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Environmental Significance Statement
Wildfires are an important atmospheric source of primary organic aerosol (POA) and precursors 

for secondary organic aerosol (SOA) at regional and global scales. However, there are large uncertainties 
surrounding the emissions and physicochemical processes that control the transformation, evolution, and 
properties of POA and SOA in large wildfire plumes. In this work, we develop a plume version of a 
kinetic model to simulate the dilution, oxidation chemistry, thermodynamic properties, and microphysics 
of organic aerosol (OA) in wildfire smoke. We find that dilution-driven evaporation of POA and 
simultaneous photochemical production of SOA are likely to explain the observed evolution of OA in 
wildfire plumes. Further, we show that there is rapid chemical transformation of wildfire smoke aerosol 
within the first hour after emission, driven by high concentrations of the hydroxyl radical. 
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Abstract 21 
 Wildfires are an important atmospheric source of primary organic aerosol (POA) and precursors 22 
for secondary organic aerosol (SOA) at regional and global scales. However, there are large uncertainties 23 
surrounding the emissions and physicochemical processes that control the transformation, evolution, and 24 
properties of POA and SOA in large wildfire plumes. We develop a plume version of a kinetic model to 25 
simulate the dilution, oxidation chemistry, thermodynamic properties, and microphysics of organic 26 
aerosol (OA) in wildfire smoke. The model is applied to study the in-plume OA in four large wildfire 27 
smoke plumes intercepted during an aircraft-based field campaign in summer 2018 in the western United 28 
States. Based on estimates of dilution and oxidant concentrations before the aircraft first intercepted the 29 
plumes, we simulate the OA evolution from very close to the fire to several hours downwind. Our model 30 
results and sensitivity simulations suggest that dilution-driven evaporation of POA and simultaneous 31 
photochemical production of SOA are likely to explain the observed evolution in OA mass with physical 32 
age. The model, however, substantially underestimates the change in the oxygen-to-carbon ratio of the 33 
OA compared to measurements. In addition, we show that the rapid chemical transformation within the 34 
first hour after emission is driven by higher-than-ambient OH concentrations (3×106-107 molecules cm-3) 35 
and the slower evolution over the next several hours is a result of lower-than-ambient OH concentrations 36 
(<106 molecules cm-3) and depleted SOA precursors. Model predictions indicate that the OA measured 37 
several hours downwind of the fire is still dominated by POA but with an SOA fraction that varies 38 
between 30% and 56% of the total OA. Semivolatile, heterocyclic, and oxygenated aromatic compounds, 39 
in that order, were found to contribute substantially (>90%) to SOA formation. Future work needs to 40 
focus on better understanding the dynamic evolution closer to the fire and resolving the rapid change in 41 
the oxidation state of OA with physical age.  42 
 43 
1. Introduction 44 

Wildfires are an important source of organic aerosol (OA) and OA precursors to the 45 
atmosphere.1–6 Wildfire OA, as a major component of the submicron atmospheric aerosol mass,7,8 has 46 
been estimated to exert a strong influence on the Earth’s radiative budget,9,10 and adversely affect regional 47 
and global air quality,8,11–13 human health,14,15 and visibility.14,16 Yet, there are large uncertainties 48 
surrounding the emissions and processes that control the abundance, distribution, and properties of 49 
wildfire OA in the atmosphere. For example, primary emissions of biomass burning OA, which includes 50 
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OA from wildfires, agricultural fires, and biofuel combustion, vary by a factor of 2 in published 51 
inventories17 while atmospheric production rates of biomass burning OA, have been shown to vary over 52 
two orders of magnitude in several recent global modeling studies (1-100 Tg yr-1).18 These uncertainties 53 
have made it extremely challenging to represent wildfire OA in large-scale atmospheric models, which, in 54 
part, have limited the ability of these models to predict the atmospheric and environmental impacts of 55 
wildfire emissions. 56 

Wildfires directly emit particles that are dominated by primary organic aerosol (POA) with 57 
smaller amounts of black carbon (BC) and inorganic species (e.g., sulfate, nitrate, potassium).4,19,20 58 
Wildfire POA has been shown to be semivolatile and evaporates with dilution.21–23 Furthermore, wildfire 59 
POA and the vapors in equilibrium with the POA (or semivolatile organic compounds, SVOC) are also 60 
known to be reactive23–25. Wildfires emit OA precursors that include intermediate-volatility and volatile 61 
organic compounds (IVOC and VOC)26–28 and these oxidize in the atmosphere to form secondary organic 62 
aerosol (SOA).29 In addition to emissions of reduced hydrocarbons such as alkanes, aromatic, and 63 
biogenic VOCs,4 wildfires also emit oxygenated IVOCs and VOCs.23,27,28,30–34 These include oxygenated 64 
aromatic and heterocyclic organic compounds that have recently been shown to be important precursors 65 
for SOA formation.35–39 Although a lot has been understood about the composition, oxidation chemistry, 66 
and properties of OA and OA precursors from biomass burning emissions, especially in laboratory 67 
experiments, a detailed understanding of the physicochemical evolution of OA and OA precursors in real 68 
wildfire plumes is less well understood. 69 
 Recently, Hodshire et al.40 undertook a comprehensive review of wildfire OA data gathered in 70 
four laboratory campaigns and thirteen field campaigns performed over the past two decades. An analysis 71 
of these data suggested that while photooxidation of biomass burning emissions resulted in an 72 
enhancement in OA mass in laboratory experiments (mean=1.25, median=1.44, and interquartile range or 73 
IQR=1.1-1.54),37–39,41–43 a similar enhancement was missing for the OA tracked in real wildfire plumes 74 
(mean=1.1, median=1.0, and IQR=0.77-1.0).20,44–60 In addition, the OA measured within wildfire plumes 75 
closest to the fire (<1 hr) was more oxidized (i.e., a higher oxygen-to-carbon (O:C) ratio for the OA) 76 
(mean=0.36, median=0.38, and IQR=0.18-0.54) than the initial OA measured in laboratory experiments 77 
(mean=0.23, median=0.23, and IQR=0.17-0.29), and the OA from wildfires exhibited a stronger O:C 78 
enhancement with photochemical age (mean=1.82, median=1.85, and IQR=1.5-2.0) than the OA from 79 
laboratory fires (mean=1.6, median=1.5, and IQR=1.3-1.8). Similar to the trends in OA O:C, a different 80 
enhancement was also observed for the ratio of two mass fragments (m44/m60) measured by the aerosol 81 
mass spectrometer between the field (mean=4.5, median=3.8, and IQR=2.3-6.7) and the laboratory 82 
(mean=3.5, median=3.0 and IQR=1.8-3.6). m44 refers to the mass fragment that is associated with the 83 
low-volatility organic compounds found in SOA61 while m60 refers to the mass fragment arising from 84 
fragmentation of primary emissions of anhydrous sugars such as levoglucosan.54  85 
 Based on this analysis, Hodshire et al.40 put forth four hypotheses to explain this field versus 86 
laboratory difference. First, they argued that the dilution of the wildfire plume could result in evaporation 87 
of POA and this evaporation could be approximately balanced by SOA production to result in a small 88 
change in the OA mass with photochemical aging. Since the condensing SOA is likely to have a higher 89 
O:C ratio than the evaporating POA, this POA-SOA swap would not affect the OA mass but instead 90 
produce an increase in the O:C ratio with aging. This hypothesis has been supported by theoretical 91 
calculations.62,63 Second, the authors hypothesized that because wildfire plumes are typically only 92 
sampled at least 15 minutes after emission (often longer), the plume measurements could have missed the 93 
OA evolution that happened prior to the first measurement. Early sampling poses safety issues as well as 94 
the prospect of measuring poorly mixed plumes. If rapid chemistry does indeed occur early on, this may 95 
explain both the higher O:C ratio measured in the field and the reduced propensity to form SOA after the 96 
aircraft first intercepts a plume. Third, they postulated that the field and laboratory differences could arise 97 
from differences in the emissions and chemistry of OA and OA precursors, attributed to differences in the 98 
fuel mixtures, burn conditions, combustion efficiency, and environmental conditions (e.g., temperature, 99 
relative humidity) and regimes (e.g., photolytic rates, NOX). Finally, they noted several experimental 100 
artifacts linked to laboratory experiments, including losses of OA and OA precursors to transfer ducts38 101 
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and walls of the environmental chamber,64–66 that could drive differences between laboratory and field 102 
measurements. For the most part, these hypotheses remain untested and will serve as the basis for this 103 
work.  104 

Several studies have tested the first hypothesis above, i.e. that dilution-driven evaporation of POA 105 
is roughly balanced by SOA production in wildfire plumes.33,67 In one of these studies based on wildfire 106 
plumes sampled in the western United States (US), Palm et al.33 quantified the evolution of OA mass as a 107 
function of dilution and photochemical age. They found that plumes that had diluted but not yet 108 
undergone photooxidation showed evidence for POA evaporation, while plumes that had both diluted and 109 
undergone photooxidation showed evidence for replacement of the lost POA mass with SOA. However, 110 
Palm et al.33 did not account for the photochemical evolution prior to the first sample (i.e.< 30 minutes 111 
since emission), nor did they account for the oxidation of all potential precursors (i.e., SVOCs) leading to 112 
SOA formation. Based on closure calculations, they argued that nearly 90% of the SOA came from 113 
oxidation of evaporated POA vapors with marginal contributions from other VOCs. To the best of our 114 
knowledge, no bottom-up, detailed models have been used to simulate and evaluate the OA mass and 115 
composition evolution in wildfire plumes.  116 

In this study, we simulated the physicochemical evolution of OA in a subset of wildfire plumes 117 
sampled during a recent airborne field campaign based in the western US. The OA evolution was 118 
simulated using a kinetic model that accounts for the dilution, oxidation chemistry, thermodynamic 119 
properties, and microphysics of OA. A novel contribution of this work is that we incorporate estimates of 120 
dilution and photochemical age before the first airborne plume transect, to simulate the OA evolution 121 
from very close to the fire to several hours downwind. Model results of mass and composition were 122 
compared to plume measurements to study the contribution of precursors and processes to OA evolution. 123 
 124 
2. Materials and Methods 125 
2.1 Aircraft Measurements 126 
 The analysis in this work is centered around measurements made during the Western Wildfire 127 
Experiment for Cloud Chemistry, Aerosol Absorption, and Nitrogen (WE-CAN) field campaign. An 128 
extensive description of the field campaign and instrumentation used can be found in Lindaas et al.68 and 129 
Juncosa Calahorrano et al.69 Briefly, during WE-CAN, the NSF/NCAR C-130 research aircraft was 130 
deployed between July and September 2018 to sample the evolution of trace gases and particles in 131 
wildfire smoke plumes over the western US. Smoke was sampled from 23 distinct wildfires over this 132 
period and for 12 of these wildfires, the aircraft was flown along horizontal transects orthogonal to the 133 
wind direction to perform pseudo-Lagrangian sampling of plumes. Multiple transects (4 to 14 per fire) 134 
were executed along the length of the wildfire plume over multiple hours (2 to 6 hours of physical age) 135 
and several hundred kilometers from the source of the fire (10 to 220 km). We should note that near-136 
Lagrangian sampling was accomplished for only a few of the wildfire plumes (e.g., Taylor Creek, later 137 
transects for Sharps) and, in most cases, the sampling was pseudo-Lagrangian. As shown in Figure S1, 138 
the aircraft sampled much faster (twice as fast, on average) than the physical age of the plume for four out 139 
of the five transect sets studied in this work. The modeling and analysis undertaken in this work assumes 140 
that the fuel and burn conditions and, therefore, the emissions remained constant during the measurement 141 
time period. In other words, we assumed that the measurements represent a true Lagrangian dataset and 142 
this assumption should be considered while interpreting the results. In addition to performing transects 143 
through the center/core of the wildfire plume, for some wildfire plumes the aircraft also performed 144 
transects at different altitudes to probe vertical variability in composition and environmental conditions. 145 
These data were excluded from the analysis presented in this work.  146 

Here, we focused on the evolution of the smoke emitted from the following four wildfires: Taylor 147 
Creek Fire (southwest Oregon), Sharps Fire (southern Idaho), Bear Trap Fire (eastern Utah), and Silver 148 
Creek Fire (northwest Colorado). The aircraft completed two distinct pseudo-Lagrangian sampling efforts 149 
for the Bear Trap Fire and each of these transect sets were analyzed separately. In total, the analysis 150 
focused on five transect sets. The location and dominant fuel(s) for each wildfire can be found in Table 1 151 
of Lindaas et al.68 These wildfires were chosen because of their ideal sampling strategy, clear trends in the 152 

Page 4 of 32Environmental Science: Atmospheres

E
nv

ir
on

m
en

ta
lS

ci
en

ce
:A

tm
os

ph
er

es
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s A
rti

cl
e.

 P
ub

lis
he

d 
on

 1
5 

Ju
ne

 2
02

2.
 D

ow
nl

oa
de

d 
on

 7
/2

/2
02

2 
12

:5
6:

50
 A

M
. 

 T
hi

s a
rti

cl
e 

is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
Li

ce
nc

e.
View Article Online

DOI: 10.1039/D1EA00082A



4 

 

evolution of OA mass and O:C with time, and because all the required measurements were available to 153 
perform the proposed OA modeling.  154 

A suite of gas, particle, meteorological, and remote sensing instrumentation was deployed on the 155 
NSF/NCAR C-130 to comprehensively characterize the smoke emissions and its environment. Below, we 156 
briefly discuss the measurements and data products that relate to the scope of this work. Pressure and 157 
temperature were measured using base instrumentation available onboard the aircraft.68,69 CO was 158 
quantified using a Quantum-Cascade Tunable Infrared Laser Direct Absorption Spectrometer (QC-159 
TILDAS, Aerodyne Research) and reported at 1 Hz.70 CO was assumed to be an inert tracer and used to 160 
model dilution with the background air and to develop convenient metrics to characterize the OA 161 
evolution with physical age. VOC mixing ratios were quantified using a Proton-Transfer-Reaction Time-162 
of-Flight Mass Spectrometer (PTR-ToF-MS 4000, Ionicon Analytik) at 1 Hz.34 The PTR-ToF-MS 163 
quantified concentrations for 122 VOCs, including the most important SOA precursors that have been 164 
identified for biomass burning in previous work.37,38 A High-Resolution Aerosol Mass Spectrometer (HR-165 
AMS; Aerodyne Research) measured the mass concentrations and composition of the sub-micron, non-166 
refractory aerosol every 5 seconds.20 Measurements of aerosol mass concentrations and OA elemental 167 
ratios of H:C and O:C from the HR-AMS measurements were used here. A Single Particle Soot 168 
Photometer (SP2; Droplet Measurement Technologies) quantified BC mass concentrations every 10 169 
seconds.20 Finally, aerosol size distributions were measured using a Passive Cavity Aerosol Spectrometer 170 
Probe (PCASP) at 1 Hz71 and these were used to inform the shape of the initial aerosol size distribution 171 
(median and geometric standard deviation). We used the 10 second merge data for all the measurements 172 
mentioned above and conversions were performed when necessary to calculate concentrations at ambient 173 
conditions (instead of at standard temperature and pressure conditions). Links to the data are provided in 174 
the ‘Data Availability’ section.  175 
 We determined transect-average values for OA, non-OA 176 
(sulfate+nitrate+ammonium+chloride+BC), CO, and VOC concentrations as well as the OA O:C and the 177 
number size distributions. Following earlier published work with the WE-CAN data,20,33,68,69 we identified 178 
the plume-sampling periods by visually examining the CO time series for increases and decreases in 179 
mixing ratios. These averages were then corrected for background conditions by computing a universal 180 
background value for each measured species (e.g., CO, OA, benzene) using all data from outside the 181 
plume while the aircraft performed a transect set. This method assumed that the composition of the gas 182 
and aerosol species in the background air remained constant in time and space. We also calculated a 183 
normalized excess mixing ratio (NEMR) for OA and VOCs by ratioing its background-corrected 184 
concentration (in µg m-3 for OA and ppbv for VOCs) with the background-corrected CO (in ppbv). The 185 
background-corrected OA O:C was calculated as a ratio of the background-corrected molar 186 
concentrations for O and C; equations can also be found in Hodshire et al.72 For this calculation, we 187 
assumed the OA to be only composed of C, H, and O such that the molar concentrations of C, H, and O 188 
were determined from the available OA, O:C, and H:C data. While wildfire OA is likely to be composed 189 
of nitrogen-containing organic compounds, the low N:C values measured during WE-CAN (~0.02) 190 
(Garofalo et al., 2009) meant that accounting for nitrogen had a negligible impact on the reported OA 191 
mass concentrations and O:C and H:C values. Background corrections were performed separately for 192 
each wildfire plume transect set. We studied the sensitivity of the findings from this work to other ways in 193 
which the background values can be calculated and these are described later (Section 3.2).  194 
 195 
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 196 
Figure 1: Logarithm of the ratios of the VOC NEMR in the first transect of the wildfire plume to the 197 
average value of the VOC NEMR measured in laboratory experiments plotted against kOH. Results are 198 
shown for the (a) Taylor Creek, (b) Sharps, (c) Bear Trap 1, (d) Bear Trap 2, and (e) Silver Creek Fire 199 
transect sets. Solid red lines represent the linear fit to the data and the red bands capture the standard 200 
error. The table lists statistics based on the linear fit including the OH concentration and exposure. The 201 
time-varying OH exposures for all five transect sets are shown in Figure 2 and the OH concentrations are 202 
listed again in Table 1.  203 
 204 
2.2 OH Concentration and Exposure Estimates 205 

The hydroxyl radical (OH) exposure in the wildfire plumes was determined by examining the 206 
laboratory-normalized and reactivity-differentiated VOC decay. For each transect in a wildfire plume, this 207 
calculation was done by first taking the natural logarithm of the ratio of the VOC NEMRs at that transect 208 
to the average values of the VOC NEMRs measured in laboratory experiments. The VOC NEMRs from 209 
laboratory experiments were based on the work of Koss et al.28 who measured emissions from 58 separate 210 

−3

−2

−1

0

1

2

−2

−1

0

1

2

0 0.5×10 
−10
 1×10 

−10
 1.5×10 

−10
 2×10 

−10
 

−2

−1

0

1

2

k 
OH
  [cm 

3
  molecules 

-1
  s 
-1
 ]

ln
( W
E
-
C
A
N
 /
 L
a
b
 )

ln
( W
E
-
C
A
N
 /
 L
a
b
 )

ln
( W
E
-
C
A
N
 /
 L
a
b
 )

Wildfire Taylor Creek Sharps Bear Trap 1 Bear Trap 2 Silver Creek

Physical Age [minutes] 21 45 53 56 32

OH Exposure [molecules cm -3 hr]
3.1x106 

±0.7x106

3.0x106 

±0.7x106

2.7x106 

±0.7x106

2.6x106 

±0.7x106

1.9x106 

±0.7x106

Average OH Conc. [molecules cm -3] 8.9x106 

±2.0x106

4.0x106 

±0.9x106

3.0x106 

±0.8x106

2.8x106 
±0.7x106

3.5x106 
±1.3x106

Intercept -0.64±0.1 -0.02±0.1 0.02±0.1 0.23±0.1 0.45±0.1

R-squared 0.26 0.23 0.26 0.21 0.16

RMSE 0.768 0.812 0.665 0.735 0.625

(a) (b)

(c) (d)

(e)

− 3

− 2

− 1

0

1

2

− 2

− 1

0

1

2

0 0.5 × 10 
− 10

 1× 10 
− 10

 1.5 × 10 
− 10

 2 × 10 
− 10

 

− 2

− 1

0

1

2

k 
O H

  [cm  
3
  m o lecules  

-1
  s  

-1
 ]

ln
( W

E
-
C
A
N
 /
 L
a
b
 )

ln
( W

E
-
C
A
N
 /
 L
a
b
 )

ln
( W

E
-
C
A
N
 /
 L
a
b
 )

Taylo r C reek S harp s

B ear Trap  1 B ear Trap  2

S ilver C reek

Taylor Creek Sharps

Bear Trap 1 Bear Trap 2

Silver Creek

ln
( 
  

  
  
  

  
  

  
  
  

  
  

  
  
  

)
V

O
C

 N
E

M
R

W
E

-C
A

N

V
O

C
 N

E
M

R
L

a
b

o
ra

to
ry

ln
( 
  
  

  
  
  

  
  

  
  
  

  
  

  
  
)

V
O

C
 N

E
M

R
W

E
-C

A
N

V
O

C
 N

E
M

R
L

a
b

o
ra

to
ry

ln
( 
  

  
  

  
  

  
  
  

  
  

  
  
  

  
)

V
O

C
 N

E
M

R
W

E
-C

A
N

V
O

C
 N

E
M

R
L
a
b

o
ra

to
ry

Page 6 of 32Environmental Science: Atmospheres

E
nv

ir
on

m
en

ta
lS

ci
en

ce
:A

tm
os

ph
er

es
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s A
rti

cl
e.

 P
ub

lis
he

d 
on

 1
5 

Ju
ne

 2
02

2.
 D

ow
nl

oa
de

d 
on

 7
/2

/2
02

2 
12

:5
6:

50
 A

M
. 

 T
hi

s a
rti

cl
e 

is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
Li

ce
nc

e.
View Article Online

DOI: 10.1039/D1EA00082A



6 

 

burns performed on 18 different fuels. We decided to use the average values of the VOC NEMR across 211 
the 58 burns instead of using fuel-specific VOC NEMRs because the wildfire emissions sampled during 212 
WE-CAN arose from the combustion of a mixture of fuel types. Furthermore, we also did not consider 213 
differences in the burn conditions (e.g., differences in the modified combustion efficiency) between the 214 
laboratory experiments and wildfire plumes. As this calculation could only be performed when the 215 
corresponding VOC NEMRs were also available from the laboratory experiments, we performed this 216 
calculation on 106 out of the 122 VOCs measured by the PTR-ToF-MS. We assumed that the reactive 217 
oxygenated VOC concentrations in the wildfire plume were largely from direct emissions from the fire 218 
rather than produced through in-plume chemical reactions. This field-to-laboratory ratio of VOC NEMRs 219 
was then plotted against the reaction rate constant for those VOCs with OH (kOH). The kOH values for the 220 
VOCs are from those reported in Koss et al.28 noting that they reflect kOH values for either the most 221 
dominant isomer, weighted average of the potential isomers, or a VOC that is structurally similar. Here, 222 
we used kOH values reported at 300 K to perform this analysis. As kOH values for well-studied VOCs such 223 

as alkanes, alkenes, and aromatics are only 20% off at the cooler temperatures in the wildfire plume 224 
compared to those at 300 K, accounting for the temperature-dependent kOH is unlikely to change the OH 225 
estimates presented here. Isoprene, monoterpenes, and catechol can also react with O3 in addition to OH 226 
and were excluded from the analysis, although including these VOCs did not appear to change the 227 
estimated OH exposure (not shown). This result was partly because the O3 mixing ratios in the wildfire 228 
plume were low enough (45-90 ppbv) that these VOCs still preferentially reacted with OH rather than O3.   229 

Results for the first transect from the five transect sets analyzed in this work are shown in Figure 230 
1, as an example. The ratio of VOC NEMRs exhibited an inverse relationship with kOH. The likely 231 
explanation for this inverse trend was that the oxidation chemistry prior to this transect resulted in 232 
stronger depletion of VOCs with a higher kOH and weaker depletion of VOCs with a lower kOH. An 233 
alternate explanation is that the ratio of VOC NEMRs was biased lower for the higher kOH species 234 
compared to the lower kOH species on account of differences in fuel and burn conditions as well as the 235 
timing of the emissions, but we are not aware of why there might be systematic changes in the emissions 236 
with the species kOH. Assuming that chemistry prior to the first transect explains the trends in Figure 1, the 237 
slope in the ratio of VOC NEMRs with kOH was fit to determine an effective OH exposure for the time 238 
period before this transect. We should note that we did not assume that the field and laboratory VOC 239 
NEMRs at the time of emission were the same, which would require setting the intercept for the fit to 0, 240 
which we did not do. Rather, we assumed that there were no systematic kOH-dependent differences in 241 
emissions between the field and laboratory cases. This exercise was repeated for all transects to calculate 242 
a time-varying OH exposure estimate for all transect sets, results for which are shown in Figure 2. A line 243 
was fit through the OH exposure data to calculate an average OH concentration for the wildfire plume 244 
after the first transect. We assumed that the OH exposure changed linearly from zero, close to the fire, to 245 
the OH exposure estimated at the first transect, which resulted in a separate, time-invariant OH 246 
concentration estimate for the time period before the first transect.  247 
 248 

 249 
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Figure 2: Time-varying OH exposures estimated for the five transects sets: (a) Taylor Creek, (b) Sharps, 250 
(c) Bear Trap 1, (d) Bear Trap 2, and (e) Silver Creek. The solid red lines are linear fits to time periods 251 
after the first transect while the dotted red lines represent the estimated OH exposure prior to the first 252 
transect. The lighter colored lines represent one standard deviation. 253 
 254 

The OH concentrations before and after the first transect are tabulated for the five transect sets in 255 
Table 1. For the five transect sets and four fires analyzed, the total mean OH exposure varied between 256 
4.6×106 (Bear Trap 2) and 6.5×106 (Sharps) molecules-hr cm-3 to produce 1.7 to 4.4 hours of 257 
photochemical aging at an average OH concentration of 1.5×106 molecules cm-3. The OH concentrations 258 
varied between 2.8×106 (Bear Trap 2) and 8.9×106 (Taylor Creek) before the first transect and between 259 
4.7×105 (Sharps) and 9.9×105 (Silver Creek) beyond the first transect. This analysis approach suggests 260 
that OH concentrations, on average, were a factor of six larger before the first transect compared to after 261 
the first transect suggesting that photochemical oxidation was as relevant to the wildfire plume in the near 262 
field (between the point of emission and the first transect) as it was for the far field (beyond the first 263 
transect) after accounting for differences in the physical age before and after the first transect; the first 264 
transect was estimated between 21 and 56 minutes of the physical age of the wildfire plume.  265 

We assessed our estimates of OH concentrations in the wildfire plumes after the first transect and 266 
found them to be consistently lower than those estimated in previous work. For instance, our estimates for 267 
OH concentration in the Taylor Creek and Bear Trap wildfire plumes after the first transect (9.7×105 and 268 
~6×106 molecules cm-3, respectively) were a factor of five to eight smaller than previous OH estimates for 269 
the same wildfire plumes calculated from the observed decay for a handful of VOCs in the core of the 270 
plume (~3×106 and ~5×106 molecules cm-3, respectively).69 Similarly, our estimates of OH concentration 271 
after the first transect, across all five transect sets, were a factor of five to ten smaller than those estimated 272 
in Mexican and African biomass burning plumes44,48,53 where OH concentrations were calculated using 273 
techniques similar to those outlined in Juncosa Calahorrano et al.69 We tentatively argue that the historical 274 
estimates of OH concentrations in wildfire plumes are larger and different than those measured here 275 
because earlier work has only used a few species (<5) to calculate OH concentrations. We hypothesize 276 
that our approach, which uses a much larger number of species (106), provides a more robust estimate for 277 
mean OH concentrations in the plume. However, this discrepancy in OH concentrations needs to be 278 
investigated in detail in future work. Finally, our estimated OH concentrations were found to be lower 279 
than the average OH concentrations typically found in urban environments and regional backgrounds 280 
(~1.5×106 molecules cm-3).73 In this specific urban and regional comparison, the low OH concentrations 281 
in the wildfire plume might be a result of the large OH sinks present therein as well as the low 282 
photochemical activity expected in optically dense plumes.74 283 
 284 
Table 1: Mean OH concentration and OH exposure estimates based on the ratio of VOC NEMRs for the 285 
five transect sets.  286 

Fire 
OH Concentration (molecules cm-3) OH Exposure (molecules-hr cm-3) 

Before 1st transect After 1st transect At 1st transect At final transect 

Taylor Creek 8.9×106 0.97×106 3.1×106 5.7×106 

Sharps 4.0×106 0.47×106 3.0×106 6.5×106 

Bear Trap 1 3.0×106 0.57×106 2.7×106 4.6×106 

Bear Trap 2 2.8×106 0.65×106 2.6×106 4.7×106 

Silver Creek 3.5×106 1.0×106 1.9×106 5.5×106 

 287 
We note that the OH estimates used in this work are uncertain. The OH estimates are likely to be 288 

unbiased if the field and laboratory emissions ratios have no systematic relationship with kOH. In case 289 
there is a relationship and that this relationship is different between the field and laboratory, our OH 290 
estimates could be biased lower or higher. Hence, there is no clear way in which we could argue that our 291 
OH estimates bound the range of expected values in a wildfire plume. Since the OH estimates were 292 
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developed based on the observed decay of all species including reactive oxygenated VOCs, any chemical 293 
production of oxygenated species should bias our OH estimate lower. Hence, based on the inclusion of 294 
the reactive oxygenated VOCs alone, our OH estimates potentially present a lower bound estimate. 295 
Although there is limited evidence, Coggon et al. (2019) have found in laboratory experiments performed 296 
on biomass burning smoke that there was little to no production of reactive oxygenated VOCs, such as 297 
phenol and furan, relative to these species’ primary emissions. When OH was calculated from 298 
hydrocarbon VOCs measured by the PTR-ToF-MS to eliminate the influence from including oxygenated 299 
VOCs, the inverse relationship was weakened and produced OH concentrations that were at least a factor 300 
of 2 lower than those listed in Table 1, both before and after the first transect. We also calculated OH 301 
concentrations beyond the first transect by using the VOC NEMRs at the first transect as the reference 302 
instead of using the VOC NEMRs from the laboratory. The concentrations so calculated and limited to 303 
the time period beyond the first transect were found to be only slightly higher to those listed in Table 1 304 
(0.67×106-1.2×106 molecules cm-3) but still lower than those in historical studies mentioned earlier. The 305 
VOC NEMRs at the first transect, by definition, cannot be used to determine the OH concentrations prior 306 
to the first transect. Given the uncertainty, we studied the sensitivity of the findings from this work to the 307 
OH concentrations before and after the first transect and these are described later (Section 3.2). 308 
 309 
2.3 Organic Aerosol Model 310 

We developed a plume version of the SOM-TOMAS model to simulate the formation, 311 
composition, and evolution of OA in wildfire plumes. The statistical oxidation model (SOM), uses a 312 
statistical approach to track the multigenerational oxidation chemistry and thermodynamic properties of 313 
OA precursors and its oxidation products.75,76 The TwO Moment Aerosol Sectional model (TOMAS), 314 
uses a sectional approach to track the number and mass moments of the aerosol size distribution to 315 
simulate the microphysical processes of nucleation, coagulation, and condensation/evaporation.77,78 The 316 
SOM has been extensively used to study the influence of multi-generational aging,79 IVOCs,80 NOX,81 and 317 
vapor wall losses in chambers65,82 on OA evolution. More recently, the SOM-TOMAS model was used to 318 
study the SOA formation from biogenic VOCs,83 phenols,84 and evaporated petro- and bio-fuels.85 319 
Pertinent to this work, the SOM-TOMAS model was used to study the SOA formation in chamber 320 
experiments performed on wildfire emissions.38 The SOM-TOMAS model configuration described in 321 
detail in Akherati et al.38 was used in this work with modifications to account for dilution, different 322 
environmental conditions (e.g., pressure, temperature) and an updated treatment of POA and SVOCs.  323 
 The SOM tracks the chemical evolution of OA and its precursors using a two-dimensional, 324 
carbon (NC) and oxygen (NO) number grid. The properties of each model species (e.g. reactivity (kOH), 325 
volatility (c*)) are parameterized based on their NC and NO. The SOM has six adjustable parameters that 326 
govern the oxidation chemistry and thermodynamic properties of the model species: (i–iv) pf,1-pf,4, the 327 
yields of four functionalized products that add one, two, three, and four oxygen atoms to the carbon 328 
backbone, respectively; (v) mfrag, the parameter that characterizes the fragmentation probability (Pfrag); 329 
and (vi) ΔLVP, the decrease in the c* of the model species per addition of an oxygen atom. The particle-330 
phase species in SOM are tracked in 36 TOMAS size sections that span dry diameters between 3 to 331 
10,000 nm. TOMAS simulates coagulation between size sections and the kinetic 332 
condensation/evaporation of mass between the particle and vapor phases for all SOM model species. The 333 
SOM-TOMAS model also accounts for formation of highly oxygenated organic molecules (HOMs) and 334 
formation/dissociation of oligomers.83 The SOM-TOMAS model was also updated recently with the 335 
diffusive-reactive framework described in Zaveri et al.86 to model the influence of phase state on the 336 
kinetic gas/particle partitioning of OA.83 Although SOA precursors found in biomass burning emissions 337 
(e.g., monoterpenes) are known to form HOMs (Ehn et al., 2014; Stolzenburg et al., 2018) and oligomers 338 
(D’Ambro et al., 2018; Zaveri et al., 2020) and certain biomass burning particles can be viscous, neither 339 
HOM nor oligomer formation was modeled and the OA was assumed to be liquid-like with a diffusion 340 
coefficient of 10-10 m2 s-1. These assumptions surrounding HOMs, oligomers, and phase state will need to 341 
be examined in future work.  342 
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 For each wildfire plume, the SOM-TOMAS model was used to simulate the OA evolution from 343 
the time just after emission up to the last measured transect. While this should include both vertical plume 344 
rise and horizontal plume transport after reaching the equilibrium height, we do not explicitly model the 345 
change in the pressure and temperature of the air parcel during vertical plume rise. The background-346 
corrected CO concentrations past the first transect were first fit to an exponential function and the CO 347 
values including those extrapolated to t=0 were then used to determine dilution of the wildfire plume with 348 
background air starting at t=0. Since we only used background-corrected values in this work, we assumed 349 
the background air to be free of any trace gases and particles. This assumption affects non-linear 350 
processes, such as equilibrium partitioning and coagulation; however, because background concentrations 351 
are generally much lower than in-plume concentrations, these are expected to have a minimal effect.63 352 
While the pressure and temperature values changed modestly between wildfire plumes, they were found 353 
to be in a relatively narrow range within each individual wildfire plume (Figure S2). Hence, an average 354 
pressure and temperature value was used for the entire wildfire plume. Model predictions and 355 
measurements of concentrations and mixing ratios in this work were expressed at the plume pressure and 356 
temperature.  357 
 358 
2.4 SOA Formation from VOCs 359 

SOA formation from VOCs was modeled similarly to the treatment presented in Akherati et al.38 360 
Briefly, we considered five broad classes of SOA precursors, with the surrogates informing the SOA 361 
formation listed in parentheses: (i) alkanes (n-dodecane; Loza et al.87), (ii) aromatic hydrocarbons 362 
(benzene, toluene, m-xylene; Ng et al.88 and Zhang et al.65), (iii) oxygenated aromatics (phenol, guaiacol, 363 
syringol; Yee et al.89), (iv) heterocyclics (2-methylfuran+dimethylfuran; He et al.85), and (v) biogenics 364 
(isoprene, α-pinene; Chhabra et al.90). We did not model the SOA formation from partially speciated 365 
VOCs as we did not find them to be important SOA precursors in our previous work.38 Akherati et al.38 366 
found that the five organic classes mentioned above, on average, were able to explain most of the SOA 367 
measured in chamber experiments performed on emissions from laboratory fires, with oxygenated 368 
aromatics and heterocyclic compounds accounting for 80% of the SOA produced. The SOM-TOMAS 369 
parameters, specific to high NOX conditions, to model SOA formation from these precursors are listed in 370 
Table S1. Each of the 67 SOA precursors in the model were assigned an SOA surrogate, mentioned in 371 
parentheses above, and this surrogate assignment along with the molecular weight and kOH value for the 372 
precursor is listed in Table S2. We also modeled SOA formation from SVOCs and that treatment is 373 
described in Section 2.5. 374 

 375 

 376 

Page 10 of 32Environmental Science: Atmospheres

E
nv

ir
on

m
en

ta
lS

ci
en

ce
:A

tm
os

ph
er

es
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s A
rti

cl
e.

 P
ub

lis
he

d 
on

 1
5 

Ju
ne

 2
02

2.
 D

ow
nl

oa
de

d 
on

 7
/2

/2
02

2 
12

:5
6:

50
 A

M
. 

 T
hi

s a
rti

cl
e 

is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
Li

ce
nc

e.
View Article Online

DOI: 10.1039/D1EA00082A



10 

 

Figure 3: Ratio of VOC NEMRs at t=0 and the first transect in the wildfire plume to the average values of 377 
VOC NEMRs measured in laboratory experiments. Data are aggregated by the following SOA precursor 378 
class: biogenics, oxygenated aromatics, heterocyclics, aromatic hydrocarbons, and alkanes. Within each 379 
SOA precursor class, data are presented together for all five transect sets such that each point represents 380 
the ratio for a given VOC NEMR in a specific transect.  381 

 382 
The VOC NEMRs at the first transect were extended to t=0 by correcting for the OH exposure 383 

before the first transect (see Table 1 for transect-set-specific OH exposures). These field VOC NEMRs at 384 
t=0 and the first transect were aggregated by precursor class and compared to the VOC NEMRs measured 385 
by Koss et al.28 during a recent laboratory campaign. Results of this comparison, combined over all five 386 
transect sets and four wildfires, are shown in Figure 3. Results when separated by transect set were 387 
similar to those presented in Figure 3 and, hence, are not shown or discussed. The VOC NEMRs for the 388 
five SOA precursor classes at the first transect were substantially lower than those measured in the 389 
laboratory. The median values at the first transect were 74%, 58%, 28%, 15%, and 75% lower for the 390 
biogenic, oxygenated aromatic, heterocyclic, aromatic hydrocarbons, and alkane classes, respectively, 391 
compared to the laboratory values. The largest differences were observed for the most reactive SOA 392 
precursors with respect to OH (e.g., oxygenated aromatics) and the smallest differences were observed for 393 
the least reactive SOA precursors with respect to OH (e.g., aromatic hydrocarbons), a feature that was 394 
leveraged to determine the OH concentrations and exposure in Section 2.2. Even after correcting for OH 395 
exposure prior to the first transect, the VOC NEMRs for three of the organic classes (i.e., biogenic, 396 
oxygenated aromatic, and alkane) were still modestly lower compared to those measured in the 397 
laboratory. The median values at t=0 were 18%, 38%, and 61% lower for the biogenic, oxygenated 398 
aromatic, and alkane classes, respectively, compared to the laboratory values. The median values were 399 
32% and 15% higher for the heterocyclic and aromatic hydrocarbon classes, respectively, compared to the 400 
laboratory values.  401 

There are two important implications of the differences in the ratios of VOC NEMRs shown in 402 
Figure 3 and described in the previous paragraph. First, field emissions of SOA precursors (those at t=0) 403 
are lower than those measured in laboratory experiments, for at least a few of the important organic 404 
classes. It is expected then that the SOA precursor mixture would be relatively less potent in forming 405 
SOA in wildfire plumes than what has been observed in laboratory experiments.37–39,41–43 Second, a 406 
significant fraction of the SOA precursor emissions are depleted between t=0 and the first transect 407 
(between 15% and 74%). This implies that not only is SOA being actively produced in the near field after 408 
emission (<1 hour) but also that there is significantly reduced potential for continued production of SOA 409 
beyond the first transect. These comparisons partly explain the field versus laboratory differences outlined 410 
by Hodshire et al,40 for the OA evolution after the first transect. 411 
 412 
2.5 Treatment of POA and SVOCs 413 

POA was treated as semivolatile and reactive, following a history of observations from laboratory 414 
experiments.21,22,91 Fresh emissions of POA close to the fire were determined in an iterative manner. 415 
Using an initial guess for the POA mass concentration at t=0, we fit a mass distribution for eight model 416 
species in the SOM grid that was able to reproduce the average volatility behavior observed by May et al. 417 
22 for POA emissions (Figure S3a). May et al.22 measured this average volatility behavior by studying the 418 
response of fresh POA emissions from 19 separate fires and 12 different fuels to dilution and thermal 419 
denuding in laboratory experiments. The model species were placed in a SOM grid for multi-ring 420 
aromatics (ΔLVP=1.4922), the reason for which is discussed later in this section. The number of model 421 
species (i.e., 8) used to represent the POA and SVOC mass in the SOM grid was arbitrary and the use of a 422 
larger number of model species (e.g., 10, 15) did not seem to affect our results (not discussed further). 423 
The following species were used to represent the POA/SVOC mass in the SOM grid: C5O7, C9O2, C9O5, 424 
C11O2, C12O2, C12O3, C14O5, and C15O6 (Figure S3c). An explanation for why this precise set of species 425 
was used is presented later when describing results from the sensitivity (Monte-Carlo) simulations 426 
(Section 3.2). In addition to constraining the mass distribution in the SOM grid to match observations of 427 
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POA volatility, the model species were deliberately chosen to produce a specific response in the aerosol 428 
O:C with POA mass concentration, following observations of biomass burning OA in laboratory21 and 429 
field92 environments (Figure S3b): an increasing OA O:C from with a decrease in OA mass concentration 430 
from 1000 to 1 µg m-3. The SOM-TOMAS model was used to simulate the time period between t=0 and 431 
the first transect using the POA value assumed at t=0, and this process was iterated until the OA mass 432 
concentration at the first transect was the same as the measured value. This method necessarily assumes 433 
that the OA mass and composition at t=0 is different from that at the first transect. As the assumptions 434 
about POA volatility and oxidation chemistry were altered across different simulations, this iterative 435 
approach to determining the POA mass concentration at t=0 was done separately for each simulation and 436 
transect set.  437 

We used the detailed speciation data for POA and SVOCs from Jen et al.25 to create a substitute 438 
volatility distribution, which was then used to study the sensitivity in model results to the volatility 439 
distribution assumed for POA and SVOCs. Jen et al.25 used two-dimensional gas chromatography with 440 
time-of-flight mass spectrometry (GC×GC-ToF-MS) on derivatized samples to measure the detailed 441 
chemical composition of POA and SVOC emissions from 29 laboratory-generated fires performed on 24 442 
different fuels. They measured ~150 unique species in the sample collected on quartz filters and these 443 
amounted to between 10 and 65% of the total POA/SVOC mass. The averaged and normalized volatility 444 
distribution and mass distribution in carbon-oxygen space for the POA and SVOC emissions is shown in 445 
Figures S4a and S4b, respectively. The volatility distribution was constructed by binning the ~150 species 446 
by c*, which was estimated for each species using EPISuite 4.11,93 a numerical model that estimates 447 
physical and chemical properties of pure substances. 448 

Jen et al.25 found that the SVOC emissions were dominated by sugars, phenols, and other 449 
complex organic compounds (e.g., terpenoids, heterocyclics), organic compound classes also measured by 450 
the PTR-ToF-MS. In theory, there should be little if any overlap between the SOA precursors quantified 451 
by the PTR-ToF-MS and GC×GC-ToF-MS since the PTR-ToF-MS exclusively sampled gas-phase 452 
compounds with a c* higher than 105 µg m-3 28 and the GC×GC-ToF-MS measurement was performed on 453 
quartz filters that generally trap gas- and particle-phase compounds lower than a c* of 105 µg m-3.22 In this 454 
work, we assumed that the SVOCs and VOCs represent a mutually exclusive set of SOA precursors 455 
despite similarities in the compound classes within these two categories. SVOCs have been hypothesized 456 
to be important precursors of SOA formation from biomass burning emissions,20,33 but there are few 457 
laboratory datasets that can be called upon to inform the oxidation chemistry of SVOCs in our model. In 458 
addition to Jen et al.,25 several studies have measured semivolatile multi-ring aromatics in biomass 459 
burning emissions and they are expected to serve as SOA precursors.23,35,94 Hence, in the absence of any 460 
model SOA precursors for which laboratory data are available, we simulated the oxidation chemistry of 461 
SVOCs in the base configuration of the SOM-TOMAS model assuming that they have a similar potential 462 
to form SOA as multi-ring aromatics (i.e., naphthalene). However, given the uncertainty in this 463 
assumption, we performed sensitivity simulations where we modeled the oxidation chemistry of SVOCs 464 
as oxygenated aromatics (i.e., phenol), heterocyclics (i.e., 2-methylfuran+dimethylfuran), linear alkanes 465 
(i.e., n-dodecane), or biogenics (i.e., α-pinene) with the species in parentheses used as the surrogate to 466 
model SOA formation (Section 3.2).  467 
 468 
2.6 Model Configuration and Simulations 469 
 The base simulations were performed with the following model configuration. We assumed POA 470 
to be semivolatile and reactive. The representation of POA/SVOC mass in the SOM grid was based on 471 
the volatility distribution of May et al.22 and the oxidation chemistry for SVOCs was modeled based on 472 
SOM parameters for multi-ring aromatics (naphthalene). We assumed a liquid-like phase state to model 473 
the kinetics of OA gas/particle partitioning. All SOA parameters, including those for SVOCs and VOCs, 474 
were corrected for the influence of vapor losses to the walls of the Teflon chamber. Background 475 
corrections were performed on the raw observations using a background value that was specific to each 476 
wildfire transect set, but not varying in time or space for that transect set. The OH concentrations were 477 
based on an analysis of the ratios of VOC NEMRs, with separate but constant values for the time periods 478 
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before and after the first transect. The first transect for each transect set was hand chosen based on the 479 
transect closest to the fire that had the highest observed VOC NEMR. Simulations performed with this 480 
base model configuration are also referred to as the ‘SV-POA+FullChem’ simulations, representative of 481 
the most updated treatment of OA and OA precursors in wildfire plumes. Nearly all of the assumptions in 482 
the base model were rigorously tested by performing sensitivity simulations, as described below: 483 

1. In addition to the base simulations (SV-POA+FullChem), we performed a systematic sequence of 484 
simulations where we tested assumptions about POA volatility and SVOC and VOC chemistry: 485 
(i) non-volatile POA and no chemistry (NV-POA+NoChem), (ii) non-volatile POA and VOC 486 
chemistry (NV-POA+Chem), (iii) semivolatile POA and no chemistry (SV-POA+NoChem), and 487 
(iv) semivolatile POA and SVOC chemistry (SV-POA+NoVOCChem). Results from these 488 
simulations are presented in Figures 4 and 5.  489 

2. Simulations were performed to assess the sensitivity in model results to the treatment of POA and 490 
SVOCs: (i) we simulated the oxidation chemistry for SVOCs using the SOM parameters for 491 
oxygenated aromatics (i.e., phenol), heterocyclics (i.e., 2-methylfuran+dimethylfuran), linear 492 
alkanes (i.e., n-dodecane), or biogenics (i.e., α-pinene), with the species in parentheses used as 493 
the surrogate to model SOA formation, (ii) we used the POA volatility distribution determined 494 
from the work of Jen et al.25 in combination with the five surrogate species to model the oxidation 495 
chemistry of SVOCs, and (iii) we performed a thousand Monte-Carlo simulations where we 496 
randomly chose eight species in the SOM grid to represent the POA and SVOC mass and fit a 497 
mass distribution with these eight species that reproduced the POA volatility behavior observed 498 
by May et al.22 Results from these simulations are presented in Figures 6 and S9-S10.  499 

3. Simulations were performed to assess the sensitivity in model results to the assumed OH 500 
concentrations, ‘first’ transect, and background correction: (i) we assumed a low or high OH 501 
concentration over the entire wildfire plume with the low value based on the OH estimate after 502 
the first transect and the high value based on the OH estimate before the first transect (Table 1), 503 
(ii) we assumed a time-varying OH concentration that was determined by fitting a power function 504 
through the OH exposure data presented in Figure 2, (iii) we assumed a constant OH 505 
concentration of 1.5×106 molecules cm-3 that is commonly used to reflect average OH 506 
concentrations in polluted environments, (iv) instead of using the transect closest to the fire as the 507 
first transect, we assumed the second or third closest transects to be the ‘first’ transect to perform 508 
the simulations, and (v) measurements and model inputs were calculated by performing 509 
background corrections by using the transect-specific background concentrations or assuming the 510 
concentrations upwind of the fire to be representative of the true background. Results from these 511 
simulations are presented in Figures 7 and S11-S12.  512 

 513 
3. Results 514 
3.1 OA Mass and Composition Evolution 515 
 Results from simulations performed with the base configuration and with assumptions about POA 516 
volatility and oxidation chemistry are shown in Figure 4 for the Taylor Creek Fire. We present results for 517 
Taylor Creek first because the sampling strategy was the most Lagrangian in our dataset (Figure S1). 518 
Model predictions and measurements of OA mass are presented using the NEMR metric (Figure 4a) and 519 
those for OA composition as the background-corrected OA O:C (Figure 4b). Model predictions and 520 
measurements of the background-corrected OA and CO concentrations at ambient volume are shown in 521 
Figure S5. The measurements show mildly increasing OA NEMR (0.16 µg m-3 ppbv-1) with an increase in 522 
the OA O:C (from ~0.41 to ~0.52) and these trends were used to evaluate predictions from the five 523 
different model simulations. Uncertainties in the observed OA NEMR and O:C were deliberately left out 524 
since those were found to be much larger than the overall trend, which made it harder to evaluate the 525 
model predictions. A version of Figure 4 that includes the standard error in the mean for the observed OA 526 
NEMR and O:C is presented as Figure S6.  527 
 528 
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 529 
Figure 4: Predictions of (a) OA NEMR and (b) OA O:C from the SOM-TOMAS model (solid colored 530 
lines) compared against measurements (solid black circles) from the Taylor Creek Fire. Model 531 
predictions are shown for five different simulations that vary in their assumptions about POA volatility 532 
and SVOC and VOC oxidation chemistry. Model predictions were always constrained to the 533 
measurements of OA NEMR and OA O:C at the 1st transect, marked by the red solid circle. Predictions of 534 
the normalized OA composition from the base simulations are shown in panel (c).  535 
 536 

For the simulations with non-volatile POA and no oxidation chemistry (NV-POA+NoChem), the 537 
model reproduced observations of OA NEMR (Mean Bias Error (MBE)=-0.009, Mean Absolute Error 538 
(MAE)=0.011; µg m-3 ppbv-1) but, by definition, produced no change in the OA O:C (MBE=-0.060, 539 
MAE=0.062). With the oxidation chemistry turned on to produce SOA from VOCs (NV-POA+Chem), 540 
the model only produced a marginal increase in the OA NEMR compared to the NV-POA+NoChem 541 
simulation and, hence, reproduced observations of OA NEMR (MBE=-0.007, MAE=0.011; µg m-3 ppbv-542 
1). The NV-POA+Chem simulation produced a slight increase in OA O:C with physical age compared to 543 
the NV-POA+NoChem model but still significantly lower than the observed increase in OA O:C (MBE=-544 
0.055, MAE=0.057). The relatively small increase in OA NEMR and OA O:C can be explained by the 545 
marginal amounts of SOA formed from the VOC mixture beyond the first transect. As noted in Section 546 
2.4, this VOC mixture was substantially depleted in important SOA precursors by the first transect. For 547 
the simulation with semivolatile POA with no oxidation chemistry (SV-POA+NoChem) and the 548 
simulation with semivolatile POA with oxidation chemistry for SVOCs alone (SV-POA+NoVOCChem), 549 
the model appeared to underestimate the OA NEMR (MBE=-0.035 and -0.028, MAE=0.035 and 0.028, 550 
respectively; µg m-3 ppbv-1) with a substantial increase in OA O:C. The predicted decrease in OA NEMR 551 
compared to the NV-POA+NoChem model stemmed from the evaporation of POA with dilution that was 552 
only partly recovered through SOA formation in the SV-POA+NoVOCChem model. Results from the 553 
SV-POA+NoChem simulation suggested that POA evaporation alone could explain the increase in the 554 
OA O:C with physical age as the lower-volatility material left in the particle phase after evaporation had a 555 
relatively higher O:C than the semivolatile material that had evaporated (Figure S3b).  556 

The base simulation that assumed a semivolatile POA and oxidation chemistry for both SVOCs 557 
and VOCs (SV-POA+FullChem) underestimated the OA NEMR by 15% compared to observations 558 
(MBE=-0.024, MAE=0.024; µg m-3 ppbv-1) but produced a large increase in OA O:C consistent with the 559 
observations (MBE=-0.019, MAE=0.032; µg m-3 ppbv-1). The base simulation predicted a lower increase 560 
in O:C compared to the SV-POA+NoChem simulation because the SOA being formed in the base 561 
simulation had a lower O:C than the remaining POA. Overall, two of the simulations appeared to be the 562 
most consistent with observations of OA NEMR but significantly underestimated the observations of OA 563 
O:C (NV-POA+NoChem and NV-POA+Chem), and two of the simulations came close to reproducing 564 
the increase in OA O:C with physical age but underestimated the observations of OA NEMR (SV-565 
POA+NoChem and SV-POA+NoVOCChem). The base or SV-POA+FullChem simulation seemed to 566 
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offer a balanced comparison with observations where both the OA NEMR and O:C were only slightly 567 
underestimated.  568 

Results from simulations for the remaining fires and transect sets (Sharps, Bear Trap, and Silver 569 
Creek) are shown in Figure 5(a-h), where the relative trends across the five different simulations were 570 
similar to those presented for Taylor Creek in Figure 4. Therefore, the differences in these simulations are 571 
not described further. However, as discussed below, the absolute performance of the base simulation for 572 
these other transect sets was mixed. The base simulation could not reproduce the initial increase and later 573 
decrease in observed OA NEMR for the Sharps and Silver Creek Fires. Both of these fires were sampled 574 
by the aircraft much faster than the physical age (Figure S1), suggesting that the measurements may 575 
reflect changes in emissions rather than those from their physicochemical evolution. The base simulation 576 
produced a mildly increasing OA NEMR for the Sharps Fire (MBE=-0.004, MAE=0.006; µg m-3 ppbv-1) 577 
and a sharply increasing OA NEMR for the Silver Creek Fire (MBE=-0.004, MAE=0.012; µg m-3 ppbv-1). 578 
Unlike the comparison for the Taylor Creek Fire, the base simulation appeared to reproduce the relatively 579 
constant observations of OA NEMR for the Bear Trap Fire transects. The base simulations produced a 580 
different trend in the modeled OA NEMR with physical age across the five different transect sets because 581 
presumably, in each of these transect sets, there were differences in the dilution rate, environmental 582 
conditions, and absolute concentrations of the OA, OA precursors, and oxidants. The base simulation 583 
consistently underestimated the change in OA O:C with physical age, with the strongest comparison for 584 
the Bear Trap 1 Fire (MBE=-0.044, MAE=0.044) and the weakest comparison for the Silver Creek Fire 585 
(MBE=-0.087, MAE=0.087).  586 
 587 

 588 
Figure 5: Predictions of (a-d) OA NEMR and (e-h) OA O:C from the SOM-TOMAS model compared 589 
against measurements (solid black circles) from four different wildfire transect sets (Sharps, Bear 590 
Trap×2, Silver Creek). Model predictions are shown for five different simulations that vary in their 591 
assumptions about POA volatility and oxidation chemistry. (i-l) Model predictions of the normalized OA 592 
composition from the base simulations (SV-POA+FullChem). 593 
 594 

Taken together, we draw the following conclusions from the model-measurement comparisons 595 
presented in Figures 4 and 5. First, a non-volatile and non-reactive treatment of POA, regardless of the 596 
inclusion of SOA produced from VOC oxidation, is unlikely to explain the combined observations of OA 597 
NEMR and O:C. Second, POA evaporation with dilution alone can potentially explain the change in the 598 
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OA O:C with time but results in loss of OA mass (decrease in OA NEMR) that is not consistent with 599 
observations. Third, we argue that POA evaporation with dilution with SOA formation from both SVOCs 600 
and VOCs, as captured by the base model, best explains the trends in both the OA NEMR and OA O:C 601 
across the five transect sets and four wildfires: average MBE=-0.007 and MAE=0.011 (µg m-3 ppbv-1) for 602 
OA NEMR and average MBE=-0.046 and MAE=0.055 for OA O:C across all five transect sets. We note 603 
that the model treatment in the base simulations closely reflects our updated understanding of the POA 604 
and SOA system from wildfire emissions. 605 

Model predictions of the normalized OA composition with physical age from the base 606 
simulations are shown in Figure 4c for the Taylor Creek Fire and in Figures 5(i-l) for all other transect 607 
sets while model predictions of the POA-SOA split with photochemical age for all transect sets are shown 608 
in Figure S7. There are several interesting features to note. The OA composition began to change rapidly 609 
starting at t=0 from the dilution-driven evaporation of directly emitted POA and the SOA produced from 610 
the oxidation of SVOCs and VOCs. By the first transect, the average OA across all five transect sets, 21 611 
to 56 minutes after emission, was 73% POA and 27% SOA. As the base-simulation-predicted OA NEMR 612 
was found to universally increase during the period before the first transect for all five transect sets, the 613 
changes in OA composition were largely driven by SOA condensation rather than POA evaporation. The 614 
rapid SOA production was facilitated by the higher OH concentrations experienced before the first 615 
transect (2.9-8.9×106 molecules cm-3; see Table 1). Generally speaking, the observed and base-616 
simulation-predicted OA NEMRs did not vary much past the first transect for any of the transect sets. 617 
Despite that fact, the base simulations predicted a modest change in the OA composition with physical 618 
age after the first transect, suggesting a roughly equal replacement of POA with SOA. Over all five 619 
transect sets, POA continued to dominate the total OA mass beyond the first transect (>45%) but there 620 
was continued production of SOA over this time period. By the last transect, the SOA contribution to the 621 
total OA varied between 30% for the Taylor Creek Fire and 56% for the Silver Creek Fire.  622 

The base simulations predicted that the majority of the SOA was formed from the oxidation of 623 
SVOCs, heterocyclics, and oxygenated aromatics, in that order. The contribution of the different VOC 624 
classes to SOA formation was similar between the different transect sets, although oxygenated aromatics 625 
contributed much more to SOA formation in the Silver Creek Fire than in the other Fires. On average, 626 
these three precursor classes accounted for 45, 25, and 21% of total SOA and 18, 11, and 9% of the total 627 
OA by the last transect. Heterocyclics and oxygenated aromatics have already been implicated as 628 
important SOA precursors in laboratory experiments performed on biomass burning emissions37–39,95 and 629 
our results here confirm their relevance for wildfire plumes as well. Biogenic VOCs were found to be 630 
significantly less influential compared to the precursor classes just discussed where they accounted for 631 
less than 5% of total SOA and 2% of total OA by the last transect.  632 

These simulations provide model-based evidence for dilution-driven evaporation of POA mass 633 
being replaced by SOA mass formed from the oxidation of SVOCs and VOCs in wildfire plumes during 634 
WE-CAN. This conclusion is consistent with the theoretical findings of Bian et al.62 and Hodshire et al.,63 635 
who showed that POA evaporation can be approximately replaced with SOA condensation under certain 636 
conditions pertaining to the fire size, background concentrations, and atmospheric stability. The base 637 
simulations predicted a mean POA-SOA split of 59%-41% by the last transect over all five transect sets. 638 
These model-predicted POA-SOA splits agreed well with the theoretical findings of Hodshire et al.,63 639 
who predicted a POA-SOA split of ~50-50% for 1 km2 fires and ~75-25% for 100 km2 fires, and the 640 
findings of Palm et al.,33 who analytically determined a maximum POA-SOA split of 66%-33% for OA 641 
measured over several wildfire plumes during WE-CAN. Note that Palm et al.33 estimated their maximum 642 
POA-SOA split assuming that the OA at the first transect was exclusively POA. In contrast to the 643 
precursor-resolved findings discussed above, Palm et al.33 proposed that SVOCs were responsible for 644 
nearly 90% of the SOA formed within the plume. However, their approach would overestimate the SVOC 645 
contribution to SOA because the underlying closure calculation subtracted the SOA estimated from non-646 
SVOC precursors from the total SOA formed.  647 
 648 
3.2 Sensitivity in Model Predictions 649 
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 Results from simulations performed to assess the sensitivity to the model treatment of POA and 650 
SVOCs are shown in Figure 6. Here, we compare model predictions of OA NEMR (top row) and OA O:C 651 
(middle row) against measurements for the Taylor Creek Fire and plot model predictions of the fractional 652 
contributions of POA and SOA to OA (bottom row). We also include predictions from the base 653 
simulation shown in Figure 4. Results from sensitivity simulations performed for the other transect sets 654 
are shown in Figures S9-10. In the base simulation, SVOCs accounted for <20% of the total OA by the 655 
last transect. Despite the relatively small contribution of SVOCs to total OA, the use of different surrogate 656 
species to simulate the oxidation chemistry of SVOCs resulted in a moderate spread in the OA NEMR 657 
predictions, with all predictions biased lower than the measurements. The use of a heterocyclic surrogate 658 
(i.e., 2-methylfuran+dimethylfuran) seemed to agree the best, and the use of an oxygenated aromatic 659 
surrogate (i.e., phenol) seemed to agree the least with the OA NEMR observations. The differences in the 660 
model predictions were understandable since the potential to form SOA is known to vary substantially 661 
across the five surrogate species considered: naphthalene, n-dodecane, 2-methylfuran+dimethylfuran, 662 
phenol/guaiacol, and α-pinene. There was a similar spread in the model predictions of OA O:C but, in 663 
contrast to the OA NEMR comparisons, all model predictions compared reasonably with the observed 664 
increase in the OA O:C. The spread in the model predictions of OA O:C was between 0.5 and 0.53 at the 665 
last transect. The average OA split was 75% POA and 25% SOA by the last transect. 666 

 667 
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Figure 6: Predictions of (a,b,c) OA NEMR and (d,e,f) OA O:C from the SOM-TOMAS model (solid 669 
colored lines) compared against measurements (solid black circles) from the Taylor Creek Fire. (g,h,i) 670 
Predictions of the fractional contributions of POA and SOA to OA. Model predictions are shown for 671 
sensitivity simulations performed with varying assumptions for the (a,d,g) SVOC oxidation chemistry, 672 
(b,e,h) POA volatility and SVOC oxidation chemistry, and (c,f,i) POA+SVOC mass distribution in the 673 
SOM grid (Monte-Carlo).  674 
 675 

On using the substitute volatility distribution based on the speciation data of Jen et al.,25 the 676 
model produced a relatively larger spread in the OA NEMR predictions compared to the sensitivity result 677 
discussed above. The use of an oxygenated aromatic (i.e., phenol/guaiacol) and biogenic (i.e., α-pinene) 678 
surrogate seemed to agree the best and the use of a heterocyclic (i.e., 2-methylfuran+dimethylfuran), 679 
multi-ring aromatic (i.e., naphthalene), and linear alkane (i.e., n-dodecane) surrogate seemed to agree the 680 
least with the OA NEMR observations. All simulations produced a flat response in the OA O:C with 681 
physical age despite a gradual change in the POA-SOA split and dilution-driven evaporation of the 682 
semivolatile material. This flat response, which was inconsistent with the observed change in the OA 683 
O:C, was primarily from the lower-volatility material that was left in the particle phase being less 684 
oxidized than the higher volatility material that had evaporated (Figure S4c). The substitute volatility 685 
distribution resulted in a larger POA-SOA split (average of 83%-17%) compared to the first set of 686 
sensitivity results (average of 75%-25%) likely because a smaller fraction of the fresh POA mass was lost 687 
to evaporation from the use of a less volatile volatility distribution (Figures S4a and S4d). The mixed 688 
comparisons for OA NEMR and O:C suggest that model inputs determined from speciation data hold 689 
promise but might be limited because, in this specific case, the speciated compounds only represented a 690 
fraction (10-65%) of the total POA+SVOC mass.  691 

Finally, we performed a thousand Monte-Carlo simulations where we randomly specified the 692 
mass distribution of the POA+SVOC mass in the SOM grid while ensuring that this mass distribution 693 
reproduced the POA volatility behavior observed by May et al.22 (Figure S8). The iterations produced a 694 
relatively narrower spread in the OA NEMR predictions compared to the previous sensitivity simulations 695 
but they all seemed to underestimate the observed trends. By the last transect, the predicted OA NEMR 696 
was 17 to 29% lower than the average observed OA NEMR. Compared to the OA NEMR, there was a 697 
much larger spread in the predicted OA O:C with iterations predicting a decrease in O:C with physical 698 
age at the one end (from 0.41 to 0.31) to reproducing the observed increase at the other end (0.38 to 0.54). 699 
It appears that the mass distribution of POA+SVOC in the SOM grid had a significant, non-linear 700 
influence on POA evaporation, SOA production, and subsequently on the OA O:C evolution with 701 
photochemical age. We note that the mass distribution of POA+SVOC in the SOM grid across the 702 
thousand simulations was always constrained to observations of POA volatility but had enough degrees of 703 
freedom to produce a substantial spread in model predictions. The iteration that resulted in the largest 704 
absolute OA NEMR at the end of the simulation and then the largest increase in OA O:C was chosen to 705 
represent the base simulation results presented in Figures 4 and 5. In other words, the distribution of 706 
POA+SVOC mass in the SOM grid for the base simulation was chosen from amongst those used in the 707 
Monte-Carlo simulations that produced the most optimum comparison against measurements of OA 708 
NEMR and O:C for the Taylor Creek Fire. There is some indirect evidence for this POA+SVOC mass 709 
distribution in that the O:C dependence with OA mass loading seemed to agree qualitatively with a subset 710 
of laboratory and field observations of biomass burning OA21,92 (not shown).  711 

Results from simulations performed to assess the sensitivity to the OH estimates are presented in 712 
Figure 7(a,d,g). The use of a power function fitted to the OH exposure data to determine OH 713 
concentrations (OH-Power Fit) produced results that were slightly higher compared to those from the base 714 
simulation. Similarly, if we assumed that the lower OH concentration after the first transect was also 715 
relevant to the time period before the first transect (OH-Low; 9.7×105 molecules cm-3), the model 716 
predictions of OA NEMR and O:C were slightly higher than those from the base simulation. When using 717 
a constant OH concentration of 1.5×106 molecules cm-3 (OH-Ambient) or the higher OH concentration 718 
from before the first transect (OH-High; 8.9×106 molecules cm-3) for the entire evolution, the model 719 
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predicted a higher OA NEMR compared to predictions from the base, OH-Power Fit, and OH-Low 720 
simulations. This was because the OH concentrations after the first transect in both of these instances 721 
were larger than those used in the base, OH-Power Fit, and OH-low simulations and these higher OH 722 
concentrations, which were ~50% larger in OH-Ambient and a factor of ~10 larger in OH-High, promoted 723 
SOA formation.  724 

For the OH-High simulation, the increase in OA NEMR was found to be relatively consistent 725 
with the evolution in the observations indicating that the OH concentrations may continue to be elevated 726 
even after the first transect. However, the OH-High simulations overestimated the OA NEMR compared 727 
to the observations for the other Fires (Figure S11), where the base, OH-Power Fit, and OH-Low 728 
simulations produced results that were more in line with the observations. As the Taylor Creek Fire 729 
dataset is the most Lagrangian amongst all Fires, the OH sensitivity simulation results presented here 730 
provide some evidence that our OH concentration estimates after the first transect (Table 1) may be 731 
biased low and would need to be revised in future work to be consistent with the higher OH 732 
concentrations estimated in earlier work (see Section 2.2 for a longer discussion). Interestingly, a higher 733 
OA NEMR in the OH-High simulation did not change predictions for OA O:C presumably because the 734 
additional SOA formed had an O:C similar to the existing OA’s O:C. Overall, the model predictions 735 
appeared to be somewhat sensitive to the OH concentration inputs that produced a significant spread in 736 
the OA NEMR and POA-SOA splits but not so much in the OA O:C. 737 
 738 

 739 
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Figure 7: Predictions of (a,b,c) OA NEMR and (d,e,f) OA O:C from the SOM-TOMAS model (solid 740 
colored lines) compared against measurements (solid black circles) from the Taylor Creek Fire. (g,h,i) 741 
Predictions of the fractional contributions of POA and SOA to OA. Model predictions are shown for 742 
sensitivity simulations performed with varying assumptions for OH (a,d,g), reference transect (b,e,h), and 743 
approach to performing background corrections.  744 
 745 

Qualitatively, the modeled trends in the OA NEMR and OA O:C were not very different when we 746 
assigned different transect sets (i.e., ‘2nd Transect’, ‘3rd Transect’) to be the ‘1st transect’ where model 747 
predictions of OA NEMR and OA O:C were anchored to observations; results are presented in Figure 748 
7(b,e,h). There appeared to be some tradeoff in the model-measurement comparisons for OA NEMR and 749 
OA O:C with the transect chosen. For instance, anchoring the model predictions to the information at the 750 
third transect seemed to produce better agreement with observations of OA NEMR but underestimated 751 
observations of OA O:C. The opposite was found to be true when anchoring the model predictions to the 752 
information at the second transect. Regardless of the variability in the OA NEMR and O:C, the POA-753 
SOA splits were nearly identical between the three simulations. The use of ‘Transect-Specific’ or 754 
‘Upwind’ data to calculate values to perform the background corrections did not seem to have any 755 
significant effect on model predictions; results are presented in Figure 7(c,f,i).  756 
 757 
4. Implications of the Base Simulation Results 758 

A summary of the model predictions from the base simulations for POA, SOA, and the SOA 759 
precursor NEMRs at t=0 and the first and last transects, for all five transect sets is presented in Figure 8. 760 
Some of these results have been presented in Figures 4 and 5 earlier but this specific presentation of the 761 
results provides an opportunity to summarize the modeling effort and draw broader implications. 762 

First, fresh emissions of POA were found to be similar in magnitude to the sum of SOA-forming 763 
SVOCs and VOCs. For reference, for mobile sources, SOA precursor emissions are easily an order of 764 
magnitude larger than those for POA.29,96 This means that direct emissions of POA are likely to be an 765 
important constituent of smoke aerosol downwind of the fire, even as some fraction of it is lost to 766 
evaporation and surface reactions (not modeled in this work) and SVOCs and VOCs oxidize to form SOA 767 
and add to OA mass.  768 
 769 
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 770 
Figure 8: Model predictions of OA and SOA precursor NEMRs at t=0 (‘Fresh Emission’) and the first 771 
and last transects for all five transect sets. Observations of OA NEMR are also presented for the first and 772 
last transects in black with error bars.  773 
 774 

Second, up to half of the SOA precursor mass was rapidly oxidized to form SOA early on, which 775 
primarily resulted in an increase in the OA NEMR and O:C prior to the first transect. This result implies 776 
that a substantial fraction of the total SOA is actually formed very close to the fire and that the OA 777 
measured on the first aircraft transect is likely to be enhanced compared to the fresh OA emissions 778 
measured in laboratory experiments, after accounting for differences in gas/particle partitioning at 779 
different OA mass loadings. Furthermore, the rapid evolution of the OA system close to the fire is bound 780 
to alter the chemical, microphysical, and optical properties of smoke aerosols early on and confound 781 
comparisons of aerosol measurements at the first transect with similar measurements made on fresh 782 
emissions in laboratory environments.  783 

Third, for most of the modeled and measured transect sets, except for the model prediction for the 784 
Silver Creek Fire, the OA NEMR did not vary much between the first and last transects, but there was a 785 
gradual change in the modeled OA composition with POA evaporation and SOA formation from SVOCs 786 
and VOCs. This is consistent with both theoretical and analytical findings in Bian et al.,62 Hodshire et 787 
al.,63 Palm et al.,33 and Liang et al.67 The change in composition implies that while the OA mass may 788 
remain constant, its atmospheric properties will continue to evolve with physical age. Furthermore, as the 789 
SOA precursors were heavily depleted and the OA mass concentrations at the last transect (5-30 µg m-3) 790 
were only marginally larger than the background concentrations (1-20 µg m-3), we postulate that the OA 791 
NEMR and O:C are unlikely to change dramatically with additional photochemical aging, any different 792 
than the changes experienced by background aerosol.  793 

Fourth, by the last transect, SVOCs and VOCs contributed about equally to SOA formation in our 794 
wildfire plumes. The dominant SVOCs and VOCs contributing to SOA formation are very likely to be 795 
oxygenated organic compounds (e.g., sugars, heterocyclics, oxygenated aromatics), classes that are not 796 
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explicitly included or are represented too coarsely in emissions inventories and chemical mechanisms, 797 
part of atmospheric models. Hence, the representation of SOA formation, as studied here, needs to be 798 
reflected for biomass burning sources in atmospheric models.  799 
 800 
5. Conclusions, Uncertainties, and Directions for Future Work 801 

In this study, we used a plume version of a kinetic model to simulate the dilution and 802 
physicochemical evolution of OA in wildfire plumes measured during the WE-CAN field campaign. The 803 
model was built on parameterizations developed from laboratory data, initialized using field 804 
measurements, and evaluated against the OA mass and composition measurements gathered from pseudo-805 
Lagrangian transect sets. Our work suggests that it is very likely that dilution-driven evaporation of 806 
semivolatile POA and simultaneous photochemical production of SOA from SVOCs and VOCs explain 807 
the relative invariability in OA enhancements with photochemical age in observations of ambient wildfire 808 
plumes. These findings around OA evolution are consistent with the theoretical analyses presented by 809 
Bian et al.62 and Hodshire et al.63 as well as the analytical findings of Palm et al.33 and Liang et al.67 In 810 
addition, our model predictions indicate an important role for oxidation chemistry and rapid SOA 811 
formation before the first aircraft measurements, which is likely to be driven by higher-than-ambient OH 812 
concentrations in the wildfire plume (3×106 to 107 molecules cm-3). Notionally, for the fires studied here, 813 
we expect the OA measured within an hour after emission to be 80% POA and 20% SOA and 60% POA 814 
and 40% SOA after several additional hours of evolution. SOA precursor emissions for a few important 815 
organic classes (i.e., oxygenated aromatics, biogenics) appear to be systematically lower than those 816 
measured in laboratory experiments, and these lower emissions might partly explain the reduced 817 
propensity to form SOA in wildfire plumes. Finally, oxygenated compound classes such as sugars, 818 
heterocyclics, and oxygenated aromatics within SVOCs and VOCs are likely to serve as important 819 
precursors for SOA formation in wildfire plumes. 820 

Model results were found to be moderately sensitive to the treatment for POA and SVOCs. 821 
Hence, continued work to fully speciate the POA and SVOC mass to inform the volatility properties of 822 
POA and to identify surrogate species to model the oxidation chemistry of SVOCs will likely lead to 823 
improvements in model predictions. A point of contention for SVOCs is that they have not been explicitly 824 
considered when studying the SOA formation from biomass burning emissions in laboratory 825 
experiments.37,38 Akherati et al.38 observed that lower-volatility SOA precursors, especially in the SVOC 826 
range, were susceptible to loss in transfer ducts used to direct smoke emissions into environmental 827 
chambers. If this is indeed true, this might be one reason why SVOCs remain highly relevant for wildfire 828 
plumes but may not have been for laboratory experiments. Regardless, the chemical composition and 829 
oxidation chemistry of SVOCs relevant to SOA formation needs to be studied in the future.  830 

We acknowledged a significant discrepancy in OH concentrations in the wildfire plume based on 831 
techniques used in this work and OH concentrations estimated in earlier work. In addition, model 832 
predictions were found to be somewhat sensitive to the OH concentrations assumed in the wildfire plume. 833 
Hence, ongoing and future work needs to focus on developing and applying analytical and modeling 834 
techniques to better estimate and evaluate OH concentrations in wildfire plumes. For instance, recently, 835 
Peng et al.74 calculated HOX (OH + HO2) production rates in wildfire plumes sampled during WE-CAN 836 
from the photolysis of nitrous acid (HONO), O3, and other smaller aldehydes (e.g., formaldehyde) and 837 
ozonolysis of alkenes. These HOX production rates could be used to inform OH concentrations. Similarly, 838 
OH concentrations could be constrained by applying explicit gas-phase chemical mechanisms to 839 
reproduce the time-dependent evolution of VOCs and their oxidation products in wildfire plumes.  840 

In addition to the uncertainties alluded to in this work, there are several additional aspects to 841 
consider while modeling the OA evolution in wildfire plumes. First, the model parameterizations in this 842 
work (e.g., POA volatility, SOA parameters) were based on simpler model systems studied in laboratory 843 
environments and these parameters may not accurately represent the processes in real wildfire plumes. 844 
Most obviously, differences in the fuel complex, burn conditions, combustion efficiency, and 845 
environmental conditions (e.g., temperature, relative humidity) and regimes (e.g., photolytic rates, NOX) 846 
could produce differences in the emissions, chemistry, and properties of OA and OA precursors between 847 
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the laboratory and the field.34,68 A more specific example is that the parameters that we used to model the 848 
SOA formation from SVOCs, heterocyclics, and oxygenated aromatics (precursor classes that contributed 849 
the most to SOA production) came from environmental chamber experiments performed on a handful of 850 
surrogate species (phenol, guaiacol, and syringol, 2-methylfuran+dimethylfuran, and naphthalene, 851 
respectively) under relatively dry (relative humidity<20%) and high NOX conditions (200-800 852 
ppbv).85,89,97 While this extrapolation is typical for how laboratory data are translated into parameters for 853 
use in atmospheric models, these laboratory versus field differences need to be considered when 854 
evaluating model predictions against measurements. 855 

Second, the physicochemical evolution modeled prior to the first transect remains extremely 856 
uncertain as there are no observations to evaluate those model predictions. Aircraft campaigns in the 857 
future should aim to characterize the near-field evolution in the hour after emission by performing 858 
transects closer to the fire when conditions allow. Moreover, campaigns should also accommodate 859 
repeated sampling of the near-field to assess changes in emissions over the same timescales used to 860 
perform the transect set. Any emissions changes would then need to be considered in interpreting the 861 
plume evolution inferred from the transect dataset.  862 

Third, the current version of the SOM-TOMAS model does not simulate the photolysis or 863 
aqueous chemistry of OA or OA precursors. Photolysis has been shown to be an important loss pathway 864 
for SOA formed from monoterpenes.98,99 Oxygenated aromatics that include phenols, methoxyphenols, 865 
and phenolic carbonyls, after uptake into aerosol water, can participate in aqueous reactions to form low-866 
volatility and light absorbing SOA.26,100 Both of these chemical processes are likely occurring in wildfire 867 
plumes and, hence, need to be included in future modeling efforts.  868 

Fourth, the model initialization and evaluation in this work only relied on a subset of 869 
measurements made during WE-CAN. Future work could certainly benefit from leveraging an extended 870 
set of measurements gathered during WE-CAN and similar field campaigns focused on studying biomass 871 
burning emissions (e.g., BBOP101, LASIC102, FIREX-AQ (https://csl.noaa.gov/projects/firex-aq/). For 872 
example, model predictions could be compared against measurements of the evolving composition (e.g., 873 
oligomers), size distribution, and thermodynamic (e.g., volatility), optical (e.g., scattering, extinction), 874 
and climate (e.g., cloud condensation nuclei) properties.  875 

Fifth, Peng et al.74 and Hodshire et al.72 were recently able to study the distinct evolution of trace 876 
species resolved over the width of the wildfire plume. Both found evidence for increased photochemical 877 
activity near the edges and wings of the plume since these regions diluted much faster and were less 878 
optically dense compared to the core of the plume. Modeling in the future could use the information 879 
inherent in gradients within the transect to constrain the OA evolution under varying dilution and 880 
photochemical conditions.  881 

And finally, the modeling in this work focused on simulating the plume evolution in a subset of 882 
large, daytime fires in the western US. In the future, the model will need to be applied to study a diversity 883 
of fires in terms of size, fuels, and geography (e.g., agricultural fires in the southeast US) to assess the 884 
broader applicability of the findings presented in this work.  885 
 886 
5. Data Availability 887 
 Field campaign data from WE-CAN can be found at the permanent archival link: 888 
https://data.eol.ucar.edu/master_lists/generated/we-can/. The latest version of the SOM-TOMAS plume 889 
model along with the simulation data will be archived with Colorado State University Libraries when this 890 
paper is accepted for publication. 891 
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