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Abstract. Biomass burning (BB) is a major source of reactive organic carbon into the atmosphere. Once in the atmosphere, 

these organic BB emissions, in both the gas and particle phases, are subject to atmospheric oxidation, though the nature and 

impact of the chemical transformations are not currently well constrained. Here we describe experiments carried out as part of 25 

the FIREX FireLab campaign, in which smoke from the combustion of fuels typical of the Western U.S. was sampled into an 

environmental chamber and exposed to high concentrations of OH, to simulate the equivalent of up to two days of atmospheric 

oxidation. The evolution of the organic mixture was monitored using three real-time time-of-flight mass spectrometric 

instruments (a proton transfer reaction mass spectrometer, an iodide chemical ionization mass spectrometer, and an aerosol 

mass spectrometer), providing measurements of both individual species and ensemble properties of the mixture. The combined 30 

measurements from these instruments achieve a reasonable degree of carbon closure (within 15-35%), indicating that most of 

the reactive organic carbon is measured by these instruments. Consistent with our previous studies of the oxidation of 
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individual organic species, atmospheric oxidation of the complex organic mixture leads to the formation of species that on 

average are smaller and more oxidized than those in the unoxidized emissions. In addition, comparison of mass spectra from 

the different fuels indicates that the oxidative evolution of BB emissions proceeds largely independent of fuel type, with 35 

different fresh smoke mixtures ultimately converging into a common, aged distribution of gas-phase compounds. This 

distribution is characterized by high concentrations of several small, volatile oxygenates, formed from fragmentation reactions, 

as well as a complex pool of many minor oxidized species and secondary organic aerosol, likely formed via functionalization 

processes. 

1 Introduction 40 

Biomass burning (BB) is a major source of reactive organic carbon, both in the form of aerosol and non-methane 

organic gases (NMOG), to the atmosphere (Carter et al., 2022; Andreae et al., 1988; Yokelson et al., 2009; Akagi et al., 2013; 

Bond et al., 2004; Liu et al., 2016). BB emissions can have large impacts on air quality and climate across a range of scales, 

due both to primary species and to their transformation to secondary species such as ozone and secondary organic aerosol 

(SOA) (Cubison et al., 2011; Decarlo et al., 2010; Grieshop et al., 2009; Hennigan et al., 2011; Ortega et al., 2013; Tkacik et 45 

al., 2017; Yokelson et al., 2009; Hobbs et al., 2003; Akagi et al., 2013; Bourgeois et al., 2021; Hobbs et al., 1997; Liu et al., 

2014). Primary and secondary BB species also include species that are known to be hazardous to human and ecosystem health 

(Künzli et al., 2006; Naeher et al., 2007; O’Dell et al., 2020). 

 Whereas many studies have measured the composition of primary BB emissions, the formation and evolution of 

secondary species are less well characterized. Those studies that have examined secondary chemistry have focused largely on 50 

the formation and properties of SOA (Lim et al., 2019; Ortega et al., 2013; Cubison et al., 2011) or individual species and 

pathways in BB photooxidation (Coggon et al., 2019; Koss et al., 2018; Sekimoto et al., 2018). These laboratory-based studies 

have revealed that atmospheric processing of BB emissions can lead to multiple generations of product formation as well as 

SOA formation. SOA formation within BB plumes has been largely attributed to the presence of furans and oxygenated 

aromatic compounds (Akherati et al., 2020), which are not particularly abundant but comprise a sizeable fraction of the overall 55 

OH reactivity.  

Despite these recent process-based studies uncovering key SOA precursors, the overall evolution of the entire reaction 

mixture – how the organic carbon in both the gas and particle phases evolves as a whole (Heald and Kroll, 2020) – has received 

comparatively less attention. Characterization of the changes to chemical composition and properties of BB emissions is 

important for understanding and predicting their impacts (e.g., on photochemical cycling, ozone production, and aerosol 60 

loadings and properties) over a wide range of temporal and spatial scales. Additionally, such studies may aid in the 

identification of aged BB plumes in field studies, as well as in the development of improved oxidation mechanisms of BB 

mixtures for use in chemical transport models.  
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 Here we examine the oxidative evolution of the entire organic mixture within BB smoke, by carrying out laboratory 

studies that simulate atmospheric oxidation of the emissions, and monitoring their evolving composition using multiple 65 

analytical instruments. In recent work, we have demonstrated the ability of a suite of mass spectrometric instruments to 

comprehensively measure a large fraction of the total carbon in a given oxidation system (Isaacman-VanWertz et al., 2018, 

2017; Koss et al., 2020). Whereas those studies focused primarily on single precursor molecules, which then react to form a 

wide range of products, here we start with an already-complex mixture of organic species, and examine its further evolution 

upon oxidation. Specifically, as part of the FIREX FireLab 2016 campaign, a range of fuels were burned and sampled into a 70 

reactor where they were oxidized over several atmosphere-equivalent days and characterized using three mass spectrometric 

instruments. By characterizing the changing properties of BB emissions on both an ensemble and a per-molecule basis, we are 

able to identify trends and commonalities in the oxidation of these complex mixtures; this provides a more complete picture 

of the evolving product distributions and an improved understanding of how emissions from different fuels are processed in 

the atmosphere. 75 

2 Materials & Methods 

2.1 Sampled Burns 

Laboratory experiments were conducted as part of the Fire Influence on Regional and Global Environments Experiment 

(FIREX) FireLab 2016 campaign, at the US Forest Service Fire Sciences Laboratory in Missoula, MT, USA in October 2016. 

The broad aim of this campaign was to better understand biomass burning emissions and atmospheric aging, with a focus on 80 

fuels characteristic of the Western United States.  

Detailed descriptions of the campaign, experimental setup, list of fuels burned, and resulting emissions of key 

NMOGs are provided elsewhere (Koss et al., 2018; Lim et al., 2019; Coggon et al., 2019). The subset of experiments discussed 

here was carried out as part of the “stack burn” component of the campaign. A known amount (350-3000 g) of a given fuel 

was burned underneath the central exhaust stack. Here, we focus on the subset of burns for which data is available from all 85 

three analytical instruments used in this study (discussed below); these burns and their corresponding fuels are listed in Table 

1. This list includes one replicate (Lodgepole Pine Litter) and a comparison of sub-types of fuel (Engelmann Spruce canopy 

vs. duff); it also includes one blank run (in which Lodgepole Pine smoke was sampled but not oxidized). 

 

 90 

Fire No. Fuel Type MCE* 
Moisture content 

(%) 

21 Lodgepole Pine Litter 0.9255 11.7 

25 Engelmann Spruce  Canopy 0.9499 34.0 
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26 Engelmann Spruce Duff 0.8171 0.6 

38 Ponderosa Pine  Litter 0.9448 6.2 

41 Lodgepole Pine  Litter 0.9377 7.5 

63** Lodgepole Pine – no UV Mix 0.9364 38.5 

Table 1. List of fuels whose emissions were sampled into the mini-chamber for oxidative aging in this work. *MCE = Modified 

Combustion Efficiency, equal to [CO2]/([CO2]+[CO]). **I-CIMS data were not available for this experiment. 

 

2.2 Mini-chamber 

All aging experiments were carried out in the “mini-chamber,” a 150 L perfluoroalkoxy (PFA) environmental 95 

chamber (Lim et al., 2019). Prior to each experiment, the chamber was flushed with clean, humidified air for ~45 min. For 

each burn studied, smoke from the top of the stack was transported to the wind tunnel room in the Fire Sciences Laboratory 

(FSL) via a 30 m long, large-diameter community inlet and a fast flow rate to minimize interactions with walls of the inlet. 

Smoke from this inlet was then sampled from the center of the flow using an ejector diluter pressurized with clean air and 

passed through 1 m of stainless-steel tubing and a PM1 cyclone before being injected into the chamber at a dilution of 1:10 100 

with clean air. Filling continued until particle concentrations reached a maximum. Prior to oxidation, 40 ppb of deuterated 

butanol (an OH tracer) was injected into the chamber, followed by a constant stream of clean, humidified (RH ~ 30%) air 

doped with 50-100 ppb ozone, with a flow to match instrument sampling flows. After allowing time for mixing, one 40 W 

UVC lamp (narrow peak emission at 254 nm, Ultra-Violet Products, Inc.) was turned on to generate OH (via photolysis of 

ozone, followed by reaction of O(1D) with H2O, as well as the photolysis of other precursors in the smoke such as HONO) 105 

which initiated oxidation. Photochemistry proceeded for ~30-45 min, during which time the chamber was constantly diluted 

with room-temperature, humidified air (RH ~30%) doped with ~70 ppb O3 as the contents were sampled by different 

instruments (“semi-batch mode”). While UVC irradiation is capable of introducing other photochemical (i.e., non-OH) 

reactions, OH oxidation has been previously shown to be the dominant oxidation mechanism in this type of system (Peng et 

al., 2016; Coggon et al., 2019). In one experiment (Fire 63; see Table 1), the UV lights remained off, ensuring OH was at 110 

near-zero levels and providing a blank for comparison with the other runs. 

RO2 chemistry within the mini-chamber differs somewhat from that of typical atmospheric plume conditions, with 

RO2+NO2 and RO2+RO2 reactions generally more important than in the atmosphere (Coggon et al., 2019). However, over the 

course of a given aging experiment, the chemistry exhibits a shift from high-NO (RO2+NO) to low-NO (RO2+HO2) conditions, 

similar to what occurs in atmospheric plumes. The evolution of these chemical regimes depends partially on the availability 115 

of NOx, which is higher for fires characterized by high MCE emissions (Roberts et al., 2020). For fires with very low NOx 

emissions (low MCE), the transition to low-NOx chemistry can occur within short distances downwind of fires (Xu et al., 

2021).  

 

2.3 Analytical Techniques 120 
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Several analytical instruments were run to monitor the evolving composition of the smoke in real time. Detailed 

descriptions of these are provided elsewhere (Koss et al., 2018; Lim et al., 2019; Coggon et al., 2019), but a brief overview is 

included here. Particle-phase composition was measured by a high-resolution time-of-flight aerosol mass spectrometer (AMS, 

Aerodyne, Inc.) that collected data at 1-minute intervals. While the hard ionization technique employed by this instrument 

precludes the identification of individual molecules, it enables the determination of H:C and O:C elemental ratios and the mean 125 

oxidation state of particle-phase carbon. Corrections for wall loss, dilution, and collection efficiency were carried out 

individually, as described in Lim et al. (2019) The overall absolute uncertainty in measurement of organic particulate mass is 

estimated to be 38%, as discussed elsewhere (Bahreini et al., 2009). 

Measurements of the gas phase were made by two real-time time-of-flight chemical ionization mass spectrometers, a 

custom proton-transfer-reaction mass spectrometer (PTR-MS, described elsewhere (Yuan et al., 2016)) and an iodide-cluster 130 

chemical ionization mass spectrometer (I-CIMS, Aerodyne/Tofwerk, AG (Lee et al., 2014)), both measuring at one-second 

time resolution. The PTR-MS was used to detect and quantify the less-oxidized compounds (e.g., hydrocarbons and simple 

oxygenates); operation and data analysis are described elsewhere (Koss et al., 2018; Coggon et al., 2019). Many of the species 

detected by the PTR during FIREX were subsequently identified via a combination of inspecting formulae, mapping out likely 

reaction pathways, and considering isomer-dependent volatilities determined via in-line gas chromatography-mass 135 

spectrometry (GC-MS) (Koss et al., 2018). Of the 291 unique ions detected by the PTR, 134 were identified, and the remaining 

and 157 are unidentified (i.e., are represented by their molecular formulae alone). Instrument signals (in normalized counts per 

second, ncps) were then converted into gas-phase concentrations (ppbv) using either direct calibrations (when available) or 

approximate calibration methods based on proton-transfer-reaction rate constants (Koss et al., 2018). Uncertainties in 

concentrations were determined based on calibration uncertainties: 15-50% for identified species and a factor of 2 for 140 

unidentified ones (Sekimoto et al., 2017). 

The I-CIMS was used for the measurement of highly oxidized, multifunctional (often lower-volatility) compounds. 

Details of its use in FIREX, including relevant instrument parameters, are described elsewhere (Coggon et al., 2019). The I-

CIMS measured 522 unique iodide-cluster ions (ions without an I in the formula were not considered). Due to unavailability 

of standards, I-CIMS signals could not be meaningfully calibrated into concentrations for the vast majority of ions; only a 145 

small subset of ions was calibrated directly, allowing for the determination of a maximum instrument sensitivity (~8000 

ncps/ppt). All species measured by the I-CIMS were assigned this calibration factor. Concentrations were assigned a factor of 

2.5 uncertainty due to a lack of calibration standards (Isaacman-VanWertz et al., 2018; Robinson et al., 2022). 

 While the PTR and I-CIMS largely measure different molecules comprising the reaction mixture, there are several 

instances in which both instruments detect identical elemental formulae. Potential double-counting of such compounds is 150 

avoided by comparing the time series of isomeric species to identify those compounds that were detected by both instruments. 

In the case of a “match” between two instruments (R2 > 0.8 in terms of the temporal behavior in a single experiment), the I-

CIMS trace was discarded due to its greater uncertainty relative to the PTR measurement. Overall, 50 overlapping traces were 

removed, leading to a total of 763 unique gas-phase species. 
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 The identification of molecular formulae (and therefore elemental composition) for these gaseous compounds enables 155 

the calculation of several physicochemical properties, such as carbon oxidation state (𝑂𝑆!#####), saturation vapor pressure (c*) and 

reaction rate constant with OH (kOH). For identified species, the measured/exact values are used when available (Koss et al., 

2018). For all other (unidentified) species and when measured/exact values are not available, these are instead estimated using 

structure-activity relationships (Daumit et al., 2013). 𝑂𝑆!##### values are calculated following conventions detailed in (Kroll et al., 

2011). This approach assumes that all O atoms have an oxidation state of –2 (i.e., that they are not peroxides), and that organic 160 

N is in the form of nitrooxy groups (oxidation state of +5) if there are at least 3 O atoms or amines (oxidation state of –3) if 

there are not.  

Certain classes of compounds were not directly measured due to experimental limitations. Concentrations of CO and 

CO2 formed in the oxidized mixture are very small compared to the high levels of these species emitted from the combustion 

itself and are therefore not included in this analysis. A high background signal for butanol (possibly due to a leak from a 165 

neighboring instrument) precluded the precise contribution of this compound to the product distribution. Peroxyacyl nitrate 

(PAN) compounds are likely to be present in many of the reaction mixtures (Coggon et al., 2019; Müller et al., 2016), but these 

compounds cannot be unambiguously measured by the PTR (Hastie et al., 2010; Hansel and Wisthaler, 2000). While these 

species are likely to be accounted for among the unidentified compounds, their exact concentrations in the reaction mixture 

are poorly constrained. 170 

Dilution of gas-phase species was corrected for by monitoring the decay of acetonitrile, which is present at high 

concentrations in BB smoke, is slow to react with OH (kOH = 2.16x10-14 cm3 molec-1 s-1), and is not substantially lost to Teflon 

surfaces (Krechmer et al., 2016; Pagonis et al., 2017). The instrument flow rates and volume of the mini-chamber resulted in 

a physical residence time on the order of tens of minutes, corresponding to several days of atmospheric-equivalent aging by 

OH (determined from the decay of deuterated butanol, and assuming an ambient OH concentration of 1.5x106 molecules/cm3). 175 

At reaction times beyond ~20 minutes (~2 days of atmospheric oxidation), the high dilution leads to an increased likelihood 

of evaporation of gaseous compounds from chamber walls and SOA particles, and the background levels become an increasing 

fraction of the total dilution-corrected signal. Thus, measured concentrations beyond such reaction times are unreliable, and 

we limit all experiments to just these first 2 days of atmospheric-equivalent timescales.   

 180 

 

3 Results & Discussion 
 

 For all burns studied in this work, the reaction mixture changed dramatically as a function of oxidation, with most of 

the initially present species reacting away and many other species growing in. This is shown in Fig. 1, which presents stacked 185 

plots of the changing concentrations of all gas- and particle-phase organics in the oxidation of smoke from two burns (Fire 25 

/ Engelmann Spruce canopy and Fire 26 / Engelmann Spruce duff) over two days of atmosphere-equivalent aging. (Equivalent 

plots for the other burns are in Fig. S1.) Traces are colored by the instrument used for detection/quantification, and gas-phase 
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species are separated further into bands representing compounds that are primarily consumed (dark red/blue) or formed (light 

red/blue) throughout the course of oxidation. Comparison of these burns with the blank (Fire 63, Lodgepole Pine with no UV; 190 

see Fig. S1d), in which little change in composition is observed, further demonstrates the extent to which these reaction 

mixtures are oxidatively aged. Error bars represent the uncertainty (1�) of the total concentrations before and after aging, for 

individual instruments as well for the overall reaction mixture. The relatively small uncertainty is attributable to both the low 

uncertainty in PTR measurements (due to many compounds being detected to within 15-50%, as discussed above) and the 

uncorrelated uncertainties in measurements that result in a small total fractional uncertainty after adding individual errors in 195 

quadrature. Throughout the course of the experiments, the “unidentified” fraction of the gas-phase mixture was observed to 

increase substantially: they made up 12%-23% of the measured gas-phase organic carbon in the fresh smoke, but this fraction 

increases to 22%-29% after oxidation. The higher uncertainties in the calibration factors for these species leads to an increase 

in overall uncertainty in total organic carbon at the end of a given experiment. 

 200 

 
 

Figure 1. Measured organic carbon in the oxidation of emissions, as a function of estimated oxidative age, from (a) Fire 25 / 

Engelmann Spruce canopy and (b) Fire 26 / Engelmann Spruce duff, as a function of atmosphere-equivalent age. Measurements 

are separated into individual bands according to the instrument by which they were detected. Gas-phase measurements are 205 

separated further: blue traces represent species measured by the PTR that are primarily consumed (dark) or formed (light), 

ranked in order of largest decay (bottom) to largest increase (top); red traces follow the same convention, but for the I-CIMS. 

The gray trace represents OA measurements made by the AMS (Lim et al., 2019). The uncertainty (1s, denoting calibration 

uncertainties only) for each instrument is shown to the left and right of the plot, corresponding to uncertainty before and after 

atmospheric aging, with total uncertainty (black error bar) calculated by adding together individual uncertainties in quadrature. 210 
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 In all cases (Figs. 1 and S1) there is a clear overall increase in total measured organic carbon over the course of the 

reaction; this increase is not large (typically 15-35%). While it falls within the total uncertainty (1s) of the measurements, the 

fact that it is seen in all aging studies suggests that systematic errors (and not just random calibration errors) may be playing a 

role. First, some classes of species are unmeasured by our instrument suite. Neither the PTR nor I-CIMS can measure alkanes, 215 

which may be present at the beginning of each run (Koss et al., 2018), and cannot be formed photochemically. While the 

exclusion of alkanes would lead to an underestimate of starting carbon, their relatively low emission factors (e.g., 0.02-0.08 g 

kg–1 for 𝑛! ≥ 4 species, (Andreae, 2019)) make them unlikely to account for more than ~5% of the “missing” carbon at the 

beginning of each run. On the other hand, as noted above, secondary CO and CO2 production was not monitored either. In 

addition, as noted above, the increasing dilution of the reaction mixture may lead to changes in background concentrations and 220 

wall effects, including the partitioning of semivolatile species from the chamber walls or the oxidation of species deposited on 

the walls; these may result in an increase in measured carbon throughout the course of the reaction. Finally, wall loss of gas-

phase species (both primary and secondary species), while unlikely to be exceedingly large (Lim et al., 2019), was not directly 

corrected for in the mini-chamber, and could affect total carbon balance. Together, these factors may lead to over- or under-

estimation in total carbon in complex ways, but the net effect is an apparent increase in total measured carbon as the reaction 225 

mixture is aged. 

 Despite these uncertainties, the approximate carbon closure (to within 15-35%) in these experiments suggests that the 

majority of reactive organic carbon is accounted for. This enables the evolution of the reaction mixture as a whole to be 

examined. As an example of such mixture evolution, Fig. 2 shows the changes of two key ensemble characteristics of the gas-

phase reaction mixture – mean carbon oxidation state (𝑂𝑆!#####) and carbon number (𝑛!) – for each individual burn as a function 230 

of atmospheric age. These measurements represent the entire gas-phase mixture, including both primary emissions and 

secondary organic reaction products. Particulate carbon is not included since 𝑛! (and other individual molecular parameters) 

cannot be measured by the AMS; given that the AMS contributes <20% of the overall carbon mass, its contribution to overall 

𝑂𝑆!##### is likely to be modest. The trends for each fire are derived from the time-dependent distributions of 𝑂𝑆!##### and 𝑛! for each 

burn, shown for Fire 26 in Figs. 2c-d and for all other burns in Figs. S2-S3. All burns characterized here, independent of fuel, 235 

exhibit the same overall trends, in which OH oxidation leads to increases in the oxidation state of the organic carbon (Fig. 2a), 

as well as decreases in mean carbon number (Fig. 2b) owing to fragmentation reactions. These trends are in line with 

expectations for oxidative systems (Kroll et al., 2011) and are qualitatively consistent with those observed for the oxidative 

evolution of a-pinene upon reaction with OH (Isaacman-VanWertz et al., 2018). This is in contrast to the blank run (which 

involved no UV irradiation and hence negligible OH), for which properties of the reaction mixture remained essentially 240 

constant throughout the experiment. (Any minor changes that do occur in the blank run may result from differences in losses 

of gas-phase species to the chamber walls, or simply reflect the measurement uncertainty.) Distributions of other key chemical 

parameters, such as volatility (𝑐∗) and oxidative lifetime (𝜏#$), are not measured directly, but can be estimated from speciated 

measurements or structure-activity relationships (Daumit et al., 2013). These trends are shown in Figs. S4-6: 𝑐∗ is observed to 
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experience a brief increase before gradually decreasing with further oxidation, while 𝜏#$ is found to continually increase 245 

throughout the course of oxidation. As with 𝑂𝑆!##### and 𝑛!, trends are largely the same across all burns. 

 

 
 

Figure 2. Evolution of (a) mean carbon oxidation state (𝑂𝑆!#####) and (b) mean carbon number (𝑛!) for the measured gas-phase 250 

species, as a function of atmospheric aging (or chamber time for the blank experiment). Red lines represent individual fires; 

gray dashed lines represent the blank run, for which only PTR data is used; black line denotes the average of all burns studied, 

as described later in the text. Traces for individual fires are averages of the evolving distribution of 𝑂𝑆!##### and 𝑛! from each fire; 

these are given for Fire 26 (Engelmann Spruce duff) in panels (c) and (d), respectively. Evolution of 𝑂𝑆!##### and 𝑛! distributions 

for the remaining fires can be found in Figs. S2-3; corresponding figures for volatility (𝑐∗) and oxidative lifetime (𝜏#$) are 255 

given in Figs. S4-6. 

   

Figure 3 shows the simultaneous evolution of both 𝑂𝑆!##### and 𝑛% distributions for different burns. All measured gas-

phase compounds from Fires 25 (Engelmann Spruce canopy; filled blue circles) and 26 (Engelmann Spruce duff; open red 
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circles) are displayed in 𝑂𝑆!##### vs. 𝑛! space, first for fresh emissions (Fig. 3a) and then after 2 atmosphere-equivalent days of 260 

oxidation (Fig. 3b), with circle area proportional to normalized carbon-weighted concentration (in ppbC). The loading and 

𝑂𝑆!##### of the organic particulate matter are also shown (in green); however, since the AMS provides no information on carbon 

number, these are presented on a separate axis and at a different size scale than the gas-phase data (since the total particulate 

mass is much larger than that of any single gas-phase compound). To the top and right of each plot, histograms represent 

projections of gas-phase distributions of 𝑛% and 𝑂𝑆!#####, respectively.  265 

 
Figure 3. Comparison of carbon oxidation state (𝑂𝑆!#####) vs. carbon number (𝑛! ) for gas-phase emissions from Fire 25 

(Engelmann Spruce canopy; filled blue circles) and Fire 26 (Engelmann Spruce duff; open red circles) for (a) freshly sampled 

emissions and (b) after two days of atmosphere-equivalent oxidation. Area of each circle is proportional to concentration 

(ppbC), normalized to total carbon concentration for comparison between fuels. The separate green circles (filled for Fire 25 270 

and open for Fire 26) denote particle-phase carbon, for which 𝑛! measurements are not available; the area scaling is different 

from the scaling of the gas-phase data. Histograms along the top and right axes show 𝑂𝑆!##### and 𝑛! distributions of the gas-phase 

products. Equivalent figures for the other fires, along with videos showing the change in product distributions over time, can 

be found in the SI.  

 275 

For the fresh emissions (Fig. 3a), the organic carbon spans a wide range of 𝑂𝑆!#####-𝑛! space; carbon numbers vary from  

1 to >10, with most species having mean carbon oxidation states between -2 and 0. After 2 days of atmosphere-equivalent 

oxidation (Fig. 3b), there is a marked shift towards smaller carbon numbers and higher oxidation states (consistent with Fig. 

2), largely driven by the loss of large (high-𝑛!) species and the formation of small oxygenates, such as formic acid (𝑛! =

1,𝑂𝑆!##### = 2), acetic acid (𝑛! = 1,𝑂𝑆!##### = 0), and formaldehyde (𝑛! = 1,𝑂𝑆!##### = 0). The trend towards smaller species is 280 

exemplified in the carbon number histogram, which evolves from a reasonably broad and disordered distribution in the fresh 

smoke to one in which abundance decays nearly exponentially with 𝑛! in the aged mixtures. The oxidation state of the organic 
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particulate matter also increases, as described in detail in Lim et al. (2019). Specifically, that study showed that the average 

increase in 𝑂𝑆!##### across various fuels is 1.33 ± 0.50, driven by continual oxidation of the gas-phase mixture, Leading to the 

formation of lower-volatility organic species and hence SOA. The greater SOA formation (green circles) in Fire 26 likely 285 

arises from the larger initial concentrations of VOCs, and especially the greater abundance of phenolic compounds (e.g., 

phenol, cresol, catechol, guaiacol), in that fire (Akherati et al., 2020; Lim et al., 2019). Notably, the 𝑂𝑆!#####-𝑛! distributions of 

the two sets of aged emissions (Fig. 3b) are much more similar than those of the fresh emissions (Fig. 3a), suggesting a 

convergence toward not only common average properties but also a common product distribution with oxidative age. This 

convergence is seen for all fires studied, as shown in Fig. S7. Whereas the properties and amount of SOA are not investigated 290 

in detail here, Lim et al. (2019) observed a correlation between the final mass of SOA and initial VOC concentration, and 

showed that this correlation increases with extent of oxidation. This suggests that SOA formed in the oxidation of smoke from 

different fuels also tends to converge with OH exposure. 

The extent to which the composition of each BB mixture changes with oxidation, and to which the different mixtures 

converge as they age, is examined in more detail in Fig. 4. Differences between any two distributions is quantified in terms of 295 

cosine similarity, the cosine of the angle between two distributions (Ulbrich et al., 2009) (here, the relative concentrations of 

all gas-phase species measured by the PTR-MS and I-CIMS), which has values ranging from 0 (completely dissimilar) to 1 

(identical). A similar metric has recently been used to examine changes to aerosol mass spectra of evolving biomass-burning 

organic aerosol particles (Kodros et al., 2020). Figure 4a shows the cosine similarity between the initial, “fresh” reaction 

mixture for each individual fuel and its product distribution as it gradually changes with aging. As the reaction proceeds, each 300 

of the individual fires become less similar to its starting composition (red traces). This contrasts with the blank experiment 

(gray trace), for which the composition remains nearly constant (and therefore cos 𝜃 ≈ 1) over time.  

 

 
 305 
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Figure 4. Evolution of cosine similarities between the gas-phase product distributions as a function of atmospheric age; (a) 

compares the initial distribution of a given fuel with its evolving product distribution, and (b) compares the evolving product 

distributions at a given age for any two different fuels. Red lines represent comparisons between individual fires; gray lines 

represent (a) evolution of the mixture in the blank run, or (b) comparison between evolving emissions in the blank run and an 

oxidation experiment. (Note that comparisons with the blank run are based on PTR-MS measurements only.) Dashed lines 310 

represent (a) comparison of the “average fire” (described later in the text) with its initial distribution, or (b) comparisons 

between individual burns (red) or the blank (black) and the “average fire.” Chamber time (top axis) is used for measurements 

involving the blank run, for which there is negligible oxidative aging.  

 

Figure 4b examines the cosine similarity between different fires as they are oxidatively aged. Although each pair of 315 

individual burns (red traces) is generally similar upon introduction into the mini-chamber (initial cos 𝜃 values range from 0.84-

0.96), the product distributions grow more similar as the emissions undergo oxidation (final cos 𝜃 values range from 0.92-0.98 

after 2 days of atmosphere-equivalent oxidation). (Cosine values before and after oxidation are summarized in Table S1.) The 

exception to increasing similarity among all fires is Fire 38 (Ponderosa Pine litter), which becomes slightly less similar to Fires 

21 (cos 𝜃 from 0.93 to 0.92) and 41 (cos 𝜃 from 0.97 to 0.94), both of which are Lodgepole Pine litter. By contrast, all oxidation 320 

systems and the blank run (gray dashed lines) become increasingly dissimilar over time. Overall, these results demonstrate 

that atmospheric aging not only causes BB emissions to undergo major changes in overall composition, but that these changes 

result in a general convergence to a product distribution that is relatively similar across all fires, independent of the initial fuel.  

This observation of similarly evolving BB product distributions suggests that all burns can be reasonably described 

by an “average fire,” in which normalized gas-phase distributions from each fire are averaged as a function of reaction time. 325 

Figure 5a shows the average product distribution (shown as mass spectra) for fresh emissions: in addition to high 

concentrations of several low-𝑛! compounds (ethene, acetaldehyde), the reaction mixture contains high levels of unsaturated, 

high-𝑛! , low-𝑂𝑆!##### species such as guaiacol, methylfurfural/benzenediol, and monoterpenes. Figure 5b shows the product 

distribution after two days of atmosphere-equivalent aging. The product distribution is dominated by small (𝑛! = 1-3) VOCs, 

particularly carbonyls and acids; these include formic acid, formaldehyde, acetaldehyde, acetic acid, and acetone. These 330 

distributions are quite similar to those of the individual burns, with cosine similarities of 0.94-0.99 for the fresh emissions and 

0.97-0.99 for the aged ones (Fig. 4b and Table S1), indicating these are reasonable representations of all burns studied.  

Since the aged distribution (Fig. 5b) is common for all fuels burned, it may serve as a “fingerprint” for aged BB 

smoke. A list of major compounds in the “average fire” before and after oxidation, as well as the fractional contribution of 

each, is provided in Table S2. Though several of these species (e.g., formic acid, acetone) are common photooxidation products 335 

formed from a range of oxidation systems, the ratios of these products, as well as some of the less common larger species 

measured, could be potentially useful in ambient studies for identifying atmospherically aged BB emissions. Further, notable 

subsets of secondary species such as C4Ox compounds that are generally formed from primary C4-C5 compounds (e.g., furans) 

have been shown to be good tracers for aged BB emissions (Coggon et al., 2019). 
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 340 

 
Figure 5. (a-b) Gas-phase product distributions, shown as mass spectra, for the “average fire” for fresh emissions (panel a) and 

after two days of atmosphere-equivalent oxidation (panel b); (c) cumulative distribution functions (CDFs) showing the 

percentage of gas-phase carbon for all measured compounds in the “average fire” for fresh emissions (circles) and after two 

days of atmosphere-equivalent aging (diamonds). Points within individual CDFs are colored by carbon number. CDFs of 345 

individual fires can be found in Fig. S8; CDFs colored by other parameters (𝑂𝑆!#####, 𝑐∗, 𝜏#$) are given in Fig. S9. 

 

The increasing concentration of small (𝑛! = 1-3) organic species is further illustrated in Fig. 5c, which shows how 

the chemical complexity of the “average fire,” described in terms of cumulative distribution functions (CDFs), evolves with 

oxidation. (Equivalent CDFs for the individual fires can be found in Fig. S8.) Prior to oxidation (circles), 15 individual 350 

compounds of various sizes (𝑛! = 1-10) cumulatively account for ~40% of gas-phase carbon in the mixture. After oxidation 

(diamonds), the distribution has evolved such that fewer (~10) compounds, all of which are smaller (𝑛% ≤ 4) species, account 

for the same carbon fraction. Some of these compounds, such as formaldehyde and acetaldehyde, have relatively short 

atmospheric lifetimes (𝜏#$ < 1 day); these are commonly formed during oxidation processes, leading to elevated steady-state 

concentrations. However, many of the compounds that are abundant in the aged mixtures (e.g., formic acid, acetic acid, 355 

acetone, and isocyanic acid) tend to be long-lived in the atmosphere (𝜏#$ extending into 10s of days), which supports the 

observation of longer average estimated oxidation lifetime of the overall gas-phase mixture (Fig. S4b). This is also observed 

in our earlier work on �-pinene oxidation (Isaacman-VanWertz et al., 2018). 

In addition to demonstrating an increased contribution of small VOCs in the aged gas-phase reaction mixture, Fig. 5c 

also shows that aging increases the overall chemical complexity of the smoke. Specifically, the aged mixture requires 360 

substantially more compounds to go from 85% to >97% of the mass than in the fresh mixture (as reflected in the “tail” of the 

aged mixture, upper right corner of Fig. 5c), indicating an increase in the number of minor organic species in the mixture. 
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These differences in the product distributions of fresh and aged smoke – aged smoke having comparably fewer 

products that account for a large fraction of the total carbon, but also a larger number of minor species – provide a broad 

description of the overall oxidation process of these complex mixtures. The increased abundance of a handful of small and 365 

volatile VOCs is driven by fragmentation reactions; this process drives not only the decrease in average gas-phase carbon 

number (Fig. 2b), but also the increasing similarity between gas-phase product distributions from different burns (Fig. 4b). On 

the other hand, the increase in the number of minor species (the  more pronounced “tail” of the aged CDF in Fig. 5c) is likely 

the result of functionalization reactions, which involve no changes to carbon number but can involve increases in chemical 

complexity (Kroll et al., 2011). Such functionalization is also responsible for the simultaneous formation of SOA (Lim et al., 370 

2019). 

We have observed a similar bifurcation in previous work, a laboratory study of the products formed in the oxidation 

of a single VOC (a-pinene) (Isaacman-VanWertz et al., 2018). In that work, oxidation by OH was found to lead to the 

formation of two pools of products: small volatile oxygenates and SOA components. We see a similar bifurcation here, but 

with the second pool including not only SOA components but also a large number of functionalized gas-phase species. 375 

Moreover, we are able to relate this phenomenon to changes in chemical complexity, as different individual smoke mixtures 

become increasingly similar to one another with oxidation, largely due to the formation of a few common volatile reaction 

products. The mixtures still retain a good deal of chemical complexity (the “tail” of Fig. 5c); however, with further oxidation 

(several more days, not accessed in these experiments) this complexity is also likely to decrease, as such species would likely 

oxidize further and fragment to form more of the smaller oxygenates. In fact, the observed convergence in composition and 380 

the increase in small VOCs may be the early steps towards decreases in chemical complexity with oxidation, something that 

is expected to happen in all oxidation systems (since, in the absence of other loss processes, the oxidation of organic carbon in 

the atmosphere will ultimately form one single end-product, CO2). However, to our knowledge this overall decrease in 

complexity with oxidation has not been described previously, at least for relatively complex systems that involve SOA 

formation. This may be due to the lack of carbon closure in most previous studies, which precludes a full assessment of 385 

chemical complexity, as well as the fact that most laboratory chamber experiments start with a single reduced compound, 

which will likely lead to an explosion in complexity upon initial oxidation (Isaacman-VanWertz et al., 2018). Here, because 

the initial mixture was made up of a large number of species, many of which were already oxidized, a decrease in chemical 

complexity is more likely; studies incorporating multi-phase oxidation and extending oxidation out to still longer timescales 

are necessary to fully map out the continuing evolution of BB smoke over its full atmospheric lifetime. 390 

 

 

4 Conclusions 
 

In this study, we oxidized fresh emissions from controlled biomass burning experiments in an environmental chamber, 395 

simulating the equivalent of up to two days of OH oxidation in the atmosphere. The oxidative evolution of these emissions 
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was monitored in both the gas and particle phases by three real-time mass spectrometers, providing insight on the changing 

concentrations of individual compounds as well as the ensemble properties of the entire mixture. These measurements 

exhibited an increase in mean carbon oxidation state (𝑂𝑆!#####) and a decrease in molecular size (𝑛!), as well as consistent trends 

in mean oxidative lifetime and volatility, across all fuels studied. This is consistent with our previous study of SOA formation, 400 

in which SOA formation from a range of different fuels was also found to converge with oxidative aging (Lim et al., 2019). 

Despite differences in initial smoke composition, oxidative aging is found to proceed largely independently of fuel 

type, exhibiting a trend towards a single common gas-phase distribution dominated by a handful of small (𝑛!  = 1-3) 

oxygenates, as well as a more complex pool of many lower-volatility species. The resulting average product distribution (Fig. 

5b) may serve as a “fingerprint” for aged BB emissions and can aid in source apportionment in the far field. This observation 405 

also helps to simplify our picture of BB emissions as they are transported through the atmosphere, since the huge variability 

with fuel type, burn conditions, and other variables might “smooth out” after only 1-2 days of oxidation. This may somewhat 

reduce the importance of such complexities for the downwind or global effects of biomass burning. However, we note that the 

present results are based on a relatively small number of experiments, focused on just a handful of fuels that are representative 

of the Western U.S., and carried out under a limited range of reaction conditions (fixed temperatures, specific RO2 conditions 410 

(Coggon et al., 2019), and oxidation by OH only). Studies examining a wider range of fuels, oxidation conditions, and 

photochemical ages are needed to assess the extent to which this convergence in composition occurs for all BB emissions, and 

more generally to provide additional chemical insight into the composition changes associated with the oxidative aging of BB 

plumes. 

 415 

 

Data Availability 

Data from mini-chamber experiments are available online 

(https://csl.noaa.gov/groups/csl7/measurements/2016firex/FireLab/DataDownload/). 

 420 

 

Author Contribution 

KJN carried out the analysis and prepared the manuscript along with JHK, with input from all other co-authors. MMC, CYL, 

ARK, BY, JEK, and KS carried out the experiments and provided the data. JLJ, JdG, CLH, CDC, CW, and JHK conceptualized 

and led the study.   425 

 

 

Competing Interests 

The authors declare that they have no competing interests. 

 430 

https://doi.org/10.5194/acp-2022-857
Preprint. Discussion started: 30 January 2023
c© Author(s) 2023. CC BY 4.0 License.



16 
 

 

Acknowledgements 

This research was supported by the NOAA AC4 program (grant nos. NA16OAR4310112 and NA16OAR4310111). 

 

 435 

References 

Akagi, S. K., Yokelson, R. J., Burling, I. R., Meinardi, S., Simpson, I., Blake, D. R., McMeeking, G. R., Sullivan, A., Lee, T., 
Kreidenweis, S., Urbanski, S., Reardon, J., Griffith, D. W. T., Johnson, T. J., and Weise, D. R.: Measurements of Reactive 
Trace Gases and Variable O3 Formation Rates in Some South Carolina Biomass Burning Plumes, Atmos. Chem. Phys., 13, 
1141–1165, https://doi.org/10.5194/acp-13-1141-2013, 2013. 440 

Akherati, A., He, Y., Coggon, M. M., Koss, A. R., Hodshire, A. L., Sekimoto, K., Warneke, C., De Gouw, J. A., Yee, L., 
Seinfeld, J. H., Onasch, T. B., Herndon, S. C., Knighton, W. B., Cappa, C. D., Kleeman, M. J., Lim, C. Y., Kroll, J. H., Pierce, 
J. R., and Jathar, S. H.: Oxygenated Aromatic Compounds are Important Precursors of Secondary Organic Aerosol in Biomass-
Burning Emissions, Environ. Sci. Technol., 54, 8568–8579, https://doi.org/10.1021/acs.est.0c01345, 2020. 

Andreae, M. O.: Emission of Trace Gases and Aerosols from Biomass Burning - An Updated Assessment, Atmos. Chem. 445 
Phys., 19, 8523–8546, https://doi.org/10.5194/acp-19-8523-2019, 2019. 

Andreae, M. O., Browell, E. V., Garstang, M., Gregory, G. L., Harriss, R. C., Hill, G. F., Jacob, D. J., Pereira, M. C., Sachse, 
G. W., Setzer, A. W., Silva Dias, P. L., Talbot, R. W., Torres, A. L., and Wofsy, S. C.: Biomass-Burning Emissions and 
Associated Haze Layers Over Amazonia, J. Geophys. Res., 93, 1509–1527, 1988. 

Bahreini, R., Ervens, B., Middlebrook, A. M., Warneke, C., De Gouw, J. A., DeCarlo, P. F., Jimenez, J. L., Brock, C. A., 450 
Neuman, J. A., Ryerson, T. B., Stark, H., Atlas, E., Brioude, J., Fried, A., Holloway, J. S., Peischl, J., Richter, D., Walega, J., 
Weibring, P., Wollny, A. G., and Fehsenfeid, F. C.: Organic Aerosol Formation in Urban and Industrial Plumes near Houston 
and Dallas, Texas, J. Geophys. Res. Atmos., 114, 1–17, https://doi.org/10.1029/2008JD011493, 2009. 

Bond, T. C., Streets, D. G., Yarber, K. F., Nelson, S. M., Woo, J. H., and Klimont, Z.: A Technology-Based Global Inventory 
of Black and Organic Carbon Emissions from Combustion, J. Geophys. Res. Atmos., 109, 1–43, 455 
https://doi.org/10.1029/2003JD003697, 2004. 

Bourgeois, I., Peischl, J., Andrew Neuman, J., Brown, S. S., Thompson, C. R., Aikin, K. C., Allen, H. M., Angot, H., Apel, E. 
C., Baublitz, C. B., Brewer, J. F., Campuzano-Jost, P., Commane, R., Crounse, J. D., Daube, B. C., DiGangi, J. P., Diskin, G. 
S., Emmons, L. K., Fiore, A. M., Gkatzelis, G. I., Hills, A., Hornbrook, R. S., Gregory Huey, L., Jimenez, J. L., Kim, M., 
Lacey, F., McKain, K., Murray, L. T., Nault, B. A., Parrish, D. D., Ray, E., Sweeney, C., Tanner, D., Wofsy, S. C., and 460 
Ryerson, T. B.: Large Contribution of Biomass Burning Emissions to Ozone Throughout the Global Remote Troposphere, 
Proc. Natl. Acad. Sci. U. S. A., 118, 1–10, https://doi.org/10.1073/pnas.2109628118, 2021. 

Carter, T. S., Heald, C. L., Kroll, J. H., Apel, E. C., Blake, D., Edtbauer, A., Gkatzelis, G., Hornbrook, R. S., Peischl, J., 
Pfannerstill, Y., Piel, F., Reijrink, N. G., Ringsdorf, A., Warneke, C., Williams, J., Wisthaler, A., and Xu, L.: An Improved 
Representation of Fire Non-Methane Organic Gases (NMOGs) in Models: Emissions to Reactivity, Atmos. Chem. Phys., 2022. 465 

Coggon, M. M., Lim, C. Y., Koss, A. R., Sekimoto, K., Yuan, B., Gilman, J. B., Hagan, D. H., Selimovic, V., Zarzana, K. J., 
Brown, S. S., M Roberts, J., Müller, M., Yokelson, R. J., Wisthaler, A., Krechmer, J. E., Jimenez, J. L., Cappa, C. D., Kroll, 
J. H., De Gouw, J. A., and Warneke, C.: OH Chemistry of Non-Methane Organic Gases (NMOGs) Emitted from Laboratory 
and Ambient Biomass Burning Smoke: Evaluating the Influence of Furans and Oxygenated Aromatics on Ozone and 
Secondary NMOG Formation, Atmos. Chem. Phys., 19, 14875–14899, https://doi.org/10.5194/acp-19-14875-2019, 2019. 470 

Cubison, M. J., Ortega, A. M., Hayes, P. L., Farmer, D. K., Day, D., Lechner, M. J., Brune, W. H., Apel, E., Diskin, G. S., 
Fisher, J. A., Fuelberg, H. E., Hecobian, A., Knapp, D. J., Mikoviny, T., Riemer, D., Sachse, G. W., Sessions, W., Weber, R. 
J., Weinheimer, A. J., Wisthaler, A., and Jimenez, J. L.: Effects of aging on organic aerosol from open biomass burning smoke 

https://doi.org/10.5194/acp-2022-857
Preprint. Discussion started: 30 January 2023
c© Author(s) 2023. CC BY 4.0 License.



17 
 

in aircraft and laboratory studies, Atmos. Chem. Phys., 11, 12049–12064, https://doi.org/10.5194/acp-11-12049-2011, 2011. 

Daumit, K. E., Kessler, S. H., and Kroll, J. H.: Average chemical properties and potential formation pathways of highly 475 
oxidized organic aerosol, Faraday Discuss., 165, 181, https://doi.org/10.1039/c3fd00045a, 2013. 

Decarlo, P. F., Ulbrich, I. M., Crounse, J., De Foy, B., Dunlea, E. J., Aiken, A. C., Knapp, D., Weinheimer, A. J., Campos, T., 
Wennberg, P. O., and Jimenez, J. L.: Investigation of the sources and processing of organic aerosol over the Central Mexican 
Plateau from aircraft measurements during MILAGRO, Atmos. Chem. Phys., 10, 5257–5280, https://doi.org/10.5194/acp-10-
5257-2010, 2010. 480 

Grieshop, A. P., Logue, J. M., Donahue, N. M., and Robinson, A. L.: Laboratory investigation of photochemical oxidation of 
organic aerosol from wood fires 1: Measurement and simulation of organic aerosol evolution, Atmos. Chem. Phys., 9, 1263–
1277, https://doi.org/10.5194/acp-9-1263-2009, 2009. 

Hansel, A. and Wisthaler, A.: A Method for Real-Time Detection of PAN, PPN and MPAN in Ambient Air, Geophys. Res. 
Lett., 27, 895–898, 2000. 485 

Hastie, D. R., Gray, J., Langford, V. S., Maclagan, R. G. A. R., Milligan, D. B., and Mcewan, M. J.: Real-time measurement 
of peroxyacetyl nitrate using selected ion flow tube mass spectrometry, Rapid Commun. Mass Spectrom., 24, 343–348, 
https://doi.org/10.1002/rcm, 2010. 

Heald, C. L. and Kroll, J. H.: The fuel of atmospheric chemistry: Toward a complete description of reactive organic carbon, 
Sci. Adv., 6, 1–9, https://doi.org/10.1126/sciadv.aay8967, 2020. 490 

Hennigan, C. J., Miracolo, M. A., Engelhart, G. J., May, A. A., Presto, A. A., Lee, T., and Sullivan, A. P.: Chemical and 
physical transformations of organic aerosol from the photo-oxidation of open biomass burning emissions in an environmental 
chamber, Atmos. Chem. Phys., 11, 7669–7686, https://doi.org/10.5194/acp-11-7669-2011, 2011. 

Hobbs, P. V., Reid, J. S., Kotchenruther, R. A., Ferek, R. J., and Weiss, R.: Direct Radiative Forcing by Smoke from Biomass 
Burning, Science (80-. )., 275, 1777–1778, 1997. 495 

Hobbs, P. V., Sinha, P., Yokelson, R. J., Christian, T. J., Blake, D. R., Gao, S., Kirchstetter, T. W., Novakov, T., and Pilewskie, 
P.: Evolution of gases and particles from a savanna fire in South Africa, J. Geophys. Res. Atmos., 108, 
https://doi.org/10.1029/2002jd002352, 2003. 

Isaacman-VanWertz, G., Massoli, P., O’Brien, R. E., Nowak, J. B., Canagaratna, M. R., Jayne, J. T., Worsnop, D. R., Su, L., 
Knopf, D. A., Misztal, P., Arata, C., Goldstein, A. H., and Kroll, J. H.: Using advanced mass spectrometry techniques to fully 500 
characterize atmospheric organic carbon: current capabilities and remaining gaps, Faraday Discuss., 200, 579–598, 
https://doi.org/10.1039/C7FD00021A, 2017. 

Isaacman-VanWertz, G., Massoli, P., O’Brien, R., Lim, C. Y., Franklin, J. P., Moss, J. A., Hunter, J. F., Nowak, J. B., 
Canagaratna, M. R., Misztal, P. K., Arata, C., Roscioli, J. R., Herndon, S. T., Onasch, T. B., Lambe, A. T., Jayne, J. T., Su, L., 
Knopf, D. A., Goldstein, A. H., Worsnop, D. R., and Kroll, J. H.: Chemical evolution of atmospheric organic carbon over 505 
multiple generations of oxidation, Nat. Chem., 10, 1–7, https://doi.org/10.1038/s41557-018-0002-2, 2018. 

Kodros, J. K., Papanastasiou, D. K., Paglione, M., Masiol, M., Squizzato, S., Florou, K., Skyllakou, K., Kaltsonoudis, C., 
Nenes, A., and Pandis, S. N.: Rapid Dark Aging of Biomass Burning as an Overlooked Source of Oxidized Organic Aerosol, 
Proc. Natl. Acad. Sci. U. S. A., 117, 33028–33033, https://doi.org/10.1073/PNAS.2010365117, 2020. 

Koss, A. R., Sekimoto, K., Gilman, J. B., Selimovic, V., and Coggon, M. M.: Non-methane organic gas emissions from 510 
biomass burning: identification , quantification , and emission factors from PTR-ToF during the FIREX 2016 laboratory 
experiment, Atmos. Chem. Phys., 18, 3299–3319, 2018. 

Koss, A. R., Canagaratna, M. R., Zaytsev, A., Krechmer, J. E., Breitenlechner, M., Nihill, K. J., Lim, C. Y., Rowe, J. C., 
Roscioli, J. R., Keutsch, F. N., and Kroll, J. H.: Dimensionality-reduction techniques for complex mass spectrometric datasets: 
Application to laboratory atmospheric organic oxidation experiments, Atmos. Chem. Phys., 20, https://doi.org/10.5194/acp-515 
20-1021-2020, 2020. 

https://doi.org/10.5194/acp-2022-857
Preprint. Discussion started: 30 January 2023
c© Author(s) 2023. CC BY 4.0 License.



18 
 

Krechmer, J. E., Pagonis, D., Ziemann, P. J., and Jimenez, J. L.: Quantification of Gas-Wall Partitioning in Teflon 
Environmental Chambers Using Rapid Bursts of Low-Volatility Oxidized Species Generated in Situ, Environ. Sci. Technol., 
50, 5757–5765, https://doi.org/10.1021/acs.est.6b00606, 2016. 

Kroll, J. H., Donahue, N. M., Jimenez, J. L., Kessler, S. H., Canagaratna, M. R., Wilson, K. R., Altieri, K. E., Mazzoleni, L. 520 
R., Wozniak, A. S., Bluhm, H., Mysak, E. R., Smith, J. D., Kolb, C. E., and Worsnop, D. R.: Carbon oxidation state as a metric 
for describing the chemistry of atmospheric organic aerosol, Nat. Chem., 3, 133–139, https://doi.org/10.1038/nchem.948, 
2011. 

Künzli, N., Avol, E., Wu, J., Gauderman, W. J., Rappaport, E., Millstein, J., Bennion, J., McConnell, R., Gilliland, F. D., 
Berhane, K., Lurmann, F., Winer, A., and Peters, J. M.: Health effects of the 2003 Southern California wildfires on children, 525 
Am. J. Respir. Crit. Care Med., 174, 1221–1228, https://doi.org/10.1164/rccm.200604-519OC, 2006. 

Lee, B. H., Lopez-Hilfiker, F. D., Mohr, C., Kurtén, T., Worsnop, D. R., and Thornton, J. A.: An iodide-adduct high-resolution 
time-of-flight chemical-ionization mass spectrometer: Application to atmospheric inorganic and organic compounds, Environ. 
Sci. Technol., 48, 6309–6317, https://doi.org/10.1021/es500362a, 2014. 

Lim, C. Y., Hagan, D. H., Coggon, M. M., Koss, A. R., Sekimoto, K., De Gouw, J. A., Warneke, C., Cappa, C. D., and Kroll, 530 
J. H.: Secondary organic aerosol formation from the laboratory oxidation of biomass burning emissions, Atmos. Chem. Phys., 
19, 12797–12809, https://doi.org/10.5194/acp-19-12797-2019, 2019. 

Liu, X., Zhang, Y., Huey, L. G., Yokelson, R. J., Wang, Y., Jimenez, J. L., Beyersdorf, A. J., Blake, D. R., Choi, Y., Clair, J. 
M. S., Crounse, J. D., Day, D. A., Diskin, G. S., Fried, A., Hall, S. R., Hanisco, T. F., King, L. E., Meinardi, S., Mikoviny, T., 
Palm, B. B., Peischl, J., Perring, A. E., Pollack, I. B., Ryerson, T. B., Sachse, G., Schwarz, J. P., Simpson, I. J., Tanner, D. J., 535 
Thornhill, K. L., Ullmann, K., Weber, R. J., Wennberg, P. O., Wisthaler, A., Wolfe, G. M., and Ziemba, L. D.: Agricultural 
fires in the southeastern U.S. during SEAC4RS: Emissions of trace gases and particles and evolution of ozone, reactive 
nitrogen, and organic aerosol, J. Geophys. Res. Atmos., 7383–7414, https://doi.org/10.1002/2016JD025040.Received, 2016. 

Liu, Y., Goodrick, S., and Heilman, W.: Wildland fire emissions, carbon, and climate: Wildfire-climate interactions, For. Ecol. 
Manage., 317, 80–96, https://doi.org/10.1016/j.foreco.2013.02.020, 2014. 540 

Müller, M., Anderson, B. E., Beyersdorf, A. J., Crawford, J. H., Diskin, G. S., Eichler, P., Fried, A., Keutsch, F. N., Mikoviny, 
T., Thornhill, K. L., Walega, J. G., Weinheimer, A. J., Yang, M., Yokelson, R. J., and Wisthaler, A.: In situ measurements and 
modeling of reactive trace gases in a small biomass burning plume, Atmos. Chem. Phys., 16, 3813–3824, 
https://doi.org/10.5194/acp-16-3813-2016, 2016. 

Naeher, L. P., Brauer, M., Lipsett, M., Zelikoff, J. T., Simpson, C. D., Koenig, J. Q., and Smith, K. R.: Woodsmoke health 545 
effects: A review, Inhal. Toxicol., 19, 67–106, https://doi.org/10.1080/08958370600985875, 2007. 

O’Dell, K., Hornbrook, R. S., Permar, W., Levin, E. J., Garofalo, L. A., Apel, E. C., Blake, N. J., Jarnot, A., Pothier, M. A., 
Farmer, D. K., Hu, L., Campos, T., Ford, B., Pierce, J. R., and Fischer, E. V.: Hazardous Air Pollutants in Fresh and Aged 
Western US Wildfire Smoke and Implications for Long-Term Exposure, Environ. Sci. Technol., 54, 11838–11847, 2020. 

Ortega, A. M., Day, D. A., Cubison, M. J., Brune, W. H., Bon, D., De Gouw, J. A., and Jimenez, J. L.: Secondary organic 550 
aerosol formation and primary organic aerosol oxidation from biomass-burning smoke in a flow reactor during FLAME-3, 
Atmos. Chem. Phys., 13, 11551–11571, https://doi.org/10.5194/acp-13-11551-2013, 2013. 

Pagonis, D., Krechmer, J. E., De Gouw, J. A., Jimenez, J. L., and Ziemann, P. J.: Effects of gas-wall partitioning in Teflon 
tubing and instrumentation on time-resolved measurements of gas-phase organic compounds, Atmos. Meas. Tech., 10, 4687–
4696, https://doi.org/10.5194/amt-10-4687-2017, 2017. 555 

Peng, Z., Day, D. A., Ortega, A. M., Palm, B. B., Hu, W., Stark, H., Li, R., Tsigaridis, K., Brune, W. H., and Jimenez, J. L.: 
Non-OH chemistry in oxidation flow reactors for the study of atmospheric chemistry systematically examined by modeling, 
Atmos. Chem. Phys., 16, 4283–4305, https://doi.org/10.5194/acp-16-4283-2016, 2016. 

Roberts, J. M., Stockwell, C. E., Yokelson, R. J., De Gouw, J., Liu, Y., Selimovic, V., Koss, A. R., Sekimoto, K., Coggon, M. 
M., Yuan, B., Zarzana, K. J., Brown, S. S., Santin, C., Doerr, S. H., and Warneke, C.: The nitrogen budget of laboratory-560 

https://doi.org/10.5194/acp-2022-857
Preprint. Discussion started: 30 January 2023
c© Author(s) 2023. CC BY 4.0 License.



19 
 

simulated western US wildfires during the FIREX 2016 Fire Lab study, Atmos. Chem. Phys., 20, 8807–8826, 
https://doi.org/10.5194/acp-20-8807-2020, 2020. 

Robinson, M. A., Neuman, J. A., Huey, L. G., Roberts, J. M., Steven, S., and Veres, P. R.: Temperature-dependent Sensitivity 
of Iodide Chemical Ionization Mass Spectrometers, Atmos. Meas. Tech., 15, 4295–4305, 2022. 

Sekimoto, K., Li, S.-M., Yuan, B., Koss, A. R., Coggon, M. M., Warneke, C., and De Gouw, J. A.: Calculation of the sensitivity 565 
of proton-transfer-reaction mass spectrometry (PTR-MS) for organic trace gases useing molecular properties, Int. J. Mass 
Spectrom., 421, 71–94, 2017. 

Sekimoto, K., Koss, A. R., Gilman, J. B., Selimovic, V., Coggon, M. M., Zarzana, K. J., Yuan, B., Lerner, B. M., Brown, S. 
S., Warneke, C., Yokelson, R. J., Roberts, J. M., and De Gouw, J. A.: High-and low-temperature pyrolysis profiles describe 
volatile organic compound emissions from western US wildfire fuels, Atmos. Chem. Phys., 18, 9263–9281, 570 
https://doi.org/10.5194/acp-18-9263-2018, 2018. 

Tkacik, D. S., Robinson, E. S., Ahern, A., Saleh, R., Stockwell, C., Veres, P., Simpson, I. J., Meinardi, S., Blake, D. R., 
Yokelson, R. J., Presto, A. A., Sullivan, R. C., Donahue, N. M., and Robinson, A. L.: A dual-chamber method for quantifying 
the effects of atmospheric perturbations on secondary organic aerosol formation from biomass burning emissions, J. Geophys. 
Res., 122, 6043–6058, https://doi.org/10.1002/2016JD025784, 2017. 575 

Ulbrich, I. M., Canagaratna, M. R., Zhang, Q., Worsnop, D. R., and Jimenez, J. L.: Interpretation of Organic Components from 
Positive Matrix Factorization of Aerosol Mass Spectrometric Data., Atmos. Chem. Phys., 9, 2891, https://doi.org/10.5194/acp-
9-2891-2009, 2009. 

Xu, L., Crounse, J. D., Vasquez, K. T., Allen, H., Wennberg, P. O., Bourgeois, I., Brown, S. S., Campuzano-Jost, P., Coggon, 
M. M., Crawford, J. H., DiGangi, J. P., Diskin, G. S., Fried, A., Gargulinski, E. M., Gilman, J. B., Gkatzelis, G. I., Guo, H., 580 
Hair, J. W., Hall, S. R., Halliday, H. A., Hanisco, T. F., Hannun, R. A., Holmes, C. D., Huey, L. G., Jimenez, J. L., Lamplugh, 
A., Lee, Y. R., Liao, J., Lindaas, J., Neuman, J. A., Nowak, J. B., Peischl, J., Peterson, D. A., Piel, F., Richter, D., Rickly, P. 
S., Robinson, M. A., Rollins, A. W., Ryerson, T. B., Sekimoto, K., Selimovic, V., Shingler, T., Soja, A. J., Clair, J. M. S., 
Tanner, D. J., Ullmann, K., Veres, P. R., Walega, J., Warneke, C., Washenfelder, R. A., Weibring, P., Wisthaler, A., Wolfe, 
G. M., Womack, C. C., and Yokelson, R. J.: Ozone chemistry in western U.S. wildfire plumes, Sci. Adv., 7, 585 
https://doi.org/10.1126/sciadv.abl3648, 2021. 

Yokelson, R. J., Crounse, J. D., DeCarlo, P. F., Karl, T., Urbanski, S., Atlas, E., Campos, T., Shinozuka, Y., Kapustin, V., 
Clarke, A. D., Weinheimer, A., Knapp, D. J., Montzka, D. D., Holloway, J., Weibring, P., Flocke, F., Zheng, W., Toohey, D., 
Wennberg, P. O., Wiedinmyer, C., Mauldin, L., Fried, A., Richter, D., Walega, J., Jimenez, J. L., Adachi, K., Buseck, P. R., 
Hall, S. R., and Shetter, R.: Emissions from biomass burning in the Yucatan, Atmos. Chem. Phys., 9, 5785–5812, 590 
https://doi.org/10.5194/acp-9-5785-2009, 2009. 

Yuan, B., Koss, A. R., Warneke, C., Gilman, J. B., Lerner, B. M., Stark, H., and De Gouw, J. A.: A high-resolution time-of-
flight chemical ionization mass spectrometer utilizing hydronium ions (H3O+ ToF-CIMS) for measurements of volatile 
organic compounds in the atmosphere, Atmos. Meas. Tech., 9, 2735–2752, https://doi.org/10.5194/amt-9-2735-2016, 2016. 

 595 

https://doi.org/10.5194/acp-2022-857
Preprint. Discussion started: 30 January 2023
c© Author(s) 2023. CC BY 4.0 License.


