nitrate group that will react further. The nitrate functional group formed 

during the initial NO3 addition can either remain in the product molecule or decompose to 

produce NO2 (g).  

Nearly all oxidation pathways in the atmosphere will lead to the production of a peroxy radical (RO2), 

which can proceed to react with HO2, NO2, NO, another RO2, or undergo autooxidation (Atkinson, 1997; 

Orlando and Tyndall, 2012; Crounse et al., 2013). Reaction rate constants and more detailed reaction 

mechanisms can be found elsewhere (e.g., Atkinson et al., 1982; Atkinson, 1997; Chew et al., 1998; 

Calvert et al., 2002). 

SOA yields from the oxidation of a wide variety of precursor gases by each of these three 

oxidants have been reported. SOA yields are typically measured from oxidation experiments in large 

environmental chambers. These yields are evaluated through implementation in regional or global 

models, which can be compared to ambient measurements (e.g., Volkamer et al., 2006; Hayes et al., 

2015). However, large chamber experiments have been shown to be affected by large losses of 

semivolatile and low volatility gases (Matsunaga and Ziemann, 2010; Zhang et al., 2014; Krechmer et al., 

2015; La et al., 2016; Nah et al., 2016) and particles (Crump and Seinfeld, 1981; McMurry and Rader, 

1985; Pierce et al., 2008) to the chamber walls. These artifacts affect the ability to accurately measure 
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SOA yields, and also limit the amount of oxidation that can be achieved in chambers. Large variability in 

OA concentrations exists between various global OA models, which typically achieve poor agreement 

and correlation with ambient surface and vertical profile OA concentration measurements (Tsigaridis et 

al., 2014). 

In addition to bulk concentrations, the chemical composition of OA also determines its 

atmospheric properties. The elemental O:C and H:C ratios of OA can be measured using aerosol mass 

spectrometry (Aiken et al., 2008; Canagaratna et al., 2015). The O:C and H:C ratios can provide 

information about the sources and evolution of OA in the atmosphere (Aiken et al., 2008; Heald et al., 

2010; Kroll et al., 2011; Ng et al., 2011b), and also often correlate with key OA properties such as 

hygroscopicity, material density, and phase separation (Jimenez et al., 2009; Bertram et al., 2011; 

Kuwata et al., 2012). Laboratory studies have typically struggled to reproduce the O:C and H:C values 

found in ambient OA, particularly for the highest O:C values found in remote areas (Aiken et al., 2008; 

Chen et al., 2015b). 

While large chambers have been the standard method for studying SOA yields and composition, 

and are the basis for parameterized yields and oxidation in most models, oxidation flow reactors (OFRs) 

have recently become a popular alternative approach. OFRs typically have shorter residence times than 

chambers, which reduces wall contact. Also, ambient air can easily be oxidized in an OFR, while it is 

difficult and slow to perform such experiments in a large chamber (Tanaka et al., 2003). SOA yields from 

OH oxidation in OFRs for a variety of individual and mixed precursors have been reported, and generally 

show that yields in OFRs are similar to chamber yields (Kang et al., 2007, 2011, Lambe et al., 2011b, 

2015; Li et al., 2013; Bruns et al., 2015). Properties related to SOA elemental composition have also been 

investigated in OFRs (Massoli et al., 2010; Lambe et al., 2011b, 2012, 2014; Saukko et al., 2012; Ortega 

et al., 2013, 2016). However, these studies were limited to laboratory-produced SOA from one or 

several precursor gases, often at very high concentrations. Several studies have reported on SOA 
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formation from the OH oxidation of ambient air (Ortega et al., 2016; Palm et al., 2016) or emission 

sources (Cubison et al., 2011; Keller and Burtscher, 2012; Ortega et al., 2013; Tkacik et al., 2014; Bruns 

et al., 2015; Karjalainen et al., 2016; Timonen et al., 2016), but SOA from O3 and NO3 oxidation of 

ambient air or direct source emissions has not been studied using an OFR, to our knowledge. 

In this study, we oxidized ambient pine forest air with either OH, O3, or NO3 in an OFR to 

investigate how much SOA can be formed from real ambient mixtures of largely biogenic SOA precursor 

gases, how the SOA precursor concentrations varied with time, and the properties of the SOA formed. 

The amount of SOA formed from each oxidant was compared to the amount predicted to form from 

oxidation of the measured ambient VOCs that entered the OFR. We investigated the elemental 

composition of the SOA that was formed as a function of the amount of oxidant exposure (oxidant 

concentration multiplied by residence time) in the OFR. The contribution of organic nitrate to SOA 

formation was also explored and compared to the results with ambient and chamber studies.  

3.2 Experimental methods 

3.2.1 BEACHON-RoMBAS field campaign 

The OFR measurements presented here were conducted during July–August 2011 as part of the 

BEACHON-RoMBAS field campaign (Bio-hydro-atmosphere interactions of Energy, Aerosols, Carbon, 

H2O, Organics & Nitrogen – Rocky Mountain Biogenic Aerosol Study; http://cires.colorado.edu/jimenez-

group/wiki/index.php/BEACHON-RoMBAS). The research site was located in a ponderosa pine forest in a 

mountain valley at the Manitou Experimental Forest Observatory, near Woodland Park, Colorado 

(39.10° N, 105.10° W; 2370 m elevation). An overview of previous research at this site, including 

BEACHON-RoMBAS and prior campaigns, has been presented in detail by Ortega et al. (2014). Here we 

present a brief summary of research site details that are relevant to this analysis. 

 VOC concentrations at the site (quantified using proton-transfer-reaction time-of-flight mass 

spectrometry; PTR-TOF-MS) varied on a diurnal cycle, dominated by 2-methyl-3-buten-2-ol (MBO) 

http://cires.colorado.edu/jimenez-group/wiki/index.php/BEACHON-RoMBAS
http://cires.colorado.edu/jimenez-group/wiki/index.php/BEACHON-RoMBAS
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during daytime and monoterpenes (MT) during nighttime. Fry et al. (2013) and Palm et al. (2016) show 

diurnal cycles of select biogenic and anthropogenic VOCs. VOC measurements from a July–September 

2008 campaign at the same site have also been described in Kim et al. (2010). During BEACHON-

RoMBAS, the concentration of MBO+isoprene in the forest canopy ranged from about 2 ppb during 

daytime to 0.4 ppb at nighttime (details can be found in Palm et al., 2016). The ratio of isoprene to MBO 

at this pine forest site was determined using NO+ reagent ion chemical ionization mass spectrometry 

(Karl et al., 2012) and using GC-MS (Kaser et al., 2013a) to be about 21%, indicating the concentration of 

isoprene at this site was low (<0.3 ppb). MT concentrations in the canopy spanned from 0.4 ppb during 

the day to 1.1 ppb at night, on average. The Manitou Experimental Forest Observatory site is mainly 

influenced by biogenic emissions, but occasionally receives airflow from nearby urban areas (Denver 

metropolitan area and Colorado Springs, 75 and 35 km away from the site respectively), leading to 

moderate increases in NOx (up to 3 ppbv), CO (up to 140 ppbv), and anthropogenic VOCs (e.g., 

aromatics) during late afternoon and evening (Fry et al., 2013; Ortega et al., 2014). 

3.2.2 OFR methods 

The OFR used in this study was the Potential Aerosol Mass (PAM) flow reactor (Kang et al., 2007, 

2011). The PAM reactor is a cylindrical tube 45.7 cm long and 19.7 cm ID with a volume of approximately 

13 liters. This type of OFR has been used to study SOA formation and chemistry in a number of previous 

studies (e.g., Kang et al., 2007, 2011; Massoli et al., 2010; Lambe et al., 2012, 2015; Li et al., 2013; 

Ortega et al., 2013, 2016; Tkacik et al., 2014; Palm et al., 2016). During BEACHON-RoMBAS, ambient air 

was sampled through a 14 cm diameter opening on one end of the OFR (with the inlet plate removed to 

prevent loss of gases/particles on inlet surfaces) through a coarse-grid mesh screen coated with an inert 

silicon coating (Sulfinert by Silcotek, Bellefonte, PA). The OFR was located on top of the measurement 

trailer in order to sample ambient air directly without using an inlet. Therefore the temperature and RH 

inside the OFR were the same as ambient conditions, with the exception of minor heating from the UV 
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lamps mounted inside the OFR (up to ~2°C heating at the highest lamp settings; Li et al., 2015). The OFR 

was operated with a residence time in the range of 2–4 min. The residence time distribution in the OFR, 

modeled using FLUENT for the configuration used in this study (inlet plate removed), is shown in Fig. 

3.S1. The modeled residence time distribution is much more homogeneous than has been measured for 

OFRs operated with an inlet plate (Lambe et al., 2011; Ortega et al., 2016). However, local winds can 

result in some variations that are not captured by the FLUENT model. Two OFRs were used 

simultaneously, with one dedicated to NO3 oxidation while the other was used for either OH or O3 

oxidation. OH radicals were produced in situ inside the OFR using two different methods, referred to as 

OFR185 and OFR254 (named according to the wavelength of the highest energy UV light used to 

generate oxidants within the reactor). These methods have been described in detail previously and 

showed consistent results (Palm et al., 2016). All results of OH oxidation presented in this paper used 

the OFR185 method. The gas-phase HOx/Ox chemistry and possible non-OH chemistry inside the OFR 

was investigated with kinetic modeling (Li et al., 2015; Peng et al., 2015, 2016b). For the wide variety of 

compounds investigated in Peng et al. (2016b), reactions with OH dominated over other possible 

reactions, including O(1D), O(3P), O3, and photolysis at 185 nm or 254 nm, under the conditions of OH 

oxidation in the OFR during this campaign. 

NO3 radicals were generated by thermal decomposition of N2O5 (N2O5
 
 NO2 + NO3), which was 

injected into the OFR from a cold trap held in a dry ice + isopropyl alcohol bath. The cold trap was held 

near -60°C using a temperature controlled copper sleeve immersed in the -78° C bath. A 10–100 sccm 

flow of zero air eluted N2O5 from the trap. This N2O5+zero air mixture was injected through an 

approximately 14 cm diameter ring of 1/8” Teflon tubing with pinholes around the ring mounted just 

inside the OFR entrance inside the mesh screen. N2O5 concentrations were adjusted by changing this 

flow rate from the N2O5 dry ice reservoir. The concentrations of N2O5 and NO3 in both the injection flow 

and in the output of the OFR were measured using diode laser-based cavity ring-down spectroscopy 
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(CRDS; Wagner et al., 2011). The concentration of NO2 was measured in the output of the OFR using 

laser-induced fluorescence (Thornton et al., 2000). The experimental setup for the NO3-OFR system is 

illustrated in Fig. 3.S2 and discussed in Sect. 3.5.1. 

To estimate NO3 concentrations and exposure in the OFR, the relevant chemistry was modeled 

using a chemical-kinetic plug-flow model, implemented in the KinSim chemical-kinetic integrator 

(version 3.10) using Igor Pro 6 (http://www.igorexchange.com/node/1333; Wavemetrics, Lake Oswego, 

OR, USA). A key output of this model was the integrated NO3 exposure experienced by MT-containing air 

during the OFR residence time, calculated as the integral of NO3 concentration over the OFR residence 

time (in units of molecules cm-3 s), and multiplied by the fraction of MT that was estimated to have been 

mixed with the N2O5 flow at each residence time, due to lack of mixing from the small flow rate (see 

Sect. 3.5.1 for more details of the unmixed fraction estimation and parameterization). NO3 exposure was 

converted to an equivalent (eq.) atmospheric age by dividing by a typical site-specific nighttime ambient 

NO3 concentration, which has been estimated to be on the order of 1 ppt (Fry et al., 2013). This eq. age 

represents the amount of time the air would have to spend in the atmosphere with 1 ppt NO3 to 

experience the same amount of NO3 exposure as in the OFR. The unit of eq. age is a unit of exposure. 

When given in units of eq. days, it represents the number of 24 h periods that air would need to spend 

in an atmosphere containing the stated oxidant concentration in order to achieve the equivalent 

amount of exposure as in the OFR (which applies for OH and O3 eq. ages as well). More details about the 

model can be found in Sect. 3.5.1.  

The exposure metric for the NO3-OFR is specific to the site in which it is measured. Fry et al. 

(2013) estimated the average nighttime NO3 concentration at this site (approximately 1 pptv) from an 

average NO3 production rate and lifetime of approximately 0.03 pptv s-1 and 25 s, respectively. Other 

sites can have considerably different production rates for NO3 and thus very different nightime 

exposures. Remote forests, with nighttime NOx below 50 pptv, could experience NO3 production rates 
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more than 10 times slower, while forests immediately downwind of urban areas could have NO3 

production rates more than 10 times faster (e.g., outflow from Houston, TX; Brown et al., 

2013). Variability in NO3 production rates and observed NO3 levels is a common feature of recent field 

observations (Brown and Stutz, 2012). Estimated eq. NO3 ages from this study are therefore shown 

simply for a common point of comparison for all of the data during this study, interpretable in terms of 

the average chemistry occurring at the BEACHON site only. Interpretations of specific nights would need 

to consider night-to-night NO3 variability, and interpretation of measurements at other sites would also 

need to be adjusted to local NO3 concentrations. 

To investigate SOA formation from O3 oxidation, O3 was produced external to the OFR by 

flowing pure dry O2 gas across two low-pressure mercury UV lamps (BHK, Inc., model no. 82-9304-03). 

The O2 was photolyzed by 185 nm light to produce O(3P), which further reacted with O2 to produce O3. 

This O2+O3 mixture was injected at 0.5 lpm into the front of the OFR through four ports distributed 

evenly around and just inside the 14 cm opening. O3 concentrations were cycled by adjusting the UV 

lamp intensity (i.e., photon flux) in the O3 generation setup. O3 was measured in the output of the OFR 

using a 2B Technologies Model 205 Monitor. O3 exposure was calculated by multiplying the measured 

O3 concentration in the OFR output by the residence time of the OFR. Loss of injected O3 to internal OFR 

walls was not investigated, so the exposure may be slightly underestimated by this method. O3 exposure 

was converted to an eq. atmospheric age by dividing by a typical, site-specific, 24 h average, ambient O3 

concentration of 50 ppb. A schematic of the O3-OFR system is also shown in Fig. 3.S2. 

3.2.3 Particle and gas measurements 

Ambient and OFR-oxidized particles were measured with an Aerodyne High-Resolution Time-of-

Flight Aerosol Mass Spectrometer (HR-ToF-AMS, referred to here as AMS; DeCarlo et al., 2006; 

Canagaratna et al., 2007) and a TSI 3936 Scanning Mobility Particle Sizer (SMPS). Details of these 

measurements have been described previously (Palm et al., 2016). Ambient VOC concentrations were 
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quantified using a PTR-TOF-MS (Kaser et al., 2013a). The OFR output was sampled by the PTR-TOF-MS 

during selected periods only (Aug 4–6, 9–10, and 22–23 for NO3 oxidation, and Aug. 7–9 and 23–24 for 

O3 oxidation; see Palm et al. (2016) for details of sampling VOCs during OH oxidation). The particle mass 

measurements were corrected for particle losses to sampling line walls and at the small particle 

transmission limit of the AMS aerodynamic lens (combined 2% correction; details of these corrections 

are the same as in Palm et al., 2016). To account for particle losses to internal OFR surfaces, the particle 

mass was corrected by the average ratio of ambient particle mass to the particle mass measured 

through each OFR in the absence of oxidant (1% correction for the O3 OFR, and 14% for the NO3 OFR due 

to a different sampling port with a higher wall surface-area-to-volume ratio).  

A correction was also applied to account for any condensable oxidation products (referred to as 

low-volatility organic compounds; LVOCs) that were formed from gas-phase oxidation in the OFR but 

condensed on OFR or sampling line walls instead of condensing to form SOA. This is non-atmospheric 

behavior, due to the short residence time in the OFR and the relatively small aerosol condensational sink 

in this study. A correction is needed because the dominant fate of such gases in the atmosphere will be 

condensation to form SOA (lifetime of ~minutes) rather than being lost to any environmental surfaces 

via dry or wet deposition (lifetime of ~hours to a day; Farmer and Cohen, 2008; Knote et al., 2015; 

Nguyen et al., 2015). This correction, referred to as the “LVOC fate correction”, was first represented in 

a model developed in Palm et al. (2016); the full details of the model can be found there. Briefly, the 

model takes several inputs, including particle condensational sink, OFR residence time, and oxidant 

concentration. It produces the fractional fates of LVOCs with respect to condensation onto particles, 

condensation onto OFR walls, further oxidation to give non-condensable molecular fragmentation 

products, and condensation onto sampling line walls after exiting the back of the OFR. In Palm et al. 

(2016), the model was verified by quantitatively explaining SO4 aerosol formation from OH oxidation of 

ambient SO2.  
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The results of the LVOC fate model for the O3-PAM and NO3-PAM conditions in this study are 

shown in Fig. 3.S3. The SOA formation values given in the subsequent analysis are corrected for LVOC 

fate by dividing the measured SOA formation by the fraction of LVOCs predicted to have condensed to 

form SOA in the OFR (an average correction of 0.4 µg m-3 for both O3-PAM and NO3-PAM). These 

corrected values refer to the amount of SOA that would form from any ambient precursors in the 

absence of OFR walls and the limited time for condensation within the OFR. LVOCs are assumed not to 

be lost to fragmentation from excessive O3 or NO3 reactions in the gas-phase prior to condensation due 

to lack of C=C bonds (which is different from the parameterization for OH reactions used in Palm et al., 

2016). This assumption is reinforced by the fact that for the highest O3 and NO3 eq. ages achieved in this 

work, SOA formation was always observed when SOA-forming gases were present (see Sect. 3.3.2.1). If 

fragmentation reactions in the gas phase (or from heterogeneous oxidation) were important, 

observations would show a lack of SOA formation (or net loss of OA) at the highest ages when SOA-

forming gases (e.g., MT) were present. 

3.2.4 Modeling of SOA formation 

In the analysis in Sect. 3.3.2.2, the amount of SOA formed by oxidation of ambient air by O3 or 

NO3 in the OFR is compared to the amount predicted to form. This predicted amount was estimated by 

applying SOA yields to the fraction of measured ambient MT and sesquiterpenes (SQT) concentrations 

that were predicted to react. Since the ambient VOC measurements were taken above the canopy at a 

height of 25 m, the concentrations were corrected to reflect in-canopy values that were ingested into 

the OFR, a technique which has been used previously (Kim et al., 2013; Wolfe et al., 2014; Palm et al., 

2016). During this campaign, speciated MT and SQT measurements were not available. When predicting 

SOA formation in this analysis, we use previous measurements at the same site to approximate that MT 

consisted of an equal mix of α-pinene, -pinene, and 3-carene and that SQT was solely isolongifolene 

(Kim et al., 2010). Numerous chamber studies have reported SOA yields of individual MT from O3 
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oxidation (e.g., Ng et al., 2006; Pathak et al., 2007, 2008; Shilling et al., 2008; Zhao et al., 2015) and from 

NO3 oxidation (Hallquist et al., 1999; Moldanova and Ljungström, 2000; Spittler et al., 2006; Fry et al., 

2009, 2011, 2014; Boyd et al., 2015; Ng et al., 2016). SOA yields from SQT have also been reported for O3 

oxidation (Jaoui et al., 2003, 2013; Ng et al., 2006; Winterhalter et al., 2009; Chen et al., 2012; Tasoglou 

and Pandis, 2015) and NO3 oxidation (Fry et al., 2014). In this analysis, the OA concentrations measured 

after O3 or NO3 oxidation ranged from 1–3 µg m-3, with few exceptions. For simplicity with this relatively 

narrow range, the dependence of SOA yields on OA concentrations was not included. Instead, we 

applied representative SOA yields of 15% for ozonolysis of α-pinene, -pinene, and 3-carene, and 30% 

for ozonolysis of isolongifolene. For reaction with NO3, SOA yields of 4%, 33%, 38%, and 86% were used 

for α-pinene, -pinene, 3-carene, and isolongifolene (using -caryophyllene as a proxy for all SQT; Fry et 

al., 2014; Kang et al., 2016; Ng et al., 2016). The rate constants used for reaction of α-pinene, -pinene, 

3-carene, and isolongifolene with O3 and NO3 were 𝑘𝑂3
 = 8.6 × 10-17, 1.5 × 10-17, 3.6 × 10-17, and 1.1 × 

10-17 cm3 molec-1 s-1, and 𝑘𝑁𝑂3
 = 6.1 × 10-12, 2.5 × 10-12, 9.5 × 10-12, and 3.9 × 10-12 cm3 molec-1 s-1, 

respectively (Canosa-Mas et al., 1999; Atkinson and Arey, 2003; Richters et al., 2015).  

3.3 Results and discussion 

3.3.1 Modeled vs. measured NO3 and O3 exposures 

One of the features of the OFR technique is the short residence time required for conducting 

high time resolution ambient measurements. Combined with the ability to rapidly change the amount of 

oxidant injected or produced in the OFR, this allows for a wide range of oxidation levels to be studied in 

a short amount of time (and thus with limited variation of ambient conditions). In this work, the oxidant 

concentration was changed every 20–30 min, covering a range from no added oxidant to maximum 

oxidation repeatedly in 2–3 h cycles. In order to interpret the results over the wide range of oxidant 

exposure, the amount of exposure must be quantified. In Palm et al. (2016), OH exposure was estimated 

using a model-derived equation (Li et al., 2015; Peng et al., 2015) and calibrated using PTR-TOF-MS 
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measurements of VOC decay in the OFR. In this work, a simple box model was developed and compared 

with VOC decay measurements to estimate NO3 and O3 exposures in the OFR. 

The set of reactions and rate constant parameters included in the modeling of NO3 exposure are 

shown in Table 3.S1. Figure 3.1 illustrates the most important mixing ratios and reactive fluxes in the 

OFR with injected N2O5 under typical conditions. Interconversion between N2O5 and NO2 + NO3 was 

relatively rapid, which maintained the system near equilibrium at all times. Wall loss of N2O5 was 

estimated to be the main loss of the injected nitrogen-containing species (84%), while reaction of NO3 

with biogenic gases (2%), NO3 wall losses (14%), and hydrolysis of N2O5 on particle surfaces (0.2%) were 

minor loss pathways. Figure 3.2a–c compares the N2O5, NO2, and NO3 mixing ratios measured in the OFR 

output with those predicted by the model. The model is generally consistent with the measurements. 

The scatter in the measurements is thought to be due mainly to incomplete and/or variable mixing of 

the injected N2O5 flow into the sampled ambient air (see Sect. 3.5.1 for more details), with some 

contribution from measurement variability at low ambient MT concentrations. The critical output of this 

model for our application is the prediction of the fraction of MT reacted. Figure 3.2d shows that the 

model can reproduce the measured MT decay with an error (average absolute value of modeled minus 

measured fraction MT remaining) of 11%, providing confirmation that using the model output NO3 

exposure in the subsequent analysis of aerosol mass yields from the OFR is justified. A similar analysis of 

SQT decay was not possible, because ambient SQT concentrations were too small to accurately measure 

fractional decays. Also, MBO did not react substantially with NO3 in the OFR, consistent with the lifetime 

for reaction of NO3 with MBO that is approximately 3 orders of magnitude slower than for reaction with 

MT (Atkinson and Arey, 2003). This is also representative of the atmosphere, where MBO will 

overwhelmingly react with OH or O3 and not NO3 (Atkinson and Arey, 2003). 
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Fig. 3.1. Typical average mixing ratios and reactive fluxes for the major reactions in the NO3-OFR when 
injecting N2O5 to investigate SOA formation from NO3 oxidation. These reactive fluxes resulted from 
running the model with inputs of 25°C, 50% RH, 50 ppb O3, 2 ppb NO2, 1.5 ppb NO3, 50 ppb N2O5, 0.75 
ppb total MT, and a rate constant for N2O5 uptake to aerosol surfaces of 3×10-5 s-1. Reaction arrow 
widths are sized relative to their average reactive fluxes. Reactions that were included in the model 
(shown in Table 3.S1) but with smaller average rates are not shown here. 
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Fig. 3.2. Modeled vs. measured a) N2O5, b) NO2, c) NO3, and d) fraction of ambient MT reacted with NO3 
in the output of the NO3-OFR. 

Unlike NO3 exposure, the estimation of O3 exposure did not require a detailed chemical model 

since the O3 system had no reservoir species analogous to N2O5. O3 exposure was simply estimated as 

the measured O3 concentration in the OFR output multiplied by residence time. To verify this estimate, 

the measured fraction of MT that reacted in the OFR was compared in Fig. 3.3 to a model prediction 

calculated using a simple set of reactions of ozone with the three major MT species (Table 3.S2). The 

model is consistent with measurements within an error of 9%, and shows that a parameterization for 

mixing of the O3 flow into ambient air was not needed. In contrast to the slower 10–100 sccm flow of 
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N2O5, the 0.5 lpm flow of O2+O3 appears to have been large enough relative to the total OFR flowrate to 

result in sufficiently complete mixing. This result suggests that a faster flow of N2O5 could be used in 

future NO3 oxidation experiments to facilitate better mixing. 

 
Fig. 3.3. Modeled vs. measured fraction MT reacted by O3 oxidation in the O3-OFR. 

Time series examples of measured and modeled MT remaining after OFR oxidation are 

compared to ambient MT concentrations for both NO3 and O3 oxidation in Fig. 3.4. These examples 

illustrate the dynamic range from no MT reacted (i.e., when no oxidants were added to the ambient air) 

to nearly all MT reacted within the 2–3 h cycles for both oxidants. Further examples are shown for NO3 

oxidation in Fig. 3.S6 and for O3 oxidation in Fig. 3.S7.  
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Fig. 3.4. Ambient, measured remaining, and modeled remaining MT from O3 oxidation on Aug. 23–24 
(top) and NO3 oxidation on Aug. 22–23 (bottom) in the OFR. Modeled O3 and NO3 exposures are also 
shown. The amount of oxidation was cycled from no added oxidant (no MT reacted) to maximum 
oxidation (most or all MT reacted) in repeated 2–3 h cycles. 

3.3.2 SOA formed from oxidation of ambient air 

3.3.2.1 OA enhancement vs. photochemical age 

During BEACHON-RoMBAS, ambient air was oxidized by either OH, O3, or NO3 in order to study 

the amount and properties of SOA that could be formed from ambient precursors. In situ SOA formation 

from OH oxidation was the subject of a previous manuscript (Palm et al., 2016). Select results are 

reproduced here as a comparison to SOA formation from O3 and NO3 oxidation. Additional new analyses 

of the chemical composition of SOA formed from OH oxidation is also included along with O3 and NO3 

oxidation in Sects. 3.3.3–3.3.4. 
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In Palm et al. (2016), SOA formation from OH oxidation in the OFR correlated with ambient MT 

concentrations (and implicitly with any other gases that correlated with MT, such as SQT and possibly 

terpene oxidation products). Here, Fig. 3.5 shows the OA enhancement observed after O3 and NO3 

oxidation as a function of eq. age in the OFR. Similar to OH oxidation, little SOA formation was observed 

from O3 or NO3 oxidation when ambient MT concentrations were low, regardless of the amount of 

exposure. When MT concentrations were higher, increasing amounts of SOA were formed with 

increasing exposure. As seen in Fig. 3.5 (and in Fig. 3.6 below), lower eq. NO3 ages were achieved when 

MT concentrations were higher, and higher eq. NO3 ages were achieved when MT concentrations were 

lower. This was because the higher MT concentrations occurred during nighttime, when lower ambient 

temperatures shifted the equilibrium towards N2O5 and away from NO2+NO3, meaning lower NO3 

exposures were realized in the OFR. 

     

Fig. 3.5. OA enhancement from oxidation of ambient air by O3 (left) and NO3 (right) as a function of 
oxidant exposure. Data are colored by ambient in-canopy MT concentrations and include the LVOC fate 
correction. Binned averages for times when ambient MT concentrations were either below or above 3 
µg m-3 (0.66 ppb) are also shown, illustrating the positive relationship between OA enhancement and 
MT concentrations at the higher oxidant concentrations. 
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Another way to examine the trends in OA enhancement is by separating the results into daytime 

and nighttime. Due to diurnal cycles in the emission rates (that are strong functions of temperature, and 

also light for some species), vertical mixing in the boundary layer, and changing rates of ambient 

oxidation, the concentration of MT (and other SOA precursors) in ambient air showed substantial 

diurnal cycles (Kim et al., 2010; Fry et al., 2013; Kaser et al., 2013a). Ambient air was characterized by 

higher MBO+isoprene (with ambient OH and O3 chemistry) during the day and higher MT+SQT (with 

ambient O3 and NO3 chemistry) during the night (Fry et al., 2013). Due to these changes, it might be 

expected that SOA formation in the OFR would also change diurnally.  

OA enhancements vs. eq. age for OH, O3, and NO3 oxidation are shown together in Fig. 3.6, split 

between daytime (08:00-20:00 LT) and nighttime (20:00-08:00 LT). For all oxidants, more SOA formation 

was observed during nighttime. This is consistent with the general increase in MT+SQT (average of 1.1 

and 0.04 ppbv in the canopy during nighttime, and 0.4 and 0.03 ppbv during daytime, respectively) and 

related precursor concentrations in the shallower nighttime boundary layer. This higher SOA formation 

during nighttime was not a result of larger temperature-dependent partitioning to the particle phase at 

lower nighttime temperatures, as evidenced by stable values of measured OA enhancement per unit 

ambient MT (the dominant measured SOA precursor) across the whole range of ambient temperatures 

(shown in Fig. 3.S8). An exploration of the correlation between maximum SOA formation from each 

oxidant and all available ambient VOC concentrations is shown in Fig. 3.S9, illustrating that MT are the 

best tracer of SOA production at this forest site. The maximum amount of SOA formed from OH 

oxidation was approximately 4 times more than from O3 or NO3 oxidation for both daytime and 

nighttime over the eq. ages covered in this work. If the gases that formed SOA from each oxidant were 

the same, then this would require the SOA yields from OH oxidation to be more than 4 times larger than 

from O3 or NO3 oxidation. The references for SOA yields from O3 and NO3 oxidation presented herein 

and for OH oxidation presented in Palm et al. (2016) show this is likely not the case. Instead, one 
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possible explanation for this result could be that a large fraction of SOA-forming gases found in ambient 

air do not have C=C bonds (e.g., MT oxidation products such as pinonic acid). Such molecules would 

typically not react appreciably with O3 or NO3 over the range of eq. ages achieved in this work, but will 

still react with OH and may lead to SOA formation. Future O3 and NO3 oxidation studies could include 

higher eq. age ranges in order to investigate if additional SOA could be formed from ambient precursors 

at higher ages. This concept will be discussed further in Sect. 3.3.2.2. 

 

Fig. 3.6. OA enhancement vs. age in eq. d for OH, O3, and NO3 oxidation, separated into daytime (08:00–
20:00 LT) and nighttime (20:00–08:00 LT) data. All data is LVOC fate corrected. OH oxidation produced 
several-fold more OA enhancement than O3 and NO3 oxidation. OH-aged OA enhancement data is taken 
from Palm et al. (2016), and shows data only for <5 eq. d aging where the LVOC fate correction could be 
applied.  

Whereas a net loss of OA was observed at >10 eq. days of OH aging due to heterogeneous 

oxidation (shown in Fig. 7 of Palm et al., 2016), a similar net loss of OA at the highest eq. ages of O3 and 

NO3 oxidation was not observed. Since the highest eq. ages for both O3 and NO3 oxidation were 

approximately 5 days, it is unclear if O3 or NO3 heterogeneous oxidation would lead to net loss of 
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ambient OA at substantially higher ages. Future experiments could be designed to achieve higher ages in 

order to investigate this effect. 

3.3.2.2 Measured vs. predicted OA enhancement 

When ambient air is sampled into an OFR, any gases or particles present in that air are subject 

to oxidation. Measurement of the resultant SOA formation is a top-down measure of the total SOA 

formation potential of that air as a function of eq. age of oxidation. In other words, an OFR can be used 

to determine the relative concentrations of SOA-forming gases present in ambient air at any given time. 

To provide context to the measurements in the OFR, a bottom-up analysis can be carried out by applying 

laboratory SOA yields to the measured ambient SOA-forming gases that are entering the OFR.  

The measured SOA formation after oxidation by O3 and NO3 is shown vs. the SOA predicted to 

form from measured precursor gases in Fig. 3.7. The measured SOA formation includes all ages greater 

than 0.7 eq. d for O3-PAM and greater than 0.3 eq. d for NO3-PAM, where most or all of the VOCs have 

reacted. For both oxidants, the data are scattered along the 1:1 line of equal measured and predicted 

SOA formation. This is in contrast to the analysis for OH oxidation in Palm et al. (2016), where a factor of 

4.4 more SOA was formed from OH oxidation than could be explained by measured VOC precursors. As 

shown in that analysis, the additional SOA-forming gases in ambient air were likely S/IVOCs, where the 

SOA formation from S/IVOCs was 3.4 times larger than the source from VOCs. This conclusion was 

supported by unspeciated measurements of total S/IVOC concentrations (classified by volatility). SOA 

yields from S/IVOCs or any other sources are not required to explain SOA formation from O3 or NO3. This 

suggests that the majority of S/IVOCs in this ambient forest air generally did not contain C=C bonds, and 

therefore did not typically react with O3 or NO3 to produce SOA on atmospherically relevant time scales. 

This is consistent with expectations based on laboratory and ambient studies of MT and SQT oxidation 

products. Typical oxidation products include compounds such as pinic acid, pinonic acid, pinonaldehyde, 

caronaldehyde, and nopinone, none of which contain C=C double bonds (e.g., Calogirou et al., 1999b; Yu 
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et al., 1999; Lee et al., 2006). As an example, the reaction rates of pinonaldehyde with OH, O3, and NO3 

are 3.9 × 10-11, <2 × 10-20, and 2.0 × 10-14 cm3 molec-1 s-1, respectively (Atkinson et al., 2006). These 

rates correspond to eq. lifetimes of 4.7 h, >579 d, and 29 d, respectively, showing that pinonaldehyde 

will typically only react with OH in the atmosphere or in the OFR under the conditions in this study. 

  

Fig. 3.7. Measured vs. predicted SOA formation for O3 and NO3 oxidation in an OFR. The measured SOA 
formation includes the LVOC fate correction, and includes all ages greater than 0.7 eq. d for O3-PAM and 
greater than 0.3 eq. d for NO3-PAM. Predicted SOA formation was estimated by applying published 
chamber SOA yields to the mass of VOCs predicted by the model to be oxidized in the OFR (see Sect. 
3.2.3 for details). 

While the measured and predicted SOA formation shown in Fig. 3.7 are consistent with each 

other, two main caveats limit the strength of the conclusions that can be drawn from this particular 

study. First, the amount and dynamic range of SOA formed from O3 and NO3 oxidation were relatively 

small, as were the total ambient aerosol concentrations. This caused the SMPS+AMS measurement 

noise and variability to be larger relative to the total aerosol measurements than they would be for 

higher aerosol concentrations. Also, as only a small amount of new SOA was formed, the aerosol 

condensational sink remained relatively low for all measurements. According to the LVOC fate model, on 

average only 31% and 36% of LVOCs condensed to form SOA during O3 and NO3 oxidation, respectively 
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(see Fig. 3.S3). This required a correction of approximately a factor of 3 to correct measured SOA 

formation to what would occur in normal atmospheric conditions.  

3.3.3 H:C and O:C ratios of SOA formed from oxidation of ambient air 

Analysis of ambient high-resolution AMS spectra can be used to estimate the elemental 

composition of OA (Aiken et al., 2008; Canagaratna et al., 2015). When SOA is formed in the OFR, the OA 

that is sampled in the OFR output is a sum of preexisting ambient OA and any SOA produced from 

oxidation. At sufficiently high eq. ages, the sampled OA will also include the effects of heterogeneous 

oxidation. The amount of O, C, and H atoms added by oxidation can be calculated by subtracting the 

ambient elemental concentrations from those measured after aging. The amounts of each element 

added by oxidation can be used to determine the O:C and H:C elemental ratios of the SOA that is formed 

in the OFR.  

The amounts of O and H vs. C added from OH oxidation are shown in Fig. 3.8. Slopes were fit to 

the data with positive net addition of C in order to determine the O:C and H:C of the SOA formed for the 

eq. photochemical age ranges of 0.1–0.4 (avg.=0.18) d, 0.4–1.5 (avg.=0.9) d, 1.5–5 (avg.=2.7) d, and 5–15 

(avg.=10) d. The elemental O:C (H:C) ratios of the SOA mass formed in those ranges were 0.55 (1.60), 

0.84 (1.44), 1.13 (1.36), and 1.55 (1.22). For data with ages of longer than several eq. days, O was added 

coincident with loss of C (i.e., negative x-intercept), which is likely due to heterogeneous oxidation 

leading to fragmentation/evaporation of preexisiting OA. This conclusion is reinforced by the evidence 

that for eq. OH ages greater than several days, heterogeneous oxidation resulted in a net loss of C when 

ambient MT concentrations were low (Fig. 3.S10), but not for lower eq. ages. Similarly, George and 

Abbatt (2010) suggested that the lifetime of ambient OA with respect to heterogeneous OH oxidation is 

approximately two to three days. Therefore, the change in amounts of O, C, and H after several eq. days 

of oxidation will be a mix of heterogeneous change to preexisting OA and addition of new SOA. These 

effects of heterogeneous oxidation (i.e., x- and y-intercepts) are likely to be approximately the same for 
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all data within each given age range, meaning the slopes fitted above are independent of the 

heterogeneous processes and contain information about the elemental changes associated with the 

formation of varying amounts of SOA within each age range. 

  

Fig. 3.8. Scatter plots of µmol m-3 O and µmol m-3 H added per µmol m-3 C added from OH oxidation of 
ambient air in the OFR. Slopes are fit to the photochemical age ranges of 0.1–0.4 (avg.=0.18) d, 0.4–1.5 
(avg.=0.9) d, 1.5–5 (avg.=2.7) d, and 5–15 (avg.=10) d, showing that the atomic O:C(H:C) ratios of the 
SOA mass formed in those ranges were 0.55 (1.60), 0.84 (1.44), 1.13 (1.36), and 1.55 (1.22), respectively. 
At higher ages, heterogeneous oxidation led to loss of C and H and little to no loss of O. 

Analagous to Fig. 3.8, the amount of O and H vs. C added from O3 and NO3 oxidation are shown 

in Figs. 3.9–3.10. The SOA added from O3 oxidation had O:C and H:C ratios of 0.50 and 1.61. The SOA 

added from NO3 oxidation had O:C and H:C ratios of 0.39 and 1.60. This O:C value of 0.39 for NO3 

oxidation includes only the O atoms that were bound to the C backbone of the organic molecules, and 

excludes the two O atoms that are bound only to N in the –ONO2 (nitrate) functional group (Farmer et 

al., 2010). If all O atoms in the nitrate functional group are included, the O:C of this added SOA mass was 

0.44. Inclusion of only the carbon-bound oxygen of the nitrate functional group is more reflective of the 

carbon oxidation state, and is also what is typically reported for AMS O/C measurements (since the 

organic –NO2 moeity is measured in the AMS as total nitrate and typically not separated from inorganic 

nitrate).  
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Fig. 3.9. Scatter plots of µmol m-3 O and µmol m-3 H added per µmol m-3 C added from O3 oxidation of 
ambient air in the OFR. Data are colored by eq. d of O3 exposure. The slopes show that the atomic O:C 
(H:C) ratio of the SOA mass formed was 0.50 (1.61). The slopes did not change with increasing 
photochemical age. 

  

Fig. 3.10. Scatter plots of µmol m-3 O and µmol m-3 H added per µmol m-3 C added from NO3 oxidation of 
ambient air in the OFR. The amount of O added is shown without including the O from the –NO2 group, 
since those O atoms do not affect the oxidation state of C. The slopes show that the atomic O:C(H:C) 
ratio of the SOA mass formed was 0.39 (1.60). The slopes did not change with increasing NO3 exposure. 
Contrary to Figs. 3.8–3.9, data are not colored by NO3 exposure. The ranges of NO3 exposure achieved 
during daytime vs. nighttime were unequal (Figs. 3.5-3.6, 3.S12), obscuring any trend of OA 
enhancement vs. eq. age. 
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Heterogeneous oxidation was not expected to be a factor for the O3 and NO3 ages used in this 

work. This assumption was reinforced by the fact that no net loss of C was observed for these amounts 

of oxidation, even when ambient MT concentrations (and OA enhancement) were low, as shown in Figs. 

3.S11–3.S12. This assumption is also consistent with previous research on lifetimes of OA components 

with respect to O3 and NO3 heterogeneous oxidation. For instance, several aldehydes were found to 

have a relatively long lifetime equivalent to approximately 2–8 days for NO3 heterogeneous oxidation 

when calculated using 1 pptv ambient NO3 (Iannone et al., 2011). Ng et al. (2016) summarized that 

reactive uptake of NO3 into particles is slow for most molecules, with the exception of unsaturated or 

aromatic molecules, which were unlikely to be major components of the ambient OA in this remote 

forest (Chan et al., 2016). Although the lifetime of pure oleic acid (which contains a C=C bond) particles 

with respect to heterogeneous O3 oxidation can be as short as tens of minutes (Morris et al., 2002), 

lifetimes for oleic acid in atmospheric particle organic matrices can be tens of hours to days (Rogge et 

al., 1991; Ziemann, 2005). Furthermore, the uptake coefficients for O3 to react with saturated molecules 

are typically 1–2 orders of magnitude slower than for unsaturated molecules (de Gouw and Lovejoy, 

1998). In summary, this previous research suggests that heterogeneous oxidation by O3 or NO3 may be 

important at higher eq. ages, but not for those achieved in the present work.  

To put the O:C and H:C values of the SOA formed in the OFR in perspective, Van Krevelen 

diagrams of H:C vs O:C ratios for OA measured after OH, O3, and NO3 oxidation are shown compared to 

concurrent measurements of ambient OA in Fig. 3.11a–c, and summarized together in Fig. 3.11d. The 

effect of heterogeneous OH oxidation on preexisting aerosol is also shown as a line with a slope of -0.58. 

This line was fitted to the H:C vs. O:C of all OH-aged data where a net loss of C was observed (i.e., SOA 

formation was not observed and heterogeneous oxidation dominated). Generally speaking, less oxidized 

(“fresh”) OA will lie in the upper left portion of a Van Krevelen plot, with higher H:C values and lower 

O:C values. Conversely, more oxidized (“aged”) OA will move towards the lower right, with lower H:C 
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values and higher O:C values (Heald et al., 2010; Ng et al., 2011b). Shown in Fig. 3.11, the SOA formed 

from O3, NO3, and the lowest amount of OH aging (0.1–0.4 eq. days) was found at the upper left of the 

range occupied by ambient OA. As OH aging increased to higher ranges, the values of H:C decreased and 

the values of O:C increased, already moving beyond the local ambient range after 0.9 eq. days. At the 

higher ages, the H:C of the SOA formed lies at higher H:C values than those of the total OA measured 

after OH aging, which are closer to the trend of heterogeneous oxidation in the Van Krevelen space. This 

shows that SOA formed via gas-phase OH oxidation processes in an OFR has a higher H:C than the OA 

that results from heterogeneous oxidation, while both processes lead to similar increases in O:C. The net 

movement in the Van Krevelen space can be considered as starting at the ambient H:C and O:C and 

moving along two vectors: one vector along the heterogeneous oxidation line and another towards the 

H:C and O:C values of the new SOA formed in the gas phase, where the length of those two vectors are 

weighted by the amount of OA resulting from each process. When little SOA is formed, the H:C and O:C 

measured after oxidation lie along the heterogeneous oxidation line. When high amounts of SOA are 

formed, the H:C and O:C after oxidation shift to higher H:C values, lying closer to the curve defined by 

the H:C and O:C of SOA mass added in the OFR at the different age ranges (see Fig. 3.S13). While these 

two vectors describe the possible oxidation processes in the OFR, there may be other vectors (e.g., from 

condensed phase chemistry or reactive uptake) occurring in the atmosphere. As documented in Hu et al. 

(2016), SOA formation processes that require reactive uptake (such as uptake of isoprene epoxydiols to 

form IEPOX-SOA) and/or occur on time scales longer than the several minute residence time in the OFR 

are not captured with the OFR method used in this work. This is because the rate of reactive uptake 

does not scale with increased OH. Another process that would not be captured in the OFR is uptake of 

MBO oxidation products to form particulate organosulfates, which was shown to occur at the BEACHON-

RoMBAS site (Zhang et al., 2012). 
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Fig. 3.11. Van Krevelen diagrams of H:C vs. O:C ratios of OA after oxidation by a) NO3, b) O3, and c) OH 
along with concurrent ambient ratios. The H:C and O:C ratios of the new SOA mass formed in the OFR 
(i.e., the slopes from Figs. 3.8–3.10) are shown for each oxidant (diamonds), and are summarized in d) 
compared with all ambient measurements. For data where no net C addition was observed after OH 
oxidation, the slope along which heterogeneous OH oxidation transforms the ambient OA is shown 
(purple dashed line). 

The H:C of the least oxidized SOA formed in the OFR from all oxidants was near 1.6. As discussed 

in Palm et al. (2016), SOA formation from OH oxidation in the OFR correlated with MT, and the S/IVOC 

sources of SOA may have been MT oxidation products or other related biogenic gases. Biogenic terpenes 

are composed of isoprene units, meaning they all have H:C of 1.6. Therefore, the SOA formed from the 

lowest eq. ages in the OFR was consistent with oxidation processes that add roughly 4–6 O atoms 
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without removing net H atoms. Addition of –OH or –OOH functional groups after –H abstraction by OH 

radicals results in addition of O without loss of H, and are consistent with the RO2+HO2 reaction 

conditions that are expected during OH oxidation in the OFR (Kroll and Seinfeld, 2008; Ortega et al., 

2016). OH can also add to a C=C bond, which could lead to addition of H atoms after oxidation. O3 and 

NO3 are expected to react with MT almost exclusively by addition to a C=C bond, which leads to addition 

of O without initial removal of H atoms (Atkinson and Arey, 2003). However, previous research has 

shown that many precursor gases, including aromatic molecules with initial H:C close to 1, can form SOA 

with H:C close to 1.6 (Chen et al., 2011; Chhabra et al., 2011; Canagaratna et al., 2015; Hildebrandt Ruiz 

et al., 2015). Therefore, H:C alone cannot provide direct evidence about the specific identities of 

precursor gases in ambient air. The SOA from O3, NO3, and 0.1–0.4 eq. days OH aging had H:C values 

similar to typical semi-volatile oxidized organic aerosol (SV-OOA), while the H:C of SOA from 0.4–1.5 eq. 

days or longer OH aging resembled low volatility oxidized organic aerosol (LV-OOA); these two types of 

SOA have been identified in ambient air at many locations (Jimenez et al., 2009; Canagaratna et al., 

2015).  

The relative time scales of oxidation and condensation in the OFR also need to be considered in 

order to properly interpret the H:C and O:C of the SOA mass formed in the OFR. In the atmosphere, once 

a molecule is oxidized to an LVOC that is able to condense onto a particle, lifetimes for condensation 

onto aerosols are on the order of several minutes (Farmer and Cohen, 2008; Knote et al., 2015; Nguyen 

et al., 2015). This is typically much shorter than the lifetimes for subsequent reaction with OH, O3, or 

NO3 of tens of minutes to several hours or longer, so condensation will likely occur prior to further 

oxidation. In OFR oxidation experiments, the lifetime for subsequent oxidation of LVOCs is shortened 

proportional to the increase in oxidant concentration. However, the condensation lifetime does not 

scale with oxidant concentration, and remains roughly constant. At sufficiently high oxidant 

concentrations, LVOCs can be subjected to further oxidation steps that they would not be subjected to 
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in the atmosphere prior to having a chance to condense to form SOA. To compare SOA formation in the 

OFR vs. ambient air, these relative time scales are considered here as a function of both oxidant type 

and amount of oxidant exposure.  

The lowest range of OH aging for which O:C and H:C values were measured was 0.1–0.4 (avg. 

0.18) eq. d, which is 2.4–9.6 (avg. 4.3) eq. h of oxidation. Typical terpenes have lifetimes for reaction 

with OH on the order of tens of minutes to several hours in the atmosphere (Atkinson and Arey, 2003), 

which is similar to this lowest eq. age range in the OFR. Typical terpene oxidation products have 

lifetimes ranging from 3.9 h (caronaldehyde; Alvarado et al., 1998) to 4.7 h (pinonaldehyde; Atkinson et 

al., 2006) to 11–13 h (nopinone; Atkinson and Aschmann, 1993; Calogirou et al., 1999a) to a 

computationally estimated 18–21 h (pinic and pinonic acid; Vereecken and Peeters, 2002). As a rough 

approximation, this suggests that the SOA formed in the OFR is likely a result of approximately one or at 

most a few oxidation steps occurring to the molecules that enter the OFR (which may have already 

experienced one or more oxidation steps in the atmosphere prior to entering the OFR). The aging in this 

range strikes a balance between achieving enough oxidation to react all incoming precursors at least 

once while not reacting them an unrealistic number of times in the gas phase before allowing sufficient 

time for condensation. In the next age range of 0.4–1.5 (avg. 0.9) eq. d of OH aging, in which the 

maximum OA enhancement occurred, some primary precursors are likely starting to be oxidized 

multiple times inside the OFR prior to condensation, while some oxidation products will still be oxidized 

only ~1–2 times. The SOA formed in this range may represent SOA formed from multiple generations of 

chemistry. At higher ages in the OFR, the aerosol is likely mainly modified by heterogeneous oxidation, 

with a small contribution from condensation of highly oxidized products. This OA at the highest ages 

resembles ambient OA found in remote locations (Jimenez et al., 2009; Chen et al., 2015b). Indeed, OFRs 

have previously been used to study heterogeneous oxidation processes (George et al., 2008; Smith et 

al., 2009). 



102 
 

For O3 and NO3 oxidation, the oxidants will react only with C=C double-bond-containing gases. 

The major MT and SQT species at this field site all contain only a single C=C bond (isoprene and minor 

MT and SQT species contain two). Subsequent reaction lifetimes of oxidation products with these 

oxidants will likely be longer than the lifetime for condensation onto particles. For example, the lifetimes 

for pinonaldehyde with respect to O3 and NO3 oxidation are >579 d, and 29 d, respectively (Atkinson et 

al., 2006). Therefore, we can approximate that multiple generations of oxidation are not dominant for 

SOA formation when investigating O3 or NO3 oxidation in the OFR at this site. This is consistent with 

previous chamber SOA formation experiments that suggested that first-generation oxidation products 

dominate SOA formation from O3 oxidation of a variety of biogenic compounds with a single C=C bond, 

rather than products of later generations of oxidation (Ng et al., 2006). The SOA formed via O3 or NO3 

oxidation in the OFR is likely formed from reaction with primary VOCs and a small subset of their 

reaction products that still contain C=C bonds, such as the α-pinene oxidation product campholenic 

aldehyde (Kahnt et al., 2014). This SOA should be representative of typical atmospheric SOA formation 

processes. 

3.3.4 Particulate organic nitrate (pRONO2) formation from NO3 oxidation of ambient air 

In addition to estimating the elemental composition of OA, the AMS can also be used to 

estimate the amount of inorganic vs. organic nitrate in submicron aerosols (Farmer et al., 2010; Fry et 

al., 2013). The ratio of NO2
+ to NO+ fragment ions produced by thermal decomposition on the AMS 

vaporizer and electron impact ionization depends on the type of nitrate. NH4NO3 typically produces a 

ratio of approximately 0.3-1, while particulate organic nitrate (pRONO2), in which the –ONO2 functional 

group is covalently bonded to the carbon backbone (R) through an oxygen atom, typically produces a 

ratio ~2-3 times lower (Fry et al., 2009; Bruns et al., 2010; Farmer et al., 2010; Liu et al., 2012; Day et al., 

2017). The measured NO2
+ to NO+ ratio is a linear combination of these two chemical components. Using 

this principle, the NO3 measured by the AMS was split into the estimated fractions of NH4NO3 and 
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pRONO2 according to the method described in Fry et al. (2013). For the instrument in this work, ratios of 

0.3 and 0.13 were used for the NO2
+ to NO+ ratios of NH4NO3 and pRONO2, respectively (Fry et al., 2013).  

A two-night example of both ambient and NO3-radical aged aerosol on Aug. 20–22 is shown in 

Fig. 3.12. In ambient air, the majority of NO3 aerosol was organic. After oxidation in the OFR, different 

behavior was seen on the two nights shown. On the first night, mainly inorganic nitrate was produced, 

as evidenced by the higher NO2
+ to NO+ ratio, the formation of NH4 aerosol, and the relatively small 

amount of SOA formed. On the second night, pRONO2 was produced, as evidenced by the lower 

NO2
+/NO+ ratio, a lack of NH4 aerosol formation, and substantial SOA formation. The organic nitrate 

formation and SOA formation also roughly tracked the ambient MT concentrations. 

These two distinct behaviors in the NO3-OFR were likely controlled by ambient RH. There was a 

competition between thermal dissociation of injected N2O5 to produce NO3+NO2 (favored at high 

temperatures and low RH) and the hydrolysis of N2O5 on wetted OFR walls to produce HNO3 (favored at 

low temperatures and high RH). When hydrolysis occurred rapidly, then there was a sharp decrease in 

N2O5 concentrations. The NO3 radical concentrations were also greatly reduced, and thus fewer NO3 

radicals were available to react with ambient gases (e.g., MT) to produce pRONO2. HNO3 reacted with 

NH3 in ambient air or evaporating from OFR surfaces to produce NH4NO3. The results shown in Fig. 3.12 

illustrate this behavior, with NO3 radical exposure being reduced while NH4NO3 was produced during the 

first night. Despite the presence of similar MT concentrations on both nights, little SOA was produced on 

the first night. Future applications could include heating of the OFR slightly above ambient temperatures 

in order to prevent hydrolysis of N2O5 on the OFR walls. Inhibiting NH4NO3 formation artifacts would be 

especially critical for data interpretation if measuring aerosol enhancements with only non-chemical 

instruments such as an SMPS. 
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Fig. 3.12. Example time series of OA, NH4, and NO3 (split into pRONO2 and NH4NO3) aerosol 
measurements after NO3 oxidation in the OFR, compared to ambient aerosol, NO2

+ to NO+ ratio, model-
derived eq. age of NO3 oxidation, MT concentration, and RH measurements. Production of both NH4NO3 
and pRONO2 was observed at different times, which appears to depend on changes in experimental 
conditions. 

Despite this complex chemistry, information about the chemical composition of pRONO2 formed 

from real atmospheric precursors can still be derived from times when conditions favored pRONO2 

formation. Shown in Fig. 3.13 is the mass of organic –ONO2 added vs. SOA added from oxidation by each 
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of the three oxidants. Substantial formation of pRONO2 was observed only for NO3 radical oxidation, and 

not for O3 or OH oxidation. This was expected, since ambient NOx concentrations were generally low 

(0.5–4 ppb; Ortega et al., 2014), and the NO3 oxidation experiment was the only one with an added 

source of reactive nitrogen. The slopes of Fig. 3.13 represent the ratio of –ONO2 to the rest of the 

organic molecules in pRONO2. In this study, the slope after NO3 radical oxidation was 0.10, which is 

similar to the range of 0.1–0.18 found in previous chamber studies of NO3 oxidation of terpenes (Fry et 

al., 2009, 2011; Boyd et al., 2015). To put this in context, if every SOA molecule formed in the OFR 

contained a single –ONO2 group (with its mass of 62 g mol-1), then the molecular mass of the full 

pRONO2 molecules would be an average of 620 g mol-1 (giving the slope of 62 g mol-1 / 620 g mol-1 = 0.10 

in Fig. 3.13). Alternatively, if all molecules are assumed to have a mass of 200 or 300 g mol-1, then 32% 

or 48% of the molecules, respectively, would contain a –ONO2 functional group (assuming no molecules 

contain more than one –ONO2 group). Again, this result is roughly consistent with previous research. For 

the fraction of OA composed of pRONO2 in NO3+-pinene SOA, Fry et al. (2009) estimated 32–41% 

(assuming an average molecular weight of 215–231 g mol-1), Fry et al. (2014) estimated 56% (assuming 

214 g mol-1), and Boyd et al. (2015) estimated 45–68% (assuming 200-300 g mol-1). 
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Fig. 3.13. Organic –ONO2 mass added vs. OA added from OH, O3, and NO3 oxidation in an OFR. No 
pRONO2 formation was observed (or expected) from OH or O3 oxidation under the experimental 
conditions. The slope of 0.10 from NO3 oxidation is consistent with previous chamber measurements 
(shown in grey), which range from approximately 0.1–0.18 (Fry et al., 2009, 2011; Boyd et al., 2015).  

3.4 Conclusions 

In situ SOA formation from ambient pine forest air after oxidation by OH, O3, or NO3 radicals was 

measured using an OFR for the first time. SOA formation from these real ambient mixes of aerosol and 

SOA precursors was measured semi-continuously, capturing diurnal and daily changes in the relative 

ambient concentrations of SOA precursor gases. In general, more SOA was formed from the precursors 

present in nighttime air than in daytime air for all three oxidants. At all times of day, OH oxidation 

produced approximately 4 times more SOA than O3 or NO3 oxidation. The O:C and H:C ratios of the SOA 
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formed by O3, NO3, and several eq. hours of OH oxidation was similar to the oxidation levels of ambient 

OA.  

The OFR is a tool that can be used to measure the total SOA formation potential of ambient air 

at any given time, and how that potential changes with time, whether or not the SOA precursor gases 

are measured and/or speciated. As discussed in Palm et al. (2016), ambient VOC concentrations alone 

could not explain the amount of SOA formed in the OFR by OH oxidation. Instead, SOA was likely being 

formed from S/IVOCs that entered the OFR. In contrast, the quantity of measured VOCs was sufficient to 

explain the amount of SOA formed from O3 and NO3 oxidation; closure between measured and 

predicted SOA formation in an OFR was achieved. In other words, O3 and NO3 oxidation of the ambient 

S/IVOCs do not appear to produce appreciable amounts of SOA. This suggests that the ambient S/IVOCs 

tend not to have double bonds.  

While this work does not investigate the source of the S/IVOCs, one possibility is that they are 

oxidation products of primary VOCs (e.g., MT or SQT). The primary VOCs could be emitted upwind of the 

site, and by the time the molecule enters the OFR, the double bond(s) will have reacted, leaving an 

oxidation product that reacts further with OH but not O3 or NO3. If the lifetime for further reaction of 

these oxidation products is slower than the lifetime for the double-bond-containing primary emissions, 

then the oxidation products will build up in the atmosphere. Under this hypothesis, such S/IVOC 

compounds are not new or unexpected sources of SOA. In most regional and global models, they would 

already be implicitly accounted for, by tracking the emissions of the primary VOCs which have 

corresponding overall SOA yields. In this work, we consider only the primary VOCs that are measured to 

be entering the OFR, not the integrated sum of upwind emissions that were emitted into the air that 

eventually entering the OFR after some degree of ambient photochemical processing. SOA formation in 

the OFR takes a snapshot of the atmosphere, which consists of a mix of primary emissions and their 

oxidation products at various stages of oxidative progress. For this study, those snapshots demonstrate 
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that for OH oxidation, only approximately a quarter of the SOA-forming gases are in the form of primary 

VOC, while for O3 and NO3 oxidation almost all are in the form of primary VOC. It also suggests that for 

these precursor mixtures, multi-generational chemistry plays a major role in the overall amount of SOA 

formed from OH oxidation (and much less so for O3 and NO3). 

If these SOA-forming S/IVOCs do not react with ambient O3 or NO3, they will build up in the 

atmosphere during the night when OH is absent. When the sun rises and OH is produced, a sudden burst 

of SOA formation might be expected. However, this coincides with dilution of gases and particles due to 

convective vertical mixing, potentially offsetting such new SOA formation and making it difficult to 

observe it without detailed chemical and boundary layer dynamics measurements and/or modeling. 

These OFR measurements and analysis elucidate the presence and properties of S/IVOCs in the 

atmosphere, and highlight the need for more measurements and modeling of such gases in order to 

better understand ambient SOA formation. This work also demonstrates the utility of the OFR as a tool 

for studying SOA formation from all three major atmospheric oxidants. 

3.5 Supplementary information 

3.5.1 NO3 oxidant modeling 

To estimate NO3 exposure in the OFR when injecting N2O5, the KinSim chemical-kinetic 

integrator (version 3.10) was used.  Table 3.S1 contains the reactions and rate constant parameters 

implemented in the model. The model was run with a residence time calculated from the total 

measured flow in the OFR (between 150 and 240 s). The model was run using this research site’s 

ambient pressure of 770 mbar, and was initialized with measurements of ambient temperature, RH, O3 

concentrations, monoterpene (MT) concentrations, a constant 0.15 ppb NO, and injected NO2, NO3, and 

N2O5 concentrations for each data point. The N2O5 wall loss rate constant kwall, shown in Fig. 3.S4a, was 

empirically determined to have a base value of 0.014 s-1 (lifetime of 71 s) using the measured N2O5 

difference between the injection flow and OFR output concentrations while injecting N2O5 into dry zero 
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air in the reactor. Using measurements when injecting into ambient air, an empirical increase in this wall 

loss rate was required when RH was greater than 80% in order to reproduce the concentrations of N2O5 

injected and remaining in the OFR output (see Fig. 3.2a). Figure 3.S4b shows the modeled vs. measured 

N2O5 remaining, illustrating the need for the increasing wall loss rate at high RH. The base wall loss rate 

of 0.014 s-1 is several times faster than the wall loss rate of 0.0025 s-1 estimated in Palm et al. (2016) for 

condensable organic gases (LVOCs) produced by oxidation in the OFR. This empirical result may be a 

consequence of the N2O5 flow being injected through a Teflon ring that was mounted close to the OFR 

wall, increasing the effective surface-area-to-volume ratio experienced by the injected N2O5. Injection 

near the wall may also have been the cause for the relatively large increase in wall loss rate at high RH. 

The N2O5 wall loss rate also implicitly includes any losses on the sampling line walls after the OFR, which 

also had higher surface-area-to-volume ratios that would likely lead to larger apparent loss rates. The 

NO3 wall loss rate was assumed to be equal to the N2O5 wall loss rate (and has little effect on the key 

model outputs). The rate constant for reactive uptake of N2O5 onto particulate water surfaces, kaer, is 

shown as a function of RH in Fig. 3.S5. It was calculated using the measured ambient aerosol 

condensational sink using the same method described for condensation of LVOCs onto aerosols in Palm 

et al (2016), except using an organic-mass-fraction-corrected uptake efficiency γ(N2O5) from Gaston et 

al. (2014). This heterogeneous uptake was typically several orders of magnitude slower than the wall 

loss rate, and was therefore a minor loss pathway for N2O5. 
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Table 3.S1. List of reactions and parameters used in modeling of the oxidant chemistry in the OFR when performing NO3 oxidation. The rate 

constants are calculated using the modified Arrhenius equation 𝑘 = 𝐴 ∙ (
𝑇(𝐾)

300
)−𝑛 ∙ 𝑒

−
𝐸

𝑅𝑇(𝐾) with pressure dependence as described in Sect. 2 of 

JPL (Sander et al., 2011). Parameter values are from JPL, with exceptions noted.  

Reactant 1 Reactant 2 Product 1 Product 2 Product 3 A∞ E∞/R n∞ A0 E0/R n0 

NO O3 NO2 O2  3e-12 1500 0 0 0 0 
NO2 O3 NO3 O2  1.2e-13 2450 0 0 0 0 
N2O5  NO2 NO3  9.7e+141 11080 -0.1 0.0013 11000 3.5 
N2O5  Wall loss   kwall

2 0 0 0 0 0 
NO3  Wall loss   kwall

2
 0 0 0 0 0 

NO3 α-pinene RO2   1.2e-121 -490 0 0 0 0 
NO3 3-carene RO2   9.1e-121 0 0 0 0 0 
NO3 β-pinene RO2   2.5e-121 0 0 0 0 0 
N2O5 H2O(g) HNO3 HNO3  1e-22 0 0 0 0 0 
N2O5 H2O(aerosol) HNO3 HNO3  kaer

 2 0 0 0 0 0 
NO NO3 NO2 NO2  1.8e-11 -110 0 0 0 0 
NO2 NO3 NO NO2 O2 4.5e-14 1260 0 0 0 0 
NO3 NO3 NO2 NO2 O2 8.5e-13 2450 0 0 0 0 
NO2 NO3 N2O5   1.9e-121 0 -0.2 3.6e-30 0 4.1 
NO3 RO2 RO   1.5e-12 0 0 0 0 0 
MT mixing source α-pinene 3-carene β-pinene 0.012 0 0 0 0 0 

1Parameter values taken from IUPAC (Atkinson et al., 2004, 2006) 
2See Sect. 3.5.1 for parameter details 
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Table 3.S2. List of reactions and parameters used in modeling of the oxidant chemistry in the OFR when 
performing O3 oxidation. The rate constants are calculated using the modified Arrhenius equation 𝑘 =

𝐴 ∙ (
𝑇(𝐾)

300
)−𝑛 ∙ 𝑒

−
𝐸

𝑇(𝐾). Parameter values are from IUPAC (Atkinson et al., 2006). 

Reactant 1 Reactant 2 Product 1 A E n 

O3 α-pinene Products 8.05 × 10-16 640 0 
O3 β-pinene Products 1.35 × 10-15 1270 0 
O3 3-carene Products 4.8 × 10-17 0 0 

 

 

Fig. 3.S1. Normalized residence time distributions in the OFR as a function of normalized residence time 
(1 = avg. residence time of each distribution). The FLUENT model was used to calculate the residence 
time for the OFR configuration without the inlet plate used during BEACHON-RoMBAS. This distribution 
is compared to the bis(2-ethylhexyl) sebacate (BES) particle residence time distribution measured with 
the inlet plate on in Lambe et al. (2011a) and to the ideal plug flow distribution (where all particles have 
equal residence time calculated as the OFR volume divided by the total flow rate through the OFR). The 
residence time distribution without the inlet plate is much narrower than with the plate and is close to 
plug flow, though local winds will create a broader distribution than the model shows. 
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Fig. 3.S2. Schematic of experimental setup of NO3-OFR and O3-OFR experiments. 
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Fig. 3.S3. Modeled fractional fates of condensable low-volatility organic compounds (LVOCs) produced 
in the OFR, as a function of eq. age for O3 oxidation (top) and NO3 oxidation (bottom). For O3 oxidation, 
on average 31% of LVOCs condensed onto particles, 34% condensed on OFR walls, and 35% exited the 
OFR to condense on sampling line walls. For NO3 oxidation, on average 36% of LVOCs condensed onto 
particles, 34% condensed on OFR walls, and 30% exited the OFR to condense on sampling line walls.   
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Fig. 3.S4. a) The wall loss rate constant of N2O5 and NO3 vs. %RH, determined empirically in order to 
achieve agreement between modeled and measured N2O5 concentrations (Fig. 3.2a). b) Modeled vs. 
measured N2O5 remaining (analogous to Fig. 3.2a), shown if the N2O5 and NO3 wall loss rate was 
assumed to be a constant 0.014 s-1 at all %RH. 

 

Fig. 3.S5. Calculated rate constant for reactive uptake of N2O5 onto particles, as a function of RH. The 
rate constant was calculated using the same method for condensation of gases onto aerosols described 
in Palm et al (2016), using the measured ambient aerosol condensational sink and using an organic-
mass-fraction-corrected uptake efficiency γ(N2O5) from Gaston et al. (2014).   
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Time constraints prevented the full characterization of the flow characteristics of the 

experimental setup during the field measurements. Instead, PTR-TOF-MS measurements of the decay of 

ambient MT in the OFR were used to parameterize the mixing process. With relatively robust constraints 

provided by measurements of N2O5, NO2, and NO3, the model results make it clear that a well-mixed 

OFR would contain more than enough NO3 to react virtually all ambient biogenic gases, if gases were 

immediately well-mixed. However, the PTR-TOF-MS measurements verified that substantial amounts of 

MT often remained in the OFR output. Incomplete mixing of the injected N2O5 was the most likely 

explanation for this observation. A parameterization for the time constant needed for mixing of the 

injected N2O5 flow with ambient air at the entrance of the OFR was added to the model to provide an 

effective empirical mixing time scale of 100 s. This parameterization for mixing has the same effect as 

the high wall loss rates of N2O5, which is to decrease the concentrations of oxidant experienced by MT 

inside the reactor. The true time scale of mixing and wall loss rate may be somewhat different, but the 

model results presented herein suggest the values used in this work capture the net behavior 

satisfactorily. The time series of measured and modeled MT decay are shown in Fig. 3.S6–3.S7, which 

are in addition to the example given in Fig. 3.4. 
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Fig. 3.S6. Ambient, measured remaining, and modeled remaining MT from NO3 oxidation in the OFR on 

Aug. 4–6 and Aug. 9–10, along with modeled NO3 exposure (d). For these examples, the amount of 

injected N2O5 was held roughly constant (with a higher constant value injected on Aug. 9–10). 
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Fig. 3.S7. Ambient, measured remaining, and modeled remaining MT from O3 oxidation in the OFR on 
Aug. 7–8 and Aug. 8–9, along with modeled O3 exposure (d). The amount of oxidation was cycled from 
no added oxidant (no MT reacted) to maximum oxidation (most or all MT reacted) in repeated 2–3 h 
cycles. Note that the ambient MT were sampled through a separate inlet within the canopy, several 
meters from the OFR. Short periods of higher MT concentrations measured through the OFR (at low O3 
exposures) may be due to brief spatial heterogeneity in ambient MT concentrations within the canopy. 
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Fig. 3.S8. OA enhancement per ppbv ambient MT for OH, O3 and NO3 oxidation in the OFR as a function 
of ambient temperature. Enhancement is defined as the difference between the concentrations 
measured after oxidation and in ambient air, where positive enhancements signify formation in the OFR. 
Data are colored by ambient in-canopy MT concentrations, and include the LVOC fate correction. 
Quantile averages of OA enhancement per ppbv MT are shown for each oxidant, with error bars 
corresponding to the standard error of the mean of each quantile.  
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Fig. 3.S9. Pearson’s r for the correlation between maximum SOA formation for each oxidant and the 

available ambient VOC concentrations. Maximum SOA formation is defined as the ranges of 0.4–1.5 eq. 

d for OH-PAM, 0.7–5 eq. d for O3-PAM, 0.3–4 eq. d for NO3-PAM. Reaction rate constants are taken from 

Atkinson and Arey (2003) and the IUPAC database (Atkinson et al., 2006). The orange colored 

background denotes rate constants that are fast enough so that ≥20% of the VOC can react to form SOA 

under the conditions of maximum SOA formation in the OFR for each oxidant. In contrast, the grey 

background shows rate constants where the molecules do not react in the OFR and cannot contribute to 

SOA formation, but could be useful as tracers. 
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Fig. 3.S10. Elemental C, H, and O enhancements due to OH aging in the OFR, as a function of eq. OH age 

and exposure. Enhancement is defined as the difference between the concentrations measured after 

oxidation and in ambient air, where positive enhancements signify formation in the OFR. Data are 

colored by ambient in-canopy MT concentrations, and do not include the LVOC fate correction. 
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Fig. 3.S11. Elemental C, H, and O enhancements due to O3 aging in the OFR, as a function of eq. O3 age 

and exposure. Enhancement is defined as the difference between the concentrations measured after 

oxidation and in ambient air, where positive enhancements signify formation in the OFR. Data are 

colored by ambient in-canopy MT concentrations, and do not include the LVOC fate correction.  
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Fig. 3.S12. Elemental C, H, and O enhancements due to NO3 aging in the OFR, as a function of eq. NO3 

age and exposure. Enhancement is defined as the difference between the concentrations measured 

after oxidation and in ambient air, where positive enhancements signify formation in the OFR. Data are 

colored by ambient in-canopy MT concentrations, and do not include the LVOC fate correction.  
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Fig. 3.S13. Van Krevelen diagrams of H:C vs. O:C ratios of OA after OH oxidation of ambient air in an 

OFR, along with values for ambient OA. OH aged data are colored by the amount of OA enhancement 

observed after oxidation. The H:C and O:C ratios of the new SOA mass formed in the OFR (i.e., the slopes 

from Fig. 3.8) are shown (diamonds; see Fig. 3.11). For data where no net C addition was observed after 

OH oxidation, the slope along which heterogeneous OH oxidation transforms the ambient OA is shown 

(purple dashed line). Panel a) shows only data in the eq. range of 0.1–0.4 (avg.=0.18) d, while panel b) 

shows all data. 
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CHAPTER 4 

Secondary organic aerosol formation from ambient air in an oxidation flow reactor 

during GoAmazon2014/5 

Adapted from B.B. Palm, S.S. de Sá, D.A. Day, P. Campuzano-Jost, W.W. Hu, R. Seco, S.J. Sjostedt, J.-H. 

Park, A.B. Guenther, S. Kim, J. Brito, F. Wurm, P. Artaxo, L.D. Yee, G. Isaacman-VanWertz, A.H. Goldstein, 

Y. Liu, S.R. Springston, R. Souza, M.K. Newburn, M.L. Alexander, S.T. Martin, and J.L. Jimenez. Atmos. 

Chem. Phys., in preparation, 2017. 

Abstract 

Secondary organic aerosol (SOA) formation from ambient air was studied using an oxidation 

flow reactor (OFR) during both the wet and dry seasons at the Observations and Modeling of the Green 

Ocean Amazon (GoAmazon2014/5) field campaign. Measurements were made at two sites downwind of 

the city of Manaus, Brazil. Ambient air was oxidized in the OFR using variable concentrations of either 

OH or O3, over ranges from hours to days (O3) or to weeks (OH) of equivalent atmospheric aging. The 

amount of SOA formed in the OFR ranged from 0 to greater than 10 µg m-3, depending on the amount of 

SOA precursor gases in ambient air. Typically, more SOA was formed during nighttime than daytime, and 

more from OH than from O3 oxidation. SOA yields of individual organic precursors under OFR conditions 

were measured by standard addition into ambient air, and confirmed to be consistent with published 

environmental chamber-derived SOA yields. The measured SOA formation was compared to the amount 

predicted from the concentrations of measured ambient SOA precursors and their SOA yields. While 

measured ambient precursors were sufficient to explain the amount of SOA formed from O3, they could 

only explain 10–50% of the SOA formed from OH. Previous OFR studies have shown that typically 

unmeasured semivolatile and intermediate volatility gases are present in ambient air and can explain 

such additional SOA formation. To investigate the sources of the unmeasured SOA-forming gases during 

this campaign, multilinear regression analysis was performed between measured SOA formation and 
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gas-phase tracers representing different precursor sources. The observed potential for SOA formation 

was attributed 65% (61%), 33% (17%), and 6% (17%) to biogenic, anthropogenic, and biomass burning 

emissions during the wet (dry) season. The majority of SOA-forming gases present during both seasons 

were biogenic, while biomass burning sources were more important during the dry season.  

4.1 Introduction 

Atmospheric submicron aerosols have impacts on radiative climate forcing, air quality, and 

human health (Pope and Dockery, 2006; IPCC, 2013). Organic aerosol (OA), in particular secondary OA 

(SOA) formed through various gas-to-particle processes, comprises the majority of ambient submicron 

particulate mass (Zhang et al., 2007; Jimenez et al., 2009). SOA can be produced from gases emitted 

from biogenic, anthropogenic, and biomass burning sources, upon oxidation by OH, O3, and NO3 

(Ziemann and Atkinson, 2012). In order to mitigate aerosol impacts, the sources, formation, properties, 

and loss processes of SOA need to be understood. Modeling of OA remains extremely uncertain due to 

uncertainties in these underlying processes (Tsigaridis et al., 2014). 

These uncertainties are due in part to limitations in our ability to speciate and quantify the 

majority of organic compounds in the atmosphere (Goldstein and Galbally, 2007). These organic 

compounds range over greater than ten orders of magnitude in volatility, a property which is vital in 

determining a compound’s phase state, lifetime, and fate in the atmosphere (e.g., Donahue et al., 2013). 

The most volatile organics are called volatile organic compounds (VOCs). VOCs reside in the gas-phase 

until they deposit or are chemically transformed, and they are relatively easier to speciate and quantify. 

The lowest volatility compounds are found almost entirely in the particle phase (i.e. as OA), and under 

most conditions they can also be quantified (online, e.g., using AMS or SMPS) and at least partially 

speciate (offline, e.g., GC-MS, CIMS, electrospray mass spectrometry). The compounds with volatilities 

between VOCs and OA include semi- and intermediate volatility organic compounds (SVOCs and IVOCs, 

or S/IVOCs; Robinson et al., 2007). There have been recent attempts to quantify bulk S/IVOCs (Cross et 
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al., 2013; Hunter et al., 2016), to speciate subsets of S/IVOCs (e.g., Zhao et al., 2014; Chan et al., 2016), 

and to model SOA formation from such gases (Robinson et al., 2007; Dzepina et al., 2009; Hodzic et al., 

2010; Jathar et al., 2011; Miracolo et al., 2011; Woody et al., 2015). However, much remains to be 

learned about these compounds in order to adequately understand SOA formation. 

SOA parameterizations in atmospheric models have been developed by measuring SOA yields 

after the oxidation of VOC precursors in large environmental chambers. However, the interpretation and 

quantification of chamber experiments can be impaired as the result of substantial losses of S/IVOC 

gases (Matsunaga and Ziemann, 2010; Zhang et al., 2014; Krechmer et al., 2015; La et al., 2016; Nah et 

al., 2016) and particles (Crump and Seinfeld, 1981; McMurry and Rader, 1985; Pierce et al., 2008) to the 

chamber walls.  

Due to the frequently poor performance of SOA models for field studies (Tsigaridis et al., 2014), 

it is of high interest to study SOA formation from ambient air. Portable large Teflon chambers have been 

built, but to our knowledge they have mainly been used to age exhaust from various emission sources 

(Presto et al., 2011; Platt et al., 2013). It is difficult to use large chambers to age ambient air, due to their 

size and complexity, as well as the low time resolution of the results (~1 experiment per day). To our 

knowledge only a few studies have studied ozone formation from ambient air using such chambers 

(Tanaka et al., 2003), and only one study has used a large chamber to process ambient air for aerosol 

aging research (Peng et al., 2016a), with no published studies on SOA formation from ambient air with 

that technique.   

Recently, an alternative method of studying SOA formation, namely oxidation flow reactors 

(OFRs), has been developed. OFRs are relatively small (on the order of 10 L volume) vessels that employ 

high oxidant concentrations (OH, O3, or NO3) with a short residence time of several minutes (Kang et al., 

2007; Lambe et al., 2011a). This allows anywhere between hours and months of equivalent atmospheric 

oxidation to be achieved in an experimental setup that is small and portable, allowing ambient air to be 
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directly sampled and oxidized in the OFR in near real-time, allowing rapid tracking of changes in ambient 

SOA precursor gases. Oxidation of ambient forest air (Palm et al., 2016) and urban air (Ortega et al., 

2016) has shown that ambient S/IVOCs are likely important precursors for ambient SOA formation from 

OH oxidation, and not for O3 oxidation (Palm et al., 2017).  

In this work, we use an OFR to investigate SOA formation from the oxidation of ambient air at a 

tropical rainforest site with varying degrees of urban/anthropogenic and biomass burning influence 

during the GoAmazon2014/5 field campaign. Ambient air was oxidized by either OH or O3, and the 

subsequent SOA formation was used to investigate the types, amounts, and diurnal/seasonal changes in 

the amounts of ambient SOA precursor gases. SOA yields in the OFR under standard OFR experimental 

conditions were investigated by injecting and oxidizing known amounts of individual precursor gases in 

ambient air in the OFR. These results are discussed in the context of improving our understanding of 

atmospheric SOA formation and sources. 

4.2 Experimental methods 

4.2.1 GoAmazon2014/5 field campaign 

The Observations and Modeling of the Green Ocean Amazon (GoAmazon2014/5) field campaign 

took place near the city of Manaus in the state of Amazonas, Brazil, during 2014 and 2015 (Martin et al., 

2016a, 2016b). The majority of the measurements presented in this work were conducted at the “T3” 

supersite, located approximately 70 km west (downwind) of Manaus, a city of 2 million people. The site 

was located in a large clearing (2.5 km by 2 km) and surrounded by rainforest, 10 km NE of the city of 

Manacapuru. These measurements were taken during the two intensive operating periods, referred to 

as IOP1 (Feb. 1–Mar. 31, 2014) and IOP2 (Aug. 15–Oct. 15, 2014). IOP1 took place during the wet 

season, while IOP2 was during the dry season. Measurements were also conducted at the “T2” site, 

located approximately 10 km west of Manaus on the opposite bank of the Rio Negro, between Mar. 30–
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May 9, 2014 (wet season) and August 3–September 2, 2014 (dry season). Further details about the 

GoAmazon2014/5 field campaign can be found in Martin et al. (2016a, 2016b). 

4.2.2 Oxidation flow reactor  

 The specific OFR used in this work was a Potential Aerosol Mass (PAM) reactor (Kang et al., 

2007; Lambe et al., 2011a). The PAM reactor is a cylindrical aluminium tube with a volume of 

approximately 13 L. Ambient air was sampled through an approximately 2-cm-diameter hole in the inlet 

plate on one end of the OFR, followed immediately by passing through a coarse mesh grid (1.2 mm 

spacing) that was coated by an inert silicon coating (Sulfinert by SilcoTek, Bellefonte, PA) in order to 

minimize gas and particle losses. Two identical OFRs were located on the roof of a trailer where the 

instrumentation was located with a residence time between 2.5–3.9 min.  To investigate OH oxidation in 

the OFR, OH radicals were produced in situ using the “OFR185” method described elsewhere (Li et al., 

2015; Peng et al., 2015). OH exposure was estimated using a kinetic model-derived equation, which uses 

inputs of ambient water vapor concentration, temperature, O3 produced in the OFR (measured in the 

output flow), and external OH reactivity (OHRext) as input parameters (Li et al., 2015; Peng et al., 2015). 

OHRext is the OHR from ambient gases such as VOCs. Since there were no direct OHRext measurements at 

the T3 site during this campaign, OHRext was assumed to be equal to the average diurnal profile of the 

measurements in Williams et al. (2016), ranging from 27–74 s-1(shown in Fig. 4.S1). The OH exposure 

estimation equation is discussed in Peng et al. (2015) can be downloaded from the PAM Wiki 

(https://sites.google.com/site/pamwiki/). The model-estimated OH exposure (OHexp) was verified by 

comparing it with measured decay of ambient VOCs and CO (which was injected into the OFR), as shown 

in Sect. 4.3.1. OHexp was converted to equivalent (eq.) days of atmospheric aging by dividing by a typical 

24 h average atmospheric concentration of 1.5 × 106 molec cm-3 OH (Mao et al., 2009). 

 To study O3 oxidation, O3 was injected into the OFR using a technique previously described in 

Palm et al. (2017). Elevated O3 concentrations from hundreds of ppb up to 150 ppm were achieved in 
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the OFR by flowing 0.5 lpm of ultra-high purity O2 (g) over UV lamps (externally to the reactor). The O2 

was photolyzed by 185 nm light, which produced O(3P) that further reacted with O2 to produce an O2+O3 

mixture. The oxidant flow was then injected through four ports located around the inlet plate inside the 

OFR. O3 concentrations in the OFR were cycled by adjusting the UV lamp intensity used for O3 

production. O3 exposure was calculated by multiplying the O3 concentration by the average residence 

time in the OFR. This O3 exposure was converted to eq. atmospheric days of oxidation by dividing by a 

typical 24 h average ambient O3 concentration of 30 ppb. 

 Measurements of O3 in the outflow of each OFR were made using a 2B Technologies Model 205 

Ozone Monitor and a Thermo Scientific Model 49i Ozone Analyzer at a time resolution of 10 seconds.  

4.2.3 Gas and particle measurements 

For the measurements at the T3 site, particles in ambient air and after OFR oxidation were 

sampled using an Aerodyne high-resolution time-of-flight aerosol mass spectrometer (HR-ToF-AMS, 

hereafter referred to as AMS; DeCarlo et al., 2006; Canagaratna et al., 2007) and a TSI 3936 Scanning 

Mobility Particle Sampler (SMPS). Ambient and OFR-oxidized VOC concentrations were sampled during 

the entire campaign using an IONICON proton-transfer-reaction time-of-flight mass spectrometer (PTR-

TOF-MS), which sampled using H3O+ as the reagent ion during IOP1 and NO+ as the reagent ion during 

IOP2. At the T2 site, the gases and particles in ambient air and after the OFR were sampled using an 

Aerodyne Aerosol Chemical Speciation Monitor (ACSM; Ng et al., 2011a) and a unit-resolution 

quadrupole PTR-MS (IONICON).  

At both sites, a system of automated valves (Aerodyne AutoValve) cycled by custom LabView 

(National Instruments, Inc.) software was used to alternate sampling between ambient and oxidized air. 

The flowrate through all sampling lines and the OFRs was kept constant at all times by pulling a bypass 

flow when not actively sampling with a given instrument. Ambient temperature and humidity were 

recorded using Vaisala HM70 probes. All aerosol samples were dried to below approximately 30% RH 
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prior to or at the same time as being sampled into the measurement trailer, to prevent condensation in 

the sampling lines when sampling into air conditioned trailers. The decay of injected CO (~2 ppm in 

reactor) was used to help estimate OH exposures in the OFR. CO was measured in ambient air and after 

oxidation using a Picarro G2401 CO/CO2/CH4/H2O Cavity Ringdown Spectrometer.  

OH and O3 oxidation was typically performed in one of two ways. The majority of the time, the 

oxidant concentration was cycled through ~20 min steps (16–24 min in practice) covering a range of 

concentrations from no added oxidant to maximum added oxidant over the course of a 2–3 h full cycle. 

The OFR aerosol was sampled for the last 4 min of every step, allowing time for the OFR conditions to 

stabilize before measurement. An alternative method was also used, where the oxidant concentrations 

were held constant. In this manner, the OA enhancement from a constant amount of oxidation could be 

sampled every 16–24 min or faster rather than once every 2–3 h. For example, the concentration that 

typically produces the maximum amount of SOA formation could be sampled, or the UV lights could be 

set to achieve the highest oxidant concentrations in order to investigate heterogeneous oxidation.  

The aerosol data at the T3 site was corrected for diffusive particle losses in the sampling line, 

estimated using the Max Planck Particle Loss Calculator (von der Weiden et al., 2009). To account for 

particle losses to the internal surfaces of the OFR, the OFR data was corrected by the ratio of ambient 

OA to the OA measured through the OFR in the absence of added oxidant (an average correction of 

+6%). A key data product in this work is OA enhancement, which is defined as the OA concentration 

measured after oxidation minus the ambient OA concentration (measured immediately before and after 

OFR sampling). The maximum OA enhancement (or maximum SOA formation) observed in this study 

was typically between 0.5 and 2 eq. days of OH aging, or above 1 eq. day of O3 aging. Unless otherwise 

specified, the OA enhancements were corrected for low-volatility organic compound (LVOC) fate to 

account for losses of condensable gases on OFR surfaces, excessive gas-phase oxidation leading to 

fragmentation prior to condensation, and limited timescales for condensation in the OFR that are not 
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expected in the atmosphere, as explained in Palm et al. (2016). The AMS data at T3 was calculated using 

a collection efficiency (CE) of 1 for IOP1 and a composition-dependent CE (mostly 0.5; Middlebrook et 

al., 2012) for IOP2. These values were verified based on comparison with the SMPS data, which is shown 

in Fig. 4.S2. The CE of 1 during the wet season, while unusual, corresponds to the value determined 

during a previous campaign in the wet season in central Amazonia, which is dominated by liquid 

biogenic SOA under high humidity conditions (Chen et al., 2009; Pöschl et al., 2010). 

4.2.4 Predicting SOA formation in the OFR 

In Sect. 4.3.5 below, the measured SOA formation in the OFR is compared with the amount 

predicted to form in order to investigate which ambient gases are contributing to SOA formation. In 

order to predict the amount of SOA that will form, SOA yields are applied to the mass concentrations of 

all known SOA precursor gases measured in ambient air.  

For OH oxidation, these gases include isoprene, monoterpenes (MT), sesquiterpenes (SQT), 

benzene, toluene, xylenes, trimethylbenzenes, and the sum of four biomass burning tracers (vanillin, 

vanillic acid, syringol, and guaiacol). The SQT and biomass burning tracers were measured using the 

semi-volatile thermal desorption aerosol gas chromatograph (SV-TAG), and the rest were measured by 

one of two PTR-TOF-MS instruments sampling at the T3 site (Martin et al., 2016a). First, the fraction of 

the ambient gas predicted to react in the OFR for a given oxidant exposure was calculated. Then, the OA 

concentration-dependent SOA yield parameterizations from Tsimpidi et al. (2010) were used to calculate 

the amount of SOA predicted to form (except for isoprene, where the yield parameterization from 

Henze and Seinfeld (2006) was used).The average yields used in these calculations for IOP1(IOP2) were 

3%(5%) for isoprene, 10%(18%) for MT (also used for the biomass burning tracers), 10%(23%) for SQT, 

11(22%) for benzene and toluene, and 12%(26%) for xylenes and trimethylbenzenes. 

For O3 oxidation, ambient MT and SQT were used to predict SOA formation. As for previous O3 

oxidation experiments in an OFR, representative SOA yields of 15% for MT and 30% for SQT were used 
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(Palm et al., 2017). Due to the lack of certainty of SOA yields for these gases from O3 oxidation, and also 

due to the lack of speciation of MT and SQT at the T3 site, these values were chosen to be generally 

representative of the yield values that have been published (e.g., Jaoui et al., 2003, 2013; Ng et al., 

2006; Pathak et al., 2007, 2008; Shilling et al., 2008; Winterhalter et al., 2009; Chen et al., 2012; 

Tasoglou and Pandis, 2015; Zhao et al., 2015). 

4.3 Results and Discussion 

4.3.1 Using VOC decay to determine OH and O3 exposure 

One of the benefits of the OFR system over environmental chambers is the ability to rapidly 

change the amount of oxidant in the OFR over a wide range of concentrations. As described above, OH 

exposure in the OFR was estimated using a model-derived equation, while O3 exposure was estimated as 

the measured O3 concentration after the OFR multiplied by the average residence time. Because there 

are uncertainties related to these estimates (e.g., uncertain OH reactivity, residence time distribution, 

intrinsic uncertainties of the model), it is important to use in situ measurements to verify the exposures 

achieved in the OFR. This can be done by measuring the decay of various gases, including gases present 

in ambient air or gases that are injected into the OFR. Previous experiments have injected deuterated 

compounds, which prevent contamination of the signal with ambient gases and allow the reaction rate 

constant of the injected compound to be known precisely (Bruns et al., 2015). In this work, decay of 

ambient toluene and MT and injected CO was used to verify the OH and O3 exposures. Any changes in 

the ambient concentrations of these gases between the times of the surrounding ambient 

measurements and the time of the decay in the OFR (approximately 5 min apart) translates into noise in 

the measurement of the fraction reacted. The speciation of MT in ambient air was also unknown. In this 

analysis, the fraction remaining was predicted using α-pinene (an important MT in the Amazon; e.g., 

Rinne et al., 2002; Jardine et al., 2015) with rate constants 𝑘𝑂𝐻 = 5.3 × 10−11 and  𝑘𝑂3
= 8.6 × 10−17 

cm3 molec-1 s-1 (Atkinson and Arey, 2003). 
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The decay of ambient MT, ambient toluene, and injected CO in the OH-OFR is shown in Fig. 4.1, 

along with the theoretical decay curves predicted assuming either plug flow (i.e., a single residence 

time) or using the residence time distribution (RTD) for particles from Lambe et al (2011a), which is likely 

to be more skewed than the RTD in this work (due to our use of a larger inlet). In general, the OH 

exposure predicted from the model-derived equation matches the OH exposure estimated from the 

decay of gases within a factor of approximately 2-3, consistent with expectations (Li et al., 2015). The 

model equation appears to over-predict OH exposure at the lowest achieved exposures for MT (but not 

for toluene or CO), while under-predicting at the highest exposures for CO while over-predicting for 

toluene. When taking the results for all species, the average errors are relatively small. Interferences in 

the PTRMS detector for MT from MT products may mask the decay of these species a low remaining 

fraction. Also, it is likely that the true RTD has some differences from the one used in the calculation, 

and perhaps some variability in time. If even small plumes of ambient air transit through the OFR 

without being exposed to as much oxidant due to variability in the internal air flow fields, this can lead 

to increases in the measured fraction remaining, particularly for lower exposures. At high exposures, the 

model assumes that the OH reactivity of the ambient air decays at the same rate as SO2 (Peng et al., 

2015). If this estimated decay is too slow (e.g. due to faster decay of isoprene-related reactivity), it could 

lead to an under-prediction of OH exposure at high exposures.  
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Fig. 4.1. Fraction of ambient toluene, ambient MT, and injected CO remaining after OH oxidation in the 
OFR, as a function of equation-estimated photochemical age (Peng et al., 2015). Binned averages of the 
fraction remaining are also shown, compared to the amount predicted to remain assuming either plug 
flow or using the residence time distribution (RTD) for particles from Lambe et al. (2011a). 

The decay of MT in the O3-OFR is shown in Fig. 4.2, along with predictions for the plug flow and 

Lambe et al. (2011a) residence times. Again, the O3 exposures estimated from the model and from MT 

decay match within a factor of approximately 2-3. All MT were reacted after an exposure of 1 eq. day.  
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Fig. 4.2. Fraction of ambient MT remaining after O3 oxidation in the OFR, as a function of photochemical 
age. Binned averages of the fraction remaining are also shown, compared to the amount predicted to 
remain assuming either plug flow or using the RTD of particles from Lambe et al. (2011a). 

4.3.2 SOA formation from ambient biogenic and anthropogenic gases in OFR 

A basic premise of the OFR technique (as used in this work) is that SOA precursor gases entering 

the OFR can be oxidized to form SOA. A simple way to investigate and illustrate this concept for ambient 

experiments is to compare SOA formation with ambient VOCs over a period of time. Figure 4.3 shows a 

two-night example of OA measured in ambient air compared to OA measured after OH oxidation at the 

T3 site, along with ambient total MT and copaene (a SQT). In this example, the OH exposure was kept 

nearly constant for the entire time at approximately 3 eq. days, near the range where maximum SOA 

formation was expected. Using this method, maximum SOA formation was sampled every 24 min rather 

than every 2–3 h as with the standard cycling of OH exposure. Note that in theory, ambient and OFR 

measurements could be alternated at much faster frequencies (as fast as ~10 s). In practice during this 

time period, the instrumentation was alternating between measurements of ambient air, two OFRs, and 
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a thermodenuder, and longer averages of the data (1–2 min) were preferred to reduce noise and data 

volume, limiting the frequency with which the OFR measurements were taken. In Fig. 4.3, the times 

when SOA was formed in the OFR clearly coincide with the spikes in ambient MT and SQT 

concentrations, illustrating an example of likely biogenic-dominated SOA formation. This is evidence 

that the SOA being formed in the OFR was derived from gases that were entering the OFR. Importantly, 

this example illustrates that the ambient precursor concentrations at the site can change rapidly, even 

faster than the typical 2–3 h cycles. 

 

Fig. 4.3. An example of the time series of OA concentrations measured in ambient air and after OH 
oxidation of ambient air in the OFR, shown together with ambient copaene (a sesquiterpene, measured 
by SV-TAG) and monoterpenes (measured by PTR-TOF-MS before and after the OFR). Daytime hours are 
indicated with the yellow background. OH exposure in the OFR was held constant throughout this time 
at approximately 3 eq. days. The SOA formed in the OFR is shown as measured, without the LVOC fate 
correction. In this example, the SOA formation from OH oxidation closely follows the availability of 
ambient biogenic gases, though the amount of SOA formed was substantially larger than could be 
formed from the measured ambient gases. 
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Another example of SOA formation from ambient precursors, this time from the T2 site (close to 

Manaus), is shown in Fig. 4.4. In this example, the OH exposure was cycled through the whole range of 

eq. ages, including one step each cycle with no OH. In the OFR, SOA was formed at three distinct times, 

labeled Periods 1, 2, and 3 in Fig. 4.4. During Period 1, ambient MT concentrations were near zero, and 

elevated concentrations of xylenes and TMB strongly suggest the presence of an anthropogenic plume 

affecting the T2 site. The SOA formed during this cycle was likely formed from predominantly 

anthropogenic precursors. In contrast, the SOA formed during Period 3 was produced in the presence of 

MT but not the anthropogenic tracers, suggesting the SOA was predominantly biogenic. The SOA formed 

during Period 2 was produced in the presence of both anthropogenic and biogenic gases, and likely was 

formed from a mix of both types of gases. These two examples clearly illustrate the usefulness of the 

OFR technique for measuring potential SOA formation from ambient air. 
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Fig. 4.4. An example of OA concentrations in ambient air and after OH oxidation of ambient air in the 
OFR at the T2 site, shown together with MT, xylenes, and trimethylbenzene (TMB) measured in ambient 
air and after OH oxidation. The OH exposure is also shown (in eq. days). OH age was cycled through a 
range of exposures, including no added exposure (black circles) where none of the VOCs were reacted in 
the OFR. This example illustrates how SOA formation in the OFR can come from anthropogenic (Period 
1), biogenic (Period 3), or mixed (Period 2) precursors, depending on ambient conditions.   

4.3.3 OA enhancement vs. photochemical age 

As part of the GoAmazon2014/5 campaign, the formation of aerosol from the oxidation of 

ambient air was sampled over a wide range of conditions. This includes the changes of ambient air 

composition between the wet and dry seasons, and the diurnal, synoptic, and other changes during each 

season. OH oxidation of ambient air was performed at both the T2 and T3 sites, and O3 oxidation was 

performed at the T3 site. A basic way to view the differences across these conditions is by comparing 

the OA enhancement from each subset as a function of photochemical age. This is shown for OH 
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oxidation in Fig. 4.5 and O3 oxidation in Fig. 4.6, split into daytime (06:00–18:00 LT) and nighttime 

(18:00–06:00 LT) for each season and location. The data here are shown without the LVOC fate 

correction, in order to illustrate the measurements over the entire age range. The LVOC fate correction 

is nontrivial to apply at ages above approximately 5 eq. days when heterogeneous oxidation becomes 

important, and here we want to show the effects of high ages. 

 

Fig. 4.5. Absolute OA enhancement after OH oxidation in the OFR as a function of photochemical age, 
shown as binned averages for the wet and dry seasons at both the T2 and T3 measurement sites, and 
split into daytime (06:00–18:00 LT) and nighttime (18:00–06:00 LT) data. This data is not corrected for 
LVOC fate, in order to show measurement behavior at the highest OHexp. 
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Fig 4.6. Absolute OA enhancement after O3 oxidation in the OFR as a function of photochemical age, 
shown as binned averages for the wet and dry seasons at the T3 measurement site, and split into 
daytime (06:00–18:00 LT) and nighttime (18:00–06:00 LT) data. The data is not corrected for LVOC fate. 

For OH oxidation at each site and season, an increasing amount of SOA formation was observed 

for increasing ages, up to a maximum amount of SOA formed in the range of approximately 1–4 eq. days 

of OH oxidation. At higher ages, the net amount of SOA formed became less or even negative (net loss 

of OA compared to ambient air). This result is due to a combination of two effects (which have also been 

observed previously): rapid oxidation of condensable gases prior to those gases having time to condense 

on particles, leading to fragmentation that produces volatile oxidation products; and heterogeneous 

oxidation of preexisting (and newly formed) particle mass, leading to fragmentation and evaporation of 

the particles (George and Abbatt, 2010; Lambe et al., 2012; Ortega et al., 2016; Palm et al., 2016).  
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The amount of SOA formed at the T2 and T3 sites was roughly the same within each season. At 

both sites, approximately 4 times more SOA was formed during the dry season than the wet season. 

While there may have been specific instances when plumes of SOA precursor gases affected the T2 site 

more strongly due to its closer proximity to Manaus than the T3 site, these measurements suggest that 

the seasonal changes in SOA precursor gases are more important than the proximity to Manaus. One 

possibility is that a substantial fraction of the anthropogenic SOA had already formed by the time the air 

passed over the T2 site, so formation in the OFR of the remaining potential SOA did not lead to a very 

large difference between the sites sources.  

As shown in Fig. 4.6, approximately 4 times more SOA was formed from O3 oxidation during the 

dry season than the wet season as well, with higher formation during nighttime than daytime hours. The 

amount of SOA formation increased with O3 eq. age, with maximum values above approximately 1 eq. 

day of O3 oxidation. This is consistent with the age at which the ambient MT (and likely other 

compounds) were all reacted, as shown in Fig. 4.2. As observed before, O3 oxidation only produced ~ 

1/6th of the SOA that was formed from OH (Palm et al., 2017). 

4.3.4 Investigating SOA yields in an OFR using standard addition 

One of the original intents of the PAM OFR was to oxidize air containing aerosol precursors and 

measure the “potential” amount of aerosol that can be formed. Since the initial development of the 

PAM reactor (Kang et al., 2007), subsequent research has shown that there are many factors related to 

exactly how the PAM reactor is operated that can affect the amount of aerosol that is formed (Peng et 

al., 2015, 2016b; Hu et al., 2016; Palm et al., 2016). For OH oxidation, the amount of SOA formed 

increases as OH exposure increases, up to a maximum amount of SOA formed in the range of OH 

exposures between the exposure where most of the reactive precursor gases have reacted and 

approximately 5 eq. days of exposure. At higher exposures, the high amounts of OH radicals start 

reacting many times with gases faster than condensation can occur, which fragments them to form 
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volatile oxidation products that can no longer condense. Also, these high OH exposures start 

heterogeneously oxidizing any preexisting (or newly formed) aerosol, leading to fragmentation and 

evaporation (Lambe et al., 2012; Ortega et al., 2016; Palm et al., 2016). So, in order to measure the 

maximum “potential” aerosol formation, the experiment needs to be operated over the range of 

exposures below approximately 5 eq. days.  

Achieving the proper range of OH exposures, however, is also non-trivial. OH exposure in the 

OFR has been shown to be sensitive to many factors, including UV photon fluxes, , sample air 

composition (water vapor content, external OH reactivity, and OFR residence time and distribution (Li et 

al., 2015; Peng et al., 2015). All of these factors need to be considered when estimating OH exposure. 

Special care must be taken to avoid operating the OFR at conditions that lead to significant influence on 

the chemistry from non-OH reactions (e.g., photolysis; Peng et al., 2016b). Also, Palm et al. (2016) 

showed that some fraction of the condensable gases will condense on OFR walls, sampling lines, or react 

further with OH and fragment instead of condensing to form SOA. This behavior is sensitive to the 

condensational sink (i.e., surface area of seed aerosol) available in the OFR. These alternate fates are 

artifacts of the OFR experiment, and must be corrected using the measured condensational sink in order 

to determine the true potential aerosol mass that would form in the atmosphere. 

All of these effects can matter for OFR experiments that attempt to compare measured vs. 

predicted SOA formation, and they have been considered in, e.g., the SOA formation from oxidation of 

ambient air in Palm et al. (2016, 2017) and in the subsequent analysis in this work. In these analyses, this 

carefully-quantified maximum amount of SOA formation was compared to the amount predicted to 

form from the oxidation of the speciated precursor gases measured in ambient air. The amount of 

predicted SOA was estimated by applying typical chamber-derived SOA yields to the measured amount 

of ambient gas. One important aspect of this analysis that has not been as carefully examined in the 

literature is whether (or how well) these typical chamber SOA yields apply to the SOA formation in the 
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OFR, particularly under ambient operating conditions. Several previous results have suggested that SOA 

yields in the OFR were similar to published chamber yields (Kang et al., 2007; Bruns et al., 2015; Lambe 

et al., 2015). However, these conclusions were drawn from experiments that likely suffered from one or 

more of the following issues: (1) not considering factors such as high VOC concentrations (high external 

OH reactivity, leading to OH suppression) when determining OH exposure (Peng et al., 2015); (2) not 

considering the alternate fates of condensable gases, particularly for short OFR residence times or when 

using no seed aerosol (Palm et al., 2016); (3) not considering possible non-OH reactions, particularly 

under “high risk conditions” such as high external OH reactivity (Peng et al., 2016b); (4) not considering 

possible effects of the water vapor concentration of the sample air on both OH exposure and aerosol 

liquid water content (Peng et al., 2015; Palm et al., 2016); (5) not performing the SOA yield experiments 

at atmospherically relevant OA concentrations. 

Due to these limitations of prior OFR SOA yield studies, during the GoAmazon2014/5 field 

campaign we endeavored to investigate whether SOA yields in the OFR are indeed consistent with 

published chamber yields, while avoiding or at least considering all of the above-mentioned potential 

pitfalls. SOA yields were quantified by injecting several pure VOCs (individually) into the ambient air at 

the entrance to the OFR, exposing them to varying concentrations of either OH or O3, and measuring the 

resultant SOA formation as well as VOC decay. By injecting the VOCs into ambient air, we were able to 

measure the yields at ambient temperature, humidity (and aerosol liquid water content), and seed OA 

concentrations. The injected VOC concentrations were also kept low in order to minimize the undesired 

effects of added external OH reactivity (with the exception of isoprene, as discussed below). Both 

constant and stepped oxidant concentrations were used in these experiments. The amounts of OH aging 

used for these yield calculations were all below approximately 5 eq. days of aging, in order to minimize 

the influence of heterogeneous oxidation and excessive oxidation reactions in the gas phase. O3 ages 

above 1 eq. day were used.   
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The measured SOA yields are shown in Fig. 4.7, along with relevant chamber yield 

parameterizations (low-NOx yields corresponding to the conditions in the OFR; Li et al., 2015). The SOA 

yields were measured to be 52% for -caryophyllene+OH, 51% for longifolene+OH, 27% for -

caryophyllene+O3, 30% for limonene+OH, 18% for -pinene+OH, 11% for α-pinene+OH, 17% for 

limonene+O3, 21% for α-pinene +O3, 11% for toluene+OH, and 6% for isoprene+OH. These yield values 

are generally consistent with the values that have been determined in large chambers, with the 

averages of each type of species being all within a factor of 2 of the chamber yields. Importantly, there is 

no indication that the OFR is more efficient at forming SOA than the chamber yields would indicate. This 

confirms that the OFR can be used to quantitatively determine the amount of SOA that would form 

upon oxidation of an ambient mix of precursor gases. Furthermore, it supports the analyses presented in 

Palm et al. (2016, 2017) that ambient VOCs alone could explain the amount of SOA formed from O3 

oxidation but not OH oxidation, where unspeciated S/IVOCs contributed a majority of the SOA formation 

in the OFR.  
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Fig. 4.7. SOA yields measured for individual VOCs in the OFR by standard addition into ambient air, as a 
function of OA concentration. Typical SOA yield parameterizations from environmental chamber 
experiments are also shown.  The VOCs were injected into ambient air at the entrance to the OFR, and 
aged between 0–5 eq. days. Data are corrected for LVOC fate. 

The SOA yields were calculated as the mass concentration of SOA formed divided by the mass 

concentration of the injected VOC that reacted in the OFR. This assumes that the only gas that formed 

SOA was the injected VOC, i.e., that there were no SOA precursor gases present in the ambient air (or 
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that they formed an insignificant amount of SOA). The standard addition experiments were performed 

during daytime hours, when this assumption was valid, with few exceptions. The toluene injection 

experiment was performed during the evening hours. Concurrently and immediately adjacent to the 

OFR with toluene injection, a second OFR was operated using OH oxidation of ambient air. In this OFR, 

approximately 3 µg m-3 of SOA was formed from ambient precursors during the time of the toluene 

injection, so this amount was subtracted from the amount formed in the toluene-injected reactor to 

determine the SOA yield from toluene. The OH oxidation of limonene was performed overnight. 

However, the adjacent OFR was not sampling in a manner that could be used to determine the SOA 

forming potential of ambient air. Instead, an average value of 5 µg m-3 of SOA (a typical value during the 

dry season) was assumed to form from ambient precursors and was subtracted when calculating the 

SOA yield. Therefore, the measured SOA yield for limonene+OH is more uncertain than the other 

measured yields. If the ambient air was assumed to have no SOA precursor gases (very unlikely), then 

the SOA yield for limonene+OH would be 59% as an upper limit, a value still too low to change the 

conclusions of these measured vs. predicted SOA analyses.  

The isoprene+OH experiment has the caveat that in order to achieve a measureable amount of 

SOA formation from isoprene oxidation, approximately 85 ppb of isoprene was injected. This amounted 

to an added external OH reactivity of approximately 212 s-1, which could have resulted in lower OHexp 

and thus non-OH reactions becoming more important. Regardless, the isoprene injection experiments 

(including at lower isoprene concentrations) showed that the SOA yield from isoprene+OH could not be 

larger than several percent (but was larger than zero). The SOA yields of the SQT species were also more 

uncertain because the sensitivity of SQT in the PTR-TOF-MS was not calibrated during the campaign. 

Instead, the PTR-TOF-MS signal was calibrated by comparing the SQT measured in ambient air with the 

PTR-TOF-MS with the sum of SQT measured by the SV-TAG. Furthermore, variance in the sensitivities of 

different species of MT and SQT was not accounted for, and will add a small amount of uncertainty.  
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4.3.5 Measured vs. predicted SOA formation 

When SOA precursor gases enter the OFR, either in ambient or injected air as illustrated above, 

SOA can be produced by oxidizing the gases in the sampled air. As shown in Sect. 4.3.4, when a known 

concentration of VOCs is added to the OFR, the amount of SOA formed upon oxidation by either OH or 

O3 is consistent with what would be expected from published chamber experiments. Therefore, when 

oxidizing ambient air and comparing the SOA formation to the amount predicted to form from 

measured ambient gases, we can determine if all of the SOA formation is accounted for, or if there are 

other SOA-forming gases present in ambient air that are not being measured and quantified. Previous 

studies of OFR oxidation of urban or pine forest ambient air has shown that poorly characterized 

S/IVOCs are likely an important source of SOA from OH oxidation (Ortega et al., 2016; Palm et al., 2016). 

In contrast, SOA formed from O3 and NO3 oxidation in a biogenic environment can be accounted for 

from ambient VOCs alone, presumably indicating that S/IVOC precursors do not have C=C double bonds 

(Palm et al., 2017).  

The measured SOA formation (at the eq. ages of maximum SOA production, as discussed above) 

from ambient air in the OFR during GoAmazon2014/5 is shown in Fig. 4.8, for both wet (IOP1) and dry 

(IOP2) seasons and both OH and O3 oxidation. The measured SOA formation is corrected for LVOC fate. 

The predicted SOA formation was estimated by applying typical chamber SOA yield values to measured 

ambient VOC concentrations, as described in Sect. 4.2.4.  



148 
 

  

  

Fig. 4.8. Measured SOA formation vs. the concentration of SOA predicted to form from the oxidation of 
ambient VOCs, shown for OH and O3 oxidation during both wet and dry seasons. Data are colored by 
local time of day. Measured SOA formation is corrected for LVOC fate. 

OH oxidation of ambient air produced up to 10 times more SOA than could be accounted for 

from ambient VOCs. In contrast, the amount of SOA formed from O3 oxidation generally could be 

explained from ambient VOCs. Both of these conclusions are consistent with previous OFR 

measurements, suggesting that typically unmeasured ambient gases play a substantial role in ambient 

SOA formation from OH oxidation, but not from O3 oxidation. These gases may be the typically 

unmeasured/unspeciated class of lower volatility S/IVOCs. Unfortunately there were no instruments 

dedicated to quantifying the total concentration of these gases during GoAmazon2014/5. The 
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measurement of such gases remains a critical gap in our understanding of the lifecycle of carbon in the 

atmosphere. However, the SOA formed in the OFR that cannot be accounted for by VOCs is effectively 

an integrated measure of these S/IVOC gases (multiplied by their SOA yield). They are measured by first 

converting them into SOA, which is much more readily measureable and quantifiable than S/IVOCs with 

current instrumentation. 

Whereas the slope of the measured vs. predicted SOA formation from pine forest air in Palm et 

al. (2016) was roughly constant at approximately 4, the slope of the measured vs. predicted SOA 

formation from OH oxidation in the Amazon varied as a function of time of day. The diurnal cycles of 

measured and predicted SOA formation are shown for both seasons in Fig. 4.9. The predicted SOA was 

on average slightly lower during nighttime than during daytime. The cycle of measured SOA formation 

was the opposite, leading to slopes (in Fig. 4.8) that were lowest during daytime and highest in the 

hours before sunrise. The reasons for the observed trends are unclear, but likely result from the 

confluence of several processes, e.g., diurnal changes in emission and concentration profiles (of VOCs 

and/or S/IVOCs), boundary layer dynamics, and varying ambient oxidant concentrations. 
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Fig. 4.9. Measured SOA formation vs. local time of day and diurnal cycles of measured and predicted 
SOA formation, shown for OH oxidation during both wet and dry seasons. 

In addition to showing the diurnal average SOA formation, Fig. 4.9 also illustrates that a wide 

range of potential SOA formation is possible at any given time of day. There were some nights when as 

little as 1 µg m-3 of SOA was formed, and other nights when nearly 10 µg m-3 was formed. During the 

nights when little SOA was formed, Fig. 4.8 also shows that these nights also had the lowest predicted 

amounts of SOA formation. This shows that, while the amount of SOA formation correlated with 
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measured ambient SOA precursor VOCs, they could not quantitatively explain the total amount of SOA 

formed. Other SOA-forming gases were apparently present at the same times as VOCs, though in varying 

ratios to those VOCs.  

4.3.6 Positive Matrix Factorization (PMF) of SOA after OH oxidation 

PMF is a common technique for source apportionment of ambient aerosol (e.g., Ulbrich et al., 

2009; Zhang et al., 2011). It can be used to split the full mass spectrum into the sum of several statistical 

factors, where each factor is the mass spectrum that is produced from a group of related molecules in 

the ambient aerosol that vary together in time. Here, we present results of PMF analysis of OA after OH 

oxidation in an OFR, as an investigation into what types of SOA were formed and how heterogeneous 

oxidation affected the types of pre-existing OA that entered the reactor in ambient air. To the best of 

our knowledge, these results are the first report of PMF analysis of OA after oxidation in an OFR.  

The factors identified in OA sampled through the OFR with no added oxidant were the same as 

the factors identified in ambient air. When oxidant was added, the concentration of the factors 

measured after the OFR were expected to change relative the concentrations measured when no 

oxidant is added. Therefore, the factors in ambient OA were first identified by running the PMF analysis 

on just the unoxidized measurements through the OFR (and comparing with PMF of ambient OA). 

Several factors were identified during both wet and dry seasons that are common in PMF literature, 

including hydrocarbon-like OA (HOA), biomass burning OA (BBOA), isoprene epoxydiols-derived SOA 

(IEPOX-SOA), and several oxidized OA (OOA) factors that represent SOA (e.g., Aiken et al., 2009; Ulbrich 

et al., 2009; Zhang et al., 2011; Hu et al., 2015). A factor with a characteristic signal at m/z 91, referred 

to here as the “91fac” factor was also identified during the wet season. The factor profiles for both wet 

and dry season are shown in Fig. 4.S3–4.S4. The HOA and BBOA factors are typically dominated by 

primary OA (POA, i.e., direct particle emissions), and are not expected to be produced from the 

chemistry in the OFR. IEPOX-SOA, while representing a type of SOA, was also not expected to be 



152 
 

produced in the OFR. As detailed in Hu et al. (2016), IEPOX can be formed in the gas phase in the OFR, 

but the rate of reactive uptake in the OFR does not increase with the increased OH concentrations, 

resulting in negligible formation of IEPOX-SOA in the OFR.  

For the wet season, PMF of the OH-aged aerosol was performed with a total of 6 factors, using 

the Source Finder analysis software (SoFi, version 6.2; Canonaco et al., 2013) to constrain the HOA, 

BBOA, 91fac, and IEPOX-SOA factors to be exactly the same as the factor profiles found in ambient air, 

and allowing for two free-spectra SOA-related factors. These two factors are referred to as less-oxidized 

OOA (LO-OOA) and more-oxidized OOA (MO-OOA) based on their relative O:C. For the dry season, the 

HOA, BBOA, and IEPOX-SOA factors were constrained and the two OOA factors were allowed, for a total 

of 5 factors.  

The changes in the mass concentrations associated with each factor are shown in Fig. 4.10, for 

the changes compared to unoxidized OA sampled through the OFR during both seasons. The factors 

associated with POA or with SOA from reactive uptake processes were not enhanced by the OFR 

oxidation, as expected, and were depleted as the eq. age of OH oxidation increased. The 91fac also fell 

into this category. Notably, the factor concentrations decayed at different rates, with HOA (and 91fac) 

decaying at faster relative rates than IEPOX-SOA and BBOA. This is particularly clear in the dry season. 

The decay of these factors at higher eq. ages is likely due to heterogeneous oxidation leading to 

fragmentation and evaporation of the preexisting aerosol. 
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Fig. 4.10. Absolute and relative changes in PMF factors as a function of eq. days of OH aging in the OH-
OFR, for the wet season (top panels) and the dry season (bottom panels). 

In contrast, the OOA factors were produced in the OFR at concentrations that varied as a 

function of eq. age. SOA associated with the LO-OOA factor was produced at the lower ages, peaking 

around approximately 1 eq. day of aging. As the age increased, a plateauing of LO-OOA was observed, 

followed by a decay. Eventually at ages larger than 6-9 equivalent days a decrease of LO-OOA below the 

preexisting amount in ambient air was observed, indicating that the pre-existing ambient LO-OOA was 
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being heterogeneously oxidized, and that no new LO-OOA was surviving the OFR (either it was not 

formed, or it was formed but then converted into MO-OOA or heterogeneously oxidized to gas-phase 

species). The MO-OOA factor concentration increased as a function of age, peaking and then plateauing 

around 10 eq. days of aging, where heterogeneous oxidation was a dominant process affecting the OA 

sampled out of the OFR.  

This PMF analysis shows that the SOA formed in the OFR from hours up to several days of eq. 

OH aging produces a mass spectrum in the AMS that resembles the spectra of ambient OOA. 

Importantly, this suggests that SOA formed in an OFR is not likely to be a result of any processes that are 

substantially different from what happens in the atmosphere. The decay of HOA, BBOA, and IEPOX-SOA 

factors suggest that heterogeneous oxidation is indeed minor at the low eq. ages, though it may have a 

stronger impact on HOA. For OH oxidation of urban air in an OFR, this should be considered. At the 

highest ages, this analysis suggests that all of the factors (except MO-OOA) decay to near zero relative to 

their initial concentration, and that the remaining aerosol is all associated with the MO-OOA factor. This 

suggests that heterogeneous oxidation can be a source of MO-OOA in the atmosphere. This also 

indicates that the diffusion in the ambient OA is fast enough, so that most ambient OA is not shielded 

from oxidation by slow diffusion. 

This analysis describes how these characteristic factors changes as a function of OH aging in an 

OFR. The results should be interpreted in the context of how OFR oxidation affects the concentration of 

these types of factors, which are commonly found in PMF analyses of ambient OA. The interpretation of 

these factors in the ambient OA is outside of the scope of this analysis, and will be the subject of a 

separate manuscript (de Sá et al., 2017).  

4.3.7 Hygroscopicity of the organic component of CCN after OH oxidation 

 In addition to characterizing the OA mass as a function of eq. age of oxidation in an OFR, we can 

also investigate the properties of the OA as a function of aging in the OFR. During Oct. 7–15 in the dry 
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season, the OFR output was size-selected by a DMA and the output was analyzed with a CCN counter. 

Using that measurement, the hygroscopicity (κ) of the CCN was determined.  When coupled with the 

chemical speciation measurements provided by the AMS and using the relatively well known values of κ 

for the inorganic aerosol components, the κ of the organic component of CCN (κOA) can be determined 

(Petters and Kreidenweis, 2007). This analysis for ambient OA during GoAmazon2014/5 has been 

presented elsewhere (Thalman et al., 2017). Here, we present an analysis of how κOA changed upon 

oxidation in the OFR.  

 Due to the sampling time requirements of the CCN counter, these experiments were performed 

while keeping the amount of oxidation in the OFR constant. As previous research of OH oxidation in an 

OFR has illustrated, the OFR can be operated under conditions dominated by SOA formation with very 

limited heterogeneous oxidation (at ages below approximately one to a few eq. days), conditions 

dominated by heterogeneous oxidation with minimal new SOA formation (the highest ages above 

approximately 10 eq. days), or conditions where both processes are occurring (the intermediate age 

range). When sampling the OFR with the CCN counter during GoAmazon2014/5, the OFR was operated 

to investigate both the SOA formation and heterogeneous oxidation regimes, at separate times. During 

nighttime hours, when SOA-forming gases were expected to be present in ambient air, the OFR was 

operated at a constant age in the range of 1–3 eq. days. During daytime hours, when SOA-forming gases 

were present in lower concentrations, the OFR was operated at a constant age in the range of 12–44 eq. 

days of OH aging. The evolution of bulk O:C vs. eq. days of OH aging is shown in Fig. 4.S5. To increase 

confidence that the measurements at the very high eq. ages were a result of heterogeneous oxidation of 

preexisting aerosol and not influenced by new SOA formation of highly oxidized gases, a parallel-plate 

carbon filter denuder (Sunset Laboratory Inc.) was mounted on the inlet of the OFR during these high-

age measurements in order to remove SOA-forming gases from ambient air.  



156 
 

 Figure 4.11 shows κorg as a function of bulk O:C in both ambient and oxidized air. The κOA of 

ambient OA was in the range of 0.05–0.2. When operating in the 1–3 eq. day range (corresponding to 

OFR data with O:C less than ~1.2), measurements of κOA for both 100 nm and 160 nm mobility diameter 

particles show that κOA increased slightly to as high as 0.23 with increasing O:C, up to an O:C of 

approximately 1.1. This is consistent with previous measurements that showed a monotonic increase of 

κOA with increasing O:C (or f44, the fraction of signal found at m/z 44) for the heterogeneous oxidation of 

POA surrogate particles (Petters et al., 2006a; George et al., 2009; Cappa et al., 2011; Lambe et al., 

2011a) and measurements of SOA formed in an OFR in laboratory experiments (Massoli et al., 2010; 

Lambe et al., 2011a, 2011b).  

 
Fig. 4.11. Binned averages of hygroscopicity of OA (κOA) as a function of bulk O:C of the OA. The data 
includes ambient data, measurements after 1–3 eq. days OH aging (at both 100 and 160 nm) to sample 
maximum SOA formation, and measurements after 12–44 eq. days aging (at only 160 nm) sampled 
through a gas denuder in order to sample the result of heterogeneous oxidation of pre-existing OA. 

The measurements made at high eq. OH ages (corresponding to O:C greater than ~1.2) showed 

unexpected results. Instead of continuing to increase at very high O:C values, κOA decreased to below 0.1 

with increasing O:C above 1.2, even as O:C increased to higher than 1.4. While this decrease in κOA with 
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increasing O:C was unexpected, it is not necessarily inconsistent with the previous measurements. Those 

experiments of heterogeneous oxidation of POA did not achieve O:C values or eq. ages as high as the 

maximum values achieved in this study (~0.25). At their highest amounts of oxidation, a plateau in κOA of 

approximately 0.1 or lower was observed, which matched the lower values achieved at the highest ages 

in this study. OFR measurements of CCN activity of SOA formed in the OFR in Massoli et al. (2010) and 

Lambe et al. (2011a, 2011b) did achieve O:C levels and eq. ages closer to the levels in this study, and 

reported continued monotonic increases in κOA with increasing O:C. However in those experiments, SOA 

was formed in the reactor by homogeneous nucleation of injected gas-phase precursors, and no organic 

seed aerosol was used. Therefore, the OA measured from the OFR was likely dominated by SOA formed 

via condensation of highly oxidized gases (with limited time for heterogeneous oxidation to occur after 

condensation). The gases that condense to form SOA after being oxidized in the gas phase at such high 

ages (up to 13–20 eq. days in those studies) may not be representative of the molecules in typical 

atmospheric particles. This is in strong contrast to the processing of the OA sampled from the OFR 

during GoAmazon2014/5. The OA in this study started as real ambient OA, and was affected dominantly 

by heterogeneous (or condensed phase) reactions with OH, with minimal influence from condensation 

of gases due to the use of a denuder on the OFR inlet. These results suggest that heterogeneous or 

particle phase reactions of OA with OH can lead to a decrease in κOA. 

 The specific processes that lead to the observed decrease in κOA are uncertain. One possible 

process that can lead to a decrease in CCN activity is oligomerization, causing an increase in the 

molecular weight and decrease in polarity of the particulate organic molecules (VanReken et al., 2005; 

Petters et al., 2006b; Xu et al., 2014). Oligomerization was suspected in a previous study where heating 

of OA in a thermodenuder led to a decrease in κOA (Kuwata et al., 2011). Other studies have shown that 

OH oxidation in the condensed phase can lead to oligomerization (e.g., Altieri et al., 2008; Lim et al., 

2010; Sun et al., 2010; Tan et al., 2010, 2012). Similar processes may have occurred in this study. These 
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measurements warrant future OFR studies to investigate the effects of heterogeneous oxidation on 

particle phase composition and properties.    

4.3.8 Estimating source contributions to potential SOA using multi-linear regression analysis 

The results in Sects. 4.3.4–4.3.5 led to the conclusion that a dominant fraction of the SOA 

formation potential from oxidation of ambient air by OH, particularly during nighttime hours, was 

derived from gases that were not speciated or quantified during this campaign. Also, these gases could 

form SOA upon OH oxidation, but little or no SOA after O3 oxidation, suggesting they tended not to 

contain C=C bonds. These conclusions are consistent with previous measurements of the oxidation of 

ambient pine forest air in the US Rocky Mountains an OFR (Palm et al., 2016, 2017). In the analyses of 

those pine forest measurements, it was found that the unmeasured SOA-forming gases were likely to be 

S/IVOCs. Because the measured SOA formation correlated well with ambient MT, it was likely that the 

S/IVOCs were biogenic oxidation products (or were at least co-emitted with MT). With respect to 

ambient SOA-forming gases, the rural pine forest air system was relatively simple and was generally 

dominated by biogenic, terpene-related gases. 

Unfortunately, a measurement of the total concentration of S/IVOCs during GoAmazon2014/5 

was not available (as is typical for most large field campaigns at present). However, we can still extract 

information about the main sources contributing to the SOA formation potential from S/IVOCs present 

in ambient air by comparing with available VOC and/or tracer measurements. In this analysis, we make 

the assumption that the conclusion from the pine forest measurements, specifically that VOCs and 

S/IVOCs from a given emission type correlate well with tracers from that same source, will also apply to 

all of the emission types at the T3 site.  

The T3 site of GoAmazon2014/5 was chosen because it was expected to be impacted by 

multiple types of emissions. These include regional biogenic emissions (isoprene, MT, SQT, etc.), 

anthropogenic emissions from the city of Manaus and other towns and roads closer to the site, and local 



159 
 

and regional biomass burning emissions. The scatterplots of maximum SOA formation vs. precursors or 

tracers from each of these three emission types (MT, SQT, the sum of available biomass burning tracers, 

and NOy) are shown in Figs. 4.12 and 4.13 for IOP1 and IOP2, respectively. Scatterplots with several 

other available SOA precursor gases or tracers (including isoprene) are shown in Figs. 4.S6-4.S7 for 

comparison. Unlike the previous results at the pine forest or the Los Angeles area, the maximum 

amount of SOA formation in the OFR did not correlate well with any single SOA precursor gas, indicating 

the variable impacts of multiple sources. 

  

  

Fig. 4.12. Scatterplots of maximum measured SOA enhancement from OH oxidation at the T3 site during 
IOP1, vs. several ambient SOA precursor tracer gases. Correlation coefficients (R2) are shown for each 
scatterplot. 
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Fig. 4.13. Scatterplots of maximum measured SOA enhancement from OH oxidation at the T3 site during 
IOP2, vs. several ambient SOA precursor tracer gases. Correlation coefficients (R2) are shown for each 
scatterplot. 

If the assumption holds that VOCs and S/IVOCs from a given emission type correlate well, then a 

multivariate relationship should exist, where the measured SOA formation should correlate well with 

the sum of measured concentration of VOCs/tracers of each source, multiplied by coefficients. The 

coefficients would quantify the relative contributions to potential SOA from VOCs + S/IVOCs from each 

source, relative to the tracer. For this analysis, we used tracer gases that were likely to be dominated by 

a single type of source, including MT, SQT, and isoprene for biogenic emissions, NOy for anthropogenic 

emissions, and the sum of the measured BB tracers (vanillin, vanillic acid, syringol, and guaiacol) for 
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biomass burning emissions. The background concentrations of the biogenic and BB tracers in air that did 

not contain emissions from those sources were near zero and they all react on roughly the same time 

scale on which SOA formation occurred (on the order of a day or less). This makes these chosen tracers 

better suited for this type of analysis, since they were found only in the relatively fresh emissions that 

contain SOA forming gases, and were not measured in air after long range transport when the potential 

SOA would have already been formed. NOy is not itself an SOA-forming gas, but enhancements above 

the background were indicative of the total exposure of the air to anthropogenic sources, and it also 

accounted for dilution of the air in transport to the T3 site. For this analysis, a background of 0.7 ppb 

NOy was subtracted before performing the multilinear regression (MLR). Longer-lived tracers such as 

acetonitrile and benzene, were not suitable for this analysis, because their concentrations depended 

more on the long term history of the air. Also, gases such as benzene, toluene, and xylene can be 

emitted from anthropogenic, biomass burning, and even biogenic sources, which makes them less 

distinct tracers of a given source type (e.g., Misztal et al., 2015). 

Figures 4.14 and 4.15 (wet and dry seasons, respectively) illustrate the scatterplots of measured 

SOA formation vs. the amounts predicted by the MLR approach. The R2 values increased substantially 

compared to the correlations with any individual precursors, up to 0.46 (0.32) for the wet (dry) season. 

Also shown are the estimated contributions to potential SOA from each source type. The coefficients 

found for each precursor from the multivariate regression were 0.13, 85, 0, 0.52, and 65 for IOP1 and 

1.1, 108, 0, 0.16, and 22 for IOP2, for MT, SQT, isoprene, NOy, and BB tracers, respectively, in units of (µg 

m-3)/(µg m-3) except for NOy which is (µg m-3)/(ppbv). These coefficients can be interpreted as SOA 

“yields” compared to the mass of the tracer. For example, the coefficient for MT for IOP2 was 1.1, 

meaning, that 110% as much mass as the ambient MT mass became SOA in the OFR from MT-related 

gases. As illustrated in Sect. 4.3.4, the real SOA yields from MT are smaller, and therefore this analysis 

indicates that there are other gases correlated with MT that are forming SOA. The coefficient for NOy 
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cannot be interpreted in this way, since NOy itself does not form SOA, however the logic of its 

relationship to unmeasured SOA-forming gases is equivalent. The BB tracer coefficients were relatively 

large because the four tracers available for use in this analysis were a small subset of the total BB-

related gases.  

 

Fig. 4.14. Top: Maximum measured SOA enhancement from OH oxidation in the OFR during the wet 

season (IOP1), vs. the total amount predicted from multilinear regression analysis. Bottom: Diurnal 

average values of the maximum measured SOA formation from OH oxidation during the wet season, the 

amount attributed to each emission source, and the total amount predicted from all source. 



163 
 

 
Fig. 4.15. Top: Maximum measured SOA enhancement from OH oxidation in the OFR at the T3 site 
during the dry season (IOP2), vs. the total amount predicted from multilinear regression analysis. 
Bottom: Diurnal average values of the maximum measured SOA formation from OH oxidation at the T3 
site during the dry season, the amount attributed to each emission source, and the total amount 
predicted from all sources. 

In both seasons, an optimal coefficient of 0 suggested that a negligible amount of SOA was 

formed from isoprene and related precursors. However in Sect. 4.3.4, the oxidation of injected isoprene 

in the OFR indeed resulted in SOA formation. For a typical daytime mass concentration of isoprene of 

approximately 10 µg m-3 at this site, an SOA yield of several percent would predict that several tenths of 

a µg m-3 would be produced. We believe that this result simply illustrates the limitations of this type of 

MLR analysis. When the independent variables correlate with each other, the regression cannot 
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distinguish between the variables. In this case, the R2 between isoprene and MT were 0.18 and 0.39 in 

IOP1 and IOP2, which were the largest values between the variables used. The SOA mass produced from 

isoprene-related gases was likely assigned to MT due to this correlation. If the analysis is done without 

MT, as shown in Fig. 4.S8, then coefficients of 0.03 and 0.11 are found for isoprene. The R2 values 

between measured and total predicted SOA formation remain essentially unchanged at 0.45 (0.31) for 

the wet (dry) season. This accounted for the daytime biogenic SOA formation, and the coefficients for 

SQT also increased slightly to account for the nighttime biogenic SOA formation that had been assigned 

to MT-related gases. The amounts predicted from anthropogenic and BB sources remain roughly 

unchanged. This analysis shows that the biogenic precursors are all correlated enough that we can only 

confidently determine the summed potential SOA from all biogenic sources. The coefficients of 

individual tracers are less meaningful than the total amount predicted to form from the oxidation of all 

biogenic gases. 

This analysis was carried out by allowing a single, fixed coefficient value for each tracer, i.e. 

implicitly assuming that the ratio of total SOA forming gases to the tracer was constant at all times of 

day and throughout each season. Given the natural variability of the atmosphere, this ratio is unlikely to 

be constant at all times (e.g., due to changing emission type compositions or degree of ambient 

photochemical aging). Ideally, the multilinear regression analysis could be performed as a function of 

time of day, which would allow the coefficient fits to vary with time of day. However, when performing 

the analysis this way, the correlation between independent variables rises to values sufficiently high that 

the multilinear fit can no longer distinguish between independent sources, and the analysis is no longer 

conclusive.  

The average amounts and fractions of total SOA formation estimated from each of the biogenic, 

anthropogenic, and BB sources during each IOP are shown in Fig. 4.16. An average of 1.8 and 2.4 µg m-3 

were formed from ambient air during the wet and dry seasons. Of these amounts, 0.81 (50%), 0.74 
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(46%), and 0.06 (3%) µg m-3 during the wet season and 1.65 (69%), 0.31 (13%), and 0.43 (18%) µg m-3 

during the dry season were attributed to biogenic, anthropogenic, and BB sources, respectively. These 

results indicate that biogenic SOA forming-gases were the most important contributors during both 

seasons. Anthropogenic sources contributed double the mass and triple the fraction during the wet 

season compared to the dry season. BB sources of SOA-forming gases were almost an order-of-

magnitude larger during the dry season compared to the wet season.  

            
Fig. 4.16. Top: comparison of the average tracer concentrations and potential SOA formation during wet 
and dry seasons. Bottom: the amounts and fraction of the total SOA formation from OH oxidation in the 
OFR at the T3 site that were attributed to biogenic, anthropogenic, and biomass burning emission types 
using multilinear regression analysis. 
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One way to help interpret these results is by comparing the average concentrations of the 

tracers in each season, along with the average potential SOA formation in the OFR, as shown in Fig. 4.16. 

As expected (Martin et al., 2016a), the BB tracers were found in much larger concentrations (~20x) 

during the dry season, which gives confidence in the much larger contribution (x7) of those gases to 

potential SOA. The biogenic and anthropogenic tracers were found in roughly equal concentrations in 

each season. This contrasts with the twice larger total contribution of anthropogenic SOA-forming gases 

during the wet season, vs. twice larger for biogenic sources during the dry season. One hypothesis is 

that during the wet season, ambient photochemistry was slower, so that more SOA precursor gases 

survived the transport from Manaus and more SOA could be formed in the OFR. In the dry season, these 

gases may have already been oxidized in the atmosphere to form SOA, entered the OFR as OA, and did 

not contribute to potential SOA formation. The stronger oxidation during the dry season should increase 

the biogenic S/IVOC to primary VOC ratio. Since the primary VOCs were very similar in both seasons, the 

higher biogenic SIVOCs in the dry season could explain the larger potential SOA from that source. The 

very different spatial footprints of anthropogenic and biogenic emissions would then result in these 

different effects on potential SOA from each source at the T3 sites. These hypotheses should be tested 

with future modeling studies. 

This analysis estimates the contributions from each of these three emission types to the SOA 

forming gases (measured and unmeasured) at the T3 site. This provides information about what types of 

SOA could form upon further oxidation of this air at or downwind of the T3 site. Importantly, this 

analysis does not provide information about what amounts or fractions of the pre-existing (i.e. ambient) 

OA measured at the T3 site came from each of these sources. To investigate the sources of OA that 

impact the site, positive matrix factorization (PMF) analysis or other tracer analysis can be done, but is 

outside the scope of this work and will be presented in future manuscripts. However, it would seem 

likely that the biogenic and biomass burning potential SOA sources observed here would also be 
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important in formation the OA on a regional scale, whereas the anthropogenic source type may be more 

intense in the Manaus plume (within approximately the first day of transport) and less important on a 

regional scale. 

It would be of interest to perform this multilinear analysis on the measurements from the T2 

site closer to the city of Manaus. However, that analysis was not included as part of this work. The 

measurements at the T2 site were limited to a shorter period of time, and the available tracer 

measurements were less extensive. Multilinear analysis was also not performed or needed for the SOA 

formation from O3 oxidation at the T3 site, since Sect. 4.3.4 showed that all of the SOA formation can be 

roughly accounted for using the measured VOCs. In addition, the signal-to-noise of SOA formation from 

O3 was low, which would limit this type of analysis. 

4.4 Conclusions 

During GoAmazon2014/5, ambient air was oxidized by OH or O3 in an OFR in order to quantify 

(with high time resolution) the amount of potential SOA that could form from any precursors in ambient 

air. Essentially, this was a measure of the relative concentrations of SOA-forming gases (multiplied by 

their SOA yields) in the atmosphere, where the gases were measured by first converting them into more 

easily measurable particles. The potential to form SOA from ambient air changed with time of day, from 

one day to the next, and between the wet and dry seasons. As has been reported for previous field 

campaigns in a variety of locations, there were typically more SOA precursor gases found in ambient air 

during nighttime than during daytime. The amount of SOA from O3 oxidation was consistent with the 

amount expected from the measured ambient precursors, but the amount formed from OH oxidation 

was up to several times larger than could be accounted for with available measured gases. This provided 

further evidence that the unmeasured SOA-forming gases tended to not contain C=C bonds These 

results suggest that during the day the high ambient OH is already converting most SOA precursors to 

SOA rapidly, while at night the lack of OH allows precursors to accumulate, especially those that do not 
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have C=C bonds and do not react with O3 or NO3. A multilinear regression analysis indicated that 

approximately two thirds of the particle mass formed was biogenic in origin, while the remainder was 

mostly anthropogenic during the wet season and an equal mix of anthropogenic and biomass burning 

emissions during the dry season.  

For the first time, SOA yields in the OFR were measured under ambient RH and temperature 

conditions, ambient external OHR levels, and using ambient aerosol as seeds for condensation. With 

careful consideration to many factors that can affect the quantification of SOA yields in OFR 

experiments, the measurements presented herein increase the confidence of the conclusion that SOA 

yields in the OFR (particularly when performing measurements of the oxidation of ambient air) are 

similar to yields measured in large environmental chambers. 

This work adds to the growing body of literature that employs an OFR to investigate SOA 

formation from ambient air. Such experiments are consistently suggesting that gases other than the 

commonly measured VOCs are ubiquitous in the atmosphere, possibly having low volatilities and/or 

concentrations that make them difficult to measure, but with relatively high total potential to form SOA. 

In order to fully understand gas-to-particle SOA formation, we need to know more about these gases, 

including their identity, lifetime, reaction rates, SOA yields, deposition rates, etc., in order to be able to 

sufficiently model aerosol concentrations on regional and global scales. 
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4.5 Supplementary information 

 

Fig. 4.S1. Mean ambient OH reactivity used as a parameter in the equation to estimate OH exposure in 
the OFR, shown as a function of local time of day. This diurnal cycle of OH reactivity was adapted and 
smoothed from Williams et al. (2016).  

  
Fig. 4.S2. Aerosol volume measured in the AMS vs. in the SMPS for IOP1 and IOP2. The AMS mass was 
converted to volume using species densities of 1.75 g cm-3 for SO4, NO3, and NH4, 1.52 g cm-3 for Chl 
(DeCarlo et al., 2004; Salcedo et al., 2006; Lide, 2013), and the parameterization for OA density using 
elemental ratios described in Kuwata et al. (2012). AMS data was calculated using CE=1 during IOP1 and 
a composition-dependent CE (mostly CE=0.5; Middlebrook et al., 2012) during IOP2. 
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Fig. 4.S3. High-resolution factor profiles for the PMF analysis of the wet season, normalized to a total 
sum of 1. 
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Fig. 4.S4. High-resolution factor profiles for the PMF analysis of the dry season, normalized to a total 

sum of 1. 
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Fig. 4.S5. Elemental O:C ratio of the bulk OA measured after OH oxidation in the OFR, as a function of 

eq. age of OH aging during the dry season.  

      

     
Fig. 4.S6. Scatterplots of maximum measured SOA enhancement from OH oxidation at the T3 site during 

IOP1, vs. several ambient SOA precursor tracer gases. Correlation coefficients (R2) are shown for each 

scatterplot.  
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Fig. 4.S7. Scatterplots of maximum measured SOA enhancement from OH oxidation at the T3 site during 

IOP2, vs. several ambient SOA precursor tracer gases. Correlation coefficients (R2) are shown for each 

scatterplot.  
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Fig. 4.S8. Diurnal average values of the maximum measured SOA formation from OH oxidation during 
IOP1 (top) and IOP2 (bottom), along with the amount attributed to each tracer, and the total amount 
predicted from all tracers. These results were calculated without including MT as a tracer, for 
comparison with the bottom panels in Figs. 4.12–4.13. 
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Chapter 5 

Conclusions and Future Work 

5.1 Conclusions 

 In this dissertation, I have presented the development and application of an OFR for the purpose 

of studying SOA formation from the oxidation of ambient air. The OFR was first used to investigate SOA 

formation from OH, O3, and NO3 oxidation of montane pine forest air during the BEACHON-RoMBAS 

2011 field campaign. The OFR was also used to study SOA formation from OH and O3 oxidation from a 

mix of biogenic, anthropogenic, and biomass burning sources in the Amazon forest during the 

GoAmazon2014/5 campaign. In the course of these campaigns, I developed new operation and 

calibration protocols that substantially improved the scope, reproducibility and fidelity of using the OFR 

to sample ambient air. I showed that this technique can be used to quantitatively determine the amount 

of SOA that could be formed. Through the analysis of the data, I advanced our understanding of the 

interpretation of the technique, including how the results can inform us about SOA formation processes 

in the atmosphere. 

 The analysis and interpretation of the deployment of the OFR at the BEACHON-RoMBAS 

campaign, presented in Chapters 2–3, represented the majority of my thesis work. These results laid the 

foundation for future OFR research. The main scientific result was that approximately three quarters of 

the SOA that could be formed from OH oxidation of ambient air was formed from S/IVOCs, with only a 

quarter of the potential SOA coming from the VOCs that are conventionally assumed to be the main 

precursors. This was an important result because these S/IVOCs are very difficult to speciate and 

quantify, and relatively little is known about their presence and impact in the atmosphere. My 

measurements also showed that the S/IVOCs did not react with O3 or NO3 to produce SOA in the OFR, 

suggesting they tend to not contain C=C bonds (i.e., any C=C bonds in the emitted precursor molecules 

had already reacted) in this forest atmosphere. Finally, the chemical properties of SOA produced from 
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the oxidation of ambient air during BEACHON-RoMBAS was investigated in novel ways. This included an 

elemental analysis of the SOA formed (O:C and H:C values), and analysis of the formation of particulate 

organic nitrates.  

Many “firsts” were accomplished with the BEACHON-RoMBAS measurements. New methods 

were developed to perform O3 and NO3 oxidation of ambient air in the OFR. The NO3 oxidation 

technique (via injection of N2O5) was particularly novel, as was my modeling of the oxidant chemistry 

inside the NO3-OFR. I showed for the first time that the two methods of OH radical production (OFR185 

and OFR254) produce similar SOA formation results. I pioneered the methods of sampling VOCs through 

the OFR (and ambient air, using an automated valve system) with a PTR-TOF-MS in order to measure 

VOC decay after oxidation and verify oxidant exposures in the reactor. Perhaps the most important 

technical innovation from the BEACHON-RoMBAS analysis was modeling the fate of low volatility organic 

compounds (LVOCs), which are the gases formed by oxidation in the OFR that can condense to form 

SOA. Through this modeling we started for the first time to fully understand the competing time scales 

of oxidation and condensation in the OFR, and how these details can be used to design experiments to 

isolate the process of either SOA formation or heterogeneous oxidation. The analysis in Chapter 2 (Palm 

et al., 2016) set the standard for quantitative analysis of OFR measurements in future studies.  

Building on everything learned from the BEACHON-RoMBAS measurements, Chapter 4 

presented my measurements of OH and O3 oxidation during the GoAmazon2014/5 campaign. 

Improvements in the experimental setup (hardware and software) and in pre-campaign planning led to 

greatly improved coverage of measurements and the ability to target specific hypotheses. I carefully 

designed an experiment to measure SOA yields from individual VOCs under the conditions found in 

ambient OFR experiments, the first such OFR “calibrations” designed specifically to consider the 

important details learned from the BEACHON-RoMBAS analysis. These measurements verified that SOA 

yields in the OFR were not substantially different from typical chamber yields. This also increased 
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confidence that S/IVOCs were present and account for the majority of potential SOA formation from OH 

oxidation.   

Since there was a general lack of S/IVOC measurements during GoAmazon2014/5 (which is 

typical for most field campaigns), I made other attempts to determine the sources of these elusive SOA-

forming gases. PMF analysis of SOA after OFR oxidation yielded interesting results, but also reinforced 

the fact that source apportionment of SOA using AMS measurements is difficult. This is particularly true 

after high degrees of oxidation, since individual source profiles (mass spectra) tend to become very 

similar after aging. A multilinear regression analysis between the SOA formation and tracers for 

biogenic, anthropogenic, and biomass burning sources showed some promise in identifying the sources 

of the unmeasured gases that contribute to SOA formation. However, a major conclusion from this 

analysis is that our knowledge of S/IVOCs remains limited.  

5.2 Future Work 

The OFR technique is becoming more popular every year. It is a versatile, relatively inexpensive 

technique, and it has recently been commercialized. There are many possibilities for it to advance our 

knowledge of many aspects of atmospheric science. Here, I present my thoughts about the possibilities 

for further improvement of the OFR technique, and about scientific questions that could be answered.  

5.2.1 OFR technique improvements 

 The type of OFR used in this dissertation was the Potential Aerosol Mass (PAM) reactor, 

designed by Prof. William Brune at Penn State University and now sold commercially by Aerodyne 

Research, Inc. However, there are many custom-built OFRs in use by other researchers (e.g., George et 

al., 2008; Smith et al., 2009; Keller and Burtscher, 2012). As with large environmental chambers, there is 

no “perfect” OFR design. Different designs can be optimized to study different processes, and the 

designs can be improved through trial and error, characterization experiments, modeling, and careful 

attention to detail. The PAM reactor benefits from having a large user group, and from the years of work 
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in this thesis and elsewhere (though the PAM reactor used here is a slightly different design than the 

commercially available option). However, through the experiences I gained in this dissertation, I believe 

there are ways to improve upon the PAM design for the purpose of measuring SOA formation from 

ambient air. Specifically, I have identified several limitations of the current technique that could be 

remedied. 

The first limitation of the current method is that we often operated under conditions where a 

relatively small fraction (~30%) of the LVOCs formed in the OFR would condense to form SOA. This was 

particularly an issue when oxidizing ambient air in locations with a low ambient aerosol condensational 

sink, such as during BEACHON-RoMBAS, where large correction factors (e.g., up to a factor of 3) were 

required at times (especially during periods when little SOA was formed from ambient air). A second 

limitation is that the residence time distribution in the PAM is not as narrow as it could be (in relation to 

other OFR designs; Lambe et al., 2011a; Huang et al., 2017), particularly when sampling with the front 

plate installed on the PAM (which was often required due to windy conditions in the field). Finally, a 

limitation with all OFR designs (to the best of my knowledge) is that sampling several data points over 

the whole range of possible exposures from hours to weeks/months requires several hours to 

accomplish. In this thesis work, we typically operated on a repeating cycle of 2–3 h for the whole range 

of exposures. This length is required by the waiting time between setting the oxidant level (either UV 

lamps or injected oxidant) and when the reactor conditions have stabilized at that oxidant level, which is 

typically several residence times (16–24 min used in this work). During this 2–3 h cycle, the 

concentrations of gases and particles in ambient air are likely to have changed. Although this effect can 

be mitigated by averaging multiple cycles, it adds uncertainty to the technique.  

In Fig. 5.1, I propose a possible OFR design that I believe could improve upon these limitations. 

To give a narrower distribution of residence times, I would propose a narrower cylinder, perhaps ~10–15 

cm inner diameter, with cones on the inlet and outlet to eliminate the “dead volume” around the inlet 
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plate of the PAM. With the higher surface-area-to-volume ratio, this new design would be more 

susceptible to wall losses, particularly for LVOC gases. To counteract that, I would include a port inside 

the inlet where a seed aerosol (perhaps ammonium sulfate) would be injected, to provide a large 

condensational sink on which the LVOCs could condense. Particle-phase losses to the walls would be 

much easier to correct for than gas-phase losses. The most innovative part of the design would be a 

moveable sampling port (with separate gas and particle sampling lines). With this design, the UV lights 

(or injected oxidant) could be held constant at all times, and increasing ages are sampled by moving the 

sampling ports to a further distance into the reactor. As long as the sampling flow remains several times 

smaller than the exhaust flow, the effects on the flow profile in the OFR should be small. If the sampling 

instruments have high time resolution (e.g., 1 Hz), the sampling port could be moved along the entire 

length of the reactor in just several minutes and sample a wide range of exposures in a very short 

amount of time. This would greatly increase the chances that the concentrations of gases and particles 

entering the reactor have not changed during the measurement. In the scenario where each 

measurement requires several minutes (e.g., an SMPS scan), then the sampling ports could be held in 

place at a handful of reaction distances, spanning the range of concentrations in as little as 10 min or so. 

Many details remain to be worked out to optimize this design (e.g., perhaps the complexity of a 

moveable sampling port could be replaced with several permanent sampling ports along the length of 

the reactor body), but a design based on the one in Fig. 5.1 would have the potential to address many of 

the limitations of reactors such as the PAM design. 
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Fig. 5.1. Possible design improvements for a future OFR. Condensational sink could be increased by 
injecting a seed aerosol through a permanent injection line designed to optimize mixing with ambient air 
before passing through a mesh grid. A narrower and longer reactor could help to decrease the 
distribution of residence times. Finally, the particle and gas sampling lines could be moved along the 
length of the OFR in order to sample different ages (with oxidant concentration held roughly constant). 

5.2.2 Measurement possibilities 

With regard to the possibilities for future research that could build upon this dissertation, there 

are two main avenues. First, how can we learn more about the elusive SOA-forming S/IVOCs that appear 

to be present in a wide variety of locations? The answer to this question doesn’t necessarily require an 

OFR (though one could be used, see below). Recently, numerous instruments have been developed to 

speciate and/or quantify subsets of S/IVOCs (e.g., Lopez-Hilfiker et al., 2013; Zhao et al., 2013; Krechmer 

et al., 2016), or quantify the bulk or volatility-separated concentrations of such gases (e.g., Cross et al., 

2013). Such measurement techniques will continue to develop and provide new information. As models 

continue to evolve and explicitly track the composition and volatility of organic molecules through many 

oxidation steps, they will also likely provide more insight into the chemistry of lower volatility gases. 

The second avenue for future research asks: what is the future for using OFRs to study the 

atmosphere? OFRs will certainly continue to be used in cutting-edge experiments. Here are a few ideas 

that could be investigated: 

1) S/IVOCs- OFRs could be sampled by the novel instruments mentioned above, or the S/IVOCs 

could continue to be inferred by oxidizing them to form SOA. More OFR measurements of 

the oxidation of ambient air or synthetic mixtures in the laboratory could answer a variety 

of questions. Where else are S/IVOCs located? Are they primary or secondary? What are 
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their lifetimes and fates in the atmosphere? How big of a role do they play in ambient SOA 

formation?  

2) OFRs as predictive tools- An OFR could be used to measure potential SOA formation as a 

function of distance downwind of a point source or urban area in a Lagrangian experiment. 

This could be done by deploying the OFR in a mobile lab or airplane, and would be most 

easily accomplished if the OFR design improvements suggested above were implemented to 

increase the sampling rate. One could also imagine regional networks of OFRs to measure 

long-term or seasonal potential SOA formation, which could help to inform regional and 

global SOA models.    

3) Investigating specific mechanisms or processes- As mentioned above, OFRs have been used 

by a growing number of research groups to investigate specific processes, such as 

heterogeneous oxidation, SOA yields from a variety of gases, properties of OA (CCN activity, 

phase state, elemental composition, etc). As OFRs become better characterized and more 

widespread, these types of experiments will become as popular as typical large chamber 

studies. With the dramatically lower cost and short time required for measurements, the 

future of OFR research is vast. 

In conclusion, OFRs are versatile tools that can be used in conjunction with a variety of 

instruments and sampling strategies to investigate a range of research questions. My dissertation 

contributed significantly to the development of OFRs, particularly demonstrating the viability of 

quantifying SOA formation from the oxidation of ambient air, and it will serve as a foundation for future 

research in atmospheric chemistry.  
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