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ABSTRACT: Volatile organic compounds (VOCs) emitted from
biomass burning impact air quality and climate. Laboratory studies
have shown that the variability in VOC speciation is largely driven
by changes in combustion conditions and is only modestly
impacted by fuel type. Here, we report that emissions of VOCs
measured in ambient smoke emitted from western US wildfires can
be parameterized by high- and low-temperature pyrolysis VOC
profiles and are consistent with previous observations from
laboratory simulated fires. This is demonstrated using positive
matrix factorization (PMF) constrained by high- and low-
temperature factors using VOC measurements obtained with a
proton-transfer reaction time-of-flight mass spectrometer (PTR-
ToF-MS) on board the NASA DC-8 during the FIREX-AQ (Fire
Influence on Regional and Global Environments and Air Quality)
project in 2019. A linear combination of high- and low-temperature factors described more than 70% of the variability of VOC
emissions of long-lived VOCs in all sampled wildfire plumes. An additional factor attributable to atmospheric aging was required to
parameterize short-lived and secondarily produced VOCs. The relative contribution of the PMF-derived high-temperature factor for
a given fire plume was strongly correlated with the fire radiative power (FRP) at the estimated time of emission detected by satellite
measurements. By combining the FRP with the fraction of the high-temperature PMF factor, the emission ratios (ERs) of VOCs to
carbon monoxide (CO) in fresh wildfires were estimated and agree well with measured ERs (r2 = 0.80−0.93).
KEYWORDS: wildfire, volatile organic compound (VOC), proton-transfer reaction time-of-flight mass spectrometry (PTR-ToF-MS),
high-temperature pyrolysis, low-temperature pyrolysis, fire radiative power (FRP), FIREX-AQ, positive matrix factorization (PMF)

■ INTRODUCTION
Wildfires are an important natural event in many ecosystems,
but the resulting emissions cause poor air quality on regional to
continental scales1−3 and adversely impact human health.4,5 The
frequency and intensity of wildfire activity in the western United
States are expected to increase in the future due to a
combination of widespread population growth in the wild-
land−urban interface and climate change.6,7 Therefore, it is
important to understand both qualitatively and quantitatively
the chemical composition and the magnitude of wildfire
emissions to accurately predict the effects of smoke on air
quality and climate.
Biomass burning is a significant emission source of volatile

organic compounds (VOCs), which can act as precursors to
secondary pollutants such as ozone and secondary organic
aerosol (SOA).8−11 Several VOCs, such as benzene and
isocyanic acid, can also have direct effects on human and
ecosystem health.12,13

Numerous studies have quantified emission ratios and
emission factors for various fuel types across burn conditions

using field measurements from wildland and prescribed
fires14−20 or laboratory measurements from simulated
burns.21−23 Literature reviews have been periodically conducted
to consolidate these results and provide recommended emission
factors that can be applied to atmospheric models.24−26

Nevertheless, uncertainties in the process-level understanding
and model representation of fire emissions, plume rise, and
chemistry still exist, which makes it difficult to accurately predict
the VOC composition of primary biomass burning emissions in
models. This can be caused by an insufficient understanding of
the chemistry and total emissions of VOCs across fuel types,
ecosystems, and/or fire combustion conditions.27−29 VOC
emissions from biomass burning are described by multiple
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complex processes that often occur simultaneously, e.g.,
distillation, pyrolysis, flaming, and smoldering combustion
processes.30−33 The relative importance of each process can
change over the course of a fire and modulate the relative
distribution of VOC emissions spatially and temporally and also
relates to the variability in integrated VOC emissions between
different fires. This variability has been often parameterized by
flaming and smoldering processes as described by the modified
combustion efficiency (MCE = ΔCO2/(ΔCO+ ΔCO2)),

30 and
good correlations between MCE and emissions of some VOCs
or total VOC emissions have been reported in lab and field
measurements.16,18,20,22,23,26,28,31

Recently, Sekimoto et al.34 applied positive matrix factoriza-
tion (PMF) to VOC measurements from a proton-transfer-
reaction time-of-flight mass spectrometer (PTR-ToF-MS)
deployed during the FireLab 2016 experiment (at the US
Forest Service Fire Sciences Laboratory) and found that VOC
emissions from laboratory simulations of western US wildfires
can be well described by just two fundamental processes: high-
and low-temperature pyrolysis. The VOC profiles (or “factors”)
derived by PMF represented the linear combination of these
processes and described on average 85% of the variability of the
VOCsmeasured by PTR-ToF-MS. The high-temperature factor
was found to be relatively enriched in aliphatic unsaturated
hydrocarbons, (polycyclic) aromatic hydrocarbons, hydrogen
cyanide (HCN), isocyanic acid (HNCO), and nitrous acid
(HONO), while the low-temperature factor was dominated by
aromatic oxygenates, furans, and ammonia (NH3).

34 These
factors, and the processes that define them, were observed across
a diverse range of fuel types from ecosystems representative of
boreal forests, temperate forests, grasslands, and chaparral.
“High-temperature” and “low-temperature” pyrolysis pro-

cesses do not correspond exactly to the commonly used
“flaming” and “smoldering” categories as described byMCE and
are not well correlated withMCE. The reason is that most VOCs
are emitted from pyrolysis of fuel biopolymers such as cellulose,
hemicellulose, and lignin and not from the flaming and/or other
combustion processes that are the main source of CO2.
Therefore, the two pyrolysis profiles are more appropriate to
estimate VOC emissions from wildfires than MCE using CO2
emissions.
In this study, we build upon the work described by Sekimoto

et al.34 on laboratory fires and parameterize the VOC emissions
from real-world wildfires using VOC measurements from the
NOAA PTR-ToF-MS conducted on board the NASA DC-8
during the 2019 FIREX-AQ campaign (Fire Influence on
Regional and Global Environments and Air Quality).35 We
conduct a constrained PMF analysis and show that the high- and
low-temperature pyrolysis factors obtained in the FireLab 2016
experiment describe the variability of many VOCs emitted from
western USwildfires, independent of fuel type.We show that the
relative abundance of the high-temperature factor correlates well
with fire radiative power (FRP) data from the Geostationary
Operational Environmental Satellite (GOES) satellites. Togeth-
er, these results provide a framework to estimate VOC/CO
emission ratios using satellite data that can be used to
parameterize wildfire emissions in atmospheric models.

■ MATERIAL AND METHODS
FIREX-AQ Campaign Descriptions. This study utilizes

measurements collected during the western portion of the
FIREX-AQ field campaign that spanned 12 flights sampling 8
wildfires from July 22 to August 16, 2019 using the NOAA PTR-

ToF-MS on board the NASA DC-8 aircraft.35 The measure-
ments were mainly performed during afternoon to evening. In
this paper, sampling time is described by UTC. Local time is
UTC-6 (MDT) or UTC-7 (PDT). Most flights were designed
to sample backgroundmixing ratios, fresh emissions near the fire
source, and aged smoke as the emissions transported and diluted
downwind. The aircraft first flew upwind of the fire to
characterize ambient conditions unaffected by fire emissions.
Subsequent cross-wind plume transects were conducted as close
as possible to the fire to sample the emissions with minimal
atmospheric aging.20 The aircraft then transected the smoke
plume successively further downwind at approximately 15−40
km intervals. Plume transects were designed to be perpendicular
to the wind direction and through the center of the vertical
extent of the plume, terrain permitting. The vertical structure of
the plume was systematically assessed using a differential
absorption lidar during a lengthwise overpass above the plume.
A typical flight pattern is shown in Figure S1.
VOCMeasurements. The instrumental setup of the NOAA

PTR-ToF-MS installed on board by the NASA DC-8 was the
same as described by Koss et al.21 during the FireLab
measurements and was the same instrument used by Sekimoto
et al.34 to derive PMF factors for high- and low-temperature
pyrolysis VOC profiles. Koss et al.21 speciated VOC isomers
measured by the PTR-ToF-MS using gas chromatography pre-
separation and reported isomer distributions for over 150
individual ion masses. Most of the VOC speciation observed in
the FIREX-AQ campaign agrees with that in the FireLab
measurements, but there are some differences between them.
For example, Koss et al. reported, at [C5H6O + H]+ (m/z
83.0491), 51% of the signal resulted from 2-methylfuran, 9%
resulted from 3-methylfuran, and 37% resulted from unidenti-
fied isomers + fragments of higher masses; however, the isomer
distributions observed in the FIREX-AQ campaign were 16%
from 2-methylfuran, 3% from 3-methylfuran, and 81% from
unidentified isomers + fragments. These differences are largely
attributed to the chemical oxidation that occurs between
emission and sampling, which alters the VOC profiles and
isomer distributions measured by PTR-ToF-MS.18,20 More
details on the VOCmeasurements and speciation by the NOAA
PTR-ToF-MS during the FIREX-AQ campaign, as well as the
impacts of chemistry of VOC speciation measured by aircraft,
can be found elsewhere.20,36

FRP Measurements. FRP was measured at the fire source
using Advanced Baseline Imager (ABI) instruments aboard the
Geostationary Operational Environmental Satellite (GOES)
satellites at a 5 min temporal and 2 km spatial resolution and
varied significantly on these 5 min timesteps (https://www.
goes-r.gov/spacesegment/abi.html).37,38 The FRP observations
were included within 4 km of the final GeoMac fire perimeter
and data products from all FIREX-AQ sampled fires are archived
in the NASA data archive (https://www-air.larc.nasa.gov/cgi-
bin/ArcView/firexaq). The FRP product was interpolated onto
a one second time-base to match the PTR measurement
resolution. To relate in situ aircraft emissions to GOES FRP at
the fire source, the time of emission is calculated from the smoke
age. Smoke age is determined as the time elapsed from smoke
production until measurement by the aircraft and is estimated
from average wind speed and distance from the fire source or
using trajectory models that implement high-resolution
meteorological datasets and an assumed vertical transport.35,36

The time of emission is estimated as the time of sampling minus
the calculated smoke age. The average FRP across each plume
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transect emission window was estimated and then averaged
together with additional transects to estimate a fire-averaged
FRP for selected emission windows.
CO Measurements. CO was measured by cavity enhanced

absorption using amodified Los Gatos Research/ABBCO/N2O
analyzer. Data were recorded at 5 Hz and reported at 1 Hz. More
instrument details may be found in the work of Bourgeois et al.39

PMF Analysis. PMF is a numerical method that apportions
the time series of various ion masses to different sources
represented by factor profiles, factor time series, and residual
signal unsolved by PMF. In this study, PMF was conducted
using the Source Finder (SoFi) software,40 which employs the
Multilinear Engine (ME-2)41 capable of performing fully or
partially constrained PMF runs using known factor profiles (in
this case the high- and low-temperature pyrolysis factors from
Sekimoto et al.34).
Here, we applied PMF to PTR-ToF-MS data collected from

132 plume transects of 8 wildfires sampled by the DC-8 aircraft.
This subset of transects encompassed a range of vegetation types
including timber, grass, dead trees, logging brush, litter, etc., and
physical plume ages from around 16 min to more than 5.5 h.
The original profiles of the high- and low-temperature factors

consist of 574 ion masses,34 but only 134 ion masses are used in
this study (Table S1). These 134 masses were identified in
laboratory smoke by Koss et al. using gas chromatography
preseparation21 and account for ∼80% of the total ion signal
measured by PTR-ToF-MS. Using the FireLab measurement
dataset, we confirm that PMF using only the 134 ion masses
returns very similar results as obtained from the 574 ion masses
used by Sekimoto et al.34 (Figure S6). This indicates that those
134 ion masses are sufficient to describe PTR-ToF-MS

measurements of VOC emissions and variability from biomass
burning in the western US. Full details on preparation of PMF
datasets are described in the SI.

■ RESULTS AND DISCUSSION
Smoke sampled in the field differs from smoke sampled in the
laboratory because additional processes, such as atmospheric
oxidation, can alter the chemical distribution of VOCs.
Sekimoto et al. derived a 2-factor solution based on laboratory
emissions that represent chemically fresh emissions,34 while
those presented here may have undergone chemical oxidation in
the time between emission and sampling by the DC-8. To
determine the optimal number of factors that best describe PTR-
ToF-MS measurements of western US wildfire emissions,
various PMF setups were run using several datasets with PTR-
ToF-MS data that varied by plume transect selection and/or by
selected VOC species (Scheme S1). As a result, we use three
PMF configurations intended to isolate the effects of chemistry
from variability associated with emissions for the 134 ions
analyzed here.

These configurations include (1) 2-factor PMF run on the
freshest smoke plumes that had limited photochemical aging. All
compounds were included in this analysis, and the 2-factor
solution was fully constrained with the high- and low-
temperature factors following Sekimoto et al.,34 (2) 2-factor
PMF run on all plumes, fresh and aged, but only 22 long-lived
compounds were included and the 2-factor solution was fully
constrained with the high- and low-temperature factors, and (3)
3-factor PMF run on all plumes, fresh and aged, but only short-
lived and secondary compounds were used. The high- and low-
temperature factors were fully constrained, and the third factor

Figure 1. Two-factor PMF solutions of the freshest plumes for eight wildfires fully constrained by the high- and low-temperature pyrolysis factors. (a)
Sum of all PTR-ToF-MS-measured VOCmixing ratio signals from 134masses (blue line) and PMF fits (black and red area). (b) Normalized fractions
of high-temperature factor, low-temperature factor, and residuals on a transect-integrated basis. The plumes were selected with young plume age
(0.25−2.6 h) and low maleic anhydride/furan ratio (MA/F = 0.07−0.16).
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represented photochemical aging. The following sections
describe the best results for each of these PMF configurations.
Parameterizing Emissions. Fresh Smoke Plume VOC

Emissions Described by High- and Low-Temperature
Pyrolysis Factors. Total VOC mixing ratios are the highest in
fresh biomass burning plumes and generally decrease after
emission with aging and dilution during transport, as shown for
the Williams Flats Fire on August 3rd, 2019 (Figure S1). The
wildfire plumes contain various VOCs including long-lived (e.g.,
benzene), short-lived (e.g., furan), and species produced by
chemical oxidation (i.e., secondary species, e.g., maleic
anhydride).42 The behavior of different VOCs varies from
species to species and from plume to plume based on temporal
evolution of emissions and spatial heterogeneity in atmospheric

oxidation.36,43,44 For example, mixing ratios of secondary species
relative to short-lived species increase with plume age, as is
shown by the ratio of maleic anhydride to furan (Figure S1).
Maleic anhydride is a photochemical product of furan
chemistry,42 and the ratio can be used as a proxy for chemical
plume age and thus to determine the freshest plume transects.20

It should be noted that even for the freshest plumes selected
here, significant aging had already occurred; for example, the
physical age of the freshest plume transect for Williams Flats fire
(00:39:23−00:44:44, August 4th, 2019) was 1.25 h.20 In this
section, we show that PMF analysis using the linear combination
of the high- and low-temperature pyrolysis factors derived from
FireLab measurements34 can also be used to parameterize the
composition of VOCs in fresh western US wildfire plumes.

Figure 2. Two-factor PMF solution using 22 long-lived VOCs fully constrained by the high- and low-temperature pyrolysis factors. (a) Results for the
Williams Flats fire (August 3rd and 4th, 2019): the sum of PTR-ToF-MS-measured total VOC mixing ratios and PMF fits (top panel), normalized
fractions of the high-temperature factor, low-temperature factor, and residuals on a transect-integrated basis (middle), and physical plume age colored
by the maleic anhydride (MA) to furan ratio (bottom). (b) Relative contribution of high-temperature factor for various wildfires obtained from this
PMF (purple) and the two-factor PMF of the freshest plumes shown in Figure 1 (orange) on a transect-integrated basis. The numbers on purple bars
show the average and standard deviation for all the transects of a specific fire.
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Figure 1a shows the PMF results of the freshest plume
transects for 8 wildfires. The freshest plumes were determined
by identifying transects from each fire where the physical plume
age andmaleic anhydride to furan ratio were the lowest. The two
PMF factors were fully constrained by high- and low-
temperature factors as determined from the FireLab data by
Sekimoto et al.34 Broadly, the total VOC emissions are described
well, but the relative congtributions of the high- and low-
temperature factors vary from fire to fire (Figure 1b). The sum of
transect-integrated mixing ratios of all VOCs is used in Figure
1b. The residuals (i.e., the differences between the measured and
calculatedmixing ratios based on the PMF fits) are less than 25%
for six of the fires (see blue bars in Figure 1b). Some of the fires
with higher residuals were more aged (e.g., Williams Flats fire,
August 9th), exhibited lower VOC mixing ratios (e.g., Tucker
fire, Castle fire (00:26, August 13th), and Sheridan fire), or had
unusual VOC compositions. For example, the Lick Creek fire
was started on private lands and was a managed fire in a Grand
fir-Douglas-fir forest that contained a lot of slash and logging
piles,35 which might have caused unusually high monoterpene
emissions. Similar results were observed in the PMF analysis
reported by Sekimoto et al.34 for high monoterpene emitting
fuels sampled during FireLab. Emissions of monoterpenes are
driven by distillation processes, which are not well captured by
the high- and low-temperature pyrolysis factors used here.
Long-Lived VOCs in Aged Smoke Described by High- and

Low-Temperature Pyrolysis Factors. Chemical oxidation likely
impacted PTR-ToF-MS measurements, even for the freshest
plumes. Figure 1 shows that chemical oxidation was partly
responsible for the residuals resulting from a fully constrained
analysis of all 134 ions measued by PTR-ToF-MS, which
includes masses that form downwind of fires (e.g., maleic
anhydride). Mixing ratios of long-lived VOCs are more
impacted by dilution than by chemistry and it can be expected
that their relative ratios during transport will not change
significantly from the emission ratios observed in fresh plumes.
A two-factor PMF analysis was performed for all plumes and
transects from the measured wildfires only using 22 long-lived
VOCs, which includes species that have rate constants with OH
radicals that are lower than benzene (1.2× 10−12 cm3/molecule/
s) and have atmospheric lifetimes >50 days at OH ∼ 1.5 × 106
molecules/cm3 (e.g., HCN, methanol, isocyanic acid, acetone,

benzene, and butanedione, as shown in Table S2). We exclude
secondary species from this analysis, as well as primary species
with a low OH rate constant and significant secondary
production (e.g., formic acid).

Figure 2 shows a two-factor PMF solution of the long-lived
VOCs from transects of the Williams Flats Fire sampled over
several hours of aging on two different days. This PMF run was
fully constrained by the high- and low-temperature factors from
Sekimoto et al.34 For all plumes, the sum of the long-lived VOCs
is described with residuals below 30%. The relative contribution
of the high-temperature factor to the total resolved solution with
the residual ignored (i.e., fractionhigh‑temperature/(frac-
tionhigh‑temperature + fractionlow‑temperature)) is similar for most
plume transects for each day (58 ± 10% for August 3rd and 67 ±
6% for August 4th). A higher residual is observed for transects
where plumes are significantly more dilute. These higher
residuals may result from the contributions of long-lived
VOCs from background air. Despite this uncertainty, PMF
analysis shows that the contribution of high- and low-
temperature factors to the long-lived species across all transects
is consistent with that observed from the freshest plume transect
(Figure 2b). This supports the assumption that the ratios of
long-lived species do not significantly change due to chemistry
under the timescales considered here.

Figure 2 highlights results for a single fire. The detailed PMF
results for the fires other than Williams Flats Fire (August 3rd−
4th) are shown in Figure S2. The PMF solutions of the Tucker
Fire, Ridge Top Fire, Mica and Lick Fire, andWilliams Flats Fire
(August 9th) had residuals higher than 35% for all plume
transects because the plumes of those fires were significantly
dilute, aged, or had unusual VOC composition (i.e., unusually
high monoterpene emissions from the Lick slash and pile fire as
described earlier) and were therefore excluded from this graph.
Parameterization of VOC Emissions with Fire Radiative

Power. Fire radiative power (FRP) measured from satellites
quantifies the rate of energy released from fires. FRP is often
treated as a measure of biomass consumption and when
combined with emission factors is used as a tool to estimate total
VOC emissions.45−49 The average FRP (in units of MW) was
calculated for each plume transect as described by Stockwell et
al.36 First, the time since emission of the plume for each point in
the transect was used to determine the FRP at the time of

Figure 3. Scatter plot of the relative contribution of the high-temperature pyrolysis factor versus average FRP. Data are from 10 flights of 5 different
fires with a total of 84 plume transects averaged per fire, where only plumes with less than 25% residual of the PMF fit were used. The colors represent
different fires as shown in the right legend. The inset panel shows a linear fit of the PMF-determined high-temperature contribution versus the one
calculated using the equation fitted by FRP. The scatter plot of the high-temperature factor versus FRP for individual plume transects is shown in
Figure S3.
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emission. Then, the estimated instantaneous FRP was averaged
over the time it took to complete an individual transect.
FRP values change with the size and the intensity of the fire,

and it is expected that fires with higher FRP values often burn at
higher temperatures, which will modulate the composition of
the VOC emissions. Wooster et al. showed that the relationship
between FRP and temperature (i.e., FRP ∝ temperature4) is
explained by the Stefan-Boltzmann law, which describes that the
radiance and radiative divergence of a blackbody are propor-
tional to the fourth power of its absolute temperature.46 In
Figure 3, the fire-averaged FRP is plotted versus the relative
contribution of the high-temperature pyrolysis factor deter-
mined by the two-factor PMF analysis of the long-lived VOCs
for various plumes that were described in Figure 2. Figure 3
shows that the relative contribution of the high-temperature
pyrolysis factor is correlated with the average FRP based on the
Stefan−Boltzmann law (i.e., high-temperature contribution ∝
FRP0.25). With this relationship, FRP can therefore be used to
estimate the relative amount of the high- and low-temperature
pyrolysis factors, which can then be leveraged to determine the
VOC composition of fresh emissions from satellite measure-
ments.
In the following, the high- and low-temperature factors

together with the fit equation from Figure 3 are used to estimate
the emission ratios of the measured VOCs from fresh plumes of
western US wildfires. Here, we focus on only fresh plumes,
whichmeans that the estimation requires only the high- and low-
temperature factors, which are well defined from the FireLab
measurements and this current study and do not include an

aging factor, described further in Chemical Evolution of Short-
Lived and Secondarily Produced VOCs.

According to the present PMF analysis, emissions of a given
VOC in a fresh plume (″VOCi″ in units of ppbv) is calculated
from the following equation:

[ ] = [ ] × ×

[ ]+

a TVOC ppbv total VOCs ppbv ( high

ppbv/total VOC ppbv
i iVOC

× [ ]b Tlow ppbv/total VOC ppbv )iVOC (1)

where “high-TVOCi” and “low-TVOCi” (ppbv/total VOC ppbv)
are the relative fractions of the VOCi-related ion mass to the
total mass spectral profile for the high- and low-temperature
pyrolysis factors, respectively (shown in Table S1b). ″Total
VOCs” represents the sum of transect-integrated emissions (in
units of ppbv) of all VOCs. Coefficient “a” corresponds to the
relative contribution of the high-temperature factor and thus can
be determined from the average FRP of the corresponding
plume and the fitting function as shown in Figure 3, i.e.,

= × [ ] +a 0.057 average FRP MW 0.170.25 (2)

Coefficient “b” is the relative contribution of the low-
temperature factor. Thus,

=b a1 (3)

Gkatzelis et al.20 showed that that total VOC emissions in
fresh plumes measured during FIREX-AQ are well correlated
with carbon monoxide (CO) emissions:

Figure 4. Comparison of emission ratios of VOCi to CO (ERVOCi): (a) Scatter plots of ERVOCi calculated from average FRP and eq 6 versus measured
ERVOCi for the freshest plume transects of the Williams Flats fire (August 3rd and 4th, 2019). Data points correspond to 133 ion masses. The shaded
area shows an uncertainty range of a factor of two (+100%/−50%). (b) Scatter plots of ERVOCi calculated from average FRP and eq 6 for the freshest
plume transects of Williams Flats (August 4th, 2019) and Castle fires (August 13th, 2019) versus average ERs from Gkatzelis et al.20 Data points
correspond to the 46 ion masses, which have been reported by Gkatzelis et al.20 Slope and correlation coefficient (r2) are obtained on a logarithmic
scale. Results for other fires are shown in Figure S4.
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[ ]
= ± × [ ] + ±

total VOCs ppbv

(0.127 0.004) CO ppbv (11.29 9.4)
(4)

The ratio of total VOCs to CO (i.e., Total VOCs [ppbv]/CO
[ppbv]) can be approximated to 0.127, as the intercept of eq 4 is
small and negligible.

[ ]
[ ]

total VOCs ppbv
CO ppbv

0.127
(5)

Consequently, according to eqs 1−5, the emission ratio of

VOCi to CO, ERVOCi, can be estimated just from FRP

measurements as well as the following equation:

Figure 5. Three-factor PMF solutions fully constrained by high- and low-temperature pyrolysis factors, for short-lived and secondarily produced
VOCs. PMF was separately performed on five bins of high-temperature factor contributions. (a) Results for Williams Flats fire (August 3rd and 4th,
2019): the sum of the PTR-ToF-MS-measured total VOC mixing ratios and PMF fits (upper panel), and transect-integrated fractions of the high-
temperature factor, low-temperature factor, aging factor, and residual (lower panel). There were no data for the high-temperature bin = 0−20% in these
plume transects. The asterisk in the lower panel means that residuals were higher than 20%. Fractions >1 means that the PMF solutions were larger
than the measurements. Results for other fires are shown in Figure S5. (b) Scatter plot of the relative contribution of the aging factor versus the maleic
anhydride to furan ratio. (c) Average VOC emission profiles of the aging factor obtained from PMF of different high-temperature contribution
categories. Colors indicate the oxygen atom number included in the VOCs. PMF results of the high-temperature factor contribution of 0−20% have
large residuals, and the corresponding profile was excluded. Fractions of individual ions are shown in Table S1c.
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We discuss how accurately ERVOCi is calculated from average
FRP and eq 6 by comparing with themeasured ERs (determined
here for the 134 ion masses used in the PMF). Figure 4a shows
the scatter plots of the calculated ERVOCi versus the measured
ones for the freshest plume transects of the Williams Flats Fire.
The measured ERVOCi was obtained from transect-integrated
emissions of individual VOCi and CO. The agreement between
the measured and calculated ERVOCi has a slope of ∼1.1 and r2 >
0.90. The calculated ERVOCi of approximately 90 VOCs were
within a factor of two (+100%/−50%). However, specific VOCs
denoted in Figure 4a, mainly nitrogen-containing species (such
as nitriles and amides) and some oxygenates, are likely
underestimated. This could be caused by the fuel nitrogen
content adding additional variability to the nitrogen-containing
VOC emissions.50,51 Similar results were observed for other fires
(Figure S4a). Only [C2H6S + H]+ assigned as dimethyl sulfide
was excluded because the calculated andmeasured ERs were too
low to be fitted properly.
Figure 4b compares the Williams Flats Fire, which had the

highest average FRP of the freshest plume transect (∼12,000
MW), with the Castle fire, which had the lowest FRP (∼10
MW). The data used here are average ERs from the freshest
wildfire plume transects sampled during the FIREX-AQ taken
from Gkatzelis et al.20 That study only includes 46 masses that
were clearly identified, while we use all compounds with
significant signals in this study. The 46 masses account for more
than 85% of the total 134 VOC emissions used in this study. The
fits between the calculated and average ERVOCi are similar with
slopes of 0.89 and 0.97 and r2 = 0.77 and 0.80, respectively.
Other fires were also similar (Figure S4b). This shows that
satellite-derived FRP together with the high- and low-temper-
ature factors can be used to estimate VOC emission ratios
independent of fuel type and burning condition.
Chemical Evolution of Short-Lived and Secondarily

Produced VOCs. The VOC profile of each fire plume evolves
downwind with photochemical aging. In addition, the VOC
composition in each plume transect will depend upon the
original composition of the fresh plume, which is described by
the high- and low-temperature profiles as discussed above. As a
result, the high- and low-temperature factors alone cannot
describe the short-lived and secondarily produced VOCs in
downwind plumes and transects. A third factor, interpreted as an
“aging factor”, has to be added to fit the VOC distribution as the
plume advects downwind.
Figure 5 shows the results of a three-factor PMF solution for

only the short-lived and secondarily produced VOCs. In order to
control for differences in starting VOC composition in each
plume, the time series data were first separated into five bins with
varying high-temperature factor contributions: 0−20, 20−40,
40−60, 60−80, and 80−100% as obtained from the two-factor
solution of the long-lived VOCs. To reflect the VOC

compositions of the fresh emissions, the ratio between the
high- and low-temperature factors were held constant in each
bin (e.g., in the case of the bin of 80−100% high-temperature
contribution, the ratio between the high- and low-temperature
factors were held constant at 90 and 10%). PMF was performed
separately on each bin, and the two factors were fully
constrained by the high- and low-temperature factors.34 One
unconstrained factor (referred to as “aging factor”) was included
to be optimized by PMF.We analyze the data in this way in order
to resolve differences in the atmospheric chemistry and
production of secondary VOCs of the high-temperature
pyrolysis products (e.g., aromatics) from that of the low-
temperature pyrolysis products (e.g., phenolics, furans). The
sum of PTR-ToF-MS-measured total VOC mixing ratios and
the PMF fits were then reordered to the original time series, and
normalized fractions of each factor and residuals were calculated
on a transect-integrated basis. For PMF solutions with four or
more factors, additional factors were a combination of the three
factors and did not provide additional insight into the data.

Figure 5a shows the results of this PMF analysis for the same
plumes and transects from the Williams Flats Fire as in Figure 2.
The short-lived and secondarily produced VOCs are well-fit
with low residuals (<30%) for most transects. The assignment of
the third factor as “aging factor” was based on (1) the relative
contribution of this factor increasing with plume age and (2) the
good correlation of this factor’s contribution with the maleic
anhydride to furan ratio (Figure 5b). These results indicate that
a higher contribution of the aging factor results from prolonged
photochemistry. The assignment is further supported by the
VOC composition of the aging factor, which is shown in Figure
5c. The aging factor is mostly comprised of oxygenated species:
small carbonyls such as formaldehyde and acetaldehyde, small
acids such as formic acid and acetic acid, and various C4 and C5
oxygenates. These compounds are often secondary species
observed in air masses that have undergone atmospheric
oxidation, and chamber experiments of wildfire smoke showed
similar increases of these compounds with photochemical
aging.42,52 Furthermore, the distribution of these VOCs and
evolution downwind appears similar regardless of the starting
VOC composition, i.e., there are no significant differences in the
PMF solutions for each of the high-temperature bins. This result
is also consistent with laboratory experiments, which showed
that PTR-ToF-MS spectra of aged smoke is not significantly
different for fires that contain significant amounts of low-
temperature pyrolysis products vs those that have significant
amounts of high-temperature pyrolysis products.42,52

It should be noted that the short-lived and secondary
compounds in the freshest plumes (e.g., transect #01 in Figure
5a) already have large contributions of the aging factor (∼60%),
while fresh plumes and long-lived species can be well described
with only the high- and low-temperature factors as shown in
Figure 1a. This difference is partly explained by rapid
photochemistry in biomass burning plumes, which can quickly
alter smoke in the minutes to hour timeframe before the DC-8
sampled the fire plumes.43,53 It should be mentioned that PMF
was not able to separate out an aging factor for the very freshest
plumes, such as observed in the FireLab34 or from fresh near-
field VOC emissions collected by ground-site sampling during
the FIREX-AQ project.54 Another reason is that the small
oxygenated VOCs are also primary emissions that are significant
in the high- and low-temperature factors and PMF assigns some
of them to the aging factor as well in the fresh plumes. But again,
it should be mentioned that the high- and low-temperature
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pyrolysis factors alone can adequately account for the freshest
wildfire plumes.
Implication and Perspective on Atmospheric Sciences.

This work focused on understanding VOC emissions in fresh
plumes from western US wildfires by using the high- and low-
temperature pyrolysis factors that were obtained in the FireLab
measurements.34 Even though the wildfires measured during
FIREX-AQ varied significantly in fuel composition, fire
processes, and fire size and intensity, the presented PMF
analysis described the VOC emissions from individual wildfires
well with the two factors. In addition, the relative contribution of
the two factors was dependent on FRP measured by satellite.
This shows that the VOC variability in fresh wildfire plumes is
more determined by the fire temperature and the resulting
pyrolysis processes than the fuel type.
Based on these results, we provide a new framework to

estimate VOC/CO emission ratios from western US wildfires
for many VOCs (>100 species) that only relies on FRP
measurements from satellites and the high- and low-temperature
pyrolysis profiles published in this and previous laboratory work.
Many total carbon fire emission calculations already rely
primarily on FRP36 and with this approach as presented here
the VOC composition could also be simply but effectively
parameterized in models without knowing the MCE for each
fire.
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