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ABSTRACT  

Decker, Zachary (Ph.D., Chemistry; Department of Chemistry) 

Evolution of Multi-Oxidant and Heterogeneous Chemistry in Biomass Burning Plumes  

Thesis directed by Professor Steven S. Brown 

Biomass burning (BB) has an increasing impact on air quality as wildfires increase in the 

western U.S. Atmospheric chemistry of urban plumes suggests that during the daytime volatile 

organic compounds (VOCs) are oxidized by O3 and the hydroxyl radical (OH), but during the 

nighttime by O3 and the nitrate radical (NO3). However, BB emissions are unique because they 

include large amounts of aerosols, BBVOCs, and nitrogen oxides (NOx = NO + NO2), creating a 

highly reactive environment.  

We study the formation, competition, and fate of oxidants (NO3, N2O5, O3, and OH) 

reacting with BBVOCs using an analysis of daytime and nighttime BB plume observations. 

Toward this goal, we 1) developed a detailed BBVOC emissions and kinetics inventory, 2) 

conducted aircraft observations of wildfire plumes, 3) used a detailed 0-D chemical box model (0-

DBM), and 4) created a novel model, the Gaussian Observational Model for Edge to Center 

Heterogeneity (GOMECH), to quantify chemical differences between plume center and edge. 

 We present 1) the first analysis of nighttime aircraft observations of an agricultural BB 

plume sampled by the NOAA WP-3D aircraft during the South East Nexus (SENEX 2013) 

campaign, 2) an analysis of daytime, sunset, and nighttime plumes sampled by the NOAA Twin 

Otter, and NASA DC-8 aircraft during the Fire Influence on Regional to Global Environments and 

Air Quality (FIREX-AQ 2019) campaign, and 3) the first analysis to quantify plume center to edge 

phenolic oxidation and nitrophenolic formation in BB plumes. 

We show that, unlike urban plumes, >98% of NO3 loss in BB plumes, even under sunlight, 

is due to BBVOCs at plume center. Reactions with phenolics dominate NO3 reactions and NOx 

loss overnight from the formation of nitrophenolics. Using GOMECH, we show that NO3 

chemistry may be a major, even dominant, source of nitrophenolics in daytime BB plumes, even 

on plume edges.   

Overall, our work suggests that BB plumes are large sources of reactivity for OH, O3 and 

NO3 under sunlight and in the dark, unlike more conventional atmospheric chemistry that separates 

the role of OH and NO3 into photochemistry and nighttime chemistry. 
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Chapter 1: Introduction to Wildfire Chemistry 

1.1 Wildfires are Growing  

It is well known that biomass burning (BB), including wildfires and agricultural burning, 

can have large impacts on air quality at local, regional and global scales (Jaffe et al., 2020). The 

relative impact and importance of wildfire smoke on air quality in the western U.S. is increasing 

with decreasing anthropogenic volatile organic compound (VOC) and nitrogen oxide (NOx = NO 

+ NO2) emissions (Bishop and Haugen, 2018; McClure and Jaffe, 2018; O’Dell et al., 2019; 

Silvern et al., 2019; Warneke et al., 2012; Xing et al., 2015). This increase is compounded by 

growing wildfire emissions caused by anthropogenic influences such as human-caused climate 

change and past wildland management practices. Twentieth century suppression of western U.S. 

wildfires has led to increased fuel loadings and thus fire potential (Higuera et al., 2015; Marlon et 

al., 2012; Parks et al., 2015). A warmer and drier climate in the western U.S. resulting from human-

caused climate change has exacerbated fire potential and has resulted in an increase in the 

frequency of large wildfires since the 1980s (Abatzoglou and Williams, 2016; Balch et al., 2017; 

Barbero et al., 2015; Brey and Fischer, 2016; Dennison et al., 2014; Marlon et al., 2012; Westerling 

et al., 2006; Westerling, 2016; Williams et al., 2019). Further, there is consensus that increased 

smoke exposure in the western U.S. is significantly associated with increased respiratory morbidity 

and risk of cardiovascular disease (Liu et al., 2015). Recent studies have associated smoke 

exposure with respiratory infections such as influenzas and SARS-CoV-2 (Navarro et al., 2021).  
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1.2 Atmospheric Chemistry of Biomass Burning 

Wildfires emit NOx, nitrous acid (HONO), biomass burning VOCs (BBVOCs) and 

particulate matter (PM) that evolve chemically on a range of time scales, from seconds to weeks 

downwind (Akagi et al., 2011; Andreae and Merlet, 2001b; Decker et al., 2019; Hatch et al., 2015, 

2017; Koss et al., 2018; Palm et al., 2020). These emissions and their chemical products influence 

air quality through ozone (O3) production, emitted PM, and secondary organic aerosol formation 

(SOA) (Brey et al., 2018; Brey and Fischer, 2016; Jaffe et al., 2020; Jaffe and Wigder, 2012; Lu 

et al., 2016; Palm et al., 2020; Phuleria et al., 2005). However, the evolution of the smoke 

downwind is influenced by several variables such as fuel type, burn conditions, moisture content, 

nitrogen content, meteorology, and time of day. 

 
Figure 1.1: Schematic of BB chemistry. Boundary layer dynamics are illustrated by dashed lines. 

Like most atmospheric oxidation processes, the oxidation of BBVOCs is influenced by 

three key atmospheric oxidants: O3, the hydroxyl radical (OH), and the nitrate radical (NO3), 



 

3 

 

highlighted in Figure 1.1. The amount of each oxidant present in a plume is influenced by 

emissions of NOx, plume mixing with background air, and the amount of sunlight that penetrates 

a plume.  

The OH radical is typically considered to be a daytime oxidant because it is formed through 

the photolysis of compounds such as formaldehyde (HCHO) and HONO (Peng et al., 2020; 

Trentmann et al., 2003). Indeed, the photolysis of HONO was found to be the dominant source of 

HOx (= OH + HO2) in the first three hours of aging for wildfires sampled in the western U.S. (Peng 

et al., 2020).  

HONO + hv → OH + NO         R1.1 

However, at night, or in optically thick plumes, OH can also be formed by the ozonolysis 

of unsaturated hydrocarbons, or alkenes, which form Criegee intermediates and subsequently 

decompose (Khan et al., 2018). The OH radical can react with BBVOCs to from RO2, or secondary 

products.  

RO2• → OH + RO•          R1.2 

OH + VOC → Products         R1.3 

Ozone formation in the atmosphere typically occurs through the photolysis of NO2, a 

prominent emission of BB. BB plumes also contain large amounts of NO, which reacts quickly 

with O3. Under sufficient sunlight, NO is in a rapid cycle with NO2 photolysis and regeneration of 

O3 in which odd oxygen, Ox = NO2 + O3, is conserved.  

 NO2 + hv → NO + O(3P)         R1.4 

O(3P) + O2 → O3          R1.5 

NO + O3 → NO2 + O2          R1.6 
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Therefore, in young BB plumes O3 is often reduced in the plume-center compared to the 

ambient air outside of the plume. On the edge of a plume, O3 can be greater than plume-center due 

to ambient O3 entrainment and photochemical O3 production. In aged BB plumes, when NO is 

depleted, O3 is often enhanced throughout the plume relative to ambient O3. Lastly, both the 

entrainment of atmospheric background levels of O3 and photochemical O3 production within a 

smoke plume, provide O3 for oxidation of BBVOCs (Jaffe and Wigder, 2012). 

 O3 + BBVOC → products         R1.7 

In comparison to O3 and the OH radical, the role of NO3 oxidation in BB plumes is variable.  

NO3 is produced within a smoke plume by the gas-phase reaction of O3 and NO2 (R1.8) and is a 

precursor for N2O5 (R1.9), which may serve as a NOx reservoir (Brown and Stutz, 2012). N2O5 

may undergo heterogeneous uptake to form ClNO2 and HNO3 according to the branching ratio 𝜙 

(R1.10) (Chang et al., 2011; McDuffie et al., 2018). NO3 can also be directly taken up by aerosol 

(R1.11) or react with BBVOCs (R1.12). 

NO2 + O3 → NO3 + O2         R1.8 

NO3 + NO2 ⇌ N2O5          R1.9 

N2O5(g) + aerosol → 𝜙ClNO2 + (2 – 𝜙)HNO3      R1.10 

NO3 + aerosol → products         R1.11 

NO3 + BBVOCs → products         R1.12 

In urban plumes during daytime, NO3 is rapidly destroyed by photolysis (R1.13 & R1.14) 

and even more rapidly by reaction with NO (R1.15, 𝜏<10 s) (Brown and Stutz, 2012; Wayne et 

al., 1991).  

NO3 + hv → NO2 + O(3P)         R1.13 
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NO3 + hv → NO + O2          R1.14 

NO3 + NO → 2NO2          R1.15 

Therefore, the role of NO3 in daytime BB plumes might be expected to be small and limited to the 

darkest parts of a plume. Despite the potential for rapid loss of NO3 from sunlight and NO, wildfire 

plumes provide a unique environment which promotes NO3 chemistry. Wildfire emissions 

typically peak in the mid-afternoon to evening, and continue to emit smoke into the night (Giglio, 

2007; Li et al., 2019). Furthermore, large smoke plumes can be optically thick, with little 

photolysis at their center. This means that most smoke plumes will undergo dark oxidation 

processes during some, if not all, of their transport (Kodros et al., 2020).  

The fate of NO3 and N2O5 has important implication for O3 production the following day. 

If N2O5 persists throughout the night, N2O5 thermal dissociation and subsequent photolysis of NO3, 

after sunrise the next day, will provide NOx and thus contribute to photochemical O3 production. 

However, if N2O5 reacts heterogeneously with aerosol to form ClNO2, then the photo-labile ClNO2 

will dissociate to form NO2 and Cl•, which can further contribute to oxidation of BBVOCs and O3 

production the following morning. Understanding the potential for O3 production due to BB 

emissions is important because O3 is considered a threat to health and the environment and is a 

criteria pollutant designated by the U.S. EPA (EPA, 2021). For example O3 has been linked to 

increased mortality rates (e.g. Bell et al., 2006), is a potent green-house gas, and is responsible for 

over 10 billion dollars in annual crop loss (e.g. Avnery et al., 2011).  

That fate of O3, OH, and NO3 will depend on the BB emissions, which are highly variable. 

Laboratory burns have worked to catalog biomass burning emissions for a multitude of fuel types 

(Hatch et al., 2015; Koss et al., 2018; Stockwell et al., 2014; Veres et al., 2010). Among others, 
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these emissions include saturated and unsaturated hydrocarbons, aromatics, and oxygenated 

aromatics with a distribution that changes based on fuel type (Hatch et al., 2017, 2018; Koss et al., 

2018) and burn temperature (Sekimoto et al., 2018).  

As we show later, the suite of BBVOCs emitted from BB are highly reactive, especially 

toward NO3. This is the result of elevated concentrations of several highly reactive BBVOCs 

within the plume. Specifically, directly emitted aromatic alcohols (phenolics) react with NO3 at 

near the gas-kinetic limit to form nitrophenolics, a subset of nitroaromatics, and secondary organic 

aerosol (Finewax et al., 2018; Lauraguais et al., 2014; Liu et al., 2019; Xie et al., 2017). 

Nitrophenolics absorb strongly in the ultraviolet and visible regions of the solar spectrum, and are 

expected to significantly contribute to brown carbon (BrC) absorption (Palm et al., 2020; 

Selimovic et al., 2020). Phenolic reactions with OH in the presence of NOx also form 

nitrophenolics, but at one third the yield (Finewax et al., 2018). Therefore, understanding BBVOC 

reactivity, oxidant competition, and chemical fate of both is imperative to understanding the air 

quality impacts of BB smoke downwind.  

1.3 Research Approach 

Here, we outline our approach to sampling and studying the multi-oxidant and 

heterogeneous chemical evolution of both wildfire and agricultural burning plumes. To better 

understand the role each oxidant plays in the chemical evolution of BB plumes downwind, and 

within a plume, we use four main methodologies 1) aircraft observations of agricultural and 

wildfire plumes both day and night, 2) an emissions database of fire emissions from previous lab 

studies, including bimolecular rate coefficients, 3) observationally constrained and chemically 

detailed 0-D box models, and 4) a novel quantitative method, the Gaussian Observational Model 
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for Center to Edge Heterogeneity (GOMECH), to study plume center vs plume edge chemical 

heterogeneity in plumes. 

Dark chemistry may occur in lofted BB plumes, or in smoke that subsides to lower altitudes 

(Figure 1.1).  Boundary layer dynamics may cause concentrated and potentially inactive chemistry 

near the ground surface (Brown et al., 2017; Brown and Stutz, 2012), although these dynamics are 

complex and may lead to a range of chemical regimes.  Aircraft sampling captures dark chemistry 

in lofted plumes, which has not previously been studied.  

However, aircraft studies of BB plumes, especially after sunset, are limited. More data 

must be collected of both wildfire and agricultural burning plumes during both day and night. 

These observations require measurements of a large suite of BBVOCs, as well as O3, NOx, CO, 

and aerosol properties.  A combination of both Iodide chemical ionization mass spectrometry (I- 

CIMS) and proton transfer reaction mass spectrometry (PTR MS) provide for measurements of 

oxygenated and aliphatic semi-volatile and volatile BBVOCs, which are often highly reactive.  

Due to safety and logistical limits, aircraft can only sample smoke sufficiently far from the 

fire. Further, aircraft sampling of nighttime smoke is difficult to achieve because of low visibility 

in potentially mountainous terrain and complex meteorology, with variable windspeeds that result 

in plume structures that may be difficult to predict. Therefore, we use the aircraft observations of 

young smoke to initialize and constrain a chemically detailed 0-D box model that simulates plume 

chemistry from the time of emission, through the night, until sunrise the next morning.  

To accurately model BB plume chemistry, knowledge of the emissions and chemical 

reactions are required. We construct a detailed emissions database of the most reactive 302 

BBVOCs sampled during previous lab studies (Hatch et al., 2017; Koss et al., 2018) of BB 
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emissions, combined with bimolecular rate coefficients for reactions with NO3, O3, and OH. We 

use our database to both study reactivity of BB plumes as well as initiate our box models.  

Even so, our box model analysis is a plume-center Lagrangian model. Therefore, it does 

not capture chemistry occurring at plume edges. In order to understand and quantify the chemical 

difference between the plume center and edge, we developed a novel methodology, the Gaussian 

Observational Model for Center to Edge Heterogeneity (GOMECH), to model chemical plume 

structures relative to a plume tracer compound. CO is emitted at high concentration from BB, is 

readily and accurately measured, and is inert relative to more reactive VOC and nitrogen 

compounds. Though, GOMECH is general and can be applied to any type of plume. We use 

GOMECH to explore the spatial relationship of NO3 and OH as well as their oxidation of phenolic 

compounds, and subsequent formation of nitrophenolics.   

1.4 Thesis Overview 

In this thesis, the results from two field campaigns that observed both agricultural burning 

and wildfire plume emissions both day and night are analyzed. The chapters are as follows: 

Chapter 2: Methodologies 

In this chapter the methods common to multiple chapters are described. These include 1) 

common analysis metrics of BB and NO3 chemistry, 2) a 0-D Detailed Chemical Box Model 

coupled with the master chemical mechanism and updated phenolic mechanisms, 3) a detailed BB 

chemical emissions and kinetics inventory, and 4) observations made by the NOAA WP-3D during 

the SENEX 2013 campaign, and the NASA DC-8 and NOAA Twin Otter aircraft during the 

FIREX-AQ campaign.  
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Chapter 3: Nighttime Chemical Transformation in Biomass Burning Plumes: A Box Model 

Analysis Initialized with Aircraft Observations 

 While the daytime photochemistry of BB emissions has been studied in some detail, there 

has been little focus on nighttime reactions despite the potential for substantial oxidative and 

heterogeneous chemistry. Here, we present the first analysis of nighttime aircraft intercepts of 

agricultural BB plumes using observations from the NOAA WP-3D aircraft during the 2013 

Southeast Nexus (SENEX) campaign. We use these observations in conjunction with detailed 

chemical box modeling to investigate the formation and fate of oxidants (NO3, N2O5, O3, and OH) 

and BBVOCs, using emissions representative of agricultural burns (rice straw) and western 

wildfires (ponderosa pine).  

Chapter 4: Nighttime and Daytime Dark Oxidation Chemistry in Wildfire Plumes: An 

Observation and Model Analysis of FIREX-AQ Aircraft Data 

The impact of BB smoke, including wildfires, on regional air quality depends on emissions 

and chemistry that varies depending on the time of day. This includes the oxidation of emitted 

BBVOCs by OH, NO3, and O3. This chapter focuses on the transition between daytime and 

nighttime oxidation, which has significant implications for the formation of secondary pollutants 

and loss of NOx and has been understudied. We present wildfire plume observations made during 

FIREX-AQ (Fire Influence on Regional to Global Environments and Air Quality), a field 

campaign involving multiple aircraft, ground, satellite, and mobile platforms that took place in the 

United States in the summer of 2019 to study both wildfire and agricultural burning emissions and 

atmospheric chemistry. We use observations from two research aircraft, the NASA DC-8 and the 
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NOAA Twin Otter, with a detailed chemical box model, including updated phenolic mechanisms, 

to analyze smoke sampled during mid-day, sunset, and nighttime.  

Chapter 5: A Novel Analysis to Quantify Plume Crosswind Heterogeneity Applied to 

Phenolic Oxidation in Biomass Burning Smoke. 

BB plumes undergo chemical evolution that is influenced by sunlight and background air 

entrainment in the horizontal crosswind dimension. We present a novel method, termed the 

Gaussian Observational Model for Edge to Center Heterogeneity (GOMECH), to quantitatively 

describe the aircraft observed horizontal chemical structure of plumes as a function of a conserved 

tracer (CO). GOMECH can be used to fit observations and provides metrics for plume width and 

center. We demonstrate GOMECH with an analysis of plumes sampled during FIREX-AQ. We 

investigate the oxidation of phenolics by the OH radical (by analysis of nitrous acid and maleic 

anhydride) and the nitrate radical (NO3, by analysis of NO3 production) to form nitrophenolics, a 

source of secondary organic aerosol in BB plumes. In a campaign-wide analysis and case study of 

large plumes, our model suggests phenolic loss is most associated with OH, but nitrophenolic 

formation is most associated with NO3. This result is further corroborated by an LES model of an 

observed large plume, indicating the majority of nitrocatechol is formed via NO3 on plume edges 

while OH controls formation at plume center.  

Chapter 6: Summary and Conclusions. 
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Chapter 2: Research Methods 

2.1 Common Analysis Metrics 

We report our observations for each species (X) relative to CO in the form of normalized 

excess missing ratios (NEMR) (Yokelson et al., 2013).  

NEMR =
XPlume−XBackground (ppbv)

COPlume−COBackground (ppmv)
       E2.1 

Instantaneous reactivity, referred to simply as reactivity here on, is used as a simplified 

metric to predict the competition of reactions between oxidant and BBVOC 

kX = ∑ kX+BBVOCi
[BBVOCi]i         E2.2 

where, kX+BBVOC is a bimolecular rate coefficient for the reaction of X + BBVOC (where X is O3, 

NO3 or OH) and kX is an instantaneous first order rate coefficient. 

While reactivity is a useful metric to predict the competition between reactions, it does not 

account for oxidant concentration, which can vary widely depending on photolysis rates, 

emissions, and competing oxidants. The oxidation rate is related to reactivity through the oxidant 

concentration as shown below 

Rx = ∑kX+BBVOCi
[BBVOCi][X] = kx[X]       E2.3 

where Rx is the BBVOC oxidation rate for a BBVOC + X. 

2.1.1 Common NO3 Analysis Metrics 

The NO3 production rate, P(NO3), is the instantaneous source of NO3 from the reaction of 

NO2 with O3 and is given in E2.4 (Brown and Stutz, 2012).  

𝑃(𝑁𝑂3) = 𝑘𝑁𝑂3
[𝑁𝑂2][𝑂3]         E2.4  
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The NO3 + N2O5 lifetime (𝜏) is the ratio of NO3 and N2O5 concentration to the NO3 

production rate (E2.5) (Brown, 2003). The summed lifetime is useful because NO3 and N2O5 reach 

an equilibrium state in which interconversion between the two species is typically more rapid than 

the individual sink reactions for either, such that they can be regarded as a sum. 

𝜏(𝑁𝑂3 + 𝑁2𝑂5) =
𝑁𝑂3+𝑁2𝑂5

𝑃(𝑁𝑂3)
         E2.5 

The total heterogeneous NO3 loss (i.e., reaction by aerosol uptake) is given as the sum of 

the 1st-order NO3 and N2O5 heterogeneous rate coefficients. By assuming steady state (Brown et 

al., 2003) for both NO3 and N2O5, we estimate the total heterogeneous uptake, and therefore NO3 

heterogeneous reactivity, as 

𝑘𝑁𝑂3

ℎ𝑒𝑡 = 𝐾𝑒𝑞[𝑁𝑂2]𝑘𝑢𝑝𝑡𝑎𝑘𝑒 𝑁2𝑂5
+ 𝑘𝑢𝑝𝑡𝑎𝑘𝑒 𝑁𝑂3

      E2.6 

where 𝑘𝑁𝑂3

ℎ𝑒𝑡  is a first order rate coefficient, Keq is the equilibrium constant between NO3 and N2O5 

(R1.9), and 𝑘𝑢𝑝𝑡𝑎𝑘𝑒 𝑥 is the first order rate coefficient for N2O5 or NO3 heterogeneous uptake 

expressed below. 

𝑘𝑢𝑝𝑡𝑎𝑘𝑒 𝑥  =
𝛾∙𝑐̅∙𝑆𝐴

4
          E2.7 

Here, 𝛾 is the uptake coefficient, 𝑐̅ is the mean molecular speed, and SA is the aerosol surface area. 

The expression in E2.7 is approximate in the limit of small uptake coefficient and particle diameter 

(Dentener and Crutzen, 1993). Calculations use uptake coefficients of 𝛾𝑁2𝑂5
= 10−2 for N2O5 

(Chang et al., 2011) and 𝛾𝑁𝑂3
= 10−3 for NO3 (Brown and Stutz, 2012; McDuffie et al., 2018). 

However, 𝛾𝑁𝑂3
 values have a potentially wide range, and therefore we include calculations with 

𝛾𝑁𝑂3
= 1 , even though this is an unrealistic upper limit, as discussed in Chapters 3 and 4, but find 

similar results when using 𝛾𝑁𝑂3
= 10−3 (Brown and Stutz, 2012). 
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2.2 0-D Detailed Chemical Box Model 

Box modeling was performed using the Framework for 0-D Atmospheric Modeling 

(F0AM). Chemical mechanisms were adopted from the MCM (v3.3.1, Bloss et al., 2005; Jenkin 

et al., 1997, 2003, 2012, 2015), via website: http://mcm.york.ac.uk) along with additional 

mechanisms specific to each analysis, which are explicitly stated in their respective chapters. 

Initial, background, and dilution conditions varied depending on the study, and are specified in 

each box modeling chapter. However, in all box model studies we initiated BBVOCs in the model 

with emissions ratios from our emissions database, described below.  

2.3 Emissions Database 

Our emissions database including emission ratios, rate coefficients, and rate coefficient 

references can be found on the SENEX publications page under “Nighttime Chemical 

Transformation in Biomass Burning Plumes: A Box Model Analysis Initialized with Aircraft 

Observations”: https://esrl.noaa.gov/csd/projects/senex/pubs/. The methods of constructing the 

database are described below.  

We report our emissions in the form of laboratory-derived emission ratios (ER), which is 

the background subtracted emitted compound (𝑥) normalized to background subtracted CO (Hatch 

et al., 2015; Koss et al., 2018). 

𝐸𝑅𝑥 =
𝑥 (𝑝𝑝𝑏𝑣)

𝐶𝑂(𝑝𝑝𝑚𝑣)
         E2.8  

These emissions are integrated over the entirety of the laboratory fires and therefore contain 

emissions from all stages of the fire. 

http://mcm.york.ac.uk/
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Hatch et al., 2017 report emission factors (EF), which is the ratio of the mass of BBVOC 

emitted (g) to mass of fuel burned (kg). We used CO emission factors from Stockwell et al., 2014 

as well as molecular mass to convert the reported emission factors to emission ratios.  

𝐸𝐹𝑥 =
𝑥(𝑔)

𝑓𝑢𝑒𝑙(𝑘𝑔)
           E2.9 

Databases from Koss et al., 2018 and Hatch et al., 2017 were combined in the form ERs. 

ERs for identical isomers were averaged and the errors added in quadrature. For both inventories 

all unidentified masses were excluded. Compounds were only included if an isomer, or isomer 

group was explicitly named. The inventory by Koss et al., 2018 gives assignments based on gas-

chromatography (if available), literature evidence, inter-comparisons, and the peak’s appearance 

in the time series. We used all isomers regardless of the confidence ratings. Five compounds 

(designated in our inventory) had little to no evidence for their assignment. 

Two-dimensional gas chromatography used by Hatch et al., 2017 allows for isomer 

speciation; however, it is less able to detect highly polar isomers that are detectable by PTR-ToF, 

which can lead to discrepancies in the total emission ratios for some groups of isomers between 

the two datasets (Hatch et al., 2017). Occasionally the inventory from Hatch et al., 2017 included 

more isomers for a given mass than the inventory from Koss et al., 2018. Any additional isomers 

only identified by Hatch et al., 2017 were summed into one group name. The rate coefficient used 

is dependent on the compound group and is explicitly stated in the inventory. For example, at m/z 

= 96.1, Koss et al., 2018 report 2,5-dimethylfuran, 2-ethylfuran, and “Other furans (C2)” while 

Hatch et al., 2017 report an additional three isomers. The emission ratios for these three additional 

isomers from Hatch et al. were summed and grouped under “Other furans (C2)”. Some masses had 

more than one identification, but an unknown fractional contribution to the ion signal for each. In 
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these cases, an even distribution is assumed. For example, at m/z = 110.1 both catechol and 

methylfurfural are reported for a single emission ratio and we assume a 50/50 contribution.  

Rate coefficients for the reactions of O3 + BBVOC and OH + BBVOC were collected for 

only the top 63 compounds in the NO3 reactivity sum. Rate coefficient estimations for NO3 + 

BBVOC reactions were performed using the structure activity relationships (SAR) (Kerdouci et 

al., 2010, 2014). There are several compounds for which the SAR is not developed, such as hetero-

aromatics or complex oxygenated aromatics. For these compounds, as well as O3 + BBVOC and 

OH + BBVOC reactions without published rate coefficients, we estimated the rate coefficient 

based on structural similarity to compounds with available rate coefficients.  

Due to limited literature on NO3 + BBVOC rate coefficients, our inventory excludes many 

nitriles, amines, alkynes, acids, and other compounds whose rate coefficients were unavailable and 

could not be estimated. We also removed saturated hydrocarbons because they are generally 

unreactive toward NO3 (Atkinson, 1991). Despite this, our merged inventory retains about 87% of 

the total inventory carbon mass, or 96% by mass, with 235 compounds from Hatch et al., 2017 and 

171 compounds from Koss et al., 2018 with 103 compounds shared in both inventories for a total 

of 302 unique compounds.  

2.3.1 Emissions Uncertainties 

Emission uncertainties were taken as the reported error (1-𝜎 from multiple burns within a 

single database) when available and 30% when unavailable. In general, the emissions from each 

database have disagreements, which is expected due to variability in fuel composition and 

combustion conditions. While there are several compounds that agree within a factor of two, the 

majority differ by more than a factor of two (Figure 2.1). These uncertainties were combined in 
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quadrature when both databases were averaged and treated as uncertainty in BBVOC 

concentration, which propagate to significant uncertainty in initial NO3 reactivity and model 

results.  

  

Figure 2.1: Comparison of emission ratios, relative to CO, shared in inventories from both Hatch et al. and Koss et 

al. for rice straw (left) and ponderosa pine (right) fuels. 

2.3.2 Rate Coefficient Uncertainties  

Kerdouci et al. report that 90% of calculated rate coefficients for compounds they validated 

were within a factor of two of the experimental values (Kerdouci et al., 2010). We assume a 

conservative factor of 3 uncertainty for both rate coefficients estimated by the SAR and structural 

similarity alone, however it is possible that some of these compounds fall outside of this range. 

We use the reported uncertainty for published rate coefficients. See the “Details on model 

parameters and sensitivities” for details on how these propagate in the model results. 
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2.4 Aircraft Measurements 

2.4.1 SENEX 2013 Aircraft Measurements 

SENEX (Southeast Nexus) was a 2013 field campaign focused on studying the interactions 

between biogenic and anthropogenic emissions to form secondary pollutants in the southeastern 

U.S. Field data were taken from multiple instruments deployed on the NOAA WP-3D aircraft 

during the SENEX 2013 (Warneke et al., 2016) flight on July 2-3, 2013 (20:00-03:00 CDT), which 

are used in the analysis presented in Chapter 3. Our analysis utilizes data from the NOAA nitrogen 

oxide cavity ring-down spectrometer (CRDS) for NO2, NO3, N2O5, and O3, (Brown et al., 2002; 

Dubé et al., 2006; Fuchs et al., 2008; Wild et al., 2014) as well as the NOyO3 chemiluminescence 

instrument (CL) for NO, NO2, O3, and NOy (Ryerson et al., 1999) with 1 Hz acquisition resolution.  

Within the plume regions we study, the measurements of NO2 and O3 from the CRDS and CL 

instruments agree within 7%. We also use data from an ultra-high sensitivity aerosol spectrometer 

(UHSAS) for aerosol size measurements (1Hz, Brock et al., 2000, 2011) and a proton-transfer-

reaction mass spectrometer (PTR-MS) for VOC measurements (1 s every 17 s, De Gouw and 

Warneke, 2007).  

BB intercepts were identified by the enhancement above background of four species: black 

carbon (BC), glyoxal (CHOCHO), CO, and acryloyl peroxynitrate (APAN) (Bond et al., 2013; 

Zarzana et al., 2017). BB identifier data were provided by the NOAA airborne cavity enhanced 

spectrometer (ACES, Min et al., 2016) for glyoxal, iodide chemical ionization mass spectrometer 

(I- CIMS) for APAN (Zheng et al., 2011), single particle soot photometer (SP2) for black carbon 

(Schwarz et al., 2006), and vacuum ultra-violet fluorimeter for CO (Holloway et al., 2000).  
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2.4.2 FIREX-AQ Aircraft Measurements 

FIREX-AQ was a large-scale multi-platform campaign that took place during the summer 

of 2019 in the United States to study both wildfire and agricultural burning smoke. Both the NOAA 

Twin Otter and the NASA DC-8 aircraft executed a series of research flights sampling smoke 

plumes as part of this campaign. A main science goal of the NOAA Twin Otter was to investigate 

nighttime plume chemistry. However, due to a less active fire season in 2019 (NIFC, 2019) and to 

the decreasing smoke injection height with time of day for the sampled fires, smoke emitted after 

dark proved difficult to sample reliably within the altitude range of the NOAA Twin Otter. While 

the NOAA Twin Otter sampled over a dozen plumes after sunset, plume age estimates (described 

below) suggest these plumes were emitted before or at sunset. The NASA DC-8 aircraft sampled 

plumes both mid-day and near sunset.  

In the following sections we describe the instrumentation used for this analysis, which are 

listed in Table 2.1. More information and data can be found at https://csl.noaa.gov/projects/firex-

aq/twinotterCHEM/, https://espo.nasa.gov/firex-aq, and https://www-

air.larc.nasa.gov/missions/firex-aq/index.html.  

2.4.2.1 NOAA Twin Otter Instrument Descriptions 

The NOAA Twin Otter sampled nine wildfires with 39 flights between 3 August 2019 and 

5 September 2019 in the western U.S. The aircraft was based mainly in Boise, Idaho and briefly 

in Cedar City, Utah. The NOAA Twin Otter payload limited flight duration to 3.0 h or less and the 

aircraft typically flew 2 – 3 times in a day to achieve plume sampling from mid-afternoon into the 

night. Campaign-wide aircraft speed was 71.2 ± 4.7 m s–1 (average ± 1𝜎), which yields a 

https://www-air.larc.nasa.gov/missions/firex-aq/index.html
https://www-air.larc.nasa.gov/missions/firex-aq/index.html
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horizontal resolution of ~70 m for the in situ 1 s measurements. Attempts to probe the same airmass 

downwind, known as Lagrangian sampling, proved difficult to achieve due to complex plume 

structure, terrain and airspace. Therefore, we define the sampling strategy as semi-Lagrangian.  

In Chapter 4 and 5 we use NOAA Twin Otter observations of BBVOCs and HONO from 

a University of Washington Iodide High Resolution Time of Flight Chemical Ionization Mass 

Spectrometer (UW I– HR ToF CIMS, 2 Hz, Lee et al., 2014) as well as a Tenax cartridge sampler 

with subsequent GCxGC analysis for speciated BBVOCs (intermittent transect integrations, Hatch 

et al., 2015; Mondello et al., 2008), which we use to support mass assignments from the UW I– 

HR ToF CIMS for some phenolic compounds (see section 2.4.2.4 on page 22).  

We use data from a commercial cavity ringdown spectrometer (Picarro G2401-m) for 

measurements of CO, CO2, and CH4 (0.5 Hz, Crosson, 2008). We use measurements from a 

custom chemiluminescence instrument (1 Hz) for NO, NO2 and O3 (Sparks et al., 2019). Aerosol 

surface area measurements were collected by an ultra-high sensitivity aerosol spectrometer 

(UHSAS, 1 Hz, Kupc et al., 2018). The aircraft had a standard meteorological probe (Aventech 

ARIM 200) for temperature, pressure, relative humidity, wind speed and direction. We use NO2 

photolysis rates (jNO2) collected by upward and downward facing filter radiometers (Metcon, 

GmbH , 1 Hz, Kupc et al., 2018; Warneke et al., 2016). Measurements of a group of 

nitrophenolic masses are from an HR-ToF Aerosol Mass Spectrometer (HR-ToF AMS, 1 Hz, 

Decarlo et al., 2006; Liggio et al., 2016; Palm et al., 2020). 
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Measurements Used Method Platform 
Sample 

Frequency 
Reference 

HONO, C6H6O, C7H8O, 

C6H6O2, C7H8O2, C6H5NO4, 

C7H7NO4, C6H5NO3, 

C7H7NO3. 

University of Washington Iodide High 

Resolution Time of Flight Chemical 

Ionization Mass Spectrometer (UW I– 

HR-ToF-CIMS) 

Twin 

Otter 

2 Hz (Lee et al., 2014) 

Guaiacol and 

methylcatechol. 

Tenax cartridge sampler with 

subsequent GCxGC analysis 

Twin 

Otter 

~ 5 min (Hatch et al., 2015; 

Mondello et al., 

2008)  

CO Picarro G2401-m, cavity ringdown 

spectrometer. 

Twin 

Otter 

0.5 Hz (Crosson, 2008) 

NO, NO2 and O3. NCAR chemiluminescence instrument Twin 

Otter 

1 Hz (Sparks et al., 2019) 

Nitrophenolic ions C6H5NO3 

+ C6H5NO4 + C7H7NO3 + 

C7H7NO4 

HR-ToF AMS (high-resolution time-

of-flight aerosol mass spectrometer) 

Twin 

Otter 

1 Hz (Decarlo et al., 

2006; Liggio et al., 

2016; Palm et al., 

2020) 

Aerosol surface area Ultra-high sensitivity aerosol 

spectrometer (UHSAS) 

Twin 

Otter 

1 Hz (Kupc et al., 2018) 

jNO2 Meteorologie Consult, GmbH upward 

and downward facing jNO2 filter 

radiometers 

Twin 

Otter 

1 Hz (Kupc et al., 2018; 

Warneke et al., 

2016) 

CO Tunable diode laser spectrometer DC-8 1 Hz (Sachse et al., 1991) 

CO Cavity enhanced spectrometer DC-8 1 Hz (Eilerman et al., 

2016) 

NO2 NOy and O3 NOAA chemiluminescence DC-8 1 Hz (Pollack et al., 2010; 

Ridley et al., 1992; 

Stedman et al., 

1972) 

NO2 NOAA broadband Airborne Cavity 

Enhanced Spectrometer (ACES) 

DC-8 1 Hz (Min et al., 2016) 

NO NOAA laser induced fluorescence DC-8 1 Hz (Rollins et al., 2020) 

HONO, C4H2O3, C6H6O2, 

C6H5NO4 

NOAA Iodide Time of Flight 

Chemical Ionization Mass 

Spectrometer (I– ToF-CIMS) 

DC-8 1 Hz (Neuman et al., 

2016; Veres et al., 

2020) 

peroxyacetyl nitrate (PAN) Thermal dissociation Chemical 

Ionization Mass Spectrometer 

DC-8 1 Hz (Ro Lee et al., 2020) 

C6H5NO4 Extractive Electrospray Ionization 

Rime-of-Flight Mass Spectrometer 

(EESI-MS) 

DC-8 1 Hz (Pagonis et al., 

2020) 

Photolysis rates listed in 

their respective chapter 

Charged-coupled device Actinic Flux 

Spectroradiometer (CAFS) 

DC-8 1 Hz (Shetter and Müller, 

1999) 

C4H2O3, C4H4O NOAA Proton Transfer Reaction Time 

of Flight Mass Spectrometer (NOAA-

PTR-ToF-MS)  

DC-8 1 Hz (Coggon et al., 

2019; Koss et al., 

2018) 

C4H2O3 University of Innsbruck Proton 

Transfer Reaction Time of Flight Mass 

Spectrometer (UIBK-PTR-ToF-MS) 

DC-8 1 Hz (Müller et al., 2014; 

Piel et al., 2019, 

2021) 

Table 2.1: List of instruments and measurements used in this thesis from FIREX-AQ. 
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2.4.2.2 NASA DC-8 Instrument Descriptions 

The NASA DC-8 aircraft sampled 14 wildfires in the western U.S. while based in Boise, 

Idaho as well as about 90 prescribed agricultural southeastern U.S. fires while based in Salina, 

Kansas between 22 July 2019 and 5 September 2019. Aircraft speed campaign-wide was 296.9 ± 

24.3 m s–1, which yields a horizontal resolution of ~297 m for the in situ 1 s measurements. Similar 

to the NOAA Twin Otter, sampling was semi-Lagrangian.  

In this analysis we use measurements of CO from a tunable diode laser spectrometer (1 Hz, 

Sachse et al., 1991) when available and from an integrated cavity output spectrometer (ICOS, 1 

Hz, Eilerman et al., 2016) when unavailable. In the fires investigated here both instruments agree 

well within <2 %. Measurements of NO2, NOy and O3 are provided by a NOAA 

chemiluminescence (CL, 1 Hz, Pollack et al., 2010; Ridley et al., 1992; Stedman et al., 1972) 

instrument. When measurements of NO2 by the NOAA CL instrument are unavailable we use 

measurements by a NOAA CES (1 Hz, Min et al., 2016). These two measurement methods of NO2 

agree within 11 % for the fires we investigate. We use measurements of NO by a laser induced 

fluorescence instrument (1 Hz, Rollins et al., 2020).  

Measurements of C4H2O3 (likely maleic anhydride, MA) were taken from three 

instruments at 1 Hz 1) the NOAA Proton Transfer Reaction ToF-MS (Coggon et al., 2019; Koss 

et al., 2018, NOAA PTR-ToF-MS) for all flights except 7 Aug when data is unavailable 2) the 

University of Innsbruck PTR-ToF-MS (Müller et al., 2014; Piel et al., 2019, 2021, UIBK PTR-

ToF-MS) on 7 Aug,  and 3) from the NOAA I– ToF-CIMS (Neuman et al., 2016; Veres et al., 

2020) on 7 Aug. The UIBK PTR-ToF-MS and NOAA I– ToF-CIMS agree within 3% for the mass 

C4H2O3 on a normalized scale, and results for both instruments are reported. 
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Measurements of other BBVOCs and HONO are also taken from the NOAA I– ToF 

CIMS (1 Hz, Neuman et al., 2016; Veres et al., 2020). PAN measurements were performed by a 

thermal dissociation CIMS (1 Hz, Ro Lee et al., 2020). Aerosol surface area measurements are 

taken from a scanning mobility particle sizer and laser aerosol spectrometer (SMPS and LAS, 1 

Hz, LAS, n.d.; Moore et al., 2021; SMPS, n.d.). Spectrally resolved actinic flux was measured 

with separate upward and downward facing actinic flux optics (CAFS, 1 Hz, Shetter and Müller, 

1999). These fluxes were used to calculate photolysis rates using the photochemistry routine 

contained in the NCAR TUV model (v5.3.2). Measurements of nitrocatechol aerosol, measured 

as C6H5NO4, were taken from the Extractive Electrospray Ionization ToF-MS (Pagonis et al., 

2020, EESI-MS, 1 Hz).  

2.4.2.3 Plume Age Determination 

Plume age estimates are made by air parcel trajectories computed in the HYSPLIT 

trajectory model with multiple high-resolution meteorological datasets (HRRR 3 km, NAM 

CONUS nest 3 km, and GFS 0.25°). These estimates account for buoyant plume rise as well as 

horizontal advection. Uncertainties in plume age are determined from spread between the 

meteorological datasets, mismatch between observed and archived winds, and trajectory spatial 

error in missing the known fire source. Typical uncertainties are 25 % of the estimated age (Holmes 

et al., 2020). 

2.4.2.4 Mass Assignments for C7H8O2 

From the FIREX-AQ Twin Otter dataset we see significant signal at the mass 

corresponding to C7H8O2 from the UW I– HR ToF CIMS. There are at least two explanations for 
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this mass: methylcatechol or guaiacol or any mixture in-between. The time series of C7H8O2 

suggests it is a primary emission (Figure B.1 and Figure B.2 on page 187). Current BB emissions 

literature does not list methylcatechol as a detected gas-phase emission (Hatch et al., 2015; Koss 

et al., 2018), however emissions collected on Teflon filters with subsequent GCxGC analysis show 

evidence for methylcatechol (Hatch et al., 2018). Both guaiacol and methylcatechol are highly 

reactive to NO3, OH, and O3. Therefore, accurately determining its identity and thus mixing ratio, 

is important to both constraining the model and comparing it to observations. Collection of smoke 

during the Castle and Cow plume by a Tenax cartridge sampler with subsequent GCxGC analysis 

shows no evidence for methylcatechol or guaiacol above detection limits in the Castle plume, but 

some evidence for guaiacol at roughly ~0.06 ppbv in the Cow plume. Using calibrations for the 

UW I– HR ToF CIMS C7H8O2 signal for guaiacol and methylcatechol (described in the SI of Palm 

et al., 2020), we determined that methycatechol is the most likely assignment despite its absence 

by the Tenax cartridge sampler. If the mass was entirely due to guaiacol, then ~0.06 ppbv would 

appear as < 1 normalized count per second on the UW I– HR ToF CIMS, while we observe 1,000 

– 10,000 normalized counts per second. In other words, iodide is very weakly sensitive to guaiacol 

and we do not expect to detect a mixing ratio of 0.06 ppbv. Assigning C7H8O2 to methylcatechol 

corresponds to observations of 0.1 – 1 ppbv (Figure B.1 and Figure B.2) and an emission ratio of 

0.4 ppbv ppmv-1 CO, or 1/3rd that of the catechol emission ratio. This is consistent with the same 

assignment of C7H8O2 and emission ratios observed in (Palm et al., 2020). Lastly, while we expect 

formation of methylcatechol from cresol oxidation by OH, our box model shows this formation 

pathway is negligible.  
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2.5 Fire Descriptions 

The analyses in Chapter 4 and 5 focus on seven semi-Lagrangian experiments from three 

separate fire complexes: the Castle Fire plume in northern Arizona, the 204 Cow Fire plume in 

central Oregon (referred to as Cow from here on), and four from the Williams Flats Fire plume in 

eastern Washington. In Chapter 4 we refer to the first and second pass of the Williams Flats Fire 

on 7 Aug as WF1 and WF2, respectively. In Chapter 5 we use an additional two passes of the 

Williams Flats Fire from 3 Aug. Table 2.2 summarizes fire locations, sampling platform, and fuel 

types (Inciweb, 2019b, 2019c, 2019a). Figure 2.2 displays flight paths for flights used.  

2.5.1 Williams Flats 

The Williams Flats Fire started on 2 August 2019 and grew to a total of 44,446 acres before 

it was contained on 25 August 2019. The fuel was mostly short grass (1 ft tall) as well as ponderosa 

and mixed conifer timber (Inciweb, 2019c). The DC-8 aircraft performed three semi-Lagrangian 

smoke transect patterns on 3 and 7 August 2019.  

2.5.2 Castle 

The Castle Fire began on 12 July 2019 and was allowed to burn the mixed conifer fuel in 

a defined area that eventually reached 19,368 acres, and burned out on 15 October 2019 (Inciweb, 

2019b). The Twin Otter aircraft performed one semi-Lagrangian transect pattern during sunset on 

21 August 2019 when small pockets of remaining fuels were burning. The sampled smoke varied 

in age from approximately 2 min – 1.5 h. The Castle Fire had a neighboring fire named Ikes. 

Smoke from the Ikes fire visually mixed (Figure 2.3) with the Castle Fire plume after the fourth 

transect downwind of the Castle Fire. For that reason, this analysis focuses on the first four 

transects only.  
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Figure 2.2: Flight maps on top of a topographic model. Overview Map (A) showing flight tracks (red), 7 Aug Williams 

Flats first pass (B), 7 Aug Williams Flats second pass (C), Castle (D), 204 Cow (E), 3 Aug Williams Flats first pass 

(F), 3 Aug Williams Flats second pass (G). Panels B–G are colored and sized by CO. Fire boundaries are approximate 

and indicated by red outlines. The flight path is shown in black colored and sized by CO.   

Fire 

Name 

County/State Latitude Longitude Date 

sampled 

Time 

sampled 

Aircraft Fuel 

Williams 

Flats 

Ferry/Washington 47.9392 -118.6183 Aug 07 & 

Aug 03 

16:30–17:45 

PDT & 

18:00–19:30 

PDT 

DC-8 Short grass, 

ponderosa 

timber 

Castle Coconino/Arizona 36.5312 -112.2281 Aug 21 18:00–19:15 

MST 

Twin 

Otter 

Mixed 

conifer 

204 Cow Grant/Oregon 44.2851 -118.4598 Aug 28 20:00–22:00 

PDT 

Twin 

Otter 

Primarily 

lodgepole 

pine with 

conifer 

Table 2.2: Details of fires studied. 
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2.5.3 204 Cow 

The Cow Fire started on 9 August 2019 and was allowed to burn eventually reaching 9,668 

acres by 15 September 2019. The fuel was mainly lodgepole pine at lower elevations and mixed 

conifer at higher elevations with abundant downed timber. The Twin Otter aircraft performed three 

semi-Lagrangian transect patterns on 28 August 2019, by which time the fire had burned 3,441 

acres (Inciweb, 2019a). This study focuses on the third semi-Lagrangian transect pattern, which 

was conducted after sunset. The sampled smoke in this analysis had aged approximately 2 – 3 h. 

 

 

Photo 1 

 
Photo 2 

 

Photo 3 

 
Figure 2.3: Flight map and photos of the Castle plume. Photos indicate the Ikes and Castle Fires, which burned near 

each other and eventually mixed plumes. The first four (of 8) transects of the Castle plume are unmixed with the Ikes 

plume.  
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Chapter 3: Nighttime Chemical Transformation in Biomass Burning Plumes: A Box Model 

Analysis Initialized with Aircraft Observations  

Abstract 

Biomass burning (BB) is a large source of reactive compounds to the atmosphere. While 

the daytime photochemistry of BB emissions has been studied in some detail, there has been little 

focus on nighttime reactions despite the potential for substantial oxidative and heterogeneous 

chemistry. Here we present the first analysis of nighttime aircraft intercepts of agricultural BB 

plumes using observations from the NOAA WP-3D aircraft during the 2013 Southeast Nexus 

(SENEX) campaign. We use these observations in conjunction with detailed chemical box 

modeling to investigate the formation and fate of oxidants (NO3, N2O5, O3, and OH) and BB 

volatile organic compounds (BBVOCs), using emissions representative of agricultural burns (rice 

straw) and western wildfires (ponderosa pine). Field observations suggest NO3 production was 

approximately 1 ppbv hr-1, while NO3 and N2O5 were at or below 3 pptv, indicating rapid 

NO3/N2O5 reactivity. Model analysis shows that >99% of NO3/N2O5 loss is due to BBVOC + NO3 

reactions rather than aerosol uptake of N2O5. Nighttime BBVOC oxidation for rice straw and 

ponderosa pine fires is dominated by NO3 (72, 53%, respectively), but O3 oxidation is significant 

(25, 43%) leading to roughly 55% overnight depletion of the most reactive BBVOCs and NO2. 

3.1 Introduction 

Biomass burning (BB), including wildfires, prescribed burning, and agricultural burning, 

represents a large, imperfectly characterized and chemically complex source of reactive material 

to the troposphere. BB releases reactive species and particulate matter that impact the radiative 

balance of the atmosphere, air quality, and human health on local to global scales (Andreae and 
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Merlet, 2001a; Hatch et al., 2017; Koss et al., 2018; Pope and Dockery, 2006; Rotstayn and Penner, 

2001). The gas-phase components of BB plumes include volatile organic compounds (BBVOCs) 

as well as nitrogen oxides (NOx = NO + NO2), oxidants, and oxidant precursors. The air quality 

and climate effects of BB emissions are defined in part by the oxidative processes and atmospheric 

chemical cycles that occur as the smoke is transported, diluted, and exposed to oxidants over the 

hours and weeks following emission. 

The photochemistry of BB plumes has been studied previously in a number of field and 

laboratory studies. Daytime BB plumes can have OH concentrations 5-10 times higher than 

background air (Yokelson et al., 2009) and daytime reactions of NOx, BBVOCs, and OH involve 

complex pathways that generally lead to O3 formation, but in some cases to near-field O3 titration 

(Bruns et al., 2015, 2016; Hennigan et al., 2010, 2011; Jaffe and Wigder, 2012; Ortega et al., 2013). 

Much less is known about nighttime BB plume oxidative processes, which are expected to be 

dominated by nitrate radicals (NO3) and O3 (Brown and Stutz, 2012). NO3 is formed by O3 

oxidation of NO2 (R1.8) but is rapidly ( < 10 s) destroyed in the daytime by NO and photolysis 

(Brown and Stutz, 2012; Wayne et al., 1991). NO3 is a precursor for N2O5 (R1.9), a NOx reservoir. 

N2O5 may undergo heterogeneous uptake to form ClNO2 and HNO3 (R1.10). The former is a 

daytime Cl radical precursor affecting both marine and continental environments and influencing 

next-day O3 production (Ahern et al., 2018; Chang et al., 2011; Osthoff et al., 2008; Thornton et 

al., 2010). NO3 can also be directly taken up onto aerosol (R1.11).  

Mixing of background or smoke-derived (Jaffe and Wigder, 2012) O3 with NOx in a BB 

plume leads to the production of NO3, which may be rapid (>0.5 ppbv hr-1). Recent laboratory 

measurements conducted during both the Fire Lab at Missoula Experiment (FLAME-4) and the 
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on-going Fire Influence on Regional and Global Environments Experiment (FIREXLab) have 

provided detailed identification and quantification of emissions for a range of BBVOCs (Hatch et 

al., 2015, 2017; Koss et al., 2018; Selimovic et al., 2017; Stockwell et al., 2014). Emissions 

inventories from these experiments indicate that the compounds emitted and their relative 

concentrations depend on the fuel type (e.g., pine vs. grass), combustion process (e.g., smoldering 

or flaming), ignition procedure (fast or slow), and pyrolysis temperature (e.g., high or low) 

(Hartikainen et al., 2018; Hatch et al., 2015; Koss et al., 2018; Sekimoto et al., 2018). Generally, 

primary BBVOC emissions include oxygenated hydrocarbons and aromatics (e.g., phenols), as 

well as unsaturated hydrocarbons, biogenic and hetero-aromatic species (Hatch et al., 2015, 2017; 

Koss et al., 2018). Many such compounds are very reactive toward NO3 (Atkinson, 1991; Atkinson 

and Arey, 2003b, 2003a; Cabañas et al., 2004; Grosjean and Williams, 1992; Kerdouci et al., 2014; 

Martínez et al., 1999; El Zein et al., 2015) and may significantly limit its lifetime, promote 

secondary organic aerosol formation (SOA), and alter nighttime oxidative budgets (Harrison et al., 

2005; Laskin et al., 2015).  

 The co-emission of NOx, highly reactive VOCs, and aerosol particles leads to the potential 

for significant nighttime chemical transformations. Despite this potential, there has been only one 

aircraft campaign to date from which sampling of nighttime biomass burning plumes has been 

reported (Neuman et al., 2016; Zarzana et al., 2017). The Southeast Nexus (SENEX) campaign in 

2013 included 20 research flights of an instrumented NOAA WP-3D aircraft and one of the goals 

was to study the interactions between anthropogenic and biogenic emissions (Warneke et al., 

2016). A night flight on July 2-3 targeted the emissions and nighttime chemistry from a power 

plant plume near the Mississippi river. During this flight the WP-3D also targeted and intercepted 
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agricultural BB plumes yielding the first airborne study of nighttime smoke that included NO3 and 

N2O5 measurements (Zarzana et al., 2017).  Even so there has been no previous analysis of BB 

NO3 chemistry using nighttime aircraft intercepts. 

Here, we present the first analysis of nighttime smoke oxidation based on aircraft intercepts 

of fire plumes using data from this flight.  With these observations we initiate a detailed chemical 

box model to understand the chemical evolution of oxidants (NO3, N2O5, O3, and OH) and 

BBVOCs over one night (10 hours) using emissions for rice straw to model a generic agricultural 

burning plume. We then use this analysis to model nighttime chemistry in western wildfires using 

emissions for a ponderosa pine fire. 

3.2 Methods 

3.2.1 Field and Laboratory Measurements 

We use data from multiple instruments deployed on the NOAA WP-3D aircraft during the 

SENEX 2013 (Warneke et al., 2016) flight on July 2-3, 2013 (20:00-03:00 CDT). Details on the 

instrumentation and measurements are described in section 2.4.1 on page 17. Below, we describe 

the BB plumes used in this analysis.  

3.2.1.1 Details on BB Tracers, Plume Selection, and Plume Calculations 

We use four biomass burning tracers: black carbon (BC), glyoxal (CHOCHO), CO, and 

acryloyl peroxynitrate (APAN). APAN is primarily formed by oxidation of acrolein or oxidation 

of 1,3-butadiene (Tanimoto, 2001). APAN is expected to account for <1% of total PAN in both 

urban and rural environments, unless there are unusually large emissions of these precursors from, 

for example, petrochemical sources (Roberts et al., 2003, 2001; Tanimoto, 2001; Tanimoto et al., 

2002; Wolfe et al., 2007). Acrolein and 1,3-butadiene account for more than 3% of rice straw and 
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ponderosa pine BBVOC emissions (Hatch et al., 2015, 2017; Koss et al., 2018) and it is therefore 

expected for APAN to be enhanced within BB plumes. During the SENEX nighttime BB intercepts 

we calculate that APAN is 5.3 ± 0.7% of total PAN, suggesting it is appropriate as a BB tracer.  

We define a BB intercept as any period of time during which at least three of the four BB 

tracers are present above background. We chose only three of four in order to include plumes that 

were intercepted when at most one tracer instrument is not operating or is zeroing. Specifically, 

we consider above background to be 5-𝜎 above the total average signal for CO, CHOCHO, and 

BC or 2-𝜎 above the average signal for APAN. We use a lower threshold for APAN because 

APAN mixing ratios are far smaller and the uncertainty far larger than CO, CHOCHO, and BC. 

Lastly, the modified combustion efficiency (MCE) was calculated for each plume. 

𝑀𝐶𝐸 =
𝐶𝑂2− 𝐶𝑂2𝑏𝑘𝑔

(𝐶𝑂2− 𝐶𝑂2𝑏𝑘𝑔)+(𝐶𝑂− 𝐶𝑂𝑏𝑘𝑔)
       E3.1 

During plume intercepts, the average MCE was 95 ± 6%, which is consistent with previous MCE 

calculations of the July 2/3 night flight (Zarzana et al., 2017). 

Background and plume measurements were calculated as the average of a series of 

representative BB and power plant plume intercepts. Background measurements were taken 

outside the bounds of both BB and power plan plume types. Table 3.1 provides a summary of 

plume and background averages of species used in this analysis and Table 3.2 provides a list of 

data sections used for the analysis.  

Figure 3.1 shows altitude profiles of CO, NO2, NOy, and O3 from aircraft observations. 

Figure 3.1E shows potential temperature in yellow near the Missouri/Kentucky/Tennessee 

border, which is the same region as the BB intercepts. Figure 3.1E suggests the BB plume 
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intercepts were likely above the surface layer and within the residual layer, which we estimate 

extended to 1000-1400 meters based on the steeper gradient of potential temperature with height 

in that range.  

 Plume Enhancement Background 

 average 𝝈 average 𝝈 

O3 (ppbv) -14.2 3.6 43.9 0.5 

CO (ppbv) 543.4 87.7 188.4 5.6 

Black carbon (𝜇g m-3) 2.0 0.3 0.2 0.1 

Glyoxal (ppbv) 0.6 0.1 <0.1 <0.1 

NO (ppbv) 0.0 0.0 0.0 0.0 

NO2 (ppbv) 10.0 2.7 0.9 0.5 

NOy (ppbv) 13.2 3.1 2.0 0.2 

Relative Humidity (%)   88.2 1.0 

APAN (ppbv) 0.026 0.003 0.006 0.001 

PAN (ppbv) 0.363 0.030 457 24 

PPN (ppbv) 0.09 0.01 70 6 

Total aerosol (𝜇g m-3) 58.7 8.4 12.7 1.0 

RH corrected aerosol surface area density 

(μm2 cm-3) 
1950 234 166.7 18.4 

Table 3.1: BB plume averages and background averages used. 

 

 Start Time Stop Time Average Altitude (m) 

Background 
21:48:16 21:51:46 702 

21:52:36 21:54:29 695 

BB Plume 

21:44:51 21:45:21 930 

21:45:47 21:46:11 740 

21:46:16 21:46:32 739 

21:52:06 21:52:27 694 

21:58:21 21:57:49 695 
Table 3.2: Sections of data used for plume and background measurements. 
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Figure 3.1. Panels A (CO), B (NO2), C (NOy), D (O3), and E (potential temperature 𝜃) include altitude profiles of 

aircraft observations for the entire July 2/3 flight (black). Panels A-D are overlaid by the BB plume intercept (red) 

and background region data (green) which are aircraft observations used to initialize our model and are also shown 

in Figure 2. Panel E is overlaid by potential temperature near the Missouri/Kentucky/Tennessee border (yellow), 

which is the same region as the BB intercepts.   

3.2.1.2 Plume Age Estimates 

Figure 3.2 shows a flight map colored by NOx/NOy ratio with four boxed plume regions 

(seven plume intercepts total). Plume intercepts from these regions along a north to south distance 

exhibit a systematic change in NOx/NOy with distance from the fire plume, although the change is 

within the combined errors in the NOx and NOy instruments (Figure 3.2B). 
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Figure 3.2: Panel A: Flight map colored by NOx/NOy ratio. Intercept regions used for plume aging estimates are 

shown by green boxes. Panel B: NOx/NOy ratios as determined by NOx vs. NOy correlations as a function of 

distance from the first intercept. Panel C: Plume age estimates based on the NOx/NOy ratio (black squares) and 

comparing the modeled NOx/NOy ratio to aircraft observations (blue circles). Panel D: Box model time trace of 

monoterpenes (green) and isoprene+furan (red) overlaid by monoterpene observations with age estimates based 

on the NOx/NOy ratio (black squares) and by comparing the modeled NOx/NOy ratio to aircraft observations 

(blue circles). 

 

Error bars in Figure 3.2B are large and incorporate a stated accuracy of 5% in NOx and 

12% in NOy. The wind direction is variable, but roughly northwesterly at 2.5 ± 0.9 m s-1 for these 

regions. We have estimated the plume age (Figure 3.2C black) by the oxidation of NOx by O3 

𝑡 = ln
𝑁𝑂𝑥

𝑁𝑂𝑦
 (𝑘[𝑂3])

−1          E3.2  

where t is time (plume age) and k is the bimolecular rate coefficient for the reaction of NO2 + O3 

(R1.8). Plume age estimation from NOx/NOy ratios is not well established because components of 

NOy are emitted during combustion, such as HONO. In addition, the NOyO3 chemiluminescence 

instrument is a gas phase instrument and may not capture HNO3 that is in the particle phase, 

meaning  we would expect the NOx/NOy ratio to be less than one at the fire source (Akagi et al., 



 

35 

 

2011; Neuman et al., 2016). Therefore, we have normalized the NOx/NOy ratios to the greatest 

NOx/NOy ratio observed before estimating plume age and discuss only the aging observed after 

the first intercept region (intercepts 1-3).  

We have also estimated plume age by comparing the NOx/NOy ratio in our 0-D box model 

(excluding dilution) to the normalized ratio observed during aircraft observations (Figure 3.2C 

blue). Both plume age estimates are variable, but generally agree within a factor of two and suggest 

that roughly two hours of oxidation occurs after the first intercept region. All estimated plume ages 

are roughly equal to or less than the time elapsed since sunset (SZA=90°). Our 0-D box model 

suggests monoterpenes is the only VOC aircraft measurement whose oxidation rate is sufficiently 

rapid to observe a change in VOC greater than the factor of two variability seen in plume age 

estimates over two hours. For example, changes in isoprene + furan decay (red in Figure 3.2D) are 

small compared to the variability in estimated plume age.  

In Figure 3.2D we compare the normalized model time trace of monoterpenes to the NEMR 

(E2.1) aircraft measurements of monoterpenes using both plume age estimation methods. 

Normalizing monoterpenes to CO gives similar results. Without knowledge of the initial 

monoterpene concentration at the fire source we have also normalized the monoterpene aircraft 

observations to the greatest monoterpene/acetonitrile ratio observed. There is large variability in 

the monoterpene aircraft observations, and there is no apparent decaying trend in monoterpenes. 

While some monoterpene measurements fall near the 0-D box model line, the majority do not. 

Little knowledge of the fire location or the number of fire sources combined with the variability 

in aircraft measurements makes plume age estimation and aircraft to model comparisons difficult. 

We find that plume age estimates and the aircraft to model comparison are highly uncertain. 
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3.2.2 0-D Chemical Box Model Description 

As mentioned in section 2.2 on page 13, we use the Framework for 0-D Atmospheric 

Modeling (F0AM, Wolfe et al., 2016). to investigate the evolution of oxidized mass and oxidant 

fractions over 10 hours (the approximate duration of one night in July in the Southeastern U.S.).  

3.2.2.1 Chemistry and Emissions  

As described in section 2.3 on page 13, our detailed chemical box model uses emission 

inventories from Hatch et al., (2015, 2017) and Koss et al., (2018) for the ponderosa pine and rice 

straw fuels. The BBVOC emissions from Hatch et al., (2015, 2017) were measured during 

FLAME-4 using the following instruments: two-dimensional gas chromatography–time-of-flight 

mass spectrometry, open-path Fourier-transform infrared spectroscopy (Stockwell et al., 2014), 

whole-air sampling with one-dimensional gas chromatography–mass spectrometry, and PTR time-

of-flight mass spectrometry (PTR-ToF, Stockwell et al., 2015). BBVOC emissions from Koss et 

al., 2018 were measured by PTR-ToF during FIREXLab.  

As shown in the Results and Discussion on page 43, BBVOC is likely the main sink of 

NO3; therefore, the extent of BBVOC oxidation by NO3 will be limited by the NOx/BBVOC ratio 

as NOx is the source for NO3 (R1.8). Furthermore, the relative oxidative importance between O3 

and NO3 depends on the NOx/BBVOC ratio as explained by Edwards et al., 2017. Therefore, we 

initiate our box model with fire emissions scaled to NOx in order to preserve the NOx/VOC ratio 

observed during the fire lab experiments.  

To estimate the emitted NOx at the fire source we assume that the total reactive nitrogen 

(NOy, which does not include NH3) is equivalent to the emitted NOx. The NOx/NOy ratio as 

measured during SENEX fire plume intercepts was 0.84. We calculated the observed NOy 
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emission ratio (E2.1 on page 11) using NOy (13.2 ± 3.1 ppbv) and CO (543.4 ± 87.7 ppbv) 

enhancements above background. The calculated NOy emission ratio, which we assume to be the 

NOx emission ratio at the fire source, was determined to be 24.3 ± 6.4 ppbv NOy/ppmv CO for the 

plume intercept. We compared the estimated observed NOx emission ratio to the NOx emission 

ratios reported by Selimovic et al., 2017 for rice straw (43.9 ppbv NOx/ppmv CO) and ponderosa 

pine (26.9±4.3 ppbv NOx/ppmv CO). We then scaled the BBVOC emissions by this ratio (E3.3), 

effectively scaling the fire emissions to the NOx of the observed fire plume.  

[𝐵𝐵𝑉𝑂𝐶]𝑚𝑜𝑑𝑒𝑙 = [𝐵𝐵𝑉𝑂𝐶]𝑖𝑛𝑣𝑒𝑛𝑡𝑜𝑟𝑦 ∗
𝐸𝑅𝑁𝑂𝑦

𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑

𝐸𝑅𝑁𝑂𝑥

𝑖𝑛𝑣𝑒𝑛𝑡𝑜𝑟𝑦     E3.3 

The NOx emission ratio observed during the SENEX fire plume intercepts in was 45% and 11% 

lower than the laboratory-derived NOx emission ratio for rice straw and ponderosa pine fires 

respectively. To correctly model the NO3 oxidation of these fires we reduced our BBVOC 

emissions by a factor of 55% for rice straw and 89% for ponderosa pine.  

In contrast to the method described above for determining initial BBVOCs, model 

background and initial concentrations of NOx, CO, and O3 were taken from the SENEX 

observations shown in Figure 3.5 later on page 44. We estimate the NO/NO2 ratio at the fire source 

using the NO and NO2 emission ratios from FIREXLab for each fuel. The NO/NO2 ratios used are 

5.3 and 2.8 for rice straw and ponderosa pine, respectively (Selimovic et al., 2017). The 

background NO2 mixing ratio was taken to be 0.9 ppbv. The background O3 mixing ratio, 43.9 

ppbv, was used as the starting O3 mixing ratio and is representative of the background O3 in the 

region where BB plumes were intercepted (Figure 3.1). 
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Chemical mechanisms were adopted from the MCM (v3.3.1, Bloss et al., 2005; Jenkin et 

al., 1997, 2003, 2012, 2015, via website: http://mcm.york.ac.uk)  and published mechanisms for 

methylguaiacol, syringol, o-guaiacol, and 3-methylfuran were added (Table 3.3, Lauraguais et al., 

2016; Tapia et al., 2011; Yang et al., 2016). Aerosol uptake reactions were added for N2O5 to form 

ClNO2 and HNO3. Compounds not included in the above references were modeled as a one-step 

reaction of BBVOC + NO3, BBVOC + O3, or BBVOC + OH to form a single oxidation product. 

Lastly, mechanisms excluded from the MCM are given in Table 3.4. The species input file used 

for all reactions outside of the MCM is located at this link:  

https://esrl.noaa.gov/csd/projects/senex/pubs/.  

Reactant 1 Reactant 2 Product 1 Product 2 Rate coefficient 

GUAIACOL NO3 NR1GUAIACOL  0.5×2.69e-11β 

NR1GUAIACOL NO2 NR12GUAIACOL  1e-10 β 

NR12GUAIACOL  HNO3 N6GUAIACOL 1 α 

GUAIACOL NO3 NR1GUAIACOL  0.5×2.69e-11 β 

NR1GUAIACOL NO2 NR14GUAIACOL  1e-10 β 

NR14GUAIACOL  HNO3 N4GUAIACOL 1 α 

MGUAIACOL NO3 NR5MGUAIACOL  8.41e-11 β 

NR5MGUAIACOL NO2 NR56MGUAIACOL  1e-10 β 

NR56MGUAIACOL  HNO3 N6MGUAIACOL 1 α 

SYRINGOL NO3 NR4SYRINGOL  1.58e-10 β 

NR4SYRINGOL NO2 NR34SYRINGOL  1e-10 β 

NR34SYRINGOL  HNO3 N3SYRINGOL 1 α 

M3F NO3 C4MDIAL  0.3401×1.9e-11 β 

M3F NO3 FURFUR3AL  0.0036×1.9e-11 β 

M3F NO3 PPM3FURAN  0.6563×1.9e-11 β 

C4MDIAL  MMALANHY  0.9288×1e-10 
αFirst order (s-1) 
β Second order (cm3 molec.-1 s-1) 

Table 3.3: Published reactions included in the model. Prefixes of N refer to nitrated products, prefixes of R refer to a 

radical intermediate, and numeric pre-fixes describe the position on the ring. For example NR12GUAIACOL is 1,2-

dinitro-guaiacol radical. 

Reactant 1 Reactant 2 Product 1 Product 2 Rate coefficient (cm3 molec.-1 s-1) 

NO2 NO3 NO NO2 4.50 × 10-14 × e(-1260/T) 

HNO3  NA  6.00 × 10-06 

N2O5  NA NA 4.00 × 10-04 

M3F NO3 C4MDIAL NO2 1.90 × 10-11 

Table 3.4: MCM reactions excluded from our model.  

http://mcm.york.ac.uk/
https://esrl.noaa.gov/csd/projects/senex/pubs/
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3.2.2.2 Model and Observation Comparison 

Five VOCs (toluene, isoprene + furan, methylvinylketone + methacrolein (MVK+MACR), 

and methylethylketone (MEK)) as well as acetonitrile (a potential BB tracer) were measured by 

the PTR-MS during SENEX and overlap with our emissions inventory. We have calculated the 

normalized excess mixing ratio (NEMR shown in E2.1 on page 11), normalized to acetonitrile, for 

each intercept shown in Figure 3.5. We use NEMR because the plume age is highly uncertain and 

therefore cannot define these measurements as emission ratios (Akagi et al., 2011). The NEMR of 

toluene and MVK+MACR are a factor of 1.2 greater than our inventory. Plume MEK and 

acetonitrile are factors of 8.3 and 3.8 greater. However, as discussed in section 3.2.1.2, the plume 

age is highly uncertain and thus the extent of VOC oxidation at the time of sampling is unknown. 

Furthermore, the time-resolution of the PTR-MS measurements only afford 1-2 data points per 

plume intercept, and the VOC measurements are not concurrent. Therefore, we neither constrain 

our emissions, or model results, to match these observations, nor do we use acetonitrile as a BB 

tracer. Still, on average the above background enhancement of acetonitrile in BB plumes was 

1.1±0.1 ppbv.  

3.2.2.3 Details on model sensitivity to ambient O3 

In heavily fire impacted areas or polluted urban environments, the ambient O3 may be 

larger than that observed during the SENEX nighttime BB intercepts (44 ppbv) and therefore affect 

the relative NO3 and O3 oxidative importance (Jaffe and Wigder, 2012). With sufficient NOx, an 

increase in O3 will increase NO3 production, as well as O3 oxidation of BBVOCs. Although, we 

find that doubling the background O3 has almost no effect on the relative BBVOC oxidation. 

BBVOC oxidation by O3 remains constant for rice straw and decreases from 43% to 39% for 



 

40 

 

ponderosa pine. Alternatively, reducing the background O3 by a factor of two increases O3 

oxidation from 25% to 33% for rice straw and from 43% to 55% for ponderosa pine.  

We initialized our model with background O3 observed directly outside of the BB plume 

shown later in Figure 3.5 (on page 44). While this method likely provides the best estimate of local 

background O3 near the BB plume we used to initialize our model, it is also representative of 

background O3 levels observed regionally (near the Missouri/Kentucky/Tennessee border) as 

shown in Figure 3.3. Aircraft observations near the BB plumes, below 1000 m ASL, are shown in 

yellow in Figure 3.3 and are fit to a line (blue) with an intercept of 42 ppbv O3. This value is within 

5% of the local average of 44 ppbv, and both values are well within the range of O3 variability at 

low NO2. 

3.2.2.4 Details on Model Parameters and Sensitivities  

All models were run at 298 K, typical conditions for most published rate coefficient 

experimental conditions. While the ambient temperature during aircraft intercepts of the BB plume 

was 288 K, we do not expect a 10 K difference to influence model predications outside of the 

reported error. For the compounds included here with known temperature dependent rate 

coefficients a 10 K change is equal to a 30% change of the rate coefficient at most, well within the 

reported error limits. Roughly 90% of compounds used in this study lack published temperature 

dependent rate coefficients.  
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Figure 3.3: Correlation of O3 and NO2 for the entire July 2/3 flight (black), observations near the 

Missouri/Kentucky/Tennessee border (yellow), BB plume intercept (red) and background region data (green) which 

are aircraft observations used to initialize our model and are also shown in Figure 3.6 

In order to account for dilution processes we apply a first order loss of kdil = 1.16*10-5 s-1, 

or a 24 hour lifetime (Edwards et al., 2013b). Varying kdil within a factor of 2, or removing this 

loss process, did not change BBVOC, NO3 or N2O5 mixing ratios outside of the reported error. 

The error on NO2, O3, and HNO3 is comparably smaller, and therefore varying kdil does change 

NO2, O3 and HNO3 concentrations outside of the reported error (Figure 3.4). Our base case 

model uses the reported/calculated rate coefficients and emissions. We propagate error through 

our model by running all combinations of upper and lower bound uncertainties on both the rate 

coefficients and emissions. This results in nine model runs (upper bound rate and upper bound 

emissions to lower bound rate and lower bound emissions). The base case model result 

concentrations are then bound by the concentration of the model run that produced the greatest 

(upper bound) and least (lower bound) concentration at each time step. Margins do not come 
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from an error statistic, and should therefore not be interpreted as such in further studies since 

they do not provide information on the error distribution. 

  
Figure 3.4: Box model time traces of the mixing ratios under different dilution scenarios for O3 (gold), NO2 

(black), the BBVOCs accounting for 99% of NO3 reactivity (green), N2O5 (red), and NO3 (blue) for rice straw 

(left) and ponderosa pine (right) over one night (10 hours). Base case mixing ratio errors are shown by same 

color shading. Our base dilution case (kdil = 1.16×10-5 s-1 or a 24 hour lifetime) is shown by the solid lines 

with a factor of two spread encompassed by the patterned area. Scenarios with no dilution are indicated by the 

dashed grey line.  
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3.3 Results and Discussion 

3.3.1 Description of Plumes Sampled by Aircraft 

In panel A of Figure 3.5 the power plant plume intercepts (blue background) are 

distinguished from the fire plume intercepts (red background) by CO, black carbon, APAN, and 

glyoxal. Intercepts shown in Figure 3.5 were at an altitude between 700-900 meters. Relative to 

the BB plume intercepts, the power plant plume intercepts exhibited elevated levels of NO3 and 

N2O5 (Figure 3.5B). Figure 3.6A shows a flight map of the July 2-3 flight colored red during BB 

plume intercepts and sized by the APAN mixing ratio. Green dashed boxes indicate sections of 

data shown in Figure 3.5.  

Elevated levels of N2O5 and NO3 might indicate power plant plume influence, but because 

we expect NO3 production within BB plumes this is not a definitive tracer. A complete review of 

all of the July 2/3 flight shows that 3% of data with above background enhancements of our BB 

identifiers include elevated levels of NO3 and N2O5. Therefore, we argue that the large majority of 

BB plumes (97%) shown in Figure 3.6 are likely not influenced by power plant plumes.  

The flight covered the intersection of Missouri, Kentucky, Tennessee, and Arkansas at 

the Mississippi river. According to the USDA CropScape database, this land is mainly 

agricultural and therefore the fire plume is most likely the result of burning crop residue and 

stubble (CropScape, 2018; Zarzana et al., 2017). Plume intercepts occurred near winter wheat 

crops, and rice straw crops are situated roughly 70 km northwest. Still, rice straw is the best 

available fuel proxy for agricultural burning emissions. The wind direction was roughly 

northwesterly with most BB plume intercepts occurring in the northwest corner of Tennessee.  
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Figure 3.5: Time traces during representative sections of BB (red) and power plant (blue) plume intercepts made 104 

minutes after sundown (SZA=90°). A: BB tracers, B: NO3 N2O5, NO2, and O3 mixing ratio, C: production rate of NO3 

and the percentage of NO3 reactivity toward BBVOCs, D: lifetime of NO3 and N2O5. 

3.3.2 Analysis of NO3 and N2O5 from Observations 

P(NO3) (given in E2.4 on page 11) was large and of similar magnitude in both the power 

plant plume and BB plume (Figure 3.5C). Figure 3.6B is colored by P(NO3) during BB intercepts 
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only, and shows that large NO3 production rates, near 1 ppbv hr-1, were observed during multiple 

BB plume intercepts. Despite the large NO3 radical production, the NO3 and N2O5 concentrations 

within the BB plume were below the 3 pptv (Warneke et al., 2016) stated detection limit of the 

instrument (Figure 3.5B), yielding short NO3 + N2O5 lifetimes (𝜏, given in E2.5). Indeed, as shown 

in Figure 3.5D, 𝜏 is roughly a factor of 100 lower within the BB plume as compared to the power 

plant plume and background air. Because the NO3 and N2O5 were below stated detection limits in 

the BB plumes, the corresponding lifetimes shown in Figure 3.5D are upper limits, and the actual 

lifetimes may be considerably shorter.  

  

  
Figure 3.6: Flight maps of the SENEX July 2-3 2013 night flight. A: BB intercepts colored by red markers, sized by 

APAN (0.01-0.1 ppbv), and green dashes indicate sections shown in Figure 3.5, B: Production rate of NO3, C: and D: 

are comparisons of NO3 reactivity toward BBVOCs (C) and toward aerosol (D) on the same color and log scale. 
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The high production rate and short lifetime of NO3 + N2O5 within the BB plume is evidence 

for rapid NO3 or N2O5 loss pathways. BB plumes contain large quantities of both aerosol and 

BBVOCs, which provide two efficient NO3/N2O5 loss pathways. To understand the competition 

between these loss processes we calculated an instantaneous NO3 reactivity toward aerosol and 

toward BBVOCs. The total NO3 loss to BBVOC is calculated using the sum of BBVOC reactivity 

normalized to CO (E2.2). The total NO3 loss to aerosol uptake is given as the sum of both NO3 

and N2O5 uptake rate coefficients as seen in E2.6 and E2.7.   

Calculations use uptake coefficients of 𝛾𝑁2𝑂5
= 10−2 for N2O5 (Chang et al., 2011) and 

𝛾𝑁𝑂3
= 10−3 for NO3. However, 𝛾𝑁𝑂3

 values have a wide range (Brown and Stutz, 2012). Using 

a value of  𝛾𝑁𝑂3
= 1 the average aerosol reactivity is 0.08 s-1 with a median of 0.03 s-1. Using a 

value of  𝛾𝑁𝑂3
= 10−3 the average aerosol reactivity is 0.03 s-1 with a median of 0.03 s-1.  The 

reactivity toward BBVOCs is on average 4 s-1 with a median of 1.4 s-1. Compared to the reactivity 

of BBVOCs, the choice of NO3 uptake coefficient 𝛾𝑁𝑂3
 has a negligible effect.  

As seen in Figure 3.6C & D we compare the NO3 reactivity toward BBVOCs, and aerosol 

uptake during BB plume intercepts, respectively. In all BB intercepts, the calculated NO3 reactivity 

toward BBVOCs is a factor of 100 - 1000 greater than aerosol uptake. Figure 3.5C shows the 

percentage of NO3 reactivity dominated by BBVOC with a median >99%.  

3.3.3 Reactivity of NO3 to BBVOCs 

To understand which BBVOCs may be responsible for the rapid initial loss of NO3 we 

calculated the relative NO3 reactivity for 302 compounds in rice straw and ponderosa pine burning 

emissions. The top panel of Figure 3.7 shows the ranked order of the compounds that account for 

99% of the rice straw initial NO3 reactivity. Eight furan or phenol compounds are responsible for 
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75% of the initial NO3 reactivity. Most of, the initial NO3 reactivity for a rice straw fire is 

accounted for by phenols (60−14
+20%) and furans (23−6

+20%), as well as pyrroles and furfurals (8−3
+9% 

combined).  

 
Figure 3.7: Rice Straw fuel. The top panel shows the ranked order of the compounds that account for 99% of the rice 

straw initial NO3 reactivity. The color scale describes the origin of the mechanisms or rate coefficient used. The middle 

panel is the relative BBVOC emission ratio normalized to the total BBVOC emission ratio and the color scale 

describes the origin of the emissions data. The bottom panel is the relative nighttime reacted mass (10 hours) 

normalized to total reacted mass. While the bar height is on a log scale, the color scale is linear and indicates the 

fraction of oxidation by NO3 (blue), O3 (gold), and OH (grey). The center pie chart shows the fraction of reacted mass 

in the base case with the maximum NO3 oxidation case to the left, and maximum O3 oxidation case to the right. All 

panels sum to 100%. 

The top panel of Figure 3.8 shows the ranked order of the compounds that account for 97% 

of the ponderosa pine initial NO3 reactivity. The top 75% of initial NO3 reactivity is distributed 

among 13 compounds with phenols (62−23
+27%), furans (18−4

+12%), pyrrole and furfural (8−3
+8% 
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combined) again dominating the total reactivity. Unlike rice straw, a ponderosa pine fire plume 

has significant reactivity towards terpenes (8−1
+2%). The initial NO3 reactivity towards terpenes and 

unsaturated hydrocarbons in a rice straw plume is <1%. These differences in reactivity are due to 

differences in emissions between the two fuels as explained below (Hatch et al., 2017).  

 
Figure 3.8: Same as Figure 3.7, but for the ponderosa pine fuel. In the bottom panel the bar height is on a log scale, 

but the color scale is linear and indicates the fraction of oxidation by NO3 (blue), O3 (gold), and OH (grey). 

The middle panels of Figure 3.7 and Figure 3.8 show the emission ratios for each 

compound normalized to total emissions. The color indicates the origin of the emission ratio. The 

rice straw fire emissions for compounds included in Figure 3.7 are mainly furans (33±8%), 

phenols (27±4%), and furfurals (24±6%), while unsaturated hydrocarbon and terpene emissions 

account for only 3±1%. In contrast, the ponderosa pine fire emissions have a larger representation 
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of terpenes (18±4%) and unsaturated hydrocarbons (10±2%), but phenols (33±10%), furans 

(17±4%) and furfurals (18±6%) are all still significant. 

3.3.4 0-D Box Model Analysis 

To better understand smoke plume evolution and to determine the amount of BBVOC mass 

oxidized during one night (10 hours), we ran a 0-D box model for both rice straw and ponderosa 

pine fire emissions. NO3 and N2O5 remained below 3 pptv (Figure 3.9), consistent with field 

observations (Figure 3.5B). Figure 3.9 illustrates that the summed concentrations of the most 

reactive BBVOCs are comparable to NO2, suggesting there is approximately as much NO3 

precursor available as there is BBVOC to be oxidized. For both fuels, roughly 50-60% of NO2 and 

the BBVOC compounds listed in Figure 3.7 and Figure 3.8 are depleted by chemistry (excluding 

dilution) in one night. Our box-model suggests several abundant BBVOCs survive the night with 

more than 50% of their initial starting concentration, such as phenol, furan, furfural and 

hydroxymethylfurfural.  

HNO3 production is complex within the model, and both maximum and minimum 

uncertainty bounds on HNO3 concentrations are the result of higher bound BBVOC emissions, but 

lower and higher bound BBVOC rate coefficients, respectively. HNO3 is the product of reactions 

of phenolic compounds with NO3, which proceeds by H-abstraction. HNO3 production is 

dominated by catechol + NO3 (~60%) within the first few hours, but as the more reactive 

compounds are depleted, the lesser reactive compounds like methyl guaiacol, guaiacol and 

syringol react with NO3 and dominate in the last two hours. HNO3 may be lost to the particle phase 

with concurrent NH3 emission or other nitrogen species, however this loss mechanism is not 

included in our model.  
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Figure 3.9: Box model time traces of the mixing ratios for O3 (gold), NO2 (black), the BBVOCs accounting for 

99% of NO3 reactivity (green), N2O5 (red), and NO3 (blue) for rice straw (left) and ponderosa pine (right) over one 

night (10 hours). A physical dilution first order loss of kdil = 1.16*10-5 s-1, or a 24 hour lifetime is included. Same 

color shading indicates error. NO3 and N2O5 uncertainty is large and the maximum concentrations are the result of 

minimal BBVOC emissions causing NO3 and N2O5 to build throughout the night.  

For both fuels, catechol is the most reactive compound, and accounts for 32±9% and 

26±13% of initial NO3 reactivity at the start of the simulation for rice straw and ponderosa pine 

plumes, respectively. However, Koss et al., 2018 were unable to distinguish between catechol and 

methylfurfural at m/z = 110.1 We assume a 50/50 contribution here, which yields catechol 

emission ratios of 2.5±0.8 ppbv ppmv-1 CO for rice straw and 1.5±0.6 ppbv ppmv-1 CO for 

ponderosa pine. Still, the high reactivity is mainly due to the large catechol rate coefficient (9.9*10-

11 cm3 molecule-1 s-1,  Olariu et al., 2004), which is the third greatest among the emitted compounds.  

Catechol is known to react with NO3 by H-abstraction, with subsequent addition of NO2 to 

the aromatic peroxy radical to form 4-nitrocatechol with a near-unity molar yield of 0.91±0.06 
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(Finewax et al., 2018). Further, 4-nitrocatechol is expected to almost completely (96%) partition 

to the particle phase (Finewax et al., 2018). Recently, Hartikainen et al., 2018 investigated dark 

oxidation of residential wood combustion and found strong correlations between the depletion of 

phenolic compounds and the formation of NO3-initiated SOA. In wintertime BB events, 4-

nitrocatechol and other derivatives have been detected in aerosol and are considered important 

light-absorbing components of brown carbon (BrC), (Claeys et al., 2012; Desyaterik et al., 2013; 

Gaston et al., 2016; Hinrichs et al., 2016; Iinuma et al., 2010; Laskin et al., 2015; Lin et al., 2017; 

Mohr et al., 2013; Xie et al., 2017).  

SOA yields are a function of mass loadings (Odum Jay et al., 1996). Using a catechol mass 

loading of 300 𝜇g m-3 from (Finewax et al., 2018) as well as a total observed aerosol plume 

measurement of 58.7 𝜇g m-3 we estimate a 4-nitrocatechol SOA mass yield of 120%. Assuming 

0.6 ppbv of catechol in ponderosa pine and 0.8 ppbv in rice straw (initial model conditions) with 

44 ppbv O3, 13 ppbv of NOx and kdil = 1.16*10-5 s-1, we estimate the SOA produced from catechol 

to be 3.8±1.0 𝜇𝑔 m-3 in 8 hours and 4.0−1.0
+1.1 𝜇𝑔 m-3 in 8.5 hours for a rice straw and ponderosa 

pine plume, respectively. Further, there is evidence to suggest furans and furfurals may also be a 

source of SOA precursors (Hartikainen et al., 2018; Hatch et al., 2017).  

The bottom panel of Figure 3.7 shows the reacted mass per compound normalized to the 

total reacted mass. The bar height is on a log scale, but the bar color is linearly scaled and indicates 

the fraction of nighttime oxidation by NO3 (blue), O3 (gold), and OH (grey) after 10 hours for each 

compound. The center pie chart in Figure 3.7 and Figure 3.8 represents the base case fraction of 

reactant mass oxidized by each oxidant. The left and right pie charts show results for the estimated 

maximum possible NO3 and maximum possible O3 oxidation, respectively. Uncertainty in the 
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fraction of oxidized mass is calculated from the uncertainties in individual compound emissions 

and rate coefficients. For the compounds comprising a rice straw BB plume, the majority of mass 

is oxidized by NO3 (72−11
+6 %). This is expected because the rice straw fuel emissions are rich in 

oxygenated aromatic and hetero-aromatic emissions, which are generally less reactive toward O3. 

Terpenes and unsaturated hydrocarbons, which are a small fraction of emissions in Figure 3.7, are 

relatively more reactive toward O3. Even so, O3 still has a significant oxidative impact and is 

responsible for 26−6
+11% of oxidized BBVOC mass.  

The relative amount of oxidized mass for ponderosa pine is shown in the bottom panel of 

Figure 3.8. Almost half of the oxidized mass for compounds included in Figure 3.8 is due to O3 

(43−6
+21%) for our base case. The phenolic compounds mainly undergo NO3 oxidation while 

terpenes and unsaturated hydrocarbons are mainly oxidized by O3. Furans and the hetero-aromatics 

are oxidized approximately evenly by O3 and NO3. The increased fraction of O3 oxidation is the 

result of the increased fraction of unsaturated hydrocarbon and terpenes in the ponderosa pine 

emissions when compared to rice straw.  

The nighttime chemical evolution and oxidation products of a biomass burning plume will 

depend on the relative NO3 and O3 reactivity. Neglecting the small contribution from OH 

oxidation, Edwards et al., 2017 show the competition between NO3 and O3 oxidation of biogenic 

VOCs (BVOC) is dependent on the NOx/BVOC ratio. We scaled our BBVOC emissions to 

maintain the NOx/BBVOC ratio expected for rice straw (0.4 ± 0.1) or ponderosa pine (0.3 ± 0.1) 

emissions. However, because fires are highly variable, the NOx/BBVOC ratio for any given fuel 

may vary from fire to fire. For rice straw, a factor of two increase in NOx increases the fraction of 

NO3 oxidation from 72% to 84%, while a factor of two decrease in NOx decreases relative NO3 
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oxidation to 55%. Similarly, for ponderosa pine, doubling NOx increases the fraction of NO3 

oxidation from 53% to 66%, while halving NOx decreases relative NO3 oxidation to 37% and 

increases O3 to 57%. Furthermore, we find that a factor of two change in ambient O3 concentration 

has little effect on the relative NO3 and O3 reactivity as we detail in section 3.2.2.3.  

3.3.5 Conclusions 

The time of day in which a fire is active will determine the fate of its emissions. This paper 

presents the first nighttime aircraft intercepts of a BB plume combined with an inventory of 302 

BBVOC emissions and an oxidation model to predict the lifetime and fate of BB emissions in the 

dark. Fire emissions at times near sunset will undergo the chemistry we have detailed here, which 

suggests a roughly 60% depletion (for both rice straw and ponderosa pine) of fire-derived NOx. 

We find that nighttime chemistry is likely to proceed by NO3, rather than N2O5, further slowing 

the loss of NOx (R1.8 & R1.11). Our model applies to chemistry at the center of a plume and does 

not include dispersion. Dispersion mixes NOx with background O3 at the edges of the plume 

leading to faster depletion, and therefore the values we report are likely lower limits. Even so, 18-

19% of BBVOC mass, out of the total BBVOC mass that we model, will be oxidized in one night. 

That is roughly a 55% depletion of the BBVOCs that are reactive toward NO3. There is evidence 

that many of these NO3 reactive compounds can form secondary BrC aerosol (Claeys et al., 2012; 

Desyaterik et al., 2013; Gaston et al., 2016; Hinrichs et al., 2016; Iinuma et al., 2010; Laskin et al., 

2015; Lin et al., 2017; Mohr et al., 2013; Xie et al., 2017), suggesting nighttime oxidation may be 

a significant source of BB derived BrC. Furthermore, future BB photochemical models should 

consider that these reactive phenolic-, furan- and furfural-like compounds are not only reactive 

toward NO3, but also O3 and OH, thus affecting next-day BB photochemistry.  
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3.4 Future Directions 

Reactivity calculations and box-model results are limited by a lack of kinetic and 

mechanistic studies for O3, NO3, and OH + BBVOCs reactions. Out of the 302 compounds used 

in our calculations, only 55 compounds were listed in the MCM with NO3 reactions and an 

additional 33 in the MCM without NO3 reactions. Roughly 23% of the reactivity in Figure 3.7 for 

rice straw and 19% of the reactivity in Figure 3.8 for ponderosa pine were calculated with 

estimated NO3 rate coefficients. In addition, nearly half of the 62 O3 + BBVOC, and a quarter of 

the OH + BBVOC, reactions used here have no published rate coefficients.  

While pyrrole derivatives have emissions that are less than their furan analogues, it is 

expected that rate coefficients of pyrroles + NO3 are greater than furans + NO3 (Cabañas et al., 

2004). Even so, to our knowledge there are no published rate coefficients for any pyrrole 

derivatives in the emissions inventories. Further, furan type compounds are mainly alkyl-

substituted derivatives, but hydro derivatives such as 2,3 dihydrofuran in Figure 3.7 and Figure 

3.8, are also emitted. The same is true for pyrroles, for example dihydropyrrole in Figure 3.7 and 

Figure 3.8. While kinetic studies of hydro-furan/pyrrole compounds are much less available, they 

likely have rate coefficients greater than their aromatic analogues (Berndt et al., 1996; Martin et 

al., 2002).  

In addition, there are a few alcohol and hydroxyl furans that account for the top 99% of 

compounds contributing to total BBVOC reactivity. These compounds will likely react via H-

abstraction by NO3 similar to catechol and other phenols and therefore affect the HNO3 production 

that is not captured in our box-model without mechanistic information. Lastly, phenol derivatives 

such as vanillin and vinylguaiacol account for large portions of ponderosa pine and rice straw 
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reactivity, but we can only estimate their rate coefficients to be similar to guaiacol. More kinetic 

and mechanistic work is needed in order to understand the importance and role of reactive furan, 

furfural, phenol, and pyrrole compounds in a nighttime BB plume. 
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Chapter 4: Nighttime and Daytime Dark Oxidation Chemistry in Wildfire Plumes: An 

Observation and Model Analysis of FIREX-AQ Aircraft Data 

Abstract 

Wildfires are increasing in size across the western U.S., leading to increases in human 

smoke exposure and associated negative health impacts. The impact of biomass burning (BB) 

smoke, including wildfires, on regional air quality depends on emissions, transport, and chemistry, 

including oxidation of emitted BB volatile organic compounds (BBVOCs) by the hydroxyl radical 

(OH), nitrate radical (NO3), and ozone (O3). During the daytime, when light penetrates the plumes, 

BBVOCs are oxidized mainly by O3 and OH. In contrast, at night, or in optically dense plumes, 

BBVOCs are oxidized mainly by O3 and NO3. This work focuses on the transition between daytime 

and nighttime oxidation, which has significant implications for the formation of secondary 

pollutants and loss of nitrogen oxides (NOx = NO + NO2), and has been understudied. We present 

wildfire plume observations made during FIREX-AQ (Fire Influence on Regional to Global 

Environments and Air Quality), a field campaign involving multiple aircraft, ground, satellite, and 

mobile platforms that took place in the United States in the summer of 2019 to study both wildfire 

and agricultural burning emissions and atmospheric chemistry. We use observations from two 

research aircraft, the NASA DC-8 and the NOAA Twin Otter, with a detailed chemical box model, 

including updated phenolic mechanisms, to analyze smoke sampled during mid-day, sunset, and 

nighttime. Aircraft observations suggest a range of NO3 production rates (0.1 – 1.5 ppbv h-1) in 

plumes transported both mid-day and after dark. Modeled initial instantaneous reactivity toward 

BBVOCs for NO3, OH, and O3 is 80.1 %, 87.7 %, 99.6 %, respectively. Initial NO3 reactivity is 

10 – 104 times greater than typical values in forested or urban environments and reactions with 
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BBVOCs account for ≥ 98 % of NO3 loss in sunlit plumes (jNO2 up to 410–3 s–1), while 

conventional photochemical NO3 loss through reaction with NO and photolysis are minor 

pathways. Alkenes and furans are mostly oxidized by OH and O3 (11 – 43%, 54 – 88% for alkenes; 

18 – 55 %, 39 – 76 %, for furans, respectively), but phenolic oxidation is split between NO3, O3, 

and OH (26 – 52 %, 22 – 43 %, 16 – 33 %, respectively). Nitrate radical oxidation accounts for 26 

– 52 % of phenolic chemical loss in sunset plumes and in an optically thick plume. Nitrocatechol 

yields varied between 33 % and 45 %, and NO3 chemistry in BB plumes emitted late in the day is 

responsible for 72 – 92 % (84 % in an optically thick mid-day plume) of nitrocatechol formation 

and controls nitrophenolic formation overall. As a result, overnight nitrophenolic formation 

pathways account for 56 ± 2 % of NOx loss by sunrise the following day. In all but one overnight 

plume we model, there is remaining NOx (13 % – 57 %) and BBVOCs (8 % – 72 %) at sunrise.  

4.1 Introduction 

Wildfires emit Nitrogen Oxides (NOx = NO + NO2), nitrous acid (HONO), biomass 

burning VOCs (BBVOCs) and particulate matter (PM) that evolve chemically on a range of time 

scales, from seconds to weeks downwind (Akagi et al., 2011; Andreae and Merlet, 2001b; Decker 

et al., 2019; Hatch et al., 2015, 2017; Koss et al., 2018; Palm et al., 2020). These emissions and 

their chemical products influence air quality through ozone (O3) production, emitted PM, and 

secondary organic aerosol formation (SOA) (Brey et al., 2018; Jaffe et al., 2020; Jaffe and Wigder, 

2012; Lu et al., 2016; Palm et al., 2020; Phuleria et al., 2005). However, the evolution of the smoke 

downwind is influenced by several variables such as fuel type, burn conditions, moisture content, 

nitrogen content, meteorology, and time of day. 



 

58 

 

Like most atmospheric oxidation processes, the oxidation of BBVOCs is influenced by 

three key atmospheric oxidants: O3, the hydroxyl radical (OH), and the nitrate radical (NO3), which 

are detailed in Chapter 1 on page 2. In the previous chapter, we found that modeled NO3 reactivity 

was found to be mostly (>99 %) from reactions with BBVOCs (R1.12) as opposed to 

heterogeneous reactions with aerosol particles in an agricultural burning plume sampled after 

sunset. This is the result of elevated concentrations of several highly reactive BBVOCs within the 

plume. Specifically, directly emitted aromatic alcohols (phenolics) react with NO3 at near the gas-

kinetic limit to form nitrophenolics, a subset of nitroaromatics, and secondary organic aerosol 

(Finewax et al., 2018; Lauraguais et al., 2014; Liu et al., 2019; Xie et al., 2017). Nitrophenolics 

absorb strongly in the ultraviolet and visible regions of the solar spectrum, and are expected to 

significantly contribute to brown carbon (BrC) absorption (Palm et al., 2020; Selimovic et al., 

2020). Phenolic reactions with OH in the presence of NOx also form nitrophenolics, but at one 

third the yield (Finewax et al., 2018). 

Wildfire emissions typically peak in the mid-afternoon to evening, and continue to emit 

smoke into the night (Giglio, 2007; Li et al., 2019). Furthermore, large smoke plumes can be 

optically thick, with little photolysis at their center. This means that most smoke plumes will be 

oxidized in the dark during some, if not all, of their transport. Yet, the vast majority of in-situ field 

investigations of biomass burning smoke has been conducted under sunlight, and most analyses of 

daytime smoke plumes have so far focused on plume oxidation by OH and O3 only (Coggon et al., 

2019; Keywood et al., 2015; Liu et al., 2016; Palm et al., 2020). 

In the summer of 2019, both the NOAA Twin Otter and the NASA DC-8 aircraft executed 

a series of research flights sampling smoke plumes as part of the Fire Influence on Regional to 
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Global Environments and Air Quality (FIREX-AQ) campaign. Here, we present a detailed analysis 

of smoke plumes from three fires using observations from FIREX-AQ to constrain a detailed zero-

dimensional (0-D) chemical box model. We investigate one optically-thick plume emitted mid-

day, three smoke plumes emitted near or at sunset, and one theoretical plume emitted after sunset. 

We discuss the reactivity and competitive oxidation for all oxidants, NO3, O3, and OH, toward a 

suite of BBVOCs. Further, we detail the oxidation pathways of phenolics, discuss the variables 

that affect the yield of nitrophenolics, and describe how nitrophenolics have a significant impact 

on NOx loss and fate. 

4.2 Methods 

4.2.1 Aircraft Observations 

Aircraft Measurements for this analysis are described in detail in section 2.4.2 on page 18. 

Briefly, this analysis uses NOAA Twin Otter and NASA DC-8 observations of four wildfire 

plumes. We use observations of CO, NO, NO2, O3, HONO, and NOy (only available on the DC-8) 

as well as the meteorological conditions temperature, relative humidity, and pressure to constrain 

the model.  We also use a suite of BBVOCs to constrain and/or compare to the model.  

4.2.2 Fire Descriptions 

Fires used in this analysis are detailed in section 2.5 on page 24 with flight maps in Figure 

2.2. Table 2.2 summarizes fire locations, sampling platform, and fuel types (Inciweb, 2019b, 

2019c, 2019a). Briefly, this analysis focuses on four semi-Lagrangian experiments from three 

separate fire complexes: the Castle Fire plume in northern Arizona, the 204 Cow Fire plume in 

central Oregon (referred to as Cow from here on), and two from the Williams Flats Fire plume in 

eastern Washington (referred to as WF1 and WF2 from here on).  
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WF1 contained smoke emitted from about 14:00 – 16:00 local time (PDT), or the early to 

late afternoon, while WF2 sampled smoke emitted near sunset. The sampled smoke varied in age 

from 36 min – 4 h. Smoke sampled from the Castle Fire plume varied in age from approximately 

2 min – 1.5 h. Smoke sampled from the Cow Fire plume varied in age from approximately 2 – 3 

h. 

We select the above plume samplings among others because of their data coverage, 

potential for active chemistry and sunset-like conditions defined as the following: 1) sampled by 

semi-Lagrangian transects roughly perpendicular to the prevailing wind direction, 2) had available 

measurements of CO, NOx, HONO, O3, photolysis rates, and aerosol surface area, 3) contained 

either reduced plume-center photolysis (jNO2<10–3 s–1) or plume ages <3 h by sunset, and 4) 

sampled a plume age range >1 h. 

4.2.3 Box Model Description  

We modeled smoke plumes from three fires (Castle, Cow, and WF). We present four model 

cases (Castle, Cow, WF1, WF2) constrained by aircraft observations and one case (Dark) identical 

to the WF2 case except all modeled photolysis frequencies are set to zero. The Dark case simulates 

oxidation of the WF2 plume if it was emitted after sunset. The Dark case is used to understand the 

effect of photolysis on the WF2 model run.  

The Cow, WF2, and Dark cases are run from emission until sunrise the following day 

(about 12 h). The Castle case is run for 2.6 h until all BB emissions are near (<<1%) background 

levels. We run the WF1 case until the age of the oldest sampled smoke (~4 h) because we do not 

have any observations of photolysis rates with which to constrain the model past that point.  
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Box modelling was performed using the Framework for 0-D Atmospheric Modelling 

(F0AM) (Wolfe et al., 2016), described in 2.2 on page 13, with chemistry and emissions described 

in the following section. We start the model at the emission time (age = 0) of the earliest smoke 

transect (the youngest sampled smoke), which occurred between 2 min and 2 h before the first 

plume transect, depending on the plume. In most cases, we use an iterative method constrained to 

a subset of observations (described below) to estimate emissions. 

While all plumes were sampled by aircraft following a semi-Lagrangian strategy, we model 

each plume as if it were Lagrangian - i.e., it is assumed that the emissions and fire conditions were 

constant over the course of sampling. Further, we constrain our model to plume-center 

observations because we model only the plume-center and represent mixing through a dilution 

term. Consequently, the model does not represent differences in chemical regimes that may occur 

between the center and edge of a plume.  

4.2.3.1 Chemistry 

Our model uses the master chemical mechanism (MCM, v3.3.1 via http://mcm.york.ac.uk), 

in conjunction with a NOAA biomass burning mechanism included in F0AM v4.0 (Bloss et al., 

2005; Coggon et al., 2019; Decker et al., 2019; Jenkin et al., 1997, 2003, 2012, 2015) and updates 

to OH- and NO3-initiated oxidation of phenolic compounds described here. 

Phenol and cresol oxidation have been studied in greater detail than their oxidation 

products such as catechols and methylcatechols (Calvert et al., 2011). Thus, in order to update the 

phenolic chemistry, where literature values are unavailable we extrapolate phenol and cresol 

branching ratios, rate coefficients, and products for catechol, methylcatechol, and the three isomers 

of dimethylcatechol. As an example, Figure 4.1 shows our reaction mechanisms involving 
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catechol. Reactions in black represent reactions already in the MCM, while reactions in brown 

represent added reactions.  

 
Figure 4.1 : Subset of phenolic mechanism expansion showing catechol related reactions only. Reactions that are in 

the MCM are shown in black, and added reactions are shown in brown. Compounds that we boxed are lumped in the 

mechanism. Compound names correspond to the provided FACSIMILE provided in Appendix: Code for Phenolic 

Mechanism on page 190.  

The reaction of phenol and cresol + OH is known to form catechol and methylcatechol, 

respectively, by OH addition to the ring (Olariu et al., 2002). Similarly, the formation of 

trihydroxybenzene from catechol was suggested by Nakao et al., 2011 and trihydroxy toluene was 

identified as an oxidation product from methylcatechol by Schwantes et al., 2017. Further, 

reactions of phenol and cresol with OH are also known to produce benzoquinones (Olariu et al., 

2002) and Schwantes et al., 2017 identified hydroxymethyl benzoquinone from methylcatechol. 
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Finewax et al., 2018 report the yield of nitrocatechol from OH oxidation of catechol to be 30 ± 

3%. Despite these recent studies, MCM v3.3.1 assumes, under high NO2 conditions, a 100% yield 

of nitrocatechol and nitromethylcatechol from OH-initiated oxidation of catechol and 

methylcatechol, respectively.  

In the updated phenolic mechanism used here, the rate coefficients and branching ratios 

are taken from the literature when possible, but estimated from analogous reactions when 

unavailable. OH-initiated oxidation of catechol, methylcatechol, and dimethylcatechols is assumed 

to form 30% nitrocatechol, nitromethylcatechol, and nitrodimethylcatechol, respectively, under 

high NO2 conditions as extrapolated from Finewax et al., 2018. The remaining 70% of products 

from OH-initiated catechol, methylcatechol, and dimethylcatechols produce trihydroxybenzene 

and hydroxybenzoquinone type products consistent with recent work for catechol and methyl 

catechol oxidation (Nakao et al., 2011 and Schwantes et al., 2017). To calculate the branching ratio 

between hydroxybenzoquinone and trihydroxybenzene from catechol + OH, we scale the yields 

found for each type from literature for phenol + OH (Nakao et al., 2011; Olariu et al., 2002). The 

result is an estimated 3% yield of hydroxybenzoquinone and a 67% yield of trihydroxybenzene. 

Similarly, for methylcatechol and dimethylcatechol + OH, we scale the yields from literature for 

each type from o-cresol + OH (Nakao et al., 2011; Olariu et al., 2002).  

Finewax et al., 2018 report the yield of nitrocatechol from NO3 oxidation of catechol to be 

91±6%. Olariu et al. also found benzoquinone formation from NO3 + cresol (Olariu et al., 2013). 

The mechanism by which benzoquinones are formed by NO3 oxidation of catechol is uncertain. 

Olariu et al. state that unpublished work finds no evidence for benzoquinone products from phenol 

+ NO3, while Bolzacchini et al. find evidence for benzoquinone production from NO3 + phenol if 
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O3 is present (Bolzacchini et al., 2001). We assume catechol, methylcatechol, and 

dimethylcatechols + NO3 forms 91% nitrocatechol type product and the remaining 9% a 

benzoquinone type product. For simplification in our box model, we group benzoquinone products.  

Referring to Figure 4.1, OH and NO3 reactions with catechol form a catechol radical 

(CATO), which can then react with either NO2 or O3. Reactions with NO2 form nitrocatechol 

(NCATECHOL), while reactions with O3 form a catechol-peroxy radical (CATO2), which can 

subsequently react with HO2 to form a catechol-hydroperoxide (CATOOH). The formation of 

CATOOH is reversible but our model runs find the lifetime of CATOOH is >100 hours meaning 

CATOOH acts as a permanent loss of CATO2. While our catechol mechanism does not include 

heterogeneous reactions, it is likely that CATOOH will be lost through aerosol. We find that 

CATOOH is responsible for 17 – 26% of net CATO loss. In other words, 17 – 26% of potential 

nitrocatechol formation is lost to CATOOH. In all model runs, the fraction of potential 

nitrocatechol lost by O3 increases as the plume ages.  

For updates to both OH- and NO3- phenolic compound oxidation, we assume similar 

assumptions for later-generation products and end the oxidation at highly-functionalized products, 

which will likely form secondary organic aerosol. In the Appendix on page 190, we provide the 

mechanism in the form of FACSIMILE, which is a standard output format (.fac) from the MCM 

and is readable in F0AM v4.0.  

4.2.3.2 Emissions 

We initiate the model using an emissions inventory of 302 BBVOCs in the form of 

emission ratios (ERs, E2.8) as described in section 2.3 on page 13. Briefly, the ER inventory uses 

an average of BBVOC emissions studies of ponderosa pine fuel from the Fire Lab at Missoula 
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Experiment (FLAME-4) (Hatch et al., 2017) and the Fire Influence on Regional and Global 

Environments Experiment (FIREXLab) (Koss et al., 2018) with rate coefficients taken from 

literature when available or estimated when unavailable. The model also includes heterogeneous 

NO3 and N2O5 uptake onto aerosol, calculated for NO3 heterogeneous reactivity, as shown in E2.6.  

4.2.3.3 Model Constraints 

Our model is constrained to plume-center and, for some compounds, background 

measurements of aerosol surface area, photolysis rates, O3, CO, NOx, HONO, and total oxidized 

nitrogen (NOy). Measurements of NOy are only available from the DC-8 measurements. We also 

constrain our models to the meteorological conditions pressure, temperature, and relative 

humidity. Fire emissions and photolysis conditions can change rapidly, therefore we constrain the 

model to a subset of plume transects. We chose transects that showed a monotonic decrease of CO 

with distance from the fire, cover an age range of at least one hour, and have similar emission 

times as shown in Figure 4.2 and Figure 4.3.  

  
Figure 4.2: Time series of CO (black filled) as a function of emission time. Red markers indicate the top 5 % of CO 

during a single transect. Filled circles indicate observations chosen to constrain a model run and crosses indicate 

unused observations. Horizontal error bars indicate error in the plume age estimation.  

 



 

66 

 

 
 

  
Figure 4.3: Exponential fit (𝑦 = 𝐴𝑒𝑥/𝜏 + 𝑦0) to normalized excess mixing ratios (NEMR) of CO used as our best-

guess estimate of dilution for each model run. Filled circles indicate observations used to constrain the model run, 

while open circle indicate observation that are not used. 

All model runs included a constant first-order plume dilution rate coefficient (kdil) 

determined by applying an exponential fit to observed CO as a function of plume age (Figure 4.3). 

We fit only points used to constrain the model and fixed the exponential fit offset to the observed 

CO background. We applied kdil to all species in the model. We find values of kdil that range 

between 4.5 – 6010–5 s–1 (Table 4.1), equivalent to a lifetime (dil = 1/kdil) of 0.5 – 6.2 h. 

Compound WF1 WF2 Castle Cow 

CO (ppmv) 0.089 0.080 0.124 0.070 

NO (ppbv) 0.0 0.0 0.0 0.0 

NO2 (ppbv) 0.0 0.1 0.1 0.06 

HONO (ppbv) 0.0 0.0 0.0 0.0 

O3 (ppbv) 96.25 84.2 90 60.7 

kdil (10-5 s-1) 11.7 1.59 46 7.57 

Table 4.1: Table of background mixing ratios of CO, NO, NO2, HONO, and O3 for all model runs. The Dark model 

run has the same conditions as the WF2 model run. 
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Plume-center observations were determined using a “top 5 %” method as described by 

Peng et al., 2020. Briefly, within a transect we determine the location of the greatest 5 % of 

observations for CO and use that location of the plume for analysis of other compounds. This 

method obtains an average observation for the center, or most concentrated, parts of the plume. 

Reported uncertainties are the 1-𝜎 variability of the top 5 % region and instrument uncertainties 

added in quadrature. 

Particulate matter in BB plumes attenuates sunlight, and thus photolysis rates, in a process 

we refer to as plume darkening. In WF plumes we use plume-center observations of 20 photolysis 

rates (listed in Table 4.2), but for the Castle and Cow plumes only jNO2 is available due to the 

limited instrument payload on the NOAA Twin Otter. Average attenuation of jNO2 within the 

WF1 and WF2 plumes was 96% (meaning jNO2 at plume-center was 4 % of jNO2 outside of the 

plume). Plume-center attenuation of jNO2 was 29% for the Castle plume. We sample the Cow 

plume after sunset and therefore do not have observation of jNO2 while the smoke was under 

sunlight (0 – 2 h). We estimate that plume-center jNO2 attenuation was 34%. This estimate was 

made by comparing jNO2 attenuation to plume size (by CO) in the WF and Castle model runs and 

is consistent with jNO2 attenuation in plumes emitted from the Cow Fire sampled on other days. 

All other photolysis rates were estimated using a ratio of the observed jNO2 to calculated 

photolysis rates using an MCM trigonometric solar zenith angle (SZA) function below. 

𝐽 = 𝑙 ∗ cos(𝑆𝑍𝐴)𝑚 ∗ 𝑒−𝑛∗sec(𝑆𝑍𝐴)         E4.1 

Where 𝑙, 𝑚, 𝑛 are derived from least squares fits to j-values from a radiative transfer model and 

literature cross sections/quantum yields. This calculation is a standard photolysis value method in 
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F0AM and is described by Jenkin et al., 1997. However, this method does not account for overhead 

O3 column, surface albedo, aerosol or other effects. 

Photolysis Rates Used to Constrain the WF1 and WF2 Model Runs 

jNO2 → NO + O3(P) jCH2O → H + HCO jCHOCHO →HCO + HCO 

jO3 → O2 + O1(D) jCH3CHO → CH3 + HCO jCHOCHO → CH2O + CO 

jH2O2 → 2OH jpropanal → CH2CH3 + HCO j2,3,butadione 

jNO3 → NO2 + O3(P) jMeONO2 → CH3O + NO2 jMEK → CH3CO + CH2CH3 

jNO3 → NO + O2 jEthONO2 → CH3CH2O + NO2 jCH3COCHO → CH3CO + HCO 

jHNO2 → OH + NO jMVK jHNO3 → OH + NO2 

jCH2O → H2 + CO jCHOCHO → H2 + 2CO  
Table 4.2: List of photolysis rates measured on the DC-8 and used to constrain the WF 1 and WF2 model runs.  

In all of the plumes studied here, observed jNO2 rates are below 10–3 s–1 excluding the 

first few minutes of the Castle plume. Values of jNO2 in the WF2 plume remained low, near 10–

4 s–1
 during the sampling time. In contrast, the WF1 plume exhibits increasing jNO2 rates, which 

eventually reach 810–4 s–1. Differences in the photolysis rates between the first and second pass 

is likely due to the setting sun. Finally, observations of photolysis rates are negligible in the Cow 

plume as it was sampled after sunset.  

4.2.3.4 Model Initiation 

In all plumes except the Castle plume, our first transect sampled smoke 36 min – 2 h old 

and therefore we implemented an iterative method (McDuffie et al., 2018; Wagner et al., 2013) 

to estimate initial emissions (at age = 0). We began with best-guess estimates of CO, NO, NO2, 

HONO and O3 then systematically changed these initial conditions to minimize the differences 

between model output and observations downwind. Initial conditions for all cases are shown in 

Table 4.3. In all cases, backgrounds of NO, NO2, O3, CO and HONO were taken as an average 

outside of the plume and BBVOC backgrounds were assumed to be zero. Background mixing 

ratios used are shown in Table 4.1. 
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 WF1 WF2 Castle Cow 

 ppbv ppbv ppmv-1 ppbv ppbv ppmv-1 ppbv ppbv ppmv-1 ppbv ppbv ppmv-1 

CO 8259 - 8329  1954  2618  

NO 28.0 3.4 57.0 6.8 8.4 4.3 16.8 6.4 

NO2 7.0 0.8 0.0 0.0 3.6 1.8 4.2 1.6 

HONO 8.0 1.0 30.0 3.6 3.0 1.5 22.5 8.6 

O3 53.9 - 38.3 - 81.3 - 43.2 - 
Table 4.3: Table of initial mixing ratios of CO, NO, NO2, HONO, and O3 for all model runs. The Dark model run has 

the same conditions as the WF2 model run. 

We determined best-guess estimates of CO and HONO directly from observations of the 

first transect. To determine a best-guess estimate for NOx we used the sum of observed NO and 

NO2 for the Cow run or NOy minus HONO (as NOy will contain HONO) for the WF runs. Best-

guess estimates of O3 were determined using an average of background O3 observations from a 

flight leg upwind of the fire and outside of the plume transects, which can vary (see Table 4.4).  

We began iteration with CO and kdil by increasing best-guess estimates of CO and varying 

kdil within the fit errors until we minimized the differences between observed and modeled CO. 

This in-turn determines the emissions of BBVOCs by E2.8. Next, we iterated NOx, HONO and 

the NO/NOx ratio such that the sum of NOx and HONO did not exceed the observed NOy and the 

initial NO/NOx ratio remained between 0.6 – 1 (Roberts et al., 2020). Lastly, we iterated the initial 

and background O3. As explained below, we were required to iterate on background O3 in some 

model runs in order to achieve agreement between model and observations. We repeated the above 

process to minimize the differences between model and observations. In an attempt to avoid 

finding a local solution, as opposed to the “best” solution, we reversed the order of iterating O3, 

NOx and HONO when repeating the above process.  

Initial condition in the Castle run were taken directly from observations of NO, NO2, O3, 

CO, HONO, phenol, catechol, cresol, and methylcatechol in the first transect where the plume age 
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was 3 ± 1 min, and therefore was close to age = 0. We initiated the remaining 298 BBVOCs by 

using CO and E2.8. 

 WF1 WF2 Castle Cow 

Average O3 Upwind (ppbv) 57.8±0.4 48.9 ± 7.5 72 ± 1 - 

Average O3 Outside of transects (ppbv) 53 ± 3 58 ± 8 82 ± 2 53 ± 3 
Table 4.4: Table of observed background O3 during an upwind transect and outside of the plume edges.  

4.2.4 Observations and Model Comparison 

Accurately modeling the first order loss of CO is critical as it determines the overall plume dilution 

rate coefficient and initial BBVOC mixing ratios. Median differences in modeled and observed 

CO range from 39.7 – 307.4 ppbv with a median difference of 2.8 – 11.7 % across all model runs. 

Percentage and absolute differences between the model runs and observations are detailed in Table 

4.5.   

Median differences of NO2 and HONO are 5.1 – 32.2 % and 6.6 – 53.3 %, respectively. 

There are greater percentage differences in NO2 and HONO that arise due to lower mixing ratio 

observations mostly in the WF1 and Castle plumes, with a range of absolute median differences 

of NO2 and HONO between 0.4 – 2.0 ppbv and 0.3 – 3.4 ppbv, respectively.  

Ozone median differences vary from 0.3 – 6.3 ppbv with a median difference of 0.8 – 

27.2 % across all runs. For the WF1 and WF2 plumes we found that a significant increase (38.5 ± 

0.4 and 35.3 ± 7.5 ppbv, Table 4.1 and Table 4.4) in model background O3 compared to the upwind 

leg was required to capture the observed plume-center O3. This is due to photochemical O3 

production at the plume edges, where O3 was as much as a factor of ~2 greater than the background 

O3. The increased plume edge O3 is not captured in our plume-center model, and thus requires an 

increase in model background O3.  
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 Castle WF1 WF2 Cow 
 (ppbv) (%) (ppbv) (%) (ppbv) (%) (ppbv) (%) 
 Avg Med Avg Med Avg Med Avg Med Avg Med Avg Med Avg Med Avg Med 

CO 80.5 69.9 6.8 6.5 307.4 328.2 13.1 11.7 243.1 243.1 4.1 4.2 37.8 39.7 2.8 2.8 

NO2 0.5 0.4 15.8 6.8 2.0 2.0 126.1 32.2 2.0 2.0 5.0 5.1 1.4 0.9 12.0 8.3 

NO 0.3 0.2 54.9 47.6 0.4 0.1 944.6 99.8 1.0 1.0 43.7 40.5 0.1 0.1 100.0 100.0 
O3 1.6 1.7 2.0 2.1 6.1 6.3 6.5 6.2 3.4 3.4 29.7 27.2 0.4 0.3 0.8 0.8 

HONO 0.3 0.4 21.6 21.8 0.9 0.8 961.4 53.3 3.4 3.4 16.9 18.8 0.5 0.4 5.5 6.6 

Table 4.5: Comparison of model outputs and observations used (as seen in Figure 4.4) as the average (Avg) or median 

(Med) in absolute (ppbv) and percent difference (%) for all compounds used to iterate the model.  

4.2.4.1 Comparisons of Constrained Compounds  

The WF fire emissions were significantly greater than the Castle and Cow Fire emissions 

as is seen in the observed CO (Figure 4.4). Initial plume-center CO was 8.26 and 8.33 ppmv in 

WF1 and WF2, respectively, but 2.62 and 1.95 ppmv for Cow and Castle, respectively. We report 

our observations for each species (X) relative to CO in the form of normalized excess missing 

ratios (NEMR, in E2.1 on page 11) following Yokelson et al., 2013.  

Ozone depression and negative NEMRs at the plume-center were observed in all of the 

sunset, nighttime or darkened fire plumes analyzed here. Observations of ΔO3/ΔCO in the Castle 

plume remains at just below background levels of O3 in all observations likely due to the small 

plume size and large O3 background (82.5± 2.1 ppbv). Generally, ΔO3/ΔCO increases with plume 

age due to photochemical O3 production and mixing with background O3. Ozone in the midday 

WF1 plume reaches 44.8 ± 3.4 ppbv ppmv–1 of CO, or 67.4 ppbv above background, after 3.8 ± 

0.5 h of transport. 

Referring to Figure 4.5 we find that observed ΔNO/ΔCO, ΔNO2/ΔCO and ΔHONO/ΔCO 

have variable trends in all plumes. Observations of ΔNO/ΔCO are near zero (≤0.1 ppbv ppmv-1) 

in the Castle and WF1 plumes, and elevated in the WF2 and Cow plume (0.21 ± 0.02 – 1.21 ± 

0.13 ppbv ppmv–1). Observed ΔNO/ΔCO in the WF2 plume change sharply between the first four 

and last five transects suggesting changes in fire emissions or photolysis near emission. In order 
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to avoid these changes, we use only observations from the latter to constrain our model as 

discussed in section 4.2.3.3 on page 65. 

  

Figure 4.4: Observations (closed circles) and model output (lines) for all model runs. The Dark run is shown as a 

dashed line in the WF2 column. The time of sunset (defined as when the solar zenith angle reaches 90°) is indicated 

by a vertical dashed line. Observation errors (y error: variability in the observation at plume-center and instrument 

uncertainty added in quadrature, x error: uncertainty in plume age determination) are shown as shaded xy boxes. 
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Figure 4.5: Observed normalized excess mixing ratios (NEMRs) of NO, NO2, HONO, and O3 for all plumes. 

There is a general decrease of ΔNO2/ΔCO and ΔHONO/ΔCO over four hours of aging. 

Observations of ΔNO2/ΔCO in the WF1 plume decrease at a faster rate than those in the WF2 

plume, however, both plumes exhibit about 8.6 ppbv ppmv–1 in the youngest smoke (35 ± 8 min 

old).  

4.2.4.2 Comparisons of P(NO3)  

Emissions of NOx from biomass burning plumes provide a source of NO3 suggested to be 

a major oxidant for BBVOCs (Kodros et al., 2020). The instantaneous NO3 production rate, 

P(NO3), is a common metric of the potential for NO3 chemistry (Brown and Stutz, 2012) and is 
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described on page 11 and as E2.4. At the center of the plumes presented in this study, NO3 

production rates were between 0.1 and 1.5 ppbv h–1 as seen in Figure 4.4. These NO3 production 

rates are consistent with those found in a nighttime agricultural smoke plume measured above a 

rural area at the border of Missouri and Tennessee during the South East Nexus campaign 

(SENEX), which varied between 0.2 and 1.2 ppbv h–1 as discussed in Chapter 3. These values of 

P(NO3) are also similar to those found in urban plumes and forested areas. Production rates of NO3 

in urban plumes typically range within 0 – 3 ppbv h–1 at night but can be larger. In forested regions, 

P(NO3) is typically below 1 ppbv h–1 at night (Brown and Stutz, 2012).  

Agreement between the model P(NO3) and observed P(NO3) reflects agreement between 

observed and modeled NO2 and O3. The WF1 model run slightly overpredicts NO2 after 3 hours 

of aging and therefore overpredicts P(NO3). Similarly, the Cow model run slightly underpredicts 

NO2 compared to observations and therefore the trend in P(NO3) is slightly underpredicted.  

4.2.4.3 Comparison of phenolics 

Our work focuses on the role of phenolics in BB plumes and includes updated and 

expanded phenolic oxidation mechanisms as described in section 4.2.3.1 on page 61. Therefore, 

capturing the phenolic evolution in our models is critical to understanding the importance of 

phenolics in BB. In the Castle case, which is initiated with observations of phenolics, we find 

excellent agreement for catechol, methycatechol, phenol, and cresol (Figure B.1). Further, we find 

that the model run lies on the upper edges of nitrocatechol errors, and the lower edge of nitrophenol 

errors. The model run underpredicts nitrocresol by a factor of 60. Note that we do not have 

available calibrations for nitromethylcatechol, but do provide observations in arbitrary units for 

the purpose of comparing the time evolution of this compound.  
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Overall the model recreates the relative time evolution of nitrophenolics well. 

Disagreement between the model and observed compounds could be caused by many factors 

including, but not limited to, interfering isomers measured by the UW I– HR ToF CIMS or the 

NOAA I– ToF CIMS, variable fire ERs, and loss or production of nitrophenolics not captured by 

our mechanism. The MCM includes several gas-phase loss processes of nitrophenolics, but no gas 

to particle partitioning. Nitrophenolics readily partition to the aerosol phase (Finewax et al., 2018). 

Further, the MCM does not include photolytic loss of nitrophenolics, despite some evidence to the 

contrary (Sangwan and Zhu, 2016, 2018). Therefore, when analyzing gas phase nitrophenolic 

evolution we only consider integrated formation, as discussed in section 4.3.3.2 on page 89. 

All other model runs were not initiated to observations of phenolics due to the older age of 

smoke during the first transect. Even so, in the Cow model run (Figure B.2) we find agreement 

with catechol and methylcatechol within observation errors. Modeled phenol is about a factor of 3 

(Δ1.4 – 2.0 ppbv) greater than the observations. Modeled cresol is about a factor of 10 greater than 

observations, while its oxidation product, nitrocresol, is 7 times less than the observations. Models 

are thus able to reproduce some, but not all, phenolic observations in the Cow plume.  

Observations of phenolics in the WF plumes are limited to un-calibrated catechol and 

nitrocatechol observations from the NOAA I– ToF CIMS (Figure B.3 – Figure B.4). In the WF1 

model run, catechol and nitrocatechol appear to deplete faster than the model would suggest. The 

time evolution of nitrocatechol in the WF2 plume agrees well with the model, and in the WF1 

model run the model matches the rough timing of the observed maximum signal. 
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4.3 Results and Discussion 

4.3.1 Reactivity 

Reactivity, defined by E2.2 on page 11, is used as a simplified metric to predict the 

competition of reactions between oxidant and BBVOC. Here, we calculate and detail the reactivity 

for O3, NO3 and OH oxidation of BBVOCs to understand their predicted competition. We also 

discuss how reactivity of the BB plumes studied here compare to other environments. 

At emission, BBVOCs account for the majority of total reactivity for OH (87.7 %), NO3 

(80.1 %), and O3 (99.6 %) as seen by the bars in Figure 4.6. HCHO and CO account for 5.1 % and 

5.3 % of OH reactivity, respectively while NO2 accounts for a small (0.3 %) fraction. We exclude 

O3 reactivity to NO in Figure 4.6 because during the daytime this reaction is in a rapid cycle with 

NO2 photolysis and regeneration of O3 in which odd oxygen, Ox = NO2 + O3, is conserved. Further 

reactions of O3 and NO2 can lead to loss of Ox. This analysis includes BBVOC oxidation by O3 

but not a detailed budget for Ox.  

Underneath each reactivity bar in Figure 4.6 we show the partitioning of the initial BBVOC 

reactivity. Almost three quarters of OH reactivity is from alkenes (33.0 %), furans (25.0 %) and 

phenolics (16.4 %). The reactivity of NO3, by contrast, is controlled by phenolics (64.4 %) and O3 

reactivity is controlled by alkenes (53.8 %) and terpenes (39.2 %). Nitrate radical reactivity toward 

a smaller fraction of VOCs is consistent with other reactivity analyses of OH, NO3 and O3 in forest 

air (Palm et al., 2017). 

Below each pie chart in Figure 4.6 we show reactivity for OH, NO3, and O3 toward 

BBVOCs on an absolute scale. As BBVOCs are oxidized and the plume dilutes the plume 

reactivity is reduced. Decay of OH and NO3 reactivity is nearly identical, while that of O3 is 
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different (e.g., WF2 and Dark). As a result, fewer BBVOCs, specifically alkenes, are oxidized in 

the Dark model run keeping reactivity greater when compared to the WF2 model run. 

 
Figure 4.6: Bars: Average (of all model runs) initial relative instantaneous reactivity for all compounds in our model 

showing that initial reactivity of BBVOCs outweighs all other compounds for all oxidants. Pies: Initial relative 

reactivity of BBVOCs showing that OH reactivity is controlled by many BBVOC groups, NO3 reactivity by phenolics, 

and O3 reactivity by alkenes and terpenes. Non-aromatic Oxygenates are abreviate by NAOs. Time series: Absolute 

reactivity of for all model runs showing that reactivity decays at different rates for each model run, and that OH and 

NO3 reactivity decay is similar.  

Total initial OH reactivity toward BBVOCs ranges from 98.3 – 450.0 s–1. Since the 

modeled total reactivity is proportional to the plume’s initial emission of CO, the largest plumes, 

WF and Dark, have the greatest total initial total reactivity. Typical OH reactivities range between 
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7 – 130 s–1 for urban plumes or 1 – 70 s–1 in forests (Yang et al., 2016b), demonstrating that wildfire 

plumes can be similar to urban plumes or significantly more reactive. 

Total initial O3 reactivity toward BBVOCs ranges between 110–4 s–1 and 610–4
 s

–1. A 

recent study of a suburban site in China found O3 reactivities toward non-methane VOCs between 

2.510–7 – 1.110–6 s–1 (Yang et al., 2020). Reactivity in wildfire plumes exceeds that in urban 

plumes by a factor of 80 – 3000.  

Total initial NO3 reactivity toward BBVOCs ranges from 17.1 – 70.3 s–1. Reactivity of NO3 

is typically reported as a lifetime (𝜏) as discussed in section 2.1 and given as E2.5. Modeled steady-

state lifetimes are predicted to be between 0.5 – 1.2 s. Typical 𝜏 in urban plumes range from tens 

of seconds to tens of minutes and 𝜏 in forested regions have been reported between 20 s – 15 min 

(Brown and Stutz, 2012). The reactivity of NO3 in wildfire plumes sampled during FIREX-AQ is 

10 – 104 times greater than typical values in forested or urban environments. The increased 

reactivity of NO3 to BBVOCs within wildfire plumes is greater than the increased reactivity for 

OH and O3, highlighting that BB plumes have large overall reactivity that is more pronounced for 

NO3 than other oxidants. 

In addition to a large suite of reactive BBVOCs that increase NO3 reactivity, smoke 

contains concentrations of aerosol and aerosol surface area that are far greater than normally found 

in urban areas as shown in Chapter 3. When considering NO3 reactivity we must also consider 

aerosols, since aerosols present a loss pathway for NO3 and its equilibrium product N2O5 (Brown 

and Stutz, 2012; Goldberger et al., 2019) as explained in section 2.1.1 on page 11.  We calculate 

the NO3 heterogeneous reactivity to understand the competition between NO3 loss to BBVOCs 

and NO3/N2O5 heterogeneous loss to reaction with aerosol.  
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Figure 4.7: Left: total reactivity (s-1) of BBVOCs (blue) and N2O5/NO3 heterogenous uptake reactivity using a 𝛾𝑁2𝑂5
= 

10–2 and a 𝛾𝑁𝑂3
 = 10–3 (red). Right: Relative reactivity (%) of N2O5/NO3 heterogenous uptake compared to total 

reactivity (heterogenous uptake + BBVOCs) for 𝛾𝑁𝑂3
= 1, 10–1, and 10–3. In all model runs, BBVOCs overwhelmingly 

control NO3 loss.  

As shown in Figure 4.7 heterogeneous losses of NO3 and N2O5 are <2 % of total NO3 

reactivity in all model runs. Further, we find that >90 % of aerosol loss is through N2O5 rather than 

NO3 uptake. Therefore, heterogeneous losses of NO3 and N2O5 do not appreciably compete with 
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gas phase BBVOC oxidation, consistent with a similar analysis of nighttime smoke plumes 

described in Chapter 3. 

While our analysis finds that the reactivity in a BB plume is far greater than other 

environments, it is important to note that our calculations use a large suite of the most reactive 

VOCs that may not be included in other reactivity studies. Further, our reactivity calculations are 

based on our BBVOC ER and kinetic database as described in section 2.3 on page 13. While this 

database includes rate coefficients for the most reactive BBVOCs, it does not include rate 

coefficients for all 302 BBVOCs with all oxidants. Therefore, our reactivity estimates may be a 

lower estimate. Our VOC profile does not include alkanes, since FIREX lab studies (Hatch et al., 

2015; Koss et al., 2018) and an OH reactivity analysis of FIREX lab emissions found that OH 

reactivity toward alkanes accounted for 0 – 1 % of total BBVOC reactivity across all fuels (Gilman 

et al., 2015). Therefore, we expect the absent alkane reactivity in this study to be negligible. 

4.3.2 Oxidation Rates 

While reactivity is a useful metric to predict the competition between reactions, it does not 

account for oxidant concentration, which can vary widely depending on photolysis rates, 

emissions, and competing oxidants. In the following sections we discuss the BBVOC oxidation 

rate, which is related to reactivity through the oxidant concentration as discussed on page 11 and 

given as E2.3. In the following sections we compare and contrast reactivity and oxidation budgets 

and discuss how the initial reactivity changes with plume age for different BBVOC groups. 

Finally, we discuss the oxidant competition between NO3, OH, and O3 for three main groups of 

BBVOCs: phenolics, furans/furfurals, and alkenes/terpenes. 
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4.3.2.1 Oxidation of BBVOCs 

The integrated oxidation rate, or the oxidation budget (Figure 4.8), is similar to initial 

reactivity shown in Figure 4.6 for OH oxidation suggesting initial reactivity may be a good 

indicator for integrated reactivity. However, this does not hold true for NO3 or O3. 

 
Figure 4.8: Integrated oxidation rate, or oxidation budgets, of BBVOCs by OH (left), NO3 (center), and O3 (right) on 

a relative scale for all five model runs. Oxidation by OH is spread across many BBVOC groups (where NAOs are 

non-aromatic oxygenates), similar to initial reactivity, but also HCHO, CO, and NO2. Oxidation by NO3 is dominated 

by phenolics, but by a greater fraction than initial reactivity suggests. Oxidation by O3 is shown without NO and is 

dominated by alkenes and terpenes as expected from initial reactivity, but unlike initial reactivity it includes large 

contributions from phenolics and NO2 (resulting in NO3 production). 

The initial NO3 reactivity differs substantially from the oxidation budget. For example, 

20 % of initial NO3 reactivity is due to NO, but NO accounts for ≤ 1 % of integrated NO3 loss. 

Further, photolysis of NO3 accounts for <1 % of NO3 loss in all model runs and is greatest in the 

Castle plume (0.6 %) where measured jNO2 and calculated jNO3 reached maximum values of 

410–3 and 0.14 s–1, respectively. Although daytime NO3 oxidation of reactive VOCs has been 

found for heavily polluted urban air (Brown et al., 2005; Geyer et al., 2003; Osthoff et al., 2006), 

the dominant NO3 loss processes in urban plumes is NO reaction and photolysis (Brown and Stutz, 
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2012; Wayne et al., 1991). The different controlling NO3 loss pathway here highlights the unique 

and highly reactive environment of BB plumes. Further, 67 – 70 % of integrated NO3 reaction is 

due to phenolics, which is larger than initial total NO3 reactivity (56 %). Integrated alkene, terpene, 

and furan oxidation by NO3 are all lower than their initial reactivities.  

The production of NO3 and subsequent loss to BBVOCs is a significant (8 – 21 %) loss of 

O3, and much greater than the initial O3 reactivity to NO2 of 0.4 %. Similarly, integrated loss of 

O3 to alkenes (40 – 49 %) and terpenes (16 – 23 %) is much less than initial reactivity would 

suggest (54 % and 39 %, respectively). Conversely, phenolics and furans account for 4 – 11 % and 

13 – 20 % of O3 loss, respectively, even though their relative initial reactivity is < 1 % and 7 %, 

respectively. Overall, the differences between initial reactivity and integrated oxidation rate are 

explained by changing reactivity as BBVOC are oxidized with plume age.  

An example is seen in Figure 4.9 for O3 in the Castle model run, which has a large O3 

background (72 ± 1 – 82 ± 2 ppbv), is a relatively small plume, and is sunlit at emission. As a 

result, alkenes and terpenes are depleted quickly through oxidation by O3 and OH. The combined 

O3 reactivity of alkenes and terpenes reduces from 82 % to 44 % after two hours, during which 

time phenolic reactivity increases from < 1 % to ~40 %. In other words, as BBVOCs are depleted 

the reactivity profile of each oxidant will change and can result in significant differences between 

the initial reactivity and oxidant budget.  

In contrast to NO3 and O3, loss of OH by each BBVOC group is within 1 % of that predicted 

by the initial reactivity, except for terpenes. Initial reactivity of terpenes is about 13 %, while actual 

destruction of OH by terpenes averaged to 8 %. While terpene oxidation by OH is lower than its 
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reactivity in all model runs, it is especially low (2 %) in the WF1 model run, which is likely due 

to the large concentration of O3 from photochemical production.  

 
Figure 4.9: Ozone reactivity from the Castle model run in the form of absolute initial reactivity (bars, log scale) and 

relative BBVOC reactivity as a function of plume age (stacked, linear scale). As the plume ages, O3 reactivity toward 

each BBVOC group changes significantly.  

Losses of OH are not only due to highly reactive BBVOCs. HCHO, CO, and NO2 are 

responsible for 12 – 14 % of OH destruction. This is consistent with an OH reactivity analysis 

from North American fuels burned during the FIREX laboratory study, which found 13 ± 1 % of 

OH reactivity was due to HCHO, CO, and NO2 (Gilman et al., 2015). The fraction of OH reactivity 

toward CO and NO2 are similar to those found in a tropical rainforest (Fuchs et al., 2017), but 

much smaller than the fraction of OH reactivity toward CO (7 %) and NO2 (18 %) found at an 

urban site (Gilman et al., 2009) and the fraction of OH reactivity toward CO (20 – 25 %) and NOx 

(12 – 22 %) at a rural site (Edwards et al., 2013a).  

4.3.2.2 Oxidant Competition 

To study the competition between all oxidants, we focus on three main BBVOC groups: 

phenolics, furans/furfurals, and alkenes/terpenes. Generally, furans/furfurals and alkenes/terpenes 
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groups are mainly oxidized by OH and O3, while NO3 plays a small role (Figure 4.10). Oxidation 

of furans/furfurals and alkenes/terpenes by OH (18 – 55 %, 11 – 43 %, respectively) and O3 (39 – 

76 %, 54 – 88 %, respectively) can vary widely depending on the plume. We find this is due to the 

variability of actinic flux. In model runs with less photolysis at emission, OH oxidation is low 

compared to model runs that are more optically thin. This reduction of oxidation by OH appears 

to be replaced by O3 rather than NO3. For example, relative furan/furfural oxidation by OH in the 

WF1 model run (relatively large integrated jNO2) is 31 % less than that in the Cow model run 

(comparatively lower integrated jNO2), yet O3 oxidation is 32 % greater.  

 
Figure 4.10: Integrated loss of phenolics (left), furans & furfurals (middle) and alkenes & terpenes (right) reacting 

with NO3 (blue), OH (yellow) and O3 (orange). The model runs are ordered from left to right by decreasing integrated 

jNO2. Generally, furan/furfurals and alkenes/terpenes are oxidized primarily by O3 and OH. In contrast, phenolic 

oxidation is split across all oxidants.  

This relationship does not hold for phenolics, which are subject to significant NO3 

oxidation (26 – 52 %) (Figure 4.10). Phenolic oxidation by OH (22 – 43 %) and O3 (16 – 33 %) 

are slightly less than NO3. As a result, phenolic oxidation by NO3 dominates in the WF1 and Dark 
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model runs, while OH dominates in the Castle model run. In the WF2 and Cow model runs, NO3 

and OH oxidation is roughly equal. 

Generally, NO3 oxidation of phenolics increases with O3 availability and decreases with 

available actinic flux, but these relationships are coupled and complex. One example is seen in the 

WF2 model run, which has the second lowest integrated jNO2 value, and large emissions of NO 

that keep O3 low during sunlit hours. Therefore, P(NO3) is reduced, NO3 is present at lower mixing 

ratios within the first hour of oxidation, and phenolics are less subject to NO3 oxidation when 

compared to the other model runs.  

As actinic flux increases so does OH and O3 production, and therefore oxidant competition. 

One example is shown by the Castle model run where OH leads phenolic oxidation (41 %) with 

O3 second (33 %). The Castle model run demonstrates the greatest observed background O3 (90 

ppbv). Further, the Castle model run has significantly smaller total emissions (based on CO) than 

the other model runs and the greatest integrated jNO2. Due to the increased background O3 and 

photochemical production of OH, NO3 plays a smaller role in the oxidation of phenolics. 

4.3.3 Phenolic Oxidation and Nitrophenolic Production 

The importance of phenolic oxidation for BB is evidenced by the rapidly growing literature 

(Bertrand et al., 2018; Chen et al., 2019; Coggon et al., 2019; Decker et al., 2019; Finewax et al., 

2018; Gaston et al., 2016; Hartikainen et al., 2018; Iinuma et al., 2010; Lauraguais et al., 2014; 

Lin et al., 2015; Liu et al., 2019; Meng et al., 2020; Mohr et al., 2013; Palm et al., 2020; Selimovic 

et al., 2020; Wang and Li, 2021; Xie et al., 2017). Both OH and NO3 oxidation of phenolics leads 

to nitrophenolics, which have been shown to significantly contribute to SOA production (Palm et 

al., 2020). However, not all nitrophenolics are created equal. Understanding the competition 
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between phenolic oxidation by NO3 and OH is critical because their oxidation pathways have 

significantly different implications for nitrogen budgets and total nitrophenolic yield. 

Nitrophenolics formed by OH requires one NO2 molecule with a nitrophenolic yield between 27 

– 33 %. In contrast nitrophenolics formed by NO3 require two molecules of NO2, have a yield of 

85 – 97 % and produce HNO3 as a byproduct (see Figure 4.1 and Finewax et al., 2018).  

Yet, current phenolic mechanisms are extremely limited. For example, in the MCM 

nitrophenolics are the only oxidation products of phenolics + NO3 or OH and the yields are 

assumed to be 100%. Phenolic oxidation studies are typically limited to final products without 

detailed examination of intermediates. Phenol and cresol reactions are well studied in comparison 

to catechol, methylcatechol, and higher order phenolics. For that reason, we use studies of phenol 

and cresol oxidation to extrapolate analogous branching ratios, rate coefficients, and products for 

catechol, methylcatechol, and three isomers of dimethylcatechol. All of these compounds are 

included in the MCM, but for the purpose of the following analysis we have expanded the phenolic 

reaction pathways in our model as explained in section 4.2.3.1 on page 61 and shown in Figure 

4.1.  

In the remaining sections, we detail how the competition for phenolic oxidation changes as 

the plume evolves over time. We then discuss the factors that cause differences in nitrophenolic 

production rate as well as how differences in OH and NO3 phenolic oxidation lead to substantial 

differences in nitrocatechol yield. Finally, in the following section, we explore how nitrophenolics 

significantly impact the nitrogen budget.  
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4.3.3.1 Evolution of Phenolic Oxidation 

Generally, the modeled total phenolic oxidation rate varies between 1-10 ppbv hr–1 at 

emission Figure 4.11A – D), but the change in oxidation rate is not constant and trends with 

available actinic flux. Model runs with active initial photochemistry (Castle, WF2, and Cow) 

exhibit decreasing total oxidation rates, while model runs with little to no photolysis (WF1 and 

Dark) reach a local maximum rate after ~2 h and ~5 h, respectively. These increases in oxidation 

rate are due to increases in O3 and NO3 oxidation once NO is depleted.  

  

  

 
Figure 4.11: Oxidation metrics of all phenolic compounds for WF1 model run (A), WF2 and dark model runs (B), 

Castle model run (C), and Cow model run (D). Left axis: relative oxidation of phenolics for NO3 (blue), OH (yellow), 

and O3 (orange). Right log axis: absolute total oxidation (white line). Bar: Relative integrated rate of oxidation of 

phenolics for NO3 (blue), OH (yellow), O3 (orange) and the remaining phenolics at the model end (red).  

Before sunset and in early stages of plume oxidation, the major channel of phenolic 

oxidation is via OH. However, in the WF1 model run NO3 oxidation dominates after only 12 

minutes (Figure 4.11A). As the WF1 model run dilutes, photolysis rates increase and O3 is 

entrained promoting NO3 production. This increase in oxidant concentration keeps phenolic 

oxidation > 1 ppbv h–1 for at least four hours before the end of the model, unlike other model runs 
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that drop below 1 ppbv h–1 of total phenolic oxidation within 0.5 - 3 h. After 2.6 h, in the WF1 

model run, all oxidants contribute equally to phenolic oxidation and thereafter, OH and O3 equally 

split oxidation while the influence of NO3 decreases. At the end of the WF1 model run, 69% of 

initial phenolics remain unoxidized. 

As the sun sets in our sunset model runs (WF2, Castle, and Cow) a transition from OH 

controlled to a mixture of NO3 and O3 controlled oxidation occurs when OH production, and total 

oxidation rate decrease rapidly. Interestingly, OH dominates phenolic oxidation in the Dark model 

run (initiated after sunset) for the first 1.8 h before NO3 oxidation takes over. During this time, OH 

is produced by decomposition of Criegee intermediates formed through ozonolysis of unsaturated 

hydrocarbons, primarily catechol (Figure 4.1), methylcatechol and limonene. In other sunset model 

runs, OH plays a smaller role after sunset. Even so, this suggests that all BBVOC oxidation after 

sunset is driven by O3 chemistry, either through direct oxidation by O3, NO2 + O3 to form NO3, or 

by formation and decomposition of Criegee intermediates to form OH.  

The WF2, Dark, and Cow model runs all contain unreacted phenolic emissions at sunrise 

the following day (48%, 61%, and 8%, respectively, Figure 4.11). The WF2 and Dark model runs 

have significantly more phenolics that remain at sunrise because of their larger (~3) emissions 

compared to the Cow model run. Further, the WF2 and Dark model run conditions differ only by 

the presence of photolysis and therefore the difference in remaining phenolics between the WF2 

and Dark is due to the time of day the smoke was emitted. In contrast to these three model runs, 

the emissions in Castle are depleted within 2.6 h due to its small size.  
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4.3.3.2 Total Nitrophenolic Formation 

Nitrophenolic formation increases with O3 and photolysis, which promotes formation of 

NO3 and OH. For example, the Castle and Cow model runs have relatively large O3 and jNO2 at 

emission and therefore form nitrophenolics rapidly (0.6 – 1.4 ppbv h–1
 within the first 15 min). In 

contrast, the WF and Dark model runs have near zero O3 due to large emissions of NO and 

relatively low or zero jNO2 and therefore form nitrophenolics more slowly (<0.1 – 0.7 ppbv h–1
 

within the first 15 min).  

Despite the rapid formation of nitrophenolics in the Castle model run, it has the least 

(excluding WF1) total nitrophenolic formation relative to total emissions as seen in Figure 4.12.  

 
Figure 4.12: Integrated nitrophenolic production normalized to initial CO to compare nitrophenolic production across 

varying amounts of initial emissions. The simulated Castle and Cow plumes form nitrophenolics quickly. Even so, the 

Castle plume forms less nitrophenolics than other runs. 

Figure 4.12 shows integrated nitrophenolic formation per emitted ppmv of CO, which 

allows us to compare total nitrophenolic formation across varying plume sizes. In contrast to the 

Castle model run, the Cow model run has the greatest nitrophenolic formation. These differences 

are the result of differing phenolic oxidation pathways. The Castle model run has a large (90 ppbv) 

O3 background, which results in O3 accounting for ~40% of phenolic oxidation between 30 min – 

2 h of age (Figure 4.11C). At the end of the Castle model run (2.6 h) O3 oxidation accounts for 
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33% of total phenolic loss, the largest of any model run (Figure 4.10). This is markedly different 

than the Cow model run where OH and NO3 chemistry control phenolic oxidation before sunset, 

and NO3 after. While O3 accounts for only 16 % of phenolic loss at the end of the model run (~12 

h). In our model, the reaction of O3 + phenolics forms a ring opening product (Figure 4.1), but the 

rate coefficients and mechanisms are largely uncertain as discussed in the following section.  

We include 157 phenolics in our above analysis, but only a few phenolics account for large 

fractions of nitrophenolic formation. At the end of our model runs, catechol and methylguaiacol 

account for the largest fraction of phenolic oxidation. Both compounds are mostly oxidized by 

NO3. Catechol + NO3 alone accounts for 10 – 16 % of total phenolic oxidation rate or 30 – 32 % 

of NO3 + phenolic oxidation. Similarly, methylguaiacol accounts for 22 – 26 % of NO3 + phenolic 

rates and is the largest fraction of phenolic oxidation by OH (17 – 18 % of OH + phenolic rates). 

However, to our knowledge, oxidation products of methylguaiacol by OH and NO3 are unknown, 

but likely lead to nitrophenolics and therefore our nitrophenolic formation rates are likely 

underestimated. 

4.3.3.3 Nitrocatechol Yield 

The reaction of OH and NO3 with catechol to form nitrocatechol accounts for the largest 

fraction (32 – 33 %) of total nitrophenolic formation. Therefore, here, we focus on nitrocatechol 

and detail the nitrocatechol yield from NO3 and OH + catechol. Understanding nitrocatechol yield 

and its sensitivities is important to understanding the fate of NOx and NOx lifetime discussed in 

section 4.3.4 on page 94. However, the nitrocatechol yield depends on many variables such as the 

concentrations of NOx, BBVOC, O3 and the NOx/BBVOC ratio as well as the certainty in our 
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chemical mechanisms. Therefore, we discuss the sensitivity of all of these factors on nitrocatechol 

yield below.  

Yields of nitrocatechol vary between 33 – 45 % depending on the model run, where NO3 

is responsible for the 72 – 92 % of nitrocatechol Figure 4.13A). Figure 4.13 explores factors that 

govern nitrocatechol yield, defined as the molar ratio of nitrocatechol production to catechol 

destruction. Yields of nitrocatechol from OH are low relative to NO3 yield due to the formation of 

trihydroxybenzene and benzoquinones (Figure 4.1), which account for 10 – 32 % and 4 – 5 % of 

total catechol loss, respectively.  

 
Figure 4.13: Panel A: nitrocatechol yield for all model runs colored by the fraction of nitrocatechol formed from NO3 

and OH oxidation of catechol. Panels B–E are shown for the Cow model run, which is representative of all other runs. 

B: two overlaid contour plots of VOC/NOx ratio (white lines and white text) and nitrocatechol yield (color scale), with 

black cross sections that intersect at the observed Cow conditions. C: a cross section of B for nitrocatechol yield as a 

function of NOx (horizontal black line). D: a cross section of B for nitrocatechol yield as a function of VOC factor, a 

multiple of the initial VOC emissions (vertical black line). E: nitrocatechol yield as a function of initial O3. Green dots 

in C-E indicate observed conditions used for the model run. Nitrocatechol is primarily formed from NO3 and the yield 

increases with increasing NOx, but decreases with increasing BBVOC and BBVOC/NOx ration. Ozone has little effect 

on nitrocatechol yield. 
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The largest yield (45 %) is from the Dark model run, where NO3 oxidation accounts for 

more than 52 % of phenolic oxidation. In contrast, the lowest yield of nitrocatechol is from the 

Castle model run (33 %), which has the lowest emissions of NOx compared to the other model 

runs. A similar yield (34 %) is found in the WF1 model run, however this model ends after only 4 

h when 69 % of phenolics still remain. In short, nitrocatechol yield increases with increasing 

fraction of phenolic oxidation by NO3.  

To understand the dependence of nitrocatechol formation on O3, NOx, total BBVOC 

emissions (defined by the sum of ERs in our BBVOC inventory) and BBVOC/NOx, we ran a 

sensitivity analysis on the nitrocatechol yield (Figure 4.13 B – E). Based on emitted NOx and CO, 

BBVOC/NOx ratios in plumes we sample range from 11 – 35. However, due to fire variability, 

BBVOC emissions can vary by at least a factor of two and for many BBVOCs by more than a 

factor of 10 from our emission ratios as shown in Figure 2.1 on page 16. Furthermore, we only 

account for BBVOCs that are most reactive to O3, OH, and NO3, which is smaller than total emitted 

BBVOCs. 

The nitrocatechol yield generally decreases with increasing BBVOC/NOx (color scale and 

white lines in Figure 4.13B). As expected, nitrocatechol yields increase with increasing NOx 

(Figure 4.13C). Across all model runs, the nitrocatechol yield increases to 43 % – 57 % over a 

NOx range of 4.2 – 91.2 ppbv. Further, the nitrocatechol yield changes to 27 % – 50 % (Figure 

4.13D) when varying total BBVOC emissions by a factor 0.5 – 4. Finally, we investigate the 

sensitivity of nitrocatechol yield to initial O3 and find that all model runs have little sensitivity to 

O3 (Figure 4.13E) with an absolute change in nitrocatechol yield <3 % for all model runs when 

varying initial O3 over a range of 0 – 113 ppbv.  
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The low sensitivity of nitrocatechol yield to O3 may be partially explained by competition 

between O3 and NO3 + phenolic reactions after sunset. To explore this, we use framework 

developed by Edwards et al., 2017. Briefly, as stated in section 4.3.2.1 on page 81, BBVOCs are 

the main sink for NO3 and therefore NO3 loss rate is controlled by the NO3 formation rate. As a 

result, NO3 can be considered to be in approximate steady state between production by NO2 + O3 

and loss by NO3 + BBVOC. Further, according to Figure 4.8, the majority of NO3 is lost to 

phenolics. As a result, the rate of phenolic oxidation after sunset (when OH oxidation of phenolics 

is minimized) can be approximated as 

−
d[phenolics]

dt
≈ (kO3

[phenolics] + kNO2+O3
[NO2])[O3]     E4.2 

which shows that the dominant oxidant is determined by the ratio of NO2 and phenolics. We find 

that the ratio of phenolics to NO2 at which NO3 and O3 oxidation is equal to be ~10 (at 298 K, 

using an ER weighted average kO3
 = 2.610–18 cm3 molecule–1 s–1) with NO3 oxidation more 

important below this ratio, and O3 oxidation more important above it. Modeled phenolics/NO2 

ratios at sunset range between 0.7 – 1.2 and in all model runs, except the Castle model run, the 

ratio decreases with age. This suggests that in all model runs NO3 oxidation is expected to control 

phenolic oxidation after sunset.  

The phenolic oxidation analysis above relies on phenolic mechanisms and rate coefficients 

that are highly uncertain. For example, the above calculated ratio could be much lower in cold 

lofted plumes, but knowledge of temperature dependent O3 + phenolic rate coefficients are 

unavailable. Using temperatures observed in the WF2 plume (~268 K) for kNO2+O3
the phenolics 

to NO2 ratio at which NO3 and O3 oxidation is equal would be ~ 4.  
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The rate coefficient and products for the reaction of catechol + O3 that we use are generated 

using MCM mechanism methodology (Jenkin et al., 2003; Saunders et al., 2003). An experimental 

study on the gas-phase reaction of catechol + O3 finds an RH dependent rate coefficient that 

decreases non-linearly from 1.310–17 to 1.210–19
 cm3 molecule–1 s–1 with increasing RH (El Zein 

et al., 2015). The MCM uses a rate coefficient of 9.210–18 cm3 molecule–1 s–1. Further, to our 

knowledge there are no experimental kinetic or mechanistic studies of phenol + O3. In the plumes 

we investigate, RH varied between roughly 20 – 60 %. Using an RH dependent rate coefficient for 

O3 + catechol we find that the nitrocatechol yields range between 31 – 58 % with little change in 

yield for the Castle model run (–2 %) and larger change for the Dark model run (+13 %).  

4.3.4 Fate of NOx in Dark BB Plumes 

Fire emissions are concentrated sources of NOx, but as a result of photochemistry and 

oxidation the loss processes and lifetime of plume NOx are variable. Photochemical NOx loss 

pathways include reaction with OH (R4.1), net formation of peroxy acyl nitrates (PANs) (R4.2), 

and formation of organic nitrates (R4.3).  

NO2 + OH + M → HNO3 + M       R4.1 

NO2 + R(O)O2 + M → PAN + M       R4.2 

NO + RO2 + M → RONO2 +M       R4.3 

The NOx rate consumption is further influenced by the formation and the subsequent fate 

of NO3 (R1.9, R1.11 – R1.14). Heterogeneous uptake of N2O5 (R1.9) and production of 

nitrophenolics double the NOx consumption rate since in both cases subsequent chemistry 

consumes one additional NO2 molecule, with the rate limiting step being NO2 + O3. Below, we 

focus on the products of NOx oxidation, determined as NOz
 = NOy – NOx.  
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Results are similar for all model runs, and we discuss the WF2 model run as a case study. 

While a complete NOz budget analysis constrained to observations is beyond the scope of this 

work, we compare our model results of PAN, (peroxy acetyl nitrate, a component of PANs) to 

observations (Figure B.4). PAN accounts for ~65% of PANs, and PANs account for the largest 

fraction of NOz in our model runs during sunlit hours. Our model reproduces PAN well in one 

transect, but underpredicts PAN by a factor of ~2.5 in others. Similar to O3, PAN is enhanced on 

plume edges and the enhancement likely mixes into the center, which is not captured by our model 

runs. Therefore, we constrain our model to PAN observations, present an average result (Figure 

4.14), and consider our model unconstrained to PAN to be a lower-bound PAN estimate and our 

model constrained to PAN to be an upper-bound PAN estimate.  

4.3.4.1 NOz Budgets 

The late day emitted plumes modeled in this paper exhibit photochemical loss of NOx 

initially. In the period prior to sunset, PANs and PNA (peroxynitric acid, HO2NO2) dominate NOz 

and PANs alone accounts for 51 ± 6 % of NOz by sunset. The WF2 plume is lofted, and therefore 

cold (~267 K), which results in a long PAN and PNA lifetime (~150 h, and ~0.4 h respectively). 

Even so, as these plumes continue to age, PANs and PNA decompose slowly (Figure 4.14) to 

provide NO2 that promotes nitrophenolic formation and increases nitrophenolic yield (see section 

4.3.3.3 on page 90). The increase in NO2 after sunset promotes CH3O2NO2 as well as NO3 

chemistry products, which grow steadily overnight. The contribution of PANs and PNA to NOz 

decreases from 71 ± 6 % at sunset to 17 ± 2 % at sunrise. Relative NOx loss to PANs and PNA is 

mostly replaced by the formation of nitrophenolics (Δ 19 ± 1 %), HNO3 by NO3 chemistry (Δ 22 

%), and other or unknown NO3 products (Δ 11 %) overnight.  
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Figure 4.14: Relative integrated NOx reservoirs and sinks for the WF2 model run as a function of plume age (left) and 

at sunrise (right). This result is the average between a WF2 model run constrained and unconstrained to PAN 

observations as explained in the main text. Gold colors indicate inorganic nitrogen, blue colors indicate organic 

nitrogen, and red colors indicate other forms of NOz. In this analysis we consider HONO to be a member of NOx, 

rather than NOz. PAN and PNA dominate NOz during the daytime, but after sunset these decompose to provide NO2 

that is subsequently lost to nitrophenolics and other NO3 products overnight.  

After sunset NO3 chemistry takes over and by sunrise NO3 chemistry products lead the (66 

± 2 %) NOz budget. Nitrophenolic formation accounts for 56 ± 2 % of NOz in the form of HNO3 

and nitrophenolics where nitrophenolics alone account for 29 ± 1 % of NOz. Total HNO3 

formation accounts for 31 ± 1 % of NOz, however most (88 %) of HNO3 results from NO3 

chemistry. Despite accounting for only 9% (by mole) of initial emissions in our model runs, 

phenolics have a large and disproportionate effect on NOx loss at night. 

A similar example is seen in the Dark model run (Figure 4.15), where PANs and PNA 

dominate NOz budget for 2.3 h until NO is depleted. At this time, PNA and PANs steadily decrease 

while NO3 products steadily increase throughout the night. By sunrise the next day, NO3 chemistry 

products (including unknown products) account for 80 % of NOz. In all model runs there is a 

significant (12 – 16 %) NOz formed through NO3 chemistry that leads to unknown products. These 
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unknown products are primarily the result of NO3 + heterocycles such as furans and pyrroles, 

which have published rate coefficients but little mechanistic work in the literature.  

 
Figure 4.15: Similar to Figure 4.14, but for the Dark model run.  

4.3.4.2 NOx Lifetime 

The availability of O3 and sunlight at emission strongly affects NOx lifetime (𝜏𝑁𝑂𝑥
, Figure 

4.16) defined below  

𝜏𝑁𝑂𝑥
=

1

∑ 𝑘𝑖𝑖
          E4.3 

where ki is a unimolecular rate coefficient for (R1.8, R4.1 – R4.3). Model runs with relatively large 

photolysis and O3 at emission (Castle, Cow, and WF1) have near emission 𝜏𝑁𝑂𝑥
 that range from 1 

– 3 h (Figure 4.16), which are accompanied by larger total oxidation rates for all BBVOCs Figure 

B.5 – Figure B.6). These model runs also exhibit the fastest nitrophenolic formation rates (Figure 

4.12 on page 89). In contrast model runs with low or zero photolysis and near zero O3 (WF2 and 

Dark) exhibit near emission 𝜏𝑁𝑂𝑥
 = ~10 – 16 h and 𝜏𝑁𝑂𝑥

 = 20 – 150 h, respectively. The absence 

of photolysis in the Dark model run explains the large difference in 𝜏𝑁𝑂𝑥
between the WF2 and 
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Dark model runs as the WF2 model run has greater O3 and P(NO3) that promotes NO3 chemistry 

as well as OH radical that promotes PANs formation. 

 
Figure 4.16: Time series: NOx lifetime in hours on a log scale for all model runs where closed circles indicate the time 

of sunset (solar zenith angle = 90°). Bars: the relative NOx remaining calculated as the fraction of NOx remaining at 

the end of our model divided by the amount of NOx that was reacted, excluding dilution. After the depletion of NO, 

NOx chemistry changes dramatically in the WF2 and Dark model runs, reducing NOx lifetime rapidly. A significant 

amount of NOx remains in the WF2 and Dark model runs at sunrise, providing potential for significant morning 

chemistry to occur.  

Once NO is depleted in both model runs NOx chemistry changes. The BBVOCs oxidation 

rate rapidly increases (Figure B.5 – Figure B.6) and NOx loss switches from primarily PAN and 

PNA to nitrophenolic production as the sun sets (Figure 4.14) and O3 is entrained from the 

background. As such, 𝜏𝑁𝑂𝑥
decreases markedly to ~ 0.5 h.  

Due to their reduced oxidation rates at emission, the WF2 and Dark model runs retain about 

half (46% and 57 %, respectively) of the emitted NOx by sunrise the next day. Here, we calculate 

remaining NOx as the fraction of NOx remaining at the end of our model divided by the amount of 

NOx that was reacted, excluding dilution. This is about a ΔNOx/ΔCO of ~4 ppbv ppmv–1 at sunrise, 

which is similar to the initial emissions of Castle (~6 ppbv ppmv–1) and WF1 (~5 ppbv ppmv–1). 

Further, at sunrise, we expect the WF2 and Dark plumes to be more optically transparent and free 

of NO, and thus oxidation rates to increase rapidly as they both still contain NOx. An increase in 

oxidation at sunrise will likely be more important for the Dark model run, as it retains 61% of the 
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emitted phenolics as opposed to 48 % in the WF2 model run. Plumes emitted after sunset have 

slower oxidation rates compared to daytime plumes (see section 4.3.2 on page 80), but undergo 

additional oxidation from evening to morning. However, outside of the plume-center, where O3 is 

less effected by reaction with NO and is more likely to be generated by photochemical production, 

NOx loss rates may be much larger. Therefore, NOx away from the plume-center will likely be 

depleted more rapidly.  

4.4 Conclusions 

This chapter details the competitive oxidation of BBVOCs in four near-sunset, or low-

photolysis, smoke plumes sampled by the NOAA Twin Otter or the NASA DC-8 aircraft during 

the FIREX-AQ 2019 field campaign. We model these plumes, as well as a theoretical dark plume, 

using an observationally constrained 0-D chemical box model. Our model suggests OH is reactive 

to most BBVOCs, while NO3 is most reactive to phenolics, and O3 to alkenes and terpenes. We 

find that initial reactivity is a good indicator for subsequent oxidation by OH, but not for NO3 and 

O3. For example, unlike urban plumes, we find that NO3 loss to NO, photolysis and heterogeneous 

uptake are negligible loss pathways, and that most (≥98 %) of NO3 loss occurs through BBVOC 

oxidation.  

Phenolics are the only BBVOC group for which oxidation by NO3, OH, and O3 is 

competitive. Specifically, NO3 is responsible for 26 – 52 % of phenolic loss and leads (36%) 

phenolic oxidation in an optically thick mid-day plume. In addition, all phenolic oxidation after 

sunset is dependent on O3, whether through direct oxidation by O3, production of NO3 by NO2 + 

O3, or ozonolysis of unsaturated hydrocarbons and subsequent decomposition to OH radicals.  
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We find NO3 chemistry is responsible for 72 – 92 % (84 % in an optically thick mid-day 

plume) of nitrocatechol formation and controls nitrophenolic formation overall. Ultimately, 

nitrophenolic formation pathways account for 58 – 66 % of NOx loss by sunrise the following day. 

Formation of nitrophenolics by NO3, as opposed to OH, is the largest NOx sink and accounts for 

most of the inorganic and organic nitrogen at the end of the night. While both PANs and PNA 

account for most of the NOx loss shortly after emission, they decompose overnight providing a 

NOx source for nitrophenolic formation and increase nitrocatechol yield. In short, NO3 chemistry 

should be considered, even during the daytime, when investigating BB plume oxidation as we find 

it is the main source of nitrophenolic formation in plumes studied here and thus may be a dominant 

pathway to SOA formation. 

4.5 Future Directions 

We show above that the formation of nitrophenolics is likely dominated by the NO3 radical 

at plume center. Outside of the plume center photolysis rates are expected to be larger, which may 

increase the loss of NO3. Further, O3 and OH production is expected to be greater on plume edges, 

thus increasing the competition for phenolic oxidation. Our 0-D box model is unable to explore 

these regions and therefore further studies are required to understand how the oxidation of BB 

plumes proceeds outside of the plume center.  
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Chapter 5: A Novel Analysis to Quantify Plume Crosswind Heterogeneity Applied to 

Biomass Burning Smoke  

Abstract 

We present a novel method, the Gaussian Observational Model for Edge to Center Heterogeneity 

(GOMECH), to quantify the horizontal chemical structure of plumes. GOMECH is a function of 

a long-lived tracer (such as CO) and fits observations of short-lived emissions and secondary 

products to provide metrics for plume width and center. To validate this approach, we use 

GOMECH to investigate several chemical processes related to OH and NO3 oxidation of phenolics 

in fire plumes sampled during FIREX-AQ (Fire Influence on Regional to Global Environments 

and Air Quality, a 2019 wildfire smoke study). A GOMECH analysis of 430 crosswind transects 

suggests HONO is 16 – 27 ± 1% narrower than CO depending on age and emission time. Maleic 

anhydride, an indicator for OH chemistry, is 6 – 12 ± 1% wider than CO depending on age. NO3 

radical production is 0 – 9 ± 1% narrower than CO depending on emission time. Phenol, and 

methylcatechol are narrower than CO (4 ± 3% and 16 ± 1%, respectively), and catechol is 3 – 19 

± 1% narrower than CO depending on age and emission time. Nitrophenolic aerosol is 5 ± 2% 

narrower than CO. Lastly, we corroborate GOMECH results with a large eddy simulation model 

in a case study of nitrocatechol aerosol production in large wildfire plumes. 

5.1 Introduction 

Similar to plumes from urban and electric power generation sources, (Brown et al., 2012; 

Jones et al., 2005; Meidan et al., 2019) BB plume chemistry varies in the crosswind dimension 

during plume advection (Peng et al., 2020). BB plumes are unique because they emit large amounts 

of aerosols, which amplify chemical differences between plume center and edge through plume 
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darkening, or the attenuation of sunlight, concentrated at the plume center (Decker et al., 2021; 

Peng et al., 2020).  

Differences in sunlight between the center and edge of BB plumes may result in differences 

in the amount and reactivity of atmospheric oxidants such as ozone (O3), the hydroxyl radical (OH) 

and the nitrate radical (NO3). For example, Peng et al. showed that in wildfire plumes the 

photolysis of nitrous acid (HONO) (R1.1) can be the dominant source of OH and that it occurs at 

greater rates on plume edges relative to the center (Peng et al., 2020). Further, OH concentrations 

are expected to depend non-linearly with NOx, which can vary in concentration in the crosswind 

dimension (de Gouw et al., 2019). 

Entrainment of background O3, as well as photochemical production, can provide O3 for 

plume oxidation near plume edges (Trentmann et al., 2003). Further, NO can depress O3 at the 

plume center in freshly emitted plumes. 

The role of NO3 in daytime BB plumes has generally been neglected, or expected to occur 

primarily at the plume center where photolysis rates are depressed (Decker et al., 2019; Keywood 

et al., 2015; Kodros et al., 2020; Palm et al., 2020). The NO3 radical is formed by the gas-phase 

reaction of O3 and NO2 (R1.8). In urban plumes during daytime, the NO3 radical is rapidly 

destroyed by photolysis and by reaction with NO (𝜏<10 s) (Brown and Stutz, 2012; Wayne et al., 

1991). The nitrate radical is also a precursor for N2O5, which undergoes heterogeneous uptake to 

produce ClNO2 and HNO3 (Brown and Stutz, 2012; Chang et al., 2011; McDuffie et al., 2018).  
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Despite these potential loss pathways, plume center models suggest most of the NO3 is 

expected to be lost to BBVOCs (Decker et al., 2019, 2021). This is due, in part, to phenolics that 

react with NO3 at near the gas-kinetic limit to form nitrophenolics and secondary organic aerosol 

(SOA) (Decker et al., 2019; Finewax et al., 2018; Lauraguais et al., 2014; Liu et al., 2019; Palm et 

al., 2020; Xie et al., 2017). Nitrophenolics absorb strongly in the ultraviolet and visible regions of 

the solar spectrum and are expected to significantly contribute to brown carbon (BrC) absorption 

(Kodros et al., 2020; Palm et al., 2020; Selimovic et al., 2020). Phenolic reactions with OH in the 

presence of NOx also form nitrophenolics, but at a lower yield (Finewax et al., 2018). 

Plume sampling by research aircraft is often conducted perpendicular to the direction of 

transport, the crosswind dimension, which reveals complex structures that reflect the heterogeneity 

in emission and chemistry (Palm et al., 2020; White et al., 1976). While plume structures vary in 

the crosswind vertical dimension as well, we focus only on the horizontal dimension in this work. 

Analysis of chemical evolution in plumes often avoid an analysis of plume heterogeneity and 

mixing by integrating the observations across the plume horizontally, or only considering plume 

center observations (Brock et al., 2003; Decker et al., 2019, 2021; Jost et al., 2003; Müller et al., 

2016; Neuman et al., 2016; Peng et al., 2020; Trentmann et al., 2005). Plume-dispersion models 

represent one approach to quantify the spatial variation of plumes (Wang et al., 2017). Another 

includes high resolution Eulerian models (Alvarado and Prinn, 2009; Trentmann et al., 2002, 2003) 

or turbulence-resolving models (large eddy simulation, LES) (Wang et al., 2021), however these 

are computationally expensive and therefore include limited chemistry. When the crosswind plume 

structure is considered, it is often studied as a function of distance from the plume center (e.g. 
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Figure 5.1A), which makes the task of comparing plume heterogeneity as a function of age difficult 

because plumes tend to grow in size with age downwind of the source.  

We describe a novel method, the Gaussian Observational Model for Edge to Center 

Heterogeneity (GOMECH), that quantitatively describes plume structures in the crosswind 

horizontal relative to a long-lived tracer. GOMECH is capable of separating differential crosswind 

plume oxidation rates. We present GOMECH and use it investigate several major chemical 

processes related to OH and NO3 oxidation, with an emphasis on phenolic compounds, in fire 

plumes observed by both the NOAA Twin Otter and NASA DC-8 aircraft during the Fire Influence 

on Regional to Global Environments and Air Quality (FIREX-AQ), described below. First, we use 

GOMECH to model the plume structure of OH and NO3, using the chemical proxies HONO, 

maleic anhydride (MA), PAN, O3, and NO3 production rate as well as phenolics and nitrophenolics 

in a bulk analysis of 430 crosswind transects. Finally, we consider a case study of a large wildfire 

to elucidate the relationships of OH, NO3, and aerosol nitrocatechol plume structures by GOMECH 

and an LES model.  

5.2 Methods 

5.2.1 Aircraft Measurements 

Aircraft Measurements for this analysis are described in detail in section 2.4.2 on page 18. 

Briefly, this analysis uses NOAA Twin Otter and NASA DC-8 observations of four wildfire 

plumes from the Williams Flats Fire sampled on 3 Aug and 7 Aug (panels A, B, E, F in Figure 

2.2). We use observations of CO, NO, NO2, O3, HONO, PAN, furan (measured as C4H2O3), 
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nitrophenolic aerosol (C6H5NO3 + C6H5NO4 + C7H7NO3 + C7H7NO4), and nitrocatechol aerosol 

(measured as C6H5NO4).  

5.2.2 LES Model 

We analyze model results from a Large Eddy Simulation (LES) of the Williams Flats Fire 

that were previously described by Wang et al., 2021 with the addition of catechol oxidation 

mechanisms for NO3, OH and O3. The fire plume is driven by surface fluxes of sensible heat and 

chemicals, both approximated from GOES-16 satellite (Li et al., 2020) measurements. This LES 

model is coupled with a representative chemical mechanism, consisting of 44 transported tracers 

and 84 chemical reactions, covering major tropospheric chemical reactions involving NOx - VOCs 

- O3 chemistry in addition to a phenolic mechanism below. The photolysis frequencies are 

calculated using the Fast Tropospheric Ultraviolet-Visible scheme (Tie et al., 2003). Two inert 

aerosol tracers, black carbon and organic carbon, are included to account for the aerosol impacts 

on radiation. The LES model domain is 70 km 𝗑 30 km 𝗑 6 km (height), with a horizontal resolution 

of 100 m and a vertical resolution ranging from 78 m (at the surface) to 138 m (near the top). The 

LES model is run in an idealized configuration, initialized using vertical profiles of potential 

temperature, specific humidity, wind, chemical species from a mesoscale (12 km) WRF-Chem 

simulation. This idealized configuration does not consider terrain. 
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Reactant 1 Reactant 2 Rate Coefficients Product Yield Product 

Catechol OH 1.00-10 0.30 CatecholO 

Catechol NO3 9.90-11 0.91 CatecholO 

Catechol O3 9.20-18 1.00 -- 

CatecholO NO2 2.80-12 1.00 Nitroaromatic 

Table 5.1: Simplified catechol mechanism added to the LES model to model nitrocatechol formation. Rate coefficients 

are in units of cm3 molec.–1 
s
–1

. Product yields are taken from Finewax et al. 2018. 

5.2.3 Derivation of the Gaussian Observational Model for Edge to Center Heterogeneity 

Section C.1 provides a detailed derivation of GOMECH, which is briefly outlined below. 

Dispersion of a point source emission leads to a Gaussian shape as a function of crosswind distance 

(y) that is symmetric about the plume center (y = 0) (Turner, 1970). We define the plume center 

as the location of the maximum observed CO, a long-lived BB emission. The crosswind structure 

of CO is thus 

𝐶𝑂 = 𝐴𝐶𝑂𝑒
−𝑦2

𝑤𝐶𝑂
2

         (E5.1) 

Here, 𝐴𝐶𝑂 is the maximum of CO and 𝑤𝐶𝑂 is the plume width of CO. The plume width is defined 

as the distance from plume center to the location where CO = 𝐴𝐶𝑂𝑒−1.  

Similarly, for a species 𝑖 the crosswind structure is  

𝑖 = 𝐴𝑖𝑒

−(𝑦−𝑏)2

𝑤𝑖
2

         (E5.2) 

where 𝐴𝑖 is the maximum of 𝑖, 𝑤𝑖 is the plume width of 𝑖 , and 𝑏 is the location of maximum 𝑖 

relative to the plume center of CO. The variable b accounts for measurements where the maximum 

of 𝑖 is shifted relative to CO (e.g. jHONO in Figure 5.1A). 
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However, fires typically consist of a series of hot spots or a fire front that creates complex 

crosswind plume structures that often do not appear Gaussian when considered as a function of 

distance from the plume center. Under the assumption that all emissions sampled in the crosswind 

are 1) affected by mixing equally, 2) were co-located, and 3) did not vary with fire conditions, then 

any change in the crosswind structure of 𝑖, relative to CO, will be due to chemistry or photolysis. 

To resolve plume structure effects from chemistry or photolysis, we rederive 𝑖 as a function of CO 

by eliminating 𝑦 in both (E5.1) and (E5.2) (See section C.1) shown below, which is the full form 

of GOMECH.  

𝑖 = 𝐴𝑖 × 𝐴𝐶𝑂

− 
𝑤𝐶𝑂

2

𝑤𝑖
2

× 𝐶𝑂

𝑤𝐶𝑂
2

𝑤𝑖
2

exp [
2𝑏[√𝑤𝐶𝑂

2 ln(𝑄𝐶𝑜)−wCO
2 ln(𝐴𝐶𝑂)]

𝑤𝑖
2  −  

𝑏2

𝑤𝑖
2]   (E5.3) 

Here, both 𝑏 and 𝑤𝑖 are relative to 𝑤𝐶𝑂. To simplify E5.3, we define 𝑤𝐶𝑂 as 1 and normalize 𝑖 and 

CO to a maximum of 1, which are denoted as the unitless 𝑄𝑖 and 𝑄𝐶𝑂, respectively. For 

measurements that are enhanced in the crosswind transect (e.g. HONO in Figure 5.1A) we define 

the ambient background signal (a 10 s average before and after the plume) as 0. For measurements 

depleted in the crosswind transect (e.g. jHONO in Figure 5.1A) we define 0 as the minimum observed 

signal in the plume. After doing so, 𝑄𝑖 is  

𝑄𝑖 = 𝑄𝐶𝑂

1

𝑤𝑖
2

exp [
2𝑏[√ln(𝑄𝐶𝑜)]

𝑤𝑖
2  −  

𝑏2

𝑤𝑖
2]       (E5.4) 

We use E5.4 to perform a least-squares fit of 𝑄𝑖 as a function of 𝑄𝐶𝑂 to determine both 𝑤𝑖 

and 𝑏 relative to 𝑤𝐶𝑂 for observed crosswind transects. While our analysis uses normalized 
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observations, non-normalized observations can be used with E5.3 to find equivalent, yet unitless, 

𝑤𝑖 and 𝑏 relative to 𝑤𝐶𝑂.  

The concepts surrounding GOMECH are detailed, with examples (Figure 5.1 – Figure 5.8). 

Briefly, differences in plume structures of 𝑄𝑖 relative to 𝑄𝐶𝑂 include 1) enhanced loss of 𝑄𝑖 on 

plume edges relative to plume center, or enhanced formation of 𝑄𝑖 at plume center relative to 

plume edge (termed narrowing, see HONO in Figure 5.1A), or 2) enhanced formation of 𝑄𝑖 at 

plume edges relative to plume center or enhanced loss of 𝑄𝑖 at plume center relative to plume edge 

(termed widening) where either may lead to a plume edge 𝑄𝑖 greater than plume center (𝑏>0, see 

jHONO in Figure 5.1A).  

The relationships above are empirical, but as described below they fit the differential 

gradients of an array of short-lived species relative to CO. The text provides uncertainty metrics 

to quantify the validity of this empirical approach. Briefly, reported errors for 𝑤 and 𝑏 are the 

estimated standard deviation of the fit. Shading on GOMECH plume shapes are residuals of the 

fitted observations averaged per normalized CO bins of 0.004. GOMECH cannot accurately 

approximate the plume center of measurements that exhibit strong plume asymmetry (Figure 5.4). 

Inlet effects (such as hysteresis) can bias plume shapes (Figure 5.5). Lastly, low signal to noise 

can result in plume widths that are likely lower limits (for narrow plumes) or upper limits (for wide 

plumes). Therefore, in bulk analyses (discussed below) we exclude plumes based on signal 

thresholds (Table 5.2).   

 



 

109 

 

Measurement Threshold for each plume 

HONO (Twin Otter) Median signal> 5×background 

HONO (DC-8) Median signal> 3×background 

Maleic anhydride Median signal> 3×background 

Phenol Median signal > 500 pptv 

Catechol None 

Methylcatechol Median signal > 10 pptv 

Nitrophenolic aerosol > 10 𝜇g sm–3 
Table 5.2: Thresholds used to filter plumes for each compound in the campaign-wide analysis. Only plumes with 

sufficient signal to noise can be used in GOMECH to minimize bias to noise.  

5.2.3.1 Introduction to GOMECH by Example of HONO and jHONO 

Here, we explain how recreated structures from GOMECH relate to physical plume 

structures. Plume narrowing, widening, or plume center shifts result from differences in production 

or loss rate between the compound of interest and the tracer compound (CO). A narrow plume 

occurs when a compound decreases in concentration at a faster rate, relative to CO, on the plume 

edges or when a compound increases in concentration at a faster rate, relative to CO, at the plume 

center. Plume widening is similar. A wide plume occurs when a compound increases in 

concentration at a faster rate, relative to CO, at plume edges, or decreases in concentration at a 

faster rate, relative to CO, at the plume center. Plume center shifts are related to plume widening, 

but occur when a compound is sufficiently lost at plume center, or sufficiently produced on the 

plume edge, such that the maximum concentration is no longer located at the plume center, or 

aligned with CO. We show examples of the above plumes throughout the text, but here we detail 

and explain one plume transect shown in Figure 5.1 and Figure 5.2 for CO, HONO, and jHONO.  

As shown in Figure 5.1A, HONO and jHONO have plume structures that appear roughly 

anti-correlated as a function of distance from the plume center. Plotting normalized HONO and 

jHONO vs normalized CO results in a scatter of data points that are indeed roughly anti-correlated 
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Figure 5.1B). Using GOMECH, we find that both jHONO and HONO can be fit to a Gaussian shape 

relative to CO (lines in Figure 5.1B). This empirically suggests that the attenuation of jHONO can 

be approximated by a Gaussian shape. Further, as HONO loss is likely dominated by photolysis, 

the HONO plume structure can be expected to be Gaussian as well. Figure 5.1C shows the 

recreated plume shapes of both HONO and jHONO. The recreated plume shapes generally reflect 

the anti-correlation seen in Figure 5.1A.  

There are three marked intersections of HONO and jHONO with the normalized values of 

HONO, jHONO, and CO indicated on the right of Figure 5.1A. We use these markings to understand 

how well the recreated plume shapes relate to the physical plume and to each other. As seen in 

Figure 5.1C, the recreated plume shapes intersect at a HONO and jHONO value of 0.24 ± 0.02 and 

a CO value of 0.64 ± 0.10. This can be interpreted to mean that whenever normalized CO is 0.64, 

we expect HONO and jHONO to intersect at a value of 0.24. Our plume structure approximations 

assume a plume is symmetric, and therefore one may expect there to be only two intersections in 

Figure 5.1A, yet we see three intersections. This does not necessarily mean the plume is 

asymmetric, but instead is the result of plume variability in CO and jHONO, and thus HONO.  
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Figure 5.1 Panel A: example of normalized observations of HONO (red), jHONO (blue) and CO (filled grey trace) 

plotted against distance from plume center for the Williams Flats Fire sampled by the DC-8. The plume was sampled 

at 01:29 UTC on Aug 7 2019. Average plume age was 1.4 h, but varied between 1.25 – 1.50 h within the transect. 

Intersections of HONO and jHONO, with the corresponding value of CO, are indicated. Panel B: normalized 

observations of HONO (red circles), jHONO (blue triangles), and CO (black line) plotted against normalized CO with 

fits (using GOMECH) shown as lines. Panel C: recreated plume shapes using GOMECH of jHONO (blue) and HONO 

(red) with fitting parameters indicated. Shading indicates the estimated standard deviation of the fit. 

The three marked intersections vary in values of CO between 0.76 – 0.52 and jHONO and 

HONO values of 0.30 – 0.17. Even so, we show in the boxes of Figure 5.1 that the average of the 

marked intersections agree with the recreated plume shape. This would suggest that GOMECH 

recreates the average intersection of normalized HONO and jHONO. This result is similar across all 

of our recreated plume shapes. As we discuss below, GOMECH can be used to estimate the 

physical plume typically within 20% of the average observed values.  
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Figure 5.2 shows HONO from Figure 5.1, and illustrates a plume width of 0.57 (𝑤𝐻𝑂𝑁𝑂 = 

0.57). The plume width is defined as the horizontal distance between plume center and edge at a 

value of 𝑒−1, or an approximate value of 0.37 as seen in Figure 5.1B. To understand how the 

modeled plume structure relates to the physical plume, we have marked five locations in Figure 

5.1A that correspond to normalized HONO values of 0.5. The normalized CO value at these five 

locations averages to 0.80 ± 0.08 (error is standard deviation of the average). The corresponding 

location in the approximated plume shape results in a normalized CO value of 0.80 ± 0.06 (error 

is the average residual for normalized CO binds of 0.004). In this example, the approximated plume 

shape reproduces the average value of HONO relative to CO at a normalized HONO value of 0.5. 

Further, the approximated plume shape has no offset (bHONO = 0), meaning the HONO maximum 

is aligned with the CO maximum. However, as shown in Figure 5.1A, the HONO maximum 

(HONO = 1.0) corresponds to a CO value of 0.96. This discrepancy is not captured by the model, 

and may be due to difficulty fitting small offset values. Further, the difference in plume center 

location is not captured within the fit errors. 

The color scale at the top of Figure 5.2A indicates the fit residuals, and shows that 

agreement between the approximated plume shape and real plume can vary between 0.0 – 0.4. The 

average ± 1𝜎 fit residual is 0.09 ± 0.09, which suggests that, generally, the approximated plume 

shape agrees with the physical plume structure within 9 ± 9% for this example.  
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Figure 5.2 Panel A: normalized observations of HONO (red), also shown in Figure 5.1, and CO (filled grey trace) 

plotted against distance from plume center. Values of normalized CO that correspond to a normalized HONO value 

of 0.5 as well as the normalized CO value corresponding to maximum HONO are indicated. The fit residuals are 

shown on a color scale and the fit is shown in Figure 5.1B. Panel B: The recreated plume shape using GOMECH 

where shading indicates the estimated standard deviation of the fit. The HONO plume width as well as the CO values 

corresponding to a recreated normalized HONO value of 0.5 are indicated.  

Figure 5.3 is analogous to Figure 5.2, but for jHONO, and shows a plume width of 𝑤𝑗𝐻𝑂𝑁𝑂 = 

1.13 with a plume center shift of 𝑏𝑗𝐻𝑂𝑁𝑂 = 2.01. The plume center shift is defined as the location 

of the plume center relative to CO plume width. To understand how the approximated plume 

structure relates to the physical plume, we have marked four locations in Figure 5.3A that 

correspond to normalized jHONO values of 0.5. The average value of CO for these marked points is 
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0.36 ± 0.09. The corresponding value (jHONO = 0.50 ± 0.11) in the recreated plume shape gives a 

CO value of 0.31 ± 0.17 meaning the recreated plume shape agrees with the physical plume shape 

at a jHONO value of 0.50. We have also indicated the jHONO plume maximum (jHONO = 1). However, 

the jHONO max corresponds to a CO value of 0.09, while the recreated plume shape maximum 

corresponds to a CO value of 0.02. These discrepancies are outside of the fit errors, but are within 

the fit residual average of 0.09 ± 0.08 suggesting that the recreated plume shape generally agrees 

with the physical plume values within 9 ± 8%.  

 

Figure 5.3: Similar to Figure 5.2, but for jHONO.  
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5.2.3.2 Discussion on Uncertainties and Model Limitations 

There are a number of metrics that can be used to understand how well the model captures 

the plume structure. To illustrate these, we present a plume transect of MA, (maleic anhydride, 

measured as C4H2O3), in Figure 5.4.  

To gain an overall understanding of how well the model captures the plume structure, we 

show the fit residuals, with the average ± standard deviation and median residual indicated as a 

colored bar. Further, the model plume structure in Figure 5.4B shows three metrics for uncertainty: 

1) Fit error, or the estimated standard deviation of the fit, as vertical hashes bounding the plume 

shape, 2) the average of residuals for a corresponding CO binned value (bin width = 0.004) as a 

dark shading, and 3) the maximum residual for a corresponding CO binned value as a light shading.  

The range of residuals shown in Figure 5.4A is larger than the examples shown in Figure 

5.2 and Figure 5.3 for HONO and jHONO. Further, the plume center is poorly captured. These could 

be caused by a number of reasons that include, but are not limited to, 1) asymmetry in the plume 

structure, 2) a discontinuity at wCO = 0 as explained below, and 3) low signal to noise ratios.  
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Figure 5.4 Panel A: normalized observations of maleic anhydride (MA, measured as C4H2O3) and CO plotted against 

distance from plume center from the Williams Flats Fire sampled by the DC-8 at 01:50 UTC on Aug 7 2019. Average 

plume age was 2.5 h, but varied between 2.4 – 2.9 h within the transect. Fit residuals are shown as a color scale with 

the average ± standard deviation and median indicated. Blue squares indicate the two maxima of normalized MA and 

correspond to the maxium plume shape in panel B. Panel B: recreated plume shape of MA using GOMECH with the 

estimated standard deviation of the fit indicated by vertical red bars bounding the plume shape, the average of binned 

residuals (CO bin width = 0.004) as darker shading and the max residuals as lighter shading. Inset shows normalized 

MA (red circles) plotted against normalized CO (on a reversed axis) with the fit shown as a dashed line.  

 

5.2.3.3 Limitations in assuming plume symmetry 

Potential reasons 1 and 2 are related because GOMECH assumes that a plume is symmetric 

and can therefore be approximated by a single Gaussian. For plumes with a center shift (b) > 0, 

this assumption results in a point of discontinuity located at a CO plume width of zero. In other 
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words, if the recreated plume shapes in Figure 5.4B were mirrored about the vertical axis, the 

junction between the two resulting Gaussians would be discontinuous. Indeed, in Figure 5.4B there 

are large residuals that lie exclusively above the model at plume widths near wCO = 0, suggesting 

that a single Gaussian does not capture this region of the plume structure well. One solution would 

be to derive a fitting equation using the sum of two off-center Gaussians with equal, but opposite 

sign, center shifts (± b). The result is shown below. 

𝑄𝑋 = 𝑄𝐶𝑂

1

𝑤𝑖
2

𝑒

[
2𝑏[√ln(𝑄𝐶𝑂)]

𝑤𝑖
2  − 

𝑏2

𝑤𝑖
2]

+ 𝑄𝐶𝑂

1

𝑤𝑖
2

𝑒

[
−2𝑏[√ln(𝑄𝐶𝑂)]

𝑤𝑖
2  − 

𝑏2

𝑤𝑖
2]

   (E5.5) 

Using E5.5 to fit the transects in Figure 5.4 we find an improvement in fitting residuals, 

however negligible change in the values of wMA and bMA. Generally, we find similar results for 

other compounds and transects and therefore we choose to use the simpler form shown in E5.4  

5.2.3.4 Limitations caused by low signal to noise 

GOMECH requires the fit to return the maximum observed signal, which is a value of 1 

for our normalized observations. As a result, the fit residuals are typically concentrated below the 

recreated plume shape as seen in Figure 5.4B. If the signal to noise is sufficiently low, it can result 

in an inaccurate identification of the plume center, or plumes that are narrower than reality. 

Therefore, we filter transects used in our bulk-analysis to remove low signal to noise data.  
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Measurement Threshold for each plume 

HONO (Twin Otter) Median signal> 5×background 

HONO (DC-8) Median signal> 3×background 

Maleic anhydride Median signal> 3×background 

Phenol Median signal > 500 pptv 

Catechol None 

Methylcatechol Median signal > 10 pptv 

Nitrophenolic aerosol > 10 𝜇g sm–3 

Table 5.3: Thresholds used to filter plumes for each compound in the campaign-wide analysis. Only plumes with 

sufficient signal to noise can be used in GOMECH to minimize bias to noise. 

To determine thresholds, we binned normalized observations by normalized CO bins of 

0.05 and then applied GOMECH to the bin median. This provides 20 points for a GOMECH fit. 

We then compared this result to a GOMECH global fit (without binning) of the same data. We 

increased the threshold value until both methods agree within fitting errors. This method removes 

crosswind plume transects with low signal that biases the GOMECH fit. 

5.2.3.5 Inlet Effects 

When applying GOMECH, care must be taken to ensure that inlet effects do not bias the 

result. Generally, we find that inlet effects widen a plume due to hysteresis in the measurement 

when the aircraft exits a plume. See, for example, Figure 5.5, which shows observations of C4H4O 

(likely furan, an isomer or a proton-transfer fragment as measured by NOAA-PTR-ToF-MS). 

GOMECH suggests the width of C4H4O is 106% of CO. Further, by all uncertainty metrics, the fit 

appears to accurately capture the shape of C4H4O relative to CO with a median residual of 0.03. 

Even so, the observations are likely biased by hysteresis caused by the low volatility of C4H4O. 

Therefore, any physical interpretation of the fit is restricted to an upper-limit width. 
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Figure 5.5: Similar to Figure 5.2, but for C4H4O (likely the sum of furan and other proton-transfer products), which 

shows how inlet effects can result in wide plume structures. 

5.3 Results and Discussion 

5.3.1 Quantification of Photochemical Plume Structure 

Nitrous acid, HONO, is a major biomass burning emission that undergoes rapid photolysis 

to produce OH radicals (R1.1). The HONO photolytic lifetime (i.e., jHONO
-1) on the edge of a plume 

is of order tens of minutes (Figure 5.1A), typically more rapid than mixing time scales that reduce 

its differential gradient relative to CO. As such HONO is depleted relative to CO on plume edges 

creating a narrow HONO plume structure, consistent with results by Peng et al. 2020. GOMECH 

analysis provides a quantitative measure of these gradients and their implications for plume 

photochemistry. The GOMECH fit in Figure 5.6B–C shows quantitatively that HONO is 33 ± 2% 
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narrower (𝑤𝐻𝑂𝑁𝑂 = 0.67±0.02) than CO. Therefore, we expect that OH has been produced on the 

plume edges.  

Indeed, we see plume edge enhancements of OH oxidation products, namely maleic 

anhydride (MA, Figure 5.6A) and peroxy acetyl nitrate (PAN, Figure 5.7A) on plume edges. MA 

is an oxidation product that results from OH oxidation of furans (see section C.3 on page 195,  

Aschmann et al., 2011, 2014; Coggon et al., 2019; Tapia et al., 2011; Yuan et al., 2017). While we 

find similarity in plume structure between PAN and MA, we primarily use MA as an indicator for 

OH chemistry (Chattopadhyay et al., 2020).  

GOMECH demonstrates that MA is 38 ± 2% narrower than CO and the maximum of MA 

is shifted to a CO plume width of b𝑀𝐴 = 0.92 ± 0.02. The greatest depletion of HONO relative to 

CO is located at ~0.81 𝑤𝐶𝑂 (Figure 5.6C). This is near the greatest enhancement of MA, consistent 

with a chemical regime in which loss of HONO and production of MA are spatially similar. 

Additional examples are shown for HONO, PAN, O3 and jHONO in Figure 5.6 – Figure 5.8.  

As we demonstrate further below, GOMECH provides a measure of plume structure that 

is qualitatively consistent with expected chemistry, trends in plume age and trends in photolysis 

history. Further, the model produces consistent results for individual compounds regardless of 

research platform and measurement technique. 
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Figure 5.6 Panel A: Panel A: normalized observations of HONO (red), maleic anhydride (MA, measured as C4H2O3) 

(blue), and CO (grey outline and fill) as well as HONO photolytic lifetime in hours (𝜏𝐻𝑂𝑁𝑂, color scale), plotted 

against distance from plume center (maximum CO) from a plume transect of the Williams Flats Fire sampled by the 

DC-8 at 01:22 UTC on Aug 8 2019. Average plume age was 1.2 h, but varied between 1 – 1.25 h within the transect. 

Panel B: normalized observations of HONO (red circles), MA (blue triangles), and CO (grey line) plotted against 

normalized CO with fits (using Eq. 4) of MA (blue) and HONO (red). Panel C: recreated plumes shapes of HONO 

(red) and MA (blue) using the fit parameters derived in Panel B as well as shading indicating fit residuals averaged 

by normalized CO bins of 0.004. The recreated plume shapes suggest HONO is 33±2% narrower than CO and MA is 

38±2% narrower than CO, but the maximum MA is shifted to a CO plume width of 0.92±0.02.  
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Figure 5.7 Similar to Figure 5.6, but for HONO and O3. The plume is from a transect from the Williams Flats Fire 

sampled by the DC-8 at 01:22 UTC on Aug 7 2019. Average plume age was 1.2 h, but varied between 1 – 1.25 h 

within the transect. 
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Figure 5.8: Similar to Figure 5.6, but for HONO and O3.  The plume was sampled at 01:29 UTC on Aug 7 2019 by 

the DC-8. Average plume age was 1.4 h, but varied between 1.25 – 1.50 h within the transect.  

 

5.3.2 Bulk Analysis of Photochemical Plume Structures 

Conclusions from Figure 5.6 apply to the majority of the observations. A bulk analysis of 

HONO measured from the DC-8 (210 crosswind transects) and NOAA Twin Otter (220 crosswind 

transects) finds average plume widths that are 24 ± 1% and 20 ± 1% narrower than CO, 

respectively. Average plume ages with ± 1𝜎 variabilities were 2.2 ± 1.1 h and 2.3 ± 1.3 h, 

respectively. Thus, HONO plume structures were consistently narrower than CO across research 

platform and plume. Indeed, as shown by the example crosswind transects in Figure 5.9A, HONO 

plume structures appear complex, but generally depleted on plume edges. 
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Despite this complexity, GOMECH is able to identify trends in HONO plume width as a 

function of smoke age and the solar zenith angle at the time of emission, or emitted solar zenith 

angle (ESZA, where 0° is solar noon and 90° is sunset). ESZA provides insight into the photolysis 

history of the sampled smoke.  

HONO plumes narrow with increasing age (Figure 5.9B–C and Table 5.4). Specifically, 

for smoke age < 1 h wHONO = 0.83±0.01, and for smoke age > 1 h wHONO = 0.73±0.01, consistent 

with previous results (Peng et al., 2020). Similarly, the HONO plume width is narrower for smoke 

emitted earlier in the day. Specifically, for smoke emitted before late afternoon (ESZA < 60°) 

wHONO = 0.71±0.01, and for smoke emitted in the evening or later (ESZA > 60°) wHONO = 

0.84±0.01. These results are explained by decreasing jHONO with increasing ESZA. Median jHONO
–

1 values were 0.45 h before late afternoon and 2.34 h in the evening or later. Replacing CO with 

methane, benzene, or toluene as a long-lived tracer produces similar trends (Figure 5.9). The 

wHONO dependence on ESZA further reveals that HONO photolysis, and thus OH production, is 

larger earlier in the day.  

Long-lived tracer 

ESZA < 40° 40° < ESZA < 60° ESZA > 60° 

𝒘 b 

Med. 

Res. 

Avg. 

Res. 𝒘 b 

Med. 

Res. 

Avg. 

Res 𝒘 b 

Med. 

Res. 

Avg. 

Res 

CO 0.74 ± 0.01 0.00 ± 0.01 0.07 0.12 ± 0.13 0.71 ± 0.01 0.00 ± 0.01 0.10 0.13 ± 0.12 0.84 ± 0.01 0.00 ± 0.01 0.06 0.10 ± 0.10 

Methane 0.71 ± 0.02 0.00 ± 0.01 0.07 0.12 ± 0.13 0.70 ± 0.01 0.00 ± 0.01 0.09 0.13 ± 0.12 0.78 ± 0.01 0.00 ± 0.01 0.08 0.11 ± 0.10 

Benzene 0.79 ± 0.02 0.00 ± 0.01 0.07 0.11 ± 0.13 0.81 ± 0.01 0.00 ± 0.01 0.09 0.11 ± 0.11 0.86 ± 0.01 0.00 ± 0.01 0.06 0.11 ± 0.12 

Toluene 0.79 ± 0.02 0.00 ± 0.01 0.07 0.11 ± 0.13 0.81 + 0.01 0.00 ± 0.01 0.09 0.11 ± 0.10 0.87 ± 0.02 0.00 ± 0.01 0.07 0.11 ± 0.12 

 Age < 1 h 1 h < Age < 2 h Age > 2 h 

CO 0.83± 0.01 0.00 ± 0.01 0.07 0.10 ± 0.11 0.73± 0.01 0.00 ± 0.01 0.09 0.12 ± 0.12 0.74± 0.01 0.00 ± 0.01 0.09 0.13 ± 0.12 

Methane 0.82 ± 0.02 0.00 ± 0.01 0.06 0.10 ± 0.11 0.72 ± 0.01 0.00 ± 0.01 0.08 0.11 ± 0.11 0.70 ± 0.01 0.00 ± 0.01 0.08 0.12 ± 0.13 

Benzene 0.87 ± 0.02 0.00 ± 0.01 0.06 0.10 ± 0.12 0.80 ± 0.02 0.00 ± 0.01 0.08 0.12 ± 0.12 0.81 ± 0.01 0.00 ± 0.01 0.08 0.10 ± 0.11 

Toluene 0.87 ± 0.02 0.00 ± 0.01 0.06 0.11 ± 0.12 0.80 ± 0.02 0.00 ± 0.01 0.08 0.12 ± 0.12 0.82 ± 0.01 0.00 ± 0.01 0.08 0.11 ± 0.11 

DC-8 

(Campaign-wide) 

w: 0.0.76 ± 0.01 

b = 0.00 ± 0.01 

Median ESZA = 44 °; Median Age = 2.7 h 

Twin Otter 

(Campaign-wide) 

w = 0.80 ± 0.01 

b = 0.00 ± 0.01 

Median ESZA = 76°; Median Age = 2.6 h 

Table 5.4: Plume widths of HONO as a function of age and emitted solar zenith angle (ESZA) with median and 

average (± standard deviation) residuals.  
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Figure 5.9 Panel A: all data shown is from the DC-8 dataset. Panel A: examples of normalized observations of HONO 

(red), CO (grey fill) and HONO photolytic lifetime (color scale) plotted against distance from plume center from three 

separate crosswind transects. Panel B: bulk analysis examples of normalized crosswind transects of HONO (grey 

markers) and CO (black) plotted against normalized CO with fits shown in red. Panel C: recreated plume shapes of 

HONO binned by emitted solar zenith angles and plume ages, which show that the HONO plume shape is consistently 

narrower than CO.   
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Figure 5.10: HONO widths calculated by GOMECH for plumes binned by age and emitted solar zentih angle (ESZA) 

using carbon monoxide, benzene, methane, and toluene as chemical tracers. 

 

Indeed, the MA plume width (wMA) is consistently >1, (Figure 5.11and Table 5.5). The 

plume center of MA generally aligns with CO (b = 0), unlike the example in Figure 5.6 (discussed 

in the following section). The wMA varies between 1.06±0.01 and 1.12±0.04 across plume age. 

There is not a clear trend in wMA with ESZA, but wMA appears to decrease with age. The 

consistently wider plume structure of MA is indicative of enhanced OH oxidation of furans on the 

plume edges. 

ESZA < 40° 40° < ESZA < 60° ESZA > 60° 

𝑤 b Med. Res. Avg. Res 𝑤 b Med. Res. Avg. Res 𝑤 b Med. Res. Avg. Res 

1.07 ± 0.01 0.00 ± 0.01 0.05 0.07 ± 0.07 1.08 ± 0.01 0.00 ± 0.01 0.05 0.07 ± 0.07 1.08 ± 0.01 0.00 ± 0.01 0.05 0.06 ± 0.05 

Age < 1 h 1 h < Age < 2 h Age > 2 h 

1.12 ± 0.04 0.00 ± 0.03 0.10 0.13 ± 0.11 1.11 ± 0.01 0.00 ± 0.01 0.05 0.07 ± 0.07 1.06 ± 0.01 0.00 ± 0.01 0.04 0.06 ± 0.06 

Table 5.5: Plume widths of maleic anhydride as a function of age and emitted solar zenith angle (ESZA) with median 

and average (± standard deviation) residuals. 
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Figure 5.11 Panel A: examples of normalized observations of maleic anhydride (MA, measured as C4H2O3, blue fill) 

and CO (black) as well as plume age (red dashed line) and HONO photolytic lifetime (color scale) plotted against 

distance from plume center from crosswind transects sampled by the DC-8. Panel B: examples of normalized 

observations of MA (grey markers) and CO (black) plotted against normalized CO with fits shown in red. Panel C: 

recreated plume shapes using GOMECH of MA for varying emitted solar zenith angles and plume ages. 

5.3.3 Bulk analysis of NO3 plume structure 

To investigate NO3 chemistry, we perform a GOMECH bulk analysis on the instantaneous 

NO3 production rate, P(NO3) (E2.4). There is a clear trend in P(NO3) plume width (wP(NO3)) as a 

function of ESZA that is consistent across research aircraft (Figure 5.12 and Table 5.6). For smoke 
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emitted in the afternoon (ESZA < 40° from the DC-8 and ESZA < 50° on the Twin Otter, data bins 

differ due to differences in targeted smoke emission times by each aircraft) wP(NO3) = 0.92±0.01 

and 0.91±0.01, respectively. Smoke emitted in the evening or later (ESZA > 60° from the DC-8 

and ESZA > 75° on the Twin Otter) generally aligned with CO (wP(NO3) = 1.00±0.02 and 

1.00±0.02, respectively). This suggests that the greatest enhancements of NO3 are likely at the 

plume center earlier in the day. Even so, the majority of plume width (91 – 100%), and thus 

emissions, will be in a region where P(NO3) > background levels.  

  ESZA < 40°  40° < ESZA < 60°  ESZA > 60° 

DC-8 𝒘 b Med. Res. Avg. Res 𝒘 b Med. Res. Avg. Res 𝒘 b Med. Res. Avg. Res 

All ages 0.92 ± 0.01 0.00 ± 0.01 0.08 0.13 ± 0.13 0.97 ± 0.01 0.00 ± 0.01 0.08 0.12 ± 0.12 1.00 ± 0.02 0.0 ± 0.02 0.09 0.12 ± 0.12 

 Age < 1 h 1 h < Age < 2 h Age > 2 h 

All ESZA 1.01 ± 0.02 0.00 ± 0.02 0.10 0.13 ± 0.12 0.94 ± 0.01 0.00 ± 0.01 0.08 0.13 ± 0.14 0.95 ± 0.01 0.00 ± 0.01 0.08 0.12 ± 0.13 

  ESZA < 50°  50° < ESZA < 75°  ESZA > 75° 

Twin Otter 𝒘 b Med. Res. Avg. Res 𝒘 b Med. Res. Avg. Res 𝒘 b Med. Res. Avg. Res 

All ages 0.91 ± 0.01 0.00 ± 0.01 0.09 0.12 ± 0.12 0.98 ± 0.01 0.00 ± 0.01 0.06 0.09 ± 0.08 1.00 ± 0.02 0.00 ± 0.01 0.06 0.07 ± 0.07 

 Age < 1 h 1 h < Age < 1.5 h Age > 1.5 h 

All ESZA 0.93 ± 0.01 0.00 ± 0.01 0.07 0.11 ± 0.12 0.98 ± 0.01 0.00 ± 0.01 0.08 0.11 ± 0.11 0.98 ± 0.01 0.00 ± 0.01 0.07 0.09 ± 0.09 

 

Table 5.6: Plume widths of P(NO3) as a function of age and emitted solar zenith angle (ESZA) with median and 

average (± standard deviation) residuals. 
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Figure 5.12 Panel A: examples of normalized calculated P(NO3) (blue fill) and CO (black) plotted against distance 

from plume center from wildfire plume transects sampled by both the NASA DC-8 and NOAA Twin Otter. Panel B: 

examples of campaign-wide normalized calculated P(NO3) (grey markers) and CO (black) plotted against normalized 

CO with fits (using Eq. S8) shown in red. Panel C: recreated plume shapes using GOMECH of P(NO3) for varying 

emitted solar zenith angles and plume ages.  
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5.3.4 Bulk analysis of phenolic plume structure 

Phenolic compounds are uniquely enhanced in biomass burning emissions and are short 

lived, exhibiting high reactivity to both OH and NO3 (Decker et al., 2019; Finewax et al., 2018; 

Mellouki et al., 2021). We investigate three masses which can be attributed to phenolics reported 

by the I– CIMS aboard the Twin Otter: C6H6O (likely phenol), C6H6O2 (likely catechol), and 

C7H8O2 (likely methylcatechol) (Palm et al., 2020). In a bulk GOMECH analysis the average 

plume widths of phenol (wphenol = 0.96±0.03), catechol (wcatechol = 0.91±0.01), and methylcatechol 

(wmethylcatechol = 0.84±0.01) are narrower than CO (Figure 5.13 and Table 5.7). These widths 

decrease with increasing bimolecular rate coefficient (Mellouki et al., 2021) between the phenolic 

and NO3 or OH. As we show above, OH is expected to be enhanced at plume edges and NO3 will 

sometimes be present on plume edges; therefore, it is likely that the narrow phenolics plume 

structure is caused by enhanced oxidation by both NO3 and OH on the plume edges.  

 Catechol 
 ESZA < 50 50 < ESZA < 75 ESZA > 75 

 𝒘 Med. Res. Avg. Res 𝒘 Med. Res. Avg. Res 𝒘 Med. Res. Avg. Res 

Age < 1.5 h 0..89 ± 0.01 0.11 0.14 ± 0.13 0.97 ± 0.01 0.10 0.14 ± 0.12 -- -- -- 

Age > 1.5 h 0.81 ± 0.01 0.11 0.14 ± 0.13 0.89 ± 0.01 0.08 0.13 ± 0.13 0.90 ± 0.01 0.08 0.13 ± 0.14 

 Phenol Catechol Methylcatechol 
 𝒘 Med. Res. Avg. Res 𝒘 Med. Res. Avg. Res 𝒘 Med. Res. Avg. Res 

All ages 0.96 ± 0.03 0.06 0.08 ± 0.08 0.91 ± 0.01 0.09 0.13 ± 0.12 0.84 ± 0.01 0.04 0.07 ± 0.08 

Table 5.7: Plume widths of catechol as a function of age and emitted solar zenith angle (ESZA) as well as average 

widths for phenol, catechol, and methyl catechol with median and average (± standard deviation) residuals. 

Further, GOMECH shows that the catechol plume is narrower for aged smoke and for 

smoke emitted earlier in the day (Figure 5.13B–C and Table 5.7). For example, in aged smoke (> 

1.5 h) emitted early in the day (ESZA < 50°) catechol is 19±1% narrower than CO. In contrast, 

catechol in young smoke (age < 1.5 h) emitted later in the day (ESZA between 50° – 75°) is only 

3±1% narrower than CO. As shown above, GOMECH suggests that OH production is enhanced 

on plume edges earlier in the day, while P(NO3) is enhanced at plume center earlier in the day.  
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Figure 5.13 Panel A: examples of normalized observations of catechol (measured as C6H6O2, red) and methylcatechol 

(measured as C7H8O2, blue) and CO (grey fill) plotted against distance from plume center from wildfire plume 

transects sampled by the NOAA Twin Otter. Panel B: bulk analysis examples of normalized crosswind transects of 

catechol, methylcatechol (grey markers) and CO (black) plotted against normalized CO with fits (using Eq. 4) shown 

by solid colored lines. Panel C: recreated plume shapes of phenol (measured as C6H6O, green), catechol (red dash) 

and methylcatechol (blue dash) as well as of catechol colored by emitted solar zenith angle and separated by age. Data 

gaps in Panel A are from instrument zeros.  

Therefore, it is likely that the apparent narrowing trend with ESZA is due to OH oxidation of 

catechol.  
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Both NO3 and OH oxidation of phenolics results in formation of nitrophenolic SOA. 

Running a GOMECH bulk analysis of Twin Otter AMS nitrophenolic signals (Palm et al., 2020) 

suggests the average nitrophenolic aerosol is 5±2% narrower than CO (Figure 5.14 and Table 5.8). 

A narrow plume may be the result of nitrophenolic photolysis (Sangwan and Zhu, 2016, 2018) on 

plume edges. However, enhanced formation at plume center would be consistent with enhanced 

plume center NO3, which is known to form nitrophenolics at a greater yield than OH (Finewax et 

al., 2018) and was shown to produce the majority of nitrophenolics at the center of daytime BB 

plumes sampled during FIREX-AQ (Decker et al., 2021). 

 

Figure 5.14 left: an example of nitrophenolic ions (NP aerosol, red fill) and CO (black) plotted against distance from 

plume center from a wildfire plume transects sampled by the NOAA Twin Otter. Middle: normalized calculated 

P(NO3) (markers) and CO (black) plotted against normalized CO with fit (red dashed line) Right: recreated plume 

shape using GOMECH of NP aerosol. 

AMS Nitrophenolic signals 

𝒘 b Med. Res. Avg. Res 

0..95 ± 0.02 0.00 ± 0.02 0.07 0.08 ± 0.07 

Table 5.8: GOMECH results for AMS nitrophenolic mass signals 

5.3.5 Williams Flats Fire Case Study 

The Williams Flats (WF) fire produced the largest wildfire plume sampled by the DC-8 

and was larger than any plume sampled by the Twin Otter (as determined by CO emissions, Figure 

5.15). We consider four sampling patterns of the WF fire: two on 3 Aug and two on 7 Aug 2019 
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(Figure 2.2 Panels B,C,F,G on page 25).  These plumes are chosen because they had significant 

plume darkening at their center (90-99% attenuation of jHONO), which results in clear center-edge 

effects that help to differentiate the influence of OH and NO3 chemistry on the formation of 

nitrophenolics. 

  
Figure 5.15: Histogram of CO observations within smoke plumes considered in this study from the Twin Otter (TO, 

red) and NASA DC-8 (grey) and from the Aug 3 and Aug 7 first and second passes of the Williams Flats Fire plume 

sampled by the DC-8 (black). Bin widths are 10 ppbv of CO. 

Figure 5.16 shows that MA, aerosol C6H5NO4 (attributed to nitrocatechol ,Pagonis et al., 

2020) and calculated P(NO3) are depressed at the plume center, and have maxima near the plume 

edge for the 7 Aug plume. This is the result of significantly reduced actinic flux at plume center 

reducing photolytic OH production as well as emissions of NO titrating O3 and thus P(NO3). We 

apply GOMECH to these observations as seen in Figure 5.16B-C (fits shown in Figure 5.17 and 

Table 5.9). We show only three young plume transects (age: 1–2 h) because GOMECH was unable 

to reliably locate the plume center of MA in smoke 2 – 3 h old (e.g., Figure 5.4).  

GOMECH reveals that the plume center of nitrocatechol aerosol is most similar to MA (Δb = 

0.08±0.03 and Δw = 0.09±0.03) as opposed to P(NO3) (Δ𝑏 = 0.25±0.02 and Δw = 0.15±0.02) in 

the youngest transect (left in Figure 5.16C). The nitrocatechol aerosol shifts toward the CO plume 
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center and becomes narrower with age until it is closely aligned with P(NO3) in the second (Δ𝑏 = 

0.05±0.02 and Δw = 0.08±0.02) and third (Δ𝑏 = 0.02±0.01 and Δw = 0.04±0.01) transects. Our 

LES model suggests similar results. 

 

Figure 5.16 Panel A: observations of CO colored by HONO photolytic lifetime plotted against distance from plume 

center from plume transects of the Williams Flats Fire sampled by the NASA DC-8. Panel B: observations of maleic 

anhydride (MA, measured as C4H2O3, blue) and aerosol nitrocatechol (NC, measured as C6H5NO4, black outline 

and fill) as well as calculated P(NO3) (red). Panel C: recreated plume shapes of MA (blue), NC (black), and P(NO3) 

(red) from fit parameters shown in Figure 5.17 as well as shading indicating fit residuals averaged by normalized CO 

bins of 0.004. Data gaps for NC are due to instrument zeros. Plume ages for plumes 1, 2, and 3 are 1 – 1.25 h, 1.25 – 

1.50 h, and 1.65 – 1.95 h.  

Plume Observation w b Med. Res. Avg. Res 

1 

P(NO3) 0.39 ± 0.01 0.59 ± 0.01 0.13 0.17 ± 0.14 

MA (NOAA) 0.63 ± 0.02 0.92 ± 0.02 0.16 0.18 ± 0.13 

MA (UIBK) 0.64 ± 0.02 0.90 ± 0.02 0.16 0.19 ± 0.13 

NC 0.54 ± 0.02 0.84 ± 0.02 0.14 0.17 ± 0.13 

2 
P(NO3) 0.49 ± 0.01 0.65 ± 0.01 0.12 0.16 ± 0.13 

MA (NOAA) 0.61 ± 0.02 0.92 ± 0.02 0.18 0.21 ± 0.17 

MA (UIBK) 0.58 ± 0.02 0.89 ± 0.02 0.21 0.22 ± 0.17 
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NC 0.41 ± 0.02 0.60 ± 0.02 0.19 0.22 ± 0.16 

3 

P(NO3) 0.37 ± 0.01 0.70 ± 0.01 0.09 0.11 ± 0.10 

MA (NOAA) 0.56 ± 0.01 0.84 ± 0.01 0.08 0.10 ± 0.08 

MA (UIBK) 0.55 ± 0.01 0.82 ± 0.01 0.09 0.10 ± 0.09 

NC 0.33 ± 0.01 0.72 ± 0.01 0.11 0.14 ± 0.12 

Table 5.9: Plume widths and plume centers for the 7 Aug Williams Flats second pass case study. Median and average 

(± standard deviation) residuals are also shown. Observations include P(NO3), maleic anhydride (MA, measured as 

C4H2O3) by both the NOAA and University of Innsbruck PTR-ToF-MS and aerosol nitrocatechol.  

We apply our LES model to the 3 Aug second pass sampling of the WF fire where we find 

agreement between model results and observations of nitrocatechol aerosol (Figure 5.18). We are 

unable to run the LES model on the 7 Aug sampling due to complex plume dynamics.  

Even so, LES model results show similar plume structures to those observed in Figure 5.16. 

Modeled nitrocatechol aerosol, MA, and P(NO3) are enhanced on plume edges while modeled 

catechol narrows downwind of the fire (Figure 5.19A and D). Further, LES model result show that 

nitrocatechol formation is controlled by NO3 chemistry on the plume edges, similar to GOMECH 

results in Figure 5.16C.  

Applying GOMECH to crosswind transects of the LES model (Figure 5.19D Table 5.10) 

shows that the catechol plume width narrows between 10 to 20 km downwind of the fire (wcatechol 

= 0.81±0.01 and wcatechol = 0.56±0.02, respectively). The LES model reveals that catechol loss on 

plume edges is mostly due to OH oxidation. Enhanced OH oxidation on the plume edge is 

consistent with the plume edge enhancements of MA shown by GOMECH in Figure 5.16C. 
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Figure 5.17: observations of maleic anhydride (MA, measured as C4H2O3), PAN, and nitrocatechol aerosol (NC, 

measured as aerosol C6H5NO4) as well as calculated P(NO3) (all as black markers) plotted against normalized CO, 

which correspond to plumes shown in Figure 5.16. GOMECH fits are shown as red solid lines. 

While most of the catechol loss is due to OH, the cumulative production of nitrocatechol 

aerosol is mostly (55%) from NO3 chemistry (Figure 5.20). This is consistent with a plume center 

model of the Williams Flats plumes and is due to differences in nitrocatechol yield from NO3 and 

OH oxidation pathways (Decker et al., 2021). Indeed, the GOMECH structure of P(NO3) and 

aerosol nitrocatechol are closely aligned (Δ𝑏 = 0.03±0.01 and Δw = 0.04±0.03) compared to MA 

(Δ𝑏 = 0.19±0.03 and Δw = 0.05±0.03) at 10 km downwind of the fire source (Figure 5.19D). As 
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the plume is transported to 15 and 20 km downwind, there is significantly more overlap between 

the GOMECH structure of P(NO3) and aerosol nitrocatechol (71%, 78% respectively) compared 

to MA (48%, 56%, respectively). Eventually, the plume center of aerosol nitrocatechol determined 

by GOMECH aligns with CO, similar to GOMECH results seen in the 7 Aug case for smoke 

sampled with an age > 3 h (Figure 5.21).  

 
Figure 5.18: Results from an observationally constrained LES model of the 3 Aug second pass sampling of the 

Williams Flats Fire sampled by the DC-8 at three distances (10, 15, 20 km) downwind of the fire source. Observations 

of CO (top) and C6H5NO4 aerosol (bottom) are compared to model transects used to constrain the model. Flight 

transects were conducted at an average ± 1-𝜎 altitude above sea level of 2813 ± 3 m. 

Distance 

Downwind 
Compound w b Med. Res. Avg. Res 

10 km 

NO3 0.51 ± 0.01 1.25 ± 0.01 0.09 0.11 ± 0.08 

P(NO3) 0.47 ± 0.02 0.81 ± 0.01 0.14 0.16 ± 0.13 

MA 0.56 ± 0.02 1.03 ± 0.02 0.13 0.18 ± 0.15 

NC 0.51 ± 0.02 0.84 ± 0.01 0.14 0.18 ± 0.16 

Catechol 0.81 ± 0.01 0.00 ± 0.01 0.06 0.07 ± 0.05 

15 km 

NO3 0.57 ± 0.02 0.98 ± 0.01 0.11 0.13 ± 0.09 

P(NO3) 0.55 ± 0.02 0.48 ± 0.01 0.08 0.11 ± 0.09 

MA 0.61 ± 0.02 0.76 ± 0.01 0.12 0.13± 0.11 

NC 1.11 ± 0.04 0.00 ± 0.03 0.04 0.07 ± 0.07 

Catechol 0.59 ± 0.03 0.00 ± 0.02 0.03 0.07 ± 0.08 

20 km 

NO3 0.59 ± 0.01 0.88 ± 0.01 0.06 0.08 ± 0.08 

P(NO3) 0.63 ± 0.01 0.42 ± 0.01 0.05 0.06 ± 0.05 

MA 0.59 ± 0.01 0.70 ± 0.01 0.06 0.09 ± 0.08 

NC 1.13 ± 0.01 0.00 ± 0.01 0.02 0.03 ± 0.03 

Catechol 0.56 ± 0.02 0.00 ± 0.02 0.03 0.04 ± 0.03 

Table 5.10: GOMECH fitting results for LES model transects for NO3, P(NO3), maleic anhydride (MA), nitrocatechol 

(NC), and catechol. Transects of CO and NC from the LES model are shown in Figure 5.19. 

The above conclusions are further supported by correlations of nitrocatechol aerosol with 

integrated P(NO3) or MA (see Figure 5.22), which shows nitrocatechol aerosol is best correlated 



 

138 

 

with integrated P(NO3) (R
2 = 0.72 – 0.92) when compared to MA (R2 = 0.35 – 0.76) in all four 

Williams Flats plumes we study. 

 

Figure 5.19 Panel A: LES model results of CO (grey) and catechol (brown) for three crosswind transects 10, 15, and 

20 km downwind of the Williams Flats Fire sampled on 3 Aug 2019 by the NASA DC-8. Panel B: LES model results 

for maleic anhydride (MA, blue), P(NO3) (red), and aerosol nitrocatechol (black). Panel C: LES model curtains of 

aerosol nitrocatechol (color scale). Panel D: GOMECH plume shapes of MA (blue), NC (black), and P(NO3) (red). 

Shading indicates fit residuals averaged by normalized CO bins of 0.004. 
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Figure 5.20: Results from an observationally constrained LES model of the 3 Aug second pass sampling of the 

Williams Flats Fire sampled by the DC-8 at three distances (X = 5, 10, 20 km) downwind of the fire source. First 

column: percent formation of nitrocatechol by NO3 are indicated by the color scale. Second column: nitrocatechol 

production (ppb h–1) from both OH and NO3. Third column: catechol mixing ratio (ppb). 

 
Figure 5.21: GOMECH recreated plume shapes for maleic anhydride (blue, MA), P(NO3) (red), aerosol nitrocatechol 

(NC, dashed black), and PAN (dashed green) for 7 Aug Williams Flats second pass plumes with ages > 3 h. Average 

residual shading is omitted for clarity, but does overlap across each measurement. 
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Figure 5.22 Panel A: correlations of NC (nitrocatechol aerosol measured as C6H5NO4) plotted against calculated 

P(NO3) multiplied by plume age, as an estimate of total NO3 radical produced, for four samplings of the Williams 

Flats plume by the DC-8 with fit parameters and R2 indicated. Panel B: similar to Panel A but for NC plotted against 

MA (maleic anhydride measured as C4H2O3).  

5.3.5.1  Correlations of P(NO3) and maleic anhydride with nitrocatechol 

We integrate P(NO3) to estimate the total production of NO3 by multiplying P(NO3) with 

plume age. This method provides a lower limit of NO3 because it is a rectangular approximation 

of an exponential decay. Doing so produces an improvement in the correlation and more accurately 

compares a mixing ratio of NO3 to MA as opposed to comparing a rate of production to a mixing 

ratio.  

The slopes shown in Figure 5.22 represent the nitrocatechol aerosol yield per NO3 

produced, though, as mentioned above, the NO3 produced is a lower limit. Interestingly, the slope 
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of nitrocatechol aerosol vs integrated P(NO3) is consistent between the first and second pass of the 

7 Aug WF plume, but not for 3 Aug WF plumes or any of nitrocatechol aerosol vs MA. The 

stronger correlation of nitrocatechol aerosol with integrated P(NO3) further suggests that 

nitrocatechol production is better associated with NO3 chemistry when compared to OH chemistry.  

5.4 Conclusions 

The oxidation of phenolics and formation of nitrophenolics are known to contribute to SOA 

and BrC formation in BB plumes (Palm et al., 2020). Further, NO3 chemistry has been suggested 

to contribute to most of the organic aerosol from BB in at least one analysis (Kodros et al., 2020). 

Our analysis suggests that NO3 chemistry may be a major source of nitrophenolics, even on plume 

edges, in daytime BB plumes studied during FIREX-AQ, and a dominant (55%) source in our case 

study.  

As shown above, GOMECH is able to resolve spatial heterogeneity in NO3 and OH 

chemistry by recreating plume structures within 20% of the observations. Narrower or wider 

plumes (such as HONO or MA) are better approximated with GOMECH and have lower fit 

residuals when compared to more complex plume structures with plume center shifts (b ≠ 0, such 

as MA, PAN or O3). GOMECH is a simple, empirical model that can be fit to aircraft data from 

discrete emission sources. GOMECH provides a method for studying the spatial heterogeneity of 

plumes by providing quantitative measures of differential gradients in short lived species relative 

to long lived tracers, and as such, can quantify chemical regimes in chemically evolving plumes. 

GOMECH is general and therefore may find application in urban plumes, or plumes from power 
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generation sources. If so, it would provide insights into chemical processes contributing to the 

evolution of short-lived emissions and their oxidation products. 
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Chapter 6: Summary and Conclusions 

BB is a large source of reactive compounds to the atmosphere. Wildfires in particular are 

increasing in size across the western U.S., leading to increases in human smoke exposure and 

associated negative health impacts, and the trend is expected to continue. The daytime 

photochemistry of BB emissions has been studied in some detail, and continues to be a focus of 

further study. However, there has been little focus on nighttime reactions despite the potential for 

substantial oxidative and heterogeneous chemistry. In this thesis, we present three seminal studies 

that investigate the dark oxidation of daytime and nighttime BB plumes sampled by aircraft.  

We used a combination of field observations and modeling to investigate the oxidation of 

BB plumes. Chapter 2 describes these methodologies, including 1) a detailed emissions and 

kinetics inventory built from laboratory investigations of controlled burns, 2) late day and 

nighttime aircraft observations of agricultural burning and wildfire smoke plumes, 3) a detailed 0-

D chemical box model, and 4) a novel observation-based center to edge chemical heterogeneity 

plume model.  

In Chapter 3, we present the first analysis of nighttime aircraft observations of BB plumes. 

The analysis from the SENEX 2013 campaign investigated the formation and fate of oxidants 

(NO3, N2O5, O3, and OH) and BBVOCs in nighttime smoke of a representative agricultural burn 

(rice straw fuel) and western wildfire (ponderosa pine fuel). Chapter 3 describes the development 

of an emissions database derived by combining databases from Koss et al., 2018 and Hatch et al., 

2017 in the form of emission ratios. We combine these emission ratios with bimolecular rate 

coefficients of 302 BBVOCs for NO3, OH, and O3. With our emissions database, we use a 
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chemically detailed 0-D box model with observations from BB smoke sampled over the 

southeastern U.S. to model the chemical evolution of BB plumes overnight. Field observations 

suggest NO3 production was approximately 1 ppbv hr-1, while NO3 and N2O5 were at or below 3 

pptv, indicating rapid NO3/N2O5 reactivity. Our model analysis shows that >99% of NO3/N2O5 

loss is due to BBVOC + NO3 reactions rather than aerosol uptake of N2O5. The nighttime BBVOC 

oxidation for rice straw and ponderosa pine fires is dominated by NO3 (72, 53%, respectively) but 

O3 oxidation is significant (25, 43%) leading to roughly 55% overnight depletion of the most 

reactive BBVOCs and NO2. Our analysis is the first to highlight the importance of NO3 oxidation, 

and identifies phenolics as an important reactant for NO3 in BB plumes.  

Chapter 4 expands on the findings in Chapter 3 with new observations of western U.S. 

wildfire plumes sampled during FIREX-AQ. We use observations from two research aircraft, the 

NASA DC-8 and the NOAA Twin Otter, of four wildfire plumes. We constrain the detailed 

chemical box model used in Chapter 3, but with updated phenolic mechanisms, to aircraft 

observations to analyze smoke sampled during mid-day, sunset, and nighttime. Aircraft 

observations suggest a range of NO3 production rates (0.1 – 1.5 ppbv h-1) in plumes transported 

both mid-day and after dark. Modeled initial instantaneous reactivity toward BBVOCs for NO3, 

OH, and O3 is 80.1 %, 87.7 %, 99.6 %, respectively. Initial NO3 reactivity is 10 – 104 times greater 

than typical values in forested or urban environments, and reactions with BBVOCs account for ≥ 

98 % of NO3 loss in sunlit plumes (jNO2 up to 410–3 s–1), while conventional photochemical NO3 

loss through reaction with NO and photolysis are minor pathways. This is the result of highly 

reactive phenolic compounds, which are oxidized by NO3, O3, and OH (26 – 52 %, 22 – 43 %, 16 
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– 33 %, respectively). Even so, NO3 oxidation accounts for 26 – 52 % of phenolic chemical loss 

in sunset plumes and in an optically thick daytime plume.  

Nitrocatechol is a product of phenolic oxidation by NO3 or OH.  Its yields varied between 

33 % and 45 %. NO3 chemistry in BB plumes emitted late in the day is responsible for 72 – 92 % 

(84 % in an optically thick mid-day plume) of nitrocatechol formation. The NO3 reaction pathways 

controls nitrophenolic formation overall. As a result, overnight nitrophenolic formation pathways 

account for 56 ± 2 % of NOx loss by sunrise the following day. These findings emphasize the 

importance of NO3 oxidation. In short, all 3 major oxidants contribute to daytime and nighttime 

BB oxidation due to the extreme reactivity in these plumes. 

Both Chapter 3 and 4 study only the center of a BB plume. In Chapter 5 we present a novel 

methodology, the Gaussian Observational Model for Edge to Center Heterogeneity (GOMECH), 

to quantitatively describe the aircraft observed horizontal chemical structure of plumes as a 

function of a conserved tracer, in this case CO. GOMECH can be used to fit observations and 

provides metrics for plume width and center. We demonstrate GOMECH with an analysis of 

plumes sampled during FIREX-AQ. We investigate the oxidation of phenolics by OH, through an 

analysis of HONO and maleic anhydride, and NO3, through an analysis of P(NO3).  We also 

investigate the formation of nitrophenolics. The plume structure of P(NO3) suggests that NO3 may 

be concentrated at plume center, but that 91 – 100% of emissions will be in a region where P(NO3) 

is greater than background levels. The plume width of HONO in smoke emitted in the afternoon 

was up to 30 % narrower than CO while the plume width for smoke emitted in the evening was up 

to 22 % narrower than CO, suggesting OH is enhanced on plume edges. Similarly plume widths 

of maleic anhydride were as large as 13 % wider than CO for smoke emitted in the afternoon, but 
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only as large as 6 % wider for plumes emitted in the evening. As a result, the plume width of 

phenol (4%), catechol (9%), and methylcatechol (16%) are consistently narrower than CO. The 

plume width of nitrophenolic aerosol is up to 5% narrower than CO, suggesting nitrophenolics 

may be produced at a greater rate at plume center.  

In a case study of four exceptionally large wildfire plumes, GOMECH suggests NO3 and 

OH are concentrated in plume edges and that nitrocatechol aerosol plume structure is closely 

aligned with that of P(NO3). Further, nitrocatechol aerosol is best correlated with integrated 

P(NO3) (R
2 = 0.72 – 0.92) when compared to MA (R2 = 0.35 – 0.76), suggesting NO3 chemistry 

controls nitrocatechol production. These results are further corroborated by an LES model of an 

observed large plume, indicating the majority of nitrocatechol is formed via NO3 on plume edges 

while OH controls formation at plume center. Generally, our analysis suggests that NO3 chemistry 

may be a major source of nitrophenolics in daytime BB plumes studied during FIREX-AQ, and a 

dominant source in our case study plumes. Therefore, NO3 chemistry should be considered, even 

during the daytime and on plume edges, when considering phenolic oxidation and nitrophenolic 

formation in BB plumes.  

We also show in Chapter 5 that GOMECH is able to recreate crosswind plume structures 

within 20% of the observations. Narrow or wide plumes are better approximated with our model 

and have lower fit residuals when compared to more complex plume structures with plume center 

shifts. There are examples in which the model fails to capture the physical plume structure, and 

this may be due to plume asymmetry. Despite these caveats, GOMECH provides a simple and 
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general method for studying the spatial heterogeneity of plumes and could be applied to, for 

example, urban plumes, or plumes from power generation sources.  

Overall, the analyses in this thesis underline the importance of NO3 chemistry in BB 

plumes. We find the counterintuitive results that NO3 chemistry occurs in only the darkest plume 

centers, or after dark. We show that the oxidation of phenolics by NO3 may be a dominant source 

of nitrophenolics in BB smoke, regardless of time of day or location within the plume, which is 

suggests NO3 chemistry may be a significant source of BB SOA. After sunset, these reactions have 

a significant impact on NOx loss overnight, which removes NOx for photochemical O3 production 

at sunrise the following day. The results we present here further the understanding of BB oxidation 

chemistry, a subject of growing importance as the impacts of BB smoke on North American air 

quality continue to grow.  
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Appendix A  

Glossary of Terms 

− 0-D: Zero dimensional 

− ACES: Airborne Cavity Enhanced Spectrometer 

− AMS: Aerosol Mass Spectrometer  

− APAN: acryloyl peroxynitrate 

− APN: acyl peroxy nitrates 

− BB: Biomass Burning 

− BC: Black carbon 

− BrC: Brown carbon 

− CAFS: Charged-coupled device Actinic Flux Spectroradiometer 

− CES: Cavity Enhanced Spectrometer 

− CIMS: Chemical Ionization Mass Spectrometry 

− CL: Chemiluminescence 

− Cow: 204 Cow Fire 

− CRDS: Cavity Ring-down Spectrometer 

− EPA: Environmental Protection Agency 

− ER: Emission Ratio 

− ESZA: Emitted Solar Zenith Angle 

− F0AM: Framework for 0-D Atmospheric Modeling 

− FIREX-AQ: Fire Influence on Regional and Global Environments Experiment and Air Quality – NASA and 

NOAA multi-platform campaign.  

− FIREXLab: Fire Influence on Regional and Global Environments Experiment – NOAA laboratory investigation 

− FLAME-4: Fire Lab at Missoula Experiment 

− GCxGC: Two-dimensional gas chromatography  

− GOMECH: Gaussian Observational Model for Edge to Center Heterogeneity 

− HOx: OH + HO2 

− HRRR: High-Resolution Rapid Refresh 

− HYSPLIT: Hybrid Single-Particle Lagrangian Integrated Trajectory 

− LAS: Laser Aerosol Spectrometer 

− LES: Large Eddy Simulation 

− MACR: methacrolein 

− MCM: Master Chemical Mechanism 

− MDT: Mountain Daylight Time 

− MEK: Methyl ethyl ketone 

− MS: Mass Spectrometer 

− MST: Mountain Standard Time 

− MVK: Methyl vinyl ketone 

− NAM CONUS: North American Mesoscale Continental United States 

− NASA: National Aeronautics and Space Administration  

− NCAR: National Center for Atmospheric Research 
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− NEMR: Normalized Excess Mixing Ratio 

− NIFC: National Interagency Fire Center 

− NOAA: National Oceanic and Atmosphere Administration 

− NOx: NO + NO2, nitrogen oxides 

− Ox: NO2 + O3 

− P(NO3): NO3 radical production rate 

− PAN: Peroxy Acyl Nitrate  

− pCl: particle chloride 

− PDT Pacific Daylight Time 

− PM: Particulate Matter 

− ppbv: parts per billion by volume 

− ppmv: parts per million by volume 

− ppqv: parts per quadrillion by volume 

− pptv: parts per trillion by volume 

− PST: Pacific Standard Time 

− PTR: Proton Transfer Reaction 

− SAR: Structure Activity Relationship 

− SENEX: Southeast Nexus 

− SMPS: Scanning mobility particle sizer 

− SP2: single particle soot photometer 

− SZA: Solar Zenith Angle 

− ToF: Time of Flight 

− TUV: Tropospheric Ultraviolet and Visible radiation model 

− UHSAS: Ultra-high sensitivity aerosol spectrometer 

− UTC: Coordinated Universal Time 

− VOC: Volatile Organic Compound 

− WF1/WF2: First and second pass of the Williams Flats Fire, respectively.  
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Appendix B  

Additional Information for Chapter 4: Nighttime and Daytime Dark Oxidation 

Chemistry in Wildfire Plumes: An Observation and Model Analysis of FIREX-AQ Aircraft 

Data 

B.1 Observation and Model Comparison 

   

   

   
Figure B.1: Model outputs (black line) and observations (red circles) of the Castle plume where model compounds 

are indicated by the name and observations by chemical formula. Observations are made by the University of 

Washington I– HR ToF CIMS. Detection limits for calibrated compounds are shown as horizontal red lines. For 

compounds without calibrations we report arbitrary units on the right axis for the purpose of comparing time evolution.  
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Figure B.2: Similar to Figure B.1, but for the Cow plume.  

 

  
Figure B.3: Model outputs (black line) and observations (red circles) of the WF1 plume where model compounds are 

indicated by the name and observations by chemical formula. Observations are made by the NOAA I– CIMS. We 

report arbitrary units on the right axis for the purpose of comparing time evolution.  
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Figure B.4: Model outputs (black line) and observations (red circles) of the WF2 plume where model compounds are 

indicated by the name and observations by chemical formula. Observations are made by the NOAA I– CIMS for 

C6H6O2 and C6H5NO4 and by the GT CIMS. For uncalibrated compounds, we report arbitrary units on the right axis 

for the purpose of comparing time evolution.  

 

B.2 Oxidation Rate and Competition of Furans/Furfurals and Alkenes/Terpenes 

  

  

 
Figure B.5:  Similar to Figure 4.10, but for furans and furfurals.  
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Figure B.6: Similar to Figure 4.10, but for alkenes. 

B.3 Code for Phenolic Mechanism  

Note: reactions in red are already in the MCM and will need to be replaced when used in 

conjunction with an MCM mechanism.  

Catechols 

% 1.0D-10*0.3 : CATECHOL + OH = CATEC1O ; 

% 1.0D-10*0.67 : CATECHOL + OH = H3BENZENE + HO2 ; 

% 1.0D-10*0.03 : CATECHOL + OH = HPBZQONE + HO2; 

% 3.00D-13 : HPBZQONE + NO3 = NBZQO2 ; 

% 4.6D-12 : HPBZQONE + OH = PBZQO2 ; 

% 1.0D-10*0.3 : H3BENZENE + OH = H3BENZENE1O ; 

% 1.0D-10*0.67 : H3BENZENE + OH = H4BENZENE + HO2; 

% 1.0D-10*0.03 : H3BENZENE + OH = H2PBZQONE + HO2; 

% 3.00D-13 : H2PBZQONE + NO3 = NBZQO2 ; 

% 4.6D-12 : H2PBZQONE + OH = PBZQO2 ; 

% 2.08D-12 : H3BENZENE1O + NO2 = NH3BENZENE ; 

% 2.86D-13 : H3BENZENE1O + O3 = H3BENZENE1O2 ; 

% KRO2HO2*0.770 : H3BENZENE1O2 + HO2 = HCATEC1OOH ; 

% KRO2NO : H3BENZENE1O2 + NO = H3BENZENE1O + NO2 ; 

% KRO2NO3 : H3BENZENE1O2 + NO3 = H3BENZENE1O + NO2 ; 

% 8.80D-13*RO2 : H3BENZENE1O2 = H3BENZENE1O ; 

% 9.9D-11*0.91 : CATECHOL + NO3 = CATEC1O + HNO3 ; 

% 9.9D-11*0.09 : CATECHOL + NO3 = HPBZQONE + HO2 + HNO3 ; 

% 9.9D-11*0.91 : H3BENZENE + NO3 = H3BENZENE1O + HNO3 ; 
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% 9.9D-11*0.09 : H3BENZENE + NO3 = H2PBZQONE + HO2 + HNO3 ; 

 

Methylcatechols 

% 2.0D-10*0.3 : MCATECHOL + OH = MCATEC1O ; 

% 2.0D-10*0.64 : MCATECHOL + OH = H3TOLUENE + HO2; 

% 2.0D-10*0.06 : MCATECHOL + OH = HPTLQONE + HO2; 

% 1.00D-12 : HPTLQONE + NO3 = NPTLQO2 ; 

% 2.3D-11 : HPTLQONE + OH = PTLQO2 ; 

% 2.0D-10*0.3 : H3TOLUENE + OH = H3TOLUENE1O ; 

% 2.0D-10*0.64 : H3TOLUENE + OH = H4TOLUENE + HO2; 

% 2.0D-10*0.06 : H3TOLUENE + OH = H2PTLQONE + HO2; 

% 1.00D-12 : H2PTLQONE + NO3 = NPTLQO2 ; 

% 2.3D-11 : H2PTLQONE + OH = PTLQO2 ; 

% 2.08D-12 : H3TOLUENE1O + NO2 = NH3TOLUENE ; 

% 2.86D-13 : H3TOLUENE1O + O3 = H3TOLUENE1O2 ; 

% KRO2HO2*0.820 : H3TOLUENE1O2 + HO2 = HMCATEC1OOH ; 

% KRO2NO : H3TOLUENE1O2 + NO = H3TOLUENE1O + NO2 ; 

% KRO2NO3 : H3TOLUENE1O2 + NO3 = H3TOLUENE1O + NO2 ; 

% 8.80D-13*RO2 : H3TOLUENE1O2 = H3TOLUENE1O ; 

% 1.7D-10*0.91 : MCATECHOL + NO3 = MCATEC1O + HNO3 ; 

% 1.7D-10*0.09 : MCATECHOL + NO3 = HPTLQONE + HO2 + HNO3 ; 

% 1.7D-10*0.91 : H3TOLUENE + NO3 = H3TOLUENE1O + HNO3 ; 

% 1.7D-10*0.09 : H3TOLUENE + NO3 = H2PTLQONE + HO2 + HNO3 ; 

Dimethylcatechols 

% 2.05D-10*0.3 : OXYCATECH + OH = OXCATEC1O ; 

% 2.05D-10*0.64 : OXYCATECH + OH = H3OXYLENE + HO2; 

% 2.05D-10*0.06 : OXYCATECH + OH = HOXYQONE + HO2; 

% 1.00D-12 : HOXYQONE + NO3 = NOXYQO2 ; 

% 2.35D-10 : HOXYQONE + OH = OXYQO2 ; 

% 2.05D-10*0.3 : H3OXYLENE + OH = H3OXYLENE1O ; 

% 2.05D-10*0.64 : H3OXYLENE + OH = H4OXYLENE + HO2; 

% 2.05D-10*0.06 : H3OXYLENE + OH = H2OXYQONE + HO2; 

% 1.00D-12 : H2OXYQONE + NO3 = NOXYQO2 ; 

% 2.35D-10 : H2OXYQONE + OH = OXYQO2 ; 

% 2.08D-12 : H3OXYLENE1O + NO2 = NH3OXYLENE ; 

% 2.86D-13 : H3OXYLENE1O + O3 = H3OXYLENE1O2 ; 

% KRO2HO2*0.859 : H3OXYLENE1O2 + HO2 = HOCATEC1OOH ; 

% KRO2NO : H3OXYLENE1O2 + NO = H3OXYLENE1O + NO2 ; 

% KRO2NO3 : H3OXYLENE1O2 + NO3 = H3OXYLENE1O + NO2 ; 

% 8.80D-13*RO2 : H3OXYLENE1O2 = H3OXYLENE1O ; 

% 2.01D-10*0.91 : OXYCATECH + NO3 = OXCATEC1O + HNO3 ; 

% 2.01D-10*0.09 : OXYCATECH + NO3 = HOXYQONE + HO2 + HNO3 ; 

% 2.01D-10*0.91 : H3OXYLENE + NO3 = H3OXYLENE1O + HNO3 ; 

% 2.01D-10*0.09 : H3OXYLENE + NO3 = H2OXYQONE + HO2 + HNO3 ; 
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% 2.05D-10*0.3 : PXYCATECH + OH = PXCATEC1O ; 

% 2.05D-10*0.64 : PXYCATECH + OH = H3PXYLENE + HO2; 

% 2.05D-10*0.06 : PXYCATECH + OH = HPXYQONE + HO2; 

% 1.00D-12 : HPXYQONE + NO3 = NPXYQO2 ; 

% 2.35D-11 : HPXYQONE + OH = PXYQO2 ; 

% 2.05D-10*0.3 : H3PXYLENE + OH = H3PXYLENE1O ; 

% 2.05D-10*0.64 : H3PXYLENE + OH = H4PXYLENE + HO2; 

% 2.05D-10*0.06 : H3PXYLENE + OH = H2PXYQONE + HO2; 

% 1.00D-12 : H2PXYQONE + NO3 = NPXYQO2 ; 

% 2.35D-11 : H2PXYQONE + OH = PXYQO2 ; 

% 2.08D-12 : H3PXYLENE1O + NO2 = NH3PXYLENE ; 

% 2.86D-13 : H3PXYLENE1O + O3 = H3PXYLENE1O2 ; 

% KRO2HO2*0.859 : H3PXYLENE1O2 + HO2 = HPCATEC1OOH ; 

% KRO2NO : H3PXYLENE1O2 + NO = H3PXYLENE1O + NO2 ; 

% KRO2NO3 : H3PXYLENE1O2 + NO3 = H3PXYLENE1O + NO2 ; 

% 8.80D-13*RO2 : H3PXYLENE1O2 = H3PXYLENE1O ; 

% 2.01D-10*0.91 : PXYCATECH + NO3 = PXCATEC1O + HNO3 ; 

% 2.01D-10*0.09 : PXYCATECH + NO3 = HPXYQONE + HO2 + HNO3 ; 

% 2.01D-10*0.91 : H3PXYLENE + NO3 = H3PXYLENE1O + HNO3 ; 

% 2.01D-10*0.09 : H3PXYLENE + NO3 = H2PXYQONE + HO2 + HNO3 ; 

 

% 2.05D-10*0.3 : MXYCATECH + OH = MXCATEC1O ; 

% 2.05D-10*0.64 : MXYCATECH + OH = H3MXYLENE + HO2; 

% 2.05D-10*0.06 : MXYCATECH + OH = HMXYQONE + HO2; 

% 1.00D-12 : HMXYQONE + NO3 = NMXYQO2 ; 

% 2.35D-11 : HMXYQONE + OH = MXYQO2 ; 

% 2.05D-10*0.3 : H3MXYLENE + OH = H3MXYLENE1O ; 

% 2.05D-10*0.64 : H3MXYLENE + OH = H4MXYLENE + HO2; 

% 2.05D-10*0.06 : H3MXYLENE + OH = H2MXYQONE + HO2 ; 

% 1.00D-12 : H2MXYQONE + NO3 = NMXYQO2 ; 

% 2.35D-11 : H2MXYQONE + OH = MXYQO2 ; 

% 2.08D-12 : H3MXYLENE1O + NO2 = NH3MXYLENE ; 

% 2.86D-13 : H3MXYLENE1O + O3 = H3MXYLENE1O2 ; 

% KRO2HO2*0.859 : H3MXYLENE1O2 + HO2 = HMXCTEC1OOH ; 

% KRO2NO : H3MXYLENE1O2 + NO = H3MXYLENE1O + NO2 ; 

% KRO2NO3 : H3MXYLENE1O2 + NO3 = H3MXYLENE1O + NO2 ; 

% 8.80D-13*RO2 : H3MXYLENE1O2 = H3MXYLENE1O ; 

% 2.01D-10*0.91 : MXYCATECH + NO3 = MXCATEC1O + HNO3 ; 

% 2.01D-10*0.09 : MXYCATECH + NO3 = HMXYQONE + HO2 + HNO3 ; 

% 2.01D-10*0.91 : H3MXYLENE + NO3 = H3MXYLENE1O + HNO3 ; 

% 2.01D-10*0.09 : H3MXYLENE + NO3 = H2MXYQONE + HO2 + HNO3 ; 
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Appendix C  

Additional Information for Chapter 5: A Novel Analysis to Quantify Plume 

Crosswind Heterogeneity Applied to Biomass Burning Smoke 

C.1 Derivation of GOMECH 

Given two Gaussians: one with an offset (b) and width (𝑤𝑖) and another with width 𝑤𝐶𝑂.  

𝑄𝑖 = 𝐴𝑖𝑒
− 

(𝑦−𝑏)2

𝑤𝑖
2

        (EC.1) 

𝑄𝐶𝑂 = 𝐴𝐶𝑂𝑒
− 

𝑦2

𝑤𝐶𝑂
2

        (EC.2) 

We have two equations and four variables (𝑦, 𝑏, 𝑤𝑖, 𝑤𝐶𝑂). We can rearrange these two equations 

to form one equation with three variables. We will eliminate y.  

Starting with EC.1 by expanding the square.  

𝑄𝑖 = 𝐴𝑖𝑒
− 

𝑦2

𝑤𝑖
2 + 

2𝑏𝑦

𝑤𝑖
2  − 

𝑏2

𝑤𝑖
2
        (EC.3) 

Where we consider the first term of the exponent in EC.3 and introduce 𝑤𝐶𝑂
2  

𝑒
− 

𝑦2

𝑤𝑖
2
= 𝑒

− 
𝑦2

𝑤𝑖
2 × 

𝑤𝐶𝑂
2

𝑤𝐶𝑂
2  

= 𝑒

𝑤𝐶𝑂
2

𝑤𝑖
2  [− 

𝑦2

𝑤𝐶𝑂
2 ]

      (EC.4) 

Now, take the natural log of EC.2.  

− 
𝑦2

𝑤𝐶𝑂
2 = ln

𝑄𝐶𝑂

𝐴𝐶𝑂
        (EC.5) 

and substitute this into EC.4 

= 𝑒

𝑤𝐶𝑂
2

𝑤𝑖
2 ×ln

𝑄𝐶𝑂
𝐴𝐶𝑂 = 𝐴𝐶𝑂

𝑤𝐶𝑂
2

𝑤𝑖
2

× 𝑄𝐶𝑂

𝑤𝐶𝑂
2

𝑤𝑖
2

      (EC.6) 

Next, we solve for y in EC.5 
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𝑦 = √− 𝑤𝐶𝑂
2 ln

𝑄𝐶𝑂

𝐴𝐶𝑂
= √ln (𝑄𝐶𝑂

− 𝑤𝐶𝑂
2

) − ln (𝐴𝐶𝑂

− 𝑤𝐶𝑂
2

)    (EC.7) 

Finally, we can substitute EC.6 and EC.7 back into EC.3.  

𝑄𝑖 = 𝐴𝑖 × 𝐴𝐶𝑂

− 
𝑤𝐶𝑂

2

𝑤𝑖
2

× 𝑄𝐶𝑂

𝑤𝐶𝑂
2

𝑤𝑖
2

exp

[
 
 
 
 2𝑏[√ln(𝑄𝐶𝑂

− 𝑤𝐶𝑂
2

)−ln(𝐴𝐶𝑂

− 𝑤𝐶𝑂
2

)]

𝑤𝑖
2  − 

𝑏2

𝑤𝑖
2

]
 
 
 
 

  (EC.8)  

The above result is referred to as the Gaussian Observational Model for Edge to Center 

Heterogeneity (GOMECH).  

C.2 Mechanism of Maleic anhydride Formation 

Coggon et al. 2019 show that oxidation of furan species by OH was able to explain 90% of 

maleic anhydride formation in laboratory biomass burning smoke. The formation of maleic 

anhydride by OH oxidation of furan species begins with the formation of alkene dials and 

hydroxy furanones (Aschmann et al., 2011, 2014; Yuan et al., 2017). For example, furan 

oxidizes to form 2-butenedial as well as 5-hydroxy-2(5H)-furanone. 

Furan + OH → 5-hydroxy-2(5H)-furanone + 2-butenedial     (RC.1) 

Subsequent oxidation, or photolysis, of 2-butenedial is then expected to form maleic anhydride 

(Bierbach et al., 1994). 

butenedial + OH → maleic anhydride       (RC.2) 

butenedial + hv → maleic anhydride       (RC.3) 
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Hydroxy furanones such as 5-hydroxy-2(5H)-furanone are also likely to form maleic anhydride 

by reaction with OH (Coggon et al., 2019), though no studies have reported mechanisms for 

these species. In a study of NO3 oxidation of 3-methylfuran, Tapia et al. determined 2-

methylbutendial was one product, among many (Tapia et al., 2011). This result implies that NO3 

oxidation of furan may also form 2-butenedial and thus maleic anhydride as well, however this 

has not been observed previously. We find similar results when using maleic anhydride and PAN 

as an OH chemistry proxy. Further, a plume center box model of BB plumes sampled during 

FIREX-AQ suggests furan compounds are mostly (~95%) oxidized by O3 and OH as opposed to 

NO3 (Decker et al., 2021). Therefore, we expect the contribution of maleic anhydride formation 

from NO3 to be negligible.  

C.3 Methods of Calculating P(NO3) Using GOMECH 

We show below that the order of operations for determining the plume structure of P(NO3) 

produces similar results. The order of operations option for calculating P(NO3) is 1) using Eq. 5 

in the main text to determine P(NO3) in ppbv h–1 and then applying our plume structure method, 

or 2) applying the plume structure method to observations of NO2 and O3 and subsequently 

calculating P(NO3) structure as the multiple of the recreated NO2 and O3 structures. Option 1 is 

likely the most accurate method of determining P(NO3) structure and therefore this method is 

presented in the main text. Even so, both methods produce similar results as shown in Table C.1 

and Figure C.1. 

 P(NO3) P(NO3) -Model NO2 O3 

 𝒘 Center Med. Res. Avg. Res w Center 𝒘 Center Med. Res. Avg. Res 𝒘 Center Med. Res. Avg. Res 

Plume 1 0.39 0.59 0.13 0.17 ± 0.14 0.57 0.64 0.78 0.00 0.08 0.10 ± 0.08 0.85 1.40 0.08 0.09 ± 0.07 

Plume 2 0.49 0.65 0.12 0.16 ± 0.12 0.50 0.69 0.73 0.00 0.07 0.09 ± 0.09 0.67 1.28 0.09 0.11 ± 0.10 

Plume 3 0.37 0.70 0.09 0.11 ± 0.09 0.52 0.58 0.67 0.05 0.04 0.05 ± 0.05 0.82 1.36 0.11 0.12 ± 0.07 

Table C.1: Fitting parameters corresponding to Figure C.1 with median and average (± standard deviation) residuals. 
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Figure C.1 Panel A: observations of CO (filled grey trace), P(NO3) (red), NO2 (blue), and O3 (gold) for three transects 

of the Williams Flats Fire sampled by the NASA DC-8. Panel B: recreated plumes using GOMECH for the 

observations in panel A where P(NO3) in red is calculated by E2.4 and P(NO3) in black dashes is calculated by the 

multiplication of the recreated shape of O3 and NO2. Shading indicates the average of binned residuals (normalized 

CO bin width = 0.004).  

 

 


