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Abstract. Extensive airborne measurements of non-methane organic gases (NMOGs), methane, nitrogen ox-
ides, reduced nitrogen species, and aerosol emissions from US wild and prescribed fires were conducted during
the 2019 NOAA/NASA Fire Influence on Regional to Global Environments and Air Quality campaign (FIREX-
AQ). Here, we report the atmospheric enhancement ratios (ERs) and inferred emission factors (EFs) for com-
pounds measured on board the NASA DC-8 research aircraft for nine wildfires and one prescribed fire, which
encompass a range of vegetation types.

We use photochemical proxies to identify young smoke and reduce the effects of chemical degradation on
our emissions calculations. ERs and EFs calculated from FIREX-AQ observations agree within a factor of 2,
with values reported from previous laboratory and field studies for more than 80 % of the carbon- and nitrogen-
containing species. Wildfire emissions are parameterized based on correlations of the sum of NMOGs with
reactive nitrogen oxides (NO,) to modified combustion efficiency (MCE) as well as other chemical signatures
indicative of flaming/smoldering combustion, including carbon monoxide (CO), nitrogen dioxide (NO,), and
black carbon aerosol. The sum of primary NMOG EFs correlates to MCE with an R? of 0.68 and a slope of
—296 +51 gkg™!, consistent with previous studies. The sum of the NMOG mixing ratios correlates well with
CO with an R? of 0.98 and a slope of 137 +4 ppbv of NMOGs per parts per million by volume (ppmv) of
CO, demonstrating that primary NMOG emissions can be estimated from CO. Individual nitrogen-containing
species correlate better with NO;, NOy, and black carbon than with CO. More than half of the NO, in fresh
plumes is NO, with an R? of 0.95 and a ratio of NO, to NO, of 0.55+£0.05 ppbv ppbv~!, highlighting that
fast photochemistry had already occurred in the sampled fire plumes. The ratio of NO,, to the sum of NMOGs
follows trends observed in laboratory experiments and increases exponentially with MCE, due to increased
emission of key nitrogen species and reduced emission of NMOGs at higher MCE during flaming combustion.
These parameterizations will provide more accurate boundary conditions for modeling and satellite studies of
fire plume chemistry and evolution to predict the downwind formation of secondary pollutants, including ozone
and secondary organic aerosol.
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1 Introduction

Open biomass burning in the form of wildfires, prescribed
forest management fires, and agricultural burns is one of the
largest sources of trace gases and aerosols worldwide (Akagi
et al., 2011; Crutzen and Andreae, 1990). It is the dominant
global source of black carbon and primary organic aerosol
(Bond et al., 2013) and accounts for more than 20 % of the
global emissions of nitric oxide (NO) and carbon monoxide
(CO) (Olivier et al., 2005; Yokelson et al., 2008; Wiedinmyer
et al., 2011). It is the second-largest global source of non-
methane organic gases (NMOGs) (Akagi et al., 2011) and a
major source of greenhouse gases, including methane (CHy),
carbon dioxide (CO,), and nitrous oxide (N,O) that impact
the atmospheric carbon budget and climate (Sudo and Aki-
moto, 2007; Ward et al., 2012; Tian et al., 2016; Le Quéré et
al., 2018).

During the last decade, the number of wildfires and pre-
scribed fires in the United States has sometimes exceeded
74000 and 450 000 yr—!, respectively (National Interagency
Fire Center, 2015). Warming temperatures, drier climate, and
a history of fire suppression are projected to increase the
frequency and intensity of wildfires and lengthen fire sea-
sons globally (Spracklen et al., 2009; Kloster et al., 2010;
Pechony and Shindell, 2010; Moritz et al., 2012; Flannigan
et al., 2013; Mann et al., 2016; Balch et al., 2017), which
is already evident in the western United States, Canada, the
eastern Mediterranean, Siberia, and Australia (Westerling et
al., 2006; Keywood et al., 2013; Yue et al., 2015). Wildfires
in the United States largely occur in the western contermi-
nous states and Alaska and typically account for 12000 to
40 000 km?2 of the annual total area burned (National Intera-
gency Fire Center, 2015). In the southeastern US, prescribed
fires and agricultural burns are a common land management
tool used to improve ecosystem health or facilitate plant-
ing crops (Wiedinmyer and Hurteau, 2010; Cochrane et al.,
2012). Since prescribed fires in the southeast currently ac-
count for about 25000 km? yr~! on average (National Inter-
agency Fire Center, 2015), it is also important to characterize
their emissions.

While wildfires and prescribed fires are favorable for many
ecosystem functions, the atmospheric impacts of fire on cli-
mate, air quality, and health are a major concern. Particles di-
rectly emitted or formed via chemical processes have direct
and indirect effects on climate by influencing the regional
and global radiation balance and impacting cloud proper-
ties and precipitation (Braga et al., 2017; Cecchini et al.,
2017; Hamilton et al., 2018; Thornhill et al., 2018; Kodros
et al., 2020). Global mortality from outdoor pollution due
to biomass burning smoke accounts for 600 000 premature
deaths per year (Johnston et al., 2012), with particulate mat-
ter (PM) and O3 posing the greatest risk factors (Akagi et
al., 2014; Dennekamp et al., 2015; Brey and Fischer, 2015;
Knorr et al., 2017; Apte et al., 2018). In smoke plumes,
O3 and secondary organic aerosols are photochemically pro-
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duced from the interplay of NO,, NMOGs, and meteorol-
ogy (Tsimpidi et al., 2017; Hodshire et al., 2019). An essen-
tial first step to elucidate the factors contributing to PM and
O3 pollution downwind fires is to quantify primary gas- and
particle-phase emissions.

Numerous studies have quantified emission factors (EFs;
grams emitted per kg of dry fuel burned) for various fuel
types and different fire characteristics using ground-based or
airborne measurements in close proximity to wildland/pre-
scribed fire plumes (e.g., Stockwell et al., 2016; Liu et al.,
2017; Peng et al., 2020; Mouat et al., 2022; Lindaas et al.,
2021; Permar et al., 2021) or controlled laboratory burns
(e.g., Stockwell et al., 2014; Koss et al., 2018; Selimovic et
al., 2018). Literature reviews to combine these results have
been periodically conducted (Andreae and Merlet, 2001;
Akagi et al., 2011; Andreae, 2019), with the most recent
by Prichard et al. (2020). Nevertheless, uncertainties in the
process-level understanding and model representation of fire
emissions, plume rise, and chemistry still exist, which in-
fluence model performance in accurately capturing down-
wind O3 and secondary organic aerosol formation (Miiller et
al., 2016; Reddington et al., 2016; Shrivastava et al., 2017).
These uncertainties can result from an insufficient under-
standing of the chemistry and total emissions of NO, and
NMOGs across fuel types, ecosystems, and fire combus-
tion conditions (Warneke et al., 2011; Yokelson et al., 2013;
Hatch et al., 2017).

In this study, we calculate western US wildfire emission
factors for a broad range of gas- and particle-phase species
measured aboard the NASA DC-8 during the 2019 Fire In-
fluence on Regional to Global Environments and Air Qual-
ity (FIREX-AQ) campaign, which included the most com-
prehensive payload to date for airborne sampling of biomass
burning emissions. We compare our results to the most re-
cent laboratory and airborne field studies, including the fire
sciences laboratory component of FIREX-AQ (hereafter re-
ferred to as FireLab) (Koss et al., 2018); the fourth Fire
Lab at Missoula Experiment, FLAME-4 (Stockwell et al.,
2015); the Western Wildfire Experiment for Cloud Chem-
istry, Aerosol Absorption, and Nitrogen, WE-CAN (Permar
et al., 2021); and the Studies of Emissions and Atmospheric
Composition, Clouds and Climate Coupling by Regional
Surveys, SEAC*RS (Liu et al., 2017; Wolfe et al., 2022), as
well as results summarized in the review by Andreae (2019).
We parameterize wildfire emissions based on correlations of
carbon- and nitrogen-containing species to CO, NO;, black
carbon, and modified combustion efficiency (MCE) to im-
prove future modeling efforts to accurately capture the chem-
ical evolution of wildfire smoke.

Atmos. Chem. Phys., 24, 929-956, 2024
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2 Methods

Platforms and instrumentation

The NASA DC-8 aircraft was deployed with an extensive
suite of instruments to measure the gas- and particle-phase
pollutants emitted and photochemically produced downwind
of US wildfires. Figure 1 and Table 1 show the research
flights analyzed here to capture freshly emitted wildfire
smoke from 22 July to 3 September 2019. In total, 16 cross-
wind plume transects downwind from nine western wildfires
and one eastern prescribed fire are analyzed, which represent
arange of fuel types, including timber, grass, dead trees, log-
ging debris, brush, and litter. The transects are selected based
on aging proxies to examine emissions with minimal atmo-
spheric processing. The physical age is determined based on
transect proximity to the fire, an estimated plume rise time,
and wind speed (Holmes et al., 2020) and ranged from 10—
153 min (1-40 km) downwind for the plumes described here.
The MCE, defined as ACO;/(ACO; + ACO), is commonly
reported to quantify the fire conditions and describes the rel-
ative amount of flaming and smoldering combustion (Yokel-
son et al., 1996). Pure flaming fires have an MCE near 0.99,
while smoldering fires vary over a wider range but are most
often near 0.8 (Akagi et al., 2011). For the freshest plume
crossings, the MCE was on average 0.90 &= 0.04 (range 0.94—
0.85), suggesting a mix of flaming and smoldering emissions.

Multiple instruments performed measurements of gas- and
particle-phase species summarized in Table 2. The Univer-
sity of Colorado aircraft aerosol mass spectrometer (CU
HRAMS, AMS in the following) (Canagaratna et al., 2007;
Guo et al., 2021) measured organic aerosol, particulate am-
monium, and nitrate (pNO,) that consisted of inorganic ni-
trates (pNO3), organic nitrates (p)RONO,), and nitroaromat-
ics (pArNO») (Day et al., 2022). Black carbon aerosol con-
centration was measured by a single-particle soot photome-
ter (SP2) and scaled (~ 10 %) to represent the total accu-
mulation mode (Schwarz et al., 2008). NMOGs were mea-
sured by the NOAA proton transfer reaction time-of-flight
mass spectrometer (PTR-ToF-MS) (Yuan et al., 2016); two
whole-air samplers, namely the NOAA-integrated Whole-
Air Sampler (NOAA iWAS; < 10s sample time) (Lerner et
al., 2017) and the University of California, Irvine Whole-
Air Sampler (UCI WAS; <40s sample time) (Colman et
al., 2001; Simpson et al., 2020); the NCAR Trace Organic
Gas Analyzer (Apel et al., 2015), a fast online gas chro-
matograph outfitted with a time-of-flight mass spectrometer
(TOGA-TOF; < 35 s sample time); the Caltech chemical ion-
ization time-of-flight mass spectrometer (CIT-ToF-CIMS);
and, for selected flights, the University of Innsbruck/Uni-
versity of Oslo (UIBK/UiO) PTR-ToF-MS (prototype PTR-
TOF 4000X2; IONICON Analytik GmbH, Innsbruck, Aus-
tria). Three instruments were used in this study that measured
formaldehyde: the In Situ Airborne Formaldehyde (ISAF) in-
strument (Liao et al., 2021), the Compact Atmospheric Mul-
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tispecies Spectrometer (CAMS) (Weibring et al., 2007), and
the UIBK/UiO PTR-ToF-MS. ISAF and CAMS correlated
with an R? coefficient of 0.99 and a slope of 1.27, as dis-
cussed by Liao et al. (2021), whereas the UIBK/UiO PTR-
ToF-MS agreed better with the CAMS, with a slope of 1.02.
In this study, we use the ISAF measurements which have the
best time response compared to all other instruments and ad-
just the mixing ratios to match those reported by CAMS and
the UIBK/UiO PTR-ToF-MS. The NOAA iodide chemical
ionization mass spectrometer (NOAA CIMS) (Veres et al.,
2020; Robinson et al., 2022) was used to measure formic acid
(HCOOR), nitrous acid (HONO), and dinitrogen pentoxide
(N20s5). CO and CHy4 were measured via mid-IR wavelength
modulation spectroscopy by the Differential Absorption Car-
bon Monoxide Measurement (DACOM) instrument (Sachse
et al., 1991). CO, was measured via nondispersive infrared
absorption spectroscopy using a LICOR model 7000 ana-
lyzer (Vay et al., 2009). NO, NO;, and NO, were measured
by the NOAA chemiluminescence instrument (Bourgeois et
al., 2020). NO, measures the sum of reactive nitrogen com-
pounds, including NO, NO;,, HONO, peroxy nitrates, alkyl
and multifunctional nitrates, and particulate nitrate. Addi-
tional measurements of HONO and NO, were provided by
the NOAA Airborne Cavity Enhanced Spectrometer (ACES)
(Min et al., 2016) and NO by the NOAA laser-induced fluo-
rescence instrument (NO-LIF) (Rollins et al., 2020). Glyoxal
and methylglyoxal were measured by ACES, and ammonia
(NH3) by the UIBK/UiO PTR-ToF-MS (Miiller et al., 2016;
Tomsche et al., 2023). The Georgia Tech CIMS (GT-CIMS)
was used to measure peroxyacetyl nitrate (PAN) and other
PAN-like compounds such as peroxylpropionyl nitrate, per-
oxyacryloyl nitrate, and peroxylbutyryl nitrate. Finally, the
plume structure was obtained from aerosol backscatter mea-
sured with the NASA Langley Airborne Differential Absorp-
tion Lidar (DIAL). All measurements reported here are pro-
vided in the NASA FIREX-AQ data repository (Atmospheric
Science Data Center, 2019).

In this study, we focus on quantifying total and speciated
NMOG emissions, which were predominantly measured by
PTR-ToF-MS, the two whole-air samplers, and the Trace Or-
ganic Gas Analyzer with Time-of-Flight mass spectrome-
ter (TOGA-TOF). The same NOAA PTR-ToF-MS and the
iWAS systems were used at the US Forest Service’s Mis-
soula Fire Sciences Laboratory (FireLab) in 2016 as a pre-
cursor to FIREX-AQ and described by Koss et al. (2018).
Koss et al. (2018) speciated isomers measured by PTR-ToF-
MS using gas chromatography pre-separation and reported
isomer distributions for over 150 individual masses. Here,
we compare these isomer distributions to the speciation de-
rived based on the comparison of the GC-MS and PTR-ToF-
MS measurements conducted aboard the NASA DC-8 (Ta-
ble S5 in the Supplement). Two calibration methods were
used to determine NMOG sensitivities for the PTR-ToF-MS.
For commercially available compounds, sensitivities were
determined by gravimetrically prepared standards or by lig-
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Table 2. Descriptions of the instrumentation aboard the NASA DC-8 used in this study.

Species measured Technique Frequency  Inlet setup Reference
(Hz)
03, NO, NO,, NOy chemiluminescence 1 PFA, approx. 1 m long, 1 slpm for each Ryerson et al. (2000)
species; NO and NO, additionally pass
through 50.9 cm? quartz cells
CO,, CO, CHy, H,O 2x laser absorption 1-5 1/4in. stainless steel, 2 m long, 3 slpm flow  Sachse et al. (1991),
spectroscopy Bourgeois et al. (2022)
NH3, speciated PTR-ToF-MS 1 (NH3) PFA, 2 m long, ~ 20 L min~! (before 3 Au-  Miiller et al. (2016)
hydrocarbons, and OVOCs 10 (others)  gust), ~ 60 L min~! (from 3 August on- (with modifications)
wards), heated to 60 °C
PAN, PPN, other PANs Chemical ionization 1-10 1/2in. FEP tubing Zheng et al. (2011)
mass spectrometry
HONO, HCN, HNCO, Todide ToF-CIMS 1 PTFE, 1 m long, 6 slpm, heated to 40 °C Veres et al. (2020)
HCOOH, N,O5, HPMTF,
halogenated compounds
NO laser-induced 1 PFA and Silcosteel, 1 m length, unheated, Rollins et al. (2020)
fluorescence overflow at 10-20 slpm
CH;0, CHg laser absorption 1 Heated HIAPER inlet followed by several Richter et al. (2015),
spectroscopy meters of heated PTFE Teflon tubing Fried et al. (2020)
Cy—Cq alkanes, Cp—C4 whole-air sampling Up to 168 stainless steel Simpson et al. (2001)
alkenes, Cg—Cg aromatics, per flight
C1—Cjs alkylnitrates, etc.
Speciated hydrocarbons and ~ H3OT ToF-CIMS 1-5 PTFE, 1m long, 1-2L min~!, heated to Yuan et al. (2016)
OVOCs 50°C
Cy—Cjg alkanes, Cp—Cy4 whole-air sampling Upto 72 PFA, 2m long, ~60L min~!, unheated Lerner et al. (2017)
alkenes, Cg—Cg aromatics, per flight
C1—-Cj5 alkyl nitrates, etc.
C3—Cy hydrocarbons, HR-ToF-GC/MS 0.0095 Restek Silcosteel, 2.5 L min~!, heated to Apel et al. (2010)
C—C7 OVOCs, HCN, 40°C
CH3CN, halogenated
VOCs, etc.
CH;0 laser-induced 1-10 PFA and Silcosteel, 1 m length, unheated, Cazorla et al. (2015)
fluorescence overflow at 10-20 slpm
H, 03, organic peroxides, CIMS 1 A glass tube (3 cm ID and 47 cm long) Crounse et al. (2006)
organic acids, isoprene coated with a thin layer of Fluoropel PFC
oxidation products, etc. (801A, Cytonix Corp.). The tube is gently
heated, and the sampling flow rate through
the glass tube is > 40m s7L
Glyoxal, methylglyoxal, Airborne Cavity En- 1 PTFE Teflon, < 1 m length, inlet heated to Min et al. (2016)
HONO, NO, hanced Spectrometer 25°C, 10.5 slpm
BC mass concentration Sp2 1 NASA Langley inlet with optional dilution ~ Schwarz et al. (2008)
Submicron aerosol CU-HR-AMS 1 (up to HIMIL tall inlet, 1.3 m SS 0.18 in. ID Guo et al. (2021),
composition 10Hz in +0.45m 0.08 in. ID tubing 4+ pressure Canagaratna et al. (2007)
plumes) controlled instrument inlet (< 0.3 s total

residence time)

Atmos. Chem. Phys., 24, 929-956, 2024
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I 42 Evergreen Forest
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Blackwater

Figure 1. Selected NASA DC-8 flight tracks for sampling the wildfire and prescribed fire plumes during the 2019 FIREX-AQ. Fires discussed
in this study are denoted by black markers. The US map is colored by land cover classification.

uid calibration, as described by Coggon et al. (2019). Sensi-
tivities for other species were estimated based on calculated
proton transfer rate coefficients, as described by Sekimoto
et al. (2017). For the WAS system(s), NMOGs were cali-
brated using gravimetrically prepared standards, as described
by Lerner et al. (2017). A detailed description of the PTR-
ToF-MS and WAS setups as well as NMOG uncertainty is
included in the Supplement.

3 Results and discussion

3.1 Plumes with minimal photochemical aging

Emissions from wildfire plumes chemically transform once
injected into the atmosphere (e.g., Akagi et al., 2012; Robin-
son et al., 2021; Decker et al., 2021; Xu et al., 2021). How-
ever, safety and operational constraints limit the proximity of
airborne sampling to the fire. An essential first step to quanti-
fying wildfire primary emissions is to identify plume samples
that have undergone minimal chemical processing. Com-
monly, the freshest plumes are identified using the plume age
calculated from the distance downwind of the wildfire using
the average wind speed measured on board (e.g., Permar et
al., 2021) but neglecting plume rise. The physical age does
not necessarily identify plume crossings with the least chem-
ical processing since the sampled smoke can be impacted
by meteorology, solar radiation, radical concentrations, and
sampling artifacts related to the aircraft’s position relative to
the center of the plume (Robinson et al., 2021; Decker et al.,
2021; Wang et al., 2021).

https://doi.org/10.5194/acp-24-929-2024

Here, we account for oxidation by hydroxyl radical (OH)
using the ratio of primary and secondary NMOG wild-
fire tracers, specifically furan (a primary species; Koss et
al., 2018) and maleic anhydride (a slow-reacting, secondary
species observed downwind of fires) (Zhao and Wang, 2017).
Coggon et al. (2019) show that maleic anhydride quickly
forms downwind of fires from the OH oxidation of fu-
rans, and Wang et al. (2021) show that the distribution of
maleic anhydride in plumes closely mirrors the distribution
of OH exposure. Since furan is a direct wildfire emission,
and maleic anhydride is a chemical product of furan chem-
istry that is not significantly emitted from fires (Coggon et
al., 2019; Wang et al., 2021), the ratio of maleic anhydride
to furan (MA / F) is expected to increase downwind of a fire
and exhibit a minimum in the least-processed plumes. This
ratio is used as a photochemical proxy to identify the freshest
sampled plumes by extracting the lowest MA / F transect per
wildfire plume and reduce the effects of chemical degrada-
tion on our primary NMOG emission calculations. We note
that this technique may not account for the faster photolysis
of light-absorbing species (such as HONO) or fast intercon-
version between NO and NO,, though the sum of reactive ni-
trogen species (NO, ) is expected to be conserved downwind
of fires (Lindaas et al., 2021). We note that a quantitative rela-
tionship between MA /F and OH exposure is not presented
here as the yield of maleic anhydride from furan oxidation
requires further laboratory quantification. Other furans also
produce maleic anhydride (Coggon et al., 2019), and thus
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the MA / F ratios used here are simply a proxy for screening
out significantly processed emissions.

Figure 2a shows the maleic anhydride, furan, and CO con-
centration downwind of the Williams Flats wildfire on 3 Au-
gust 2019, as a characteristic example. Figure 2b shows the
relationship between maleic anhydride and furan for all of
the plume crossings sampled during FIREX-AQ. The fresh-
est crossings for each fire are highlighted as circles colored
by the estimated smoke age. Also shown are the MA /F and
the median physical smoke age calculated for each plume
crossing. Here we use the high time resolution of PTR-ToF-
MS for MA and furan concentrations, but furan is addi-
tionally scaled by 0.46 to match the TOGA GC-MS con-
centrations as discussed in Sect. 3.2. Volatile organic com-
pound (VOC) and CO concentrations were highest closer to
the wildfire and decreased downwind, primarily due to di-
lution. During the Williams Flats fire (Fig. 2a), the MA /F
increased from 0.20 to 0.86 downwind of the fire, indicat-
ing active chemical conversion of furan to maleic anhydride.
The physical smoke age followed the same increase from
0.5 to 4h. Figure 2b shows that the MA /F for all of the
freshest plume crossings had a median of 0.13 (0.10-0.16,
25th—75th), and their corresponding physical age was less
than 1.46h (0.6-1.74) (see Table 1). It is notable that cer-
tain fires with similar MA / F ratios ranged in physical age
from 15 min to as high as 3—4 h. These differences show how
chemical processing in some plumes may be slow over long
distances, while other plumes may undergo immediate oxi-
dation. Despite these differences, the majority of chemically
fresh plumes sampled during FIREX-AQ exhibited very sim-
ilar MA / F ratios (Fig. 2b).

Figure S1 in the Supplement further highlights differences
in the physical and chemical age of a fire by focusing on the
Williams Flats wildfire and the Blackwater prescribed fire.
The DIAL image shows the shape and evolution of the wild-
fire smoke from overpass flights. For the Williams Flats fire,
the DC-8 sampled emissions by performing raster patterns
perpendicular to the smoke, whereas for the Blackwater fire,
the DC-8 also flew along the smoke plume at various alti-
tudes. For the Blackwater fire, the MA / F increased rapidly
up to 1.4 ppby ppbv~! 30 km downwind of the wildfire, while
for the Williams Flats fire, the ratio reached a maximum of
1 ppbv ppbv—! 120km downwind of the fire. These differ-
ences further highlight the importance of accounting for the
chemical rather than the physical age of a fire to determine
the freshest transects.

The MA /F for fresh, unaged smoke during the FireLab
study was ~ 0.04 ppbv ppbv—! (Wang et al., 2021), show-
ing that even the freshest plume transects sampled during
FIREX-AQ were photochemically processed to some extent.
For the remainder of this analysis, fire plumes sampled clos-
est to the emission source that exhibited a MA /F > 0.20
are excluded from the calculation of emission ratios and en-
hancements. This cutoff is based on the median MA /F ra-
tio observed for the freshest plume plumes sampled during
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FIREX-AQ (0.13 ppbv ppbv—!, Fig. 2b). The exception is the
Blackwater prescribed fire that was the only fire represen-
tative of southeastern US fuel types included in our analy-
sis, even though the freshest plume crossing had a MA / F of
0.3. Further evaluation of biases during FIREX-AQ for fast-
reacting species is discussed in Sect. 3.3.

3.2 Instrument comparisons

NMOG measurements obtained from the NOAA PTR-
ToF-MS were compared to other instruments on board
the DC-8, including TOGA-TOF, two WAS systems, CIT-
CIMS, UIBK/UiO PTR-ToF-MS, and NOAA CIMS. Ta-
ble S5 provides correlations of the PTR-ToF-MS mea-
surements to other instruments. For calibrated compounds,
the NOAA PTR-ToF-MS and the UIBK/UiO PTR-ToF-MS
agreed within 10 %-35 % for methanol, acetonitrile, ace-
tone, methyl ethyl ketone (MEK), benzene, toluene, Cg and
Cg aromatics, and monoterpenes. The NOAA PTR-ToF-MS
and NOAA CIMS agreed within uncertainty for hydrogen
cyanide (HCN), isocyanic acid (HNCO), and formic acid,
respectively. CIT-CIMS agreed with the NOAA PTR-ToF-
MS for HCN, whereas for phenol it was lower by a factor
2. Both instruments were calibrated for phenol, suggesting
that differences could be due to PTR-ToF-MS fragmentation
of higher-molecular-weight gases that produce signals at the
phenol ion mass or differences in the detection of other iso-
mers from the two instruments.

Although the PTR-ToF-MS provides high time resolution
measurements, it cannot speciate NMOG isomers detected
at the same exact mass. In the following, we compare mixing
ratios derived for the PTR-ToF-MS chemical formula to
the combined isomer signals derived from GC-MS, given
in parentheses. When compared to the iWAS, WAS, and
TOGA-TOF measurements, the NOAA PTR-ToF-MS
was within +25 %-35% for CH4O (methanol), C;H3N
(acetonitrile), CoH4O (acetaldehyde), C>,HgO (ethanol),
C¢Hg (benzene), C7Hg (toluene), C3H3N (acrylonitrile),
C3H4O (acrolein), C3HgO (acetone + propanal), CgHjg
(ethylbenzene + m-xylene, p-xylene, and o-xylene), and
C4HgO (methyl vinyl ketone + methacrolein + 2-butenal).
However, the NOAA PTR-ToF-MS was higher by a factor
of 2 or more for CoHgS (dimethyl sulfide), C4HsN (pyr-
role 4+ butene nitrile isomers), C4H4O (furan), C3HgO»
(methyl acetate 4 ethyl formate + hydroxyacetone), CsHgO
(2-methyl-furan + 3-methyl-furan), CsH4O, (furfural 4 3-
furaldehyde), and CjpoHj¢ (monoterpenes), whereas
CH3NO; (nitromethane) agreed with the WAS but was
lower than TOGA-TOF.

The discrepancies between the GC-MS techniques and
PTR-ToF-MS for a number of key species, such as furans,
generally show that the PTR-ToF-MS measures more signal
than what can be accounted for by GC-MS. This observa-
tion likely results from a combination of (a) PTR-ToF-MS
fragmentation of higher-molecular-weight gases that produce
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Figure 2. (a) Mixing ratios of maleic anhydride, furan, and CO (bottom) and ratios of maleic anhydride to furan (top) in 12 crosswind plume
transects of smoke from the Williams Flats fire on 3 August 2019. The maleic anhydride / furan ratio increases as the plume ages during
transport away from the Williams Flats. (b) Comparison of the maleic anhydride and furan mixing ratios used as a photochemical proxy to
identify the freshest plume crossings during FIREX-AQ. Grey points are all 1 s resolution measurements during FIREX-AQ, and circles are
the chosen freshest plume crossings colored by the physical smoke age. The violin plot shows the variability of the ratio of maleic anhydride

to furan for the freshest wildfire transects.

signals at parent ion masses, (b) the detection of isomers that
cannot elute through a GC column, and (c) the detection of
molecules that are lost to canister sampling. To investigate
the causes of these discrepancies, Table S5 shows isomer
distributions for masses detected by the PTR-ToF-MS that
are known to represent the sum of two or more overlapping
isomers. These isomer distributions are calculated from the
ratio of GC-MS measurements to the corresponding PTR-
ToF-MS mass. Each ratio represents the fraction of the total
signal measured by PTR-ToF-MS that is associated with a
given isomer. For example, GC-MS measurements identify
2-methylfuran and 3-methylfuran as the key isomers with
the molecular formula CsHgO. The slope of isomers to PTR-
ToF-MS measurements of CsHgO represents the isomer frac-
tion detected by PTR-ToF-MS.

The isomer distributions shown in Table S5 are compared
to those reported for laboratory smoke by Koss et al. (2018).
Koss et al. (2018) assigned PTR-ToF-MS masses based on
literature searches, intercomparisons of PTR-ToF-MS mea-
surements to other in situ instrumentation, and offline analy-
sis by coupling GC effluent of sampled smoke to the inlet
of the PTR-ToF-MS (combined instrumental setup termed
GC-PTR-ToF-MS). For low molecular weight gases known
to elute through a GC column, Koss et al. (2018) assigned
isomer distributions based on the total signal detected by
GC-PTR-ToF-MS, which includes signals from parent ions
produced from proton transfer as well as fragments from
higher-molecular-weight gases that elute through a GC. For
example, at CsHgO-H™ (m/z 83.0491), 51 % of the sig-

https://doi.org/10.5194/acp-24-929-2024

nal resulted from the elution of 2-methylfuran, 9 % resulted
from 3-methylfuran, and 37 % was associated with other
peaks in the chromatogram that produced signals at CsHgO-
H™ (unidentified isomers + fragments of higher masses). We
note that the PTR-ToF-MS instrument employed in this study
is the same as that used by Koss et al. (2018) and is operated
with the same drift field (E/N = 120 Td).

For species measured during FIREX-AQ where the PTR-
ToF-MS reported significantly more mass than the GC in-
struments, we find that the isomer distributions derived in
this study significantly differ from those derived by Koss
et al. (2018) (Table S5). This is most pronounced for the
monoterpenes but also the furanoic species, such as furan
(C4H40), methylfurans (CsHeO), and furfurals (CsH40»).
Hatch et al. (2017) showed that more than 30 different iso-
mers can contribute to the monoterpenes signal based on
two dimensional GC. However, the conventional GC instru-
ments used during FIREX-AQ could only detect a fraction
of these isomers. Furthermore, differences in sensitivity for
the different isomers would further increase the quantifica-
tion uncertainties for both GC and PTR-ToF-MS. For the
furanoic masses, the PTR-ToF-MS measures a higher frac-
tion of unknown isomers and fragments than what is reported
by Koss et al. (2018). This result holds whether comparing
against isomer distributions derived using TOGA (an online
GC method) or WAS methods (a canister sampling method),
suggesting that uncertainties due to differences in calibration
are small. These results suggest that the total signal of furans
measured by PTR-ToF-MS during FIREX-AQ is likely in-
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fluenced by gases that cannot pass through a GC column,
which includes the possibility of unidentified isomers and
fragments from higher-molecular-weight species. We note
that this result is not specific to the PTR-ToF-MS used in
this study, as the agreement between the NOAA PTR-ToF-
MS and UIBK/UiO PTR-ToF-MS for these masses is within
3 % (Table S5).

Furans are an important contributor to VOC reactivity and
significantly contribute to the formation of ozone and other
secondary gases (Gilman et al., 2015; Hatch et al., 2017,
Coggon et al., 2019). For models employing emission fac-
tors of furans, we recommend using emission factors derived
using GC-based methods given that multiple isomers can be
detected with PTR-TOF-MS at the furan mass. This also ap-
plies to other specific compound classes. In Table S1, we
include the methods used in this study to derive emission
factors. For applications where the fast time resolution from
PTR-ToF-MS is needed (e.g., in deriving cross-plume trends
in gases) (Decker et al., 2021; Xu et al., 2021), the interpre-
tation of trends in furans should include the possibility of
unknown isomers and fragments.

3.3 Emission ratios and emission factors of US wildfire
smoke

The freshest plume transects are used to estimate the pri-
mary emissions for individual fires. Table 3 shows the av-
erage compound-specific enhancement ratios to CO which
we interpret as emission ratios (ERs) for most species and
the inferred emission factors (EFs) calculated for more than
100 species and groups of species from the freshest wildfire
plume transects sampled during FIREX-AQ. ERs and EFs for
each fire are also calculated and provided in Tables S2 and
S3. Given that fast chemistry already occurred in some fire
transects, the ER and EF estimates of highly reactive species
like HONO are lower bounds. ERs are the slope of a linear
fit of each species with CO mixing ratios (see Sect. S1). EFs
were calculated following Eq. (1):

MM; Ai/ACO
AWe 3| (NC. - 4%)

where EF; is the emission factor of compound i calculated
similarly to Akagi et al. (2011), Fc is the carbon fraction of
the fuel assumed to be 0.5gg~!, MM; is the molar mass of
i, AW is the atomic mass of carbon (12 g mol 1), Ai/ACO
is the emission ratio of a compound relative to CO, NC; is
the number of carbon atoms in C-containing species x, and
AC,/ACO is the emission ratio of species x to CO. This
method assumes that all the carbon lost from the fuel as it
burns is emitted and measured, which is a reasonable ap-
proximation as CO, CO,, and CH4 account for most of the
emitted carbon (Akagi et al., 2011). The denominator of the
last term estimates total carbon relative to CO. Species C,
includes all species shown in Table 3. The carbon not quanti-

EF; = Fc

ey
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fied by the suite of instrumentation available during FIREX-
AQ likely results in emission factor overestimates of no more
than 1 %-2 % (Yokelson et al., 2013; Stockwell et al., 2015).

Figure 3 shows the average chemical composition of
freshly emitted wildfire smoke (in gkg™!; see Eq. 1). CO,,
CO, and CHy are 97 % of the total mass. The remaining 3 %
consisted of gas- and particle-phase carbon-containing (C-
containing, 2.6 %) and nitrogen-containing (N-containing,
0.3 %) species. A total of 50.4 % and 0.7 % of this remain-
ing C-containing total mass results from organic aerosol
and black carbon (BC), respectively. In the gas phase,
6.4 % of the remaining C-containing species mass, which
includes all species in Fig. 3a, was phenolic compounds
and furans, 4 % formaldehyde (HCHO), 4 % glycolaldehyde
and acetic acid (CoH405), 3.7 % acetaldehyde (CH3CHO),
2.1 % methanol, 5.8 % remaining compounds with one oxy-
gen atom (C,H,0), 6.9 % remaining compounds with two
oxygen atoms (CyH,0O,), 3.1 % aromatics, 6.3 % alkenes,
2.8 % alkanes, and 3.3 % other species. N-containing species
mass, shown in Fig. 3b, consisted of organic and inor-
ganic nitrate and other organic nitro compounds such as ni-
troaromatics (pNO,, 19 %) and ammonium (pNH+, 8.5 %)
in the particle-phase, whereas, the dominant gas-phase N-
containing species mass was from ammonia (NH3, 18.5 %),
followed by nitrogen dioxide (NO», 17.5 %), isocyanic acid
(HNCO, 8.5 %), hydrogen cyanide (HCN, 5 %), peroxyacyl
nitrates (PANS, 7 %), nitrous acid (HONO, 4.8 %), nitric ox-
ide (NO, 2.5 %), and others at 3 %. The high contribution of
NO; in comparison to NO and HONO and the existence of
secondary pollutants, in particular PANs, also indicate that
chemistry occurred from the time of emission to the time of
detection. Given the fast conversion of NO and HONO to
NO; and nitrate and NH3 to particulate ammonium, we also
include the conserved quantity of NO, in Table 3, as well
as NO, as NO and NH, as NHj3 + particulate ammonium.
Emissions of SO, as SO; that include the conversion of SO,
to particulate sulfate are discussed in Rickly et al. (2022).

3.4 FIREX-AQ field observations compared to
laboratory and field studies

The sum of the NMOG EFs sampled during the FIREX-AQ
campaign was 26.88 £8.5gkg™! (30), in agreement with
the mean sum from western wildfires during the WE-CAN
campaign of 26.1 6.9 gkg™! (Permar et al., 2021), tem-
perate forest fires at 23.7 gkg™! (Akagi et al., 2011) and
24.55gkg™! (Andreae, 2019), pine-forest understory pre-
scribed fires at 27.6 g kg_1 (Yokelson et al., 2013), FLAME-
4 laboratory coniferous canopy fires at 23.9 gkg™! (Stock-
well et al., 2015), and FireLab measurements of various dif-
ferent fuel types at 25 gkg™! (Koss et al., 2018). The sum
of FIREX-AQ NMOG ERs to CO on a molar basis was
134.2+£20ppbppm™~!, in a similar range as WE-CAN at
148.3 4-29.6 ppb ppm ™! and FireLab at 144.5 ppb ppm~".
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Table 3. Emission ratios and emission factors of organic and nitrogen compounds from wildfire plumes. In italic are multiple isomers
measured as a sum by the NOAA PTR-ToF-MS that were further speciated based on other GC-MS measurements from FIREX-AQ (column 1
in parentheses). Here, we show the ratio of each isomer measured by GC-MS to the total PTR-ToF-MS signal obtained in this mass.

Compound (isomer contribution  Instrument Exact Chemical EFs +o ERs to CO +o

to each mass is provided in mass formula/ (gkg™h (ppbppm 1)

parentheses based on the ratio of (Da) structure

each isomer measured by

GC-MS to the sum measured by

PTR-ToF-MS; check Table S5)

Gas-phase

Carbon dioxide DACOM 43.99 CO, 1533.82  78.06 9400.32  2455.30

Carbon monoxide DACOM 2799 CO 109.15  22.70 1000.00 0.00

Methane DACOM 16.03 CHy 5.81 2.68 91.97 31.61

Formaldehyde CAMS & ISAF 30.01 CH;0 2.10 0.79 17.92 431

Acetic acid 4+ glycolaldehyde NOAA PTR-ToF-MS 60.02 CyH40, 2.09 0.61 8.86 1.51
for the sum

Acetaldehyde NOAA PTR-ToF-MS 44.03 CyH40O 1.95 0.60 11.25 1.70

Ethene iWAS 28.03 CyHy 1.52 0.45 13.57 1.97

Methanol NOAA PTR-ToF-MS 32.03 CH40 1.42 0.66 10.90 3.21

5-Methylfurfural + benzene NOAA PTR-ToF-MS 110.11  CgHgO» 1.20 0.47 2.72 0.68

diols (i.e., catechol, resorcinol) for the sum

Acetone (78 %) + propanal NOAA PTR-ToF-MS 58.04 C3HgO 0.93 0.34 4.04 0.84

(22 %) (speciation by GC-MS)

Ethane iWAS 30.05 CyHg 091 0.26 7.76 1.84

Methyl acetate + ethyl formate NOAA PTR-ToF-MS 74.04 C3HgO, 0.81 0.36 2.70 0.73

+ hydroxyacetone for the sum

Propene iWAS 42.05 CsHg 0.80 0.27 4.80 1.16

MVK (38 %) 4 methacrolein NOAA PTR-ToF-MS 70.09 C4HgO 0.71 0.27 2.56 0.56

(27 %) + 2-butenal (33 %) (speciation by GC-MS)

Benzene NOAA PTR-ToF-MS 78.05 CgHg 0.69 0.17 2.26 0.24

Guaiacol (i.e., 2-methoxyphenol) NOAA PTR-ToF-MS 124.14 C7HgO, 0.70 0.34 1.38 0.52

Acrolein NOAA PTR-ToF-MS 56.03 C3H40 0.88 0.88 3.73 2.73

Methyl glyoxal ACES 72.06 CH3COCHO 0.44 0.36 1.55 1.23

Isocyanic acid NOAA PTR-ToF-MS 43.01 HNCO 0.53 0.31 3.51 2.46

Formic acid NOAA PTR-ToF-MS 46.00 HCOOH 0.60 0.43 3.31 1.95

2-Methylphenol (e, o- NOAA PTR-ToF-MS 108.14 C7HgO 0.57 0.22 1.32 0.37

cresol) + for the sum

anisol

2(3H)-Furanone NOAA PTR-ToF-MS 84.02 C4H40, 0.54 0.26 1.60 0.50

HCN CIT-CIMS 27.01 HCN 0.31 0.12 3.01 1.08

Toluene NOAA PTR-ToF-MS 92.06 C7Hg 0.53 0.21 1.42 0.35

2,3-Butanedione + 2-oxobutanal ~ NOAA PTR-ToF-MS 86.04 C4HgO- 0.49 0.20 1.43 0.37

+ 1,4-butanedial for the sum

Monoterpenes NOAA PTR-ToF-MS 136.24 CioHye 0.47 0.43 0.82 0.65
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Table 3. Continued.

Compound (isomer contribution Instrument Exact Chemical EFs +o ERs to CO +o
to each mass is provided in mass formula/ (gkg™ ) (ppb ppm_l)
parentheses based on the ratio of (Da)  structure

each isomer measured by

GC-MS to the sum measured by

PTR-ToF-MS; check Table S5)

2-Methoxy-4-methylphenol (i.e., NOAA PTR-ToF-MS 138.16 CgH1p0O7 0.47 0.26 082  0.36
creosol)

2,5-Dimethylfuran + NOAA PTR-ToF-MS 96.06 CgHgO 0.41 0.16 1.07 0.27
2-ethylfuran + other unidentified for the sum

organic compounds

Phenol CIT-CIMS 94.04 CgHgO 0.16  0.05 043 0.13
Furan TOGA 68.03 C4H4O 0.35 0.13 1.33 0.40
i-Butene iWAS 56.06 C4Hg 0.35 0.12 1.61 0.42
Acetonitrile NOAA PTR-ToF-MS 41.03 CyH3N 0.32 0.14 204  0.86
Propane iWAS 44.06 CsHg 0.33 0.14 1.90 0.66
Ethyne iWAS 26.02 CyHj 030 0.14 290 092
Glyoxal ACES 58.04 CHOCHO 022  0.20 094  0.78
MEK NOAA PTR-ToF-MS 72.06 C4HgO 024  0.08 084  0.20
Ethylbenzene (7 %) + m- and p- NOAA PTR-ToF-MS 106.17 CgHjo 0.08  0.04 0.18 0.07
xylenes (58 %) + o-xylene (21 %) (speciation by GC-MS)

2-Furfural TOGA 96.02 CsH40, 0.18 0.06 0.47 0.11
Benzaldehyde NOAA PTR-ToF-MS 106.12 C7HgO 0.15 0.05 0.35 0.06
1-Butene iWAS 56.06 C4Hg 0.15 0.05 0.68 0.16
Hydroxy benzoquinone NOAA PTR-ToF-MS 124.09 CgH403 0.12 0.06 0.23 0.09
2-Methylfuran TOGA 82.04 Cs5HgO 0.11 0.04 034  0.10
Styrene NOAA PTR-ToF-MS 104.15 CgHg 0.11 0.04 0.26 0.06
Cy aromatics NOAA PTR-ToF-MS 120.19 CoHjp 0.084 0.043 0.178 0.073
Naphthalene NOAA PTR-ToF-MS 128.17 CjoHg 0.077 0.032 0.161 0.074
n-Butane iWAS 58.08 Cy4Hjpg 0.082  0.030 0.368 0.121
Benzonitrile NOAA PTR-ToF-MS 103.04 C7H5N 0.081 0.027 0.200 0.062
1-Pentene iWAS 70.08 CsHjg 0.073  0.023 0.268  0.069
Benzofuran NOAA PTR-ToF-MS 118.10 CgHgO 0.067 0.023 0.143  0.031
Butanal TOGA 72.06 C4HgO 0.060 0.019 0.217 0.064
Isoprene iWAS 68.06 CsHg 0.070  0.055 0.271  0.203
Propyne WAS 40.03 Cs3Hy 0.057 0.027 0.362 0.121
2-Methyl-1-butene iWAS 70.08 CsHjgp 0.055 0.020 0.201  0.054
Nitromethane NOAA PTR-ToF-MS 61.02 CH3NO, 0.052 0.025 0.228 0.116
1-Hexene WAS 84.09 CgHypp 0.049 0.013 0.151  0.043
2-Methylpropanal TOGA 72.06 C4HgO 0.046 0.015 0.167 0.049

Atmos. Chem. Phys., 24, 929-956, 2024
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Table 3. Continued.

941

Compound (isomer contribution  Instrument Exact Chemical EFs +o ERs to CO +o
to each mass is provided in mass  formula/ (gkg™h (ppbppm 1)
parentheses based on the ratio of (Da)  structure
each isomer measured by
GC-MS to the sum measured by
PTR-ToF-MS; check Table S5)
n-Pentane iWAS 72.09 CsHypp 0.044 0.018 0.159 0.058
Acrylonitrile NOAA PTR-ToF-MS 53.03 C3H3N 0.040 0.011 0.202 0.073
cis-2-Butene iWAS 56.06 C4Hg 0.013  0.005 0.045 0.013
Syringol NOAA PTR-ToF-MS 154.17 CgH;p03 0.047 0.034 0.078  0.056
trans-1,3-Pentadiene iWAS 68.06 CsHg 0.033  0.015 0.123  0.044
trans-2-Butene iWAS 56.06 C4Hg 0.037  0.020 0.166  0.082
n-Hexane iWAS 86.11 CgHyg 0.033  0.013 0.099 0.038
i-Butane iWAS 58.08 Cy4Hjo 0.027 0.010 0.122  0.038
1-Heptene WAS 98.11 C7Hyq4 0.026  0.008 0.069  0.022
Ethanol NOAA PTR-ToF-MS 46.04 CyHgO 0.020 0.055 0.098 0.273
n-Nonane iWAS 128.16  CoHpg 0.025 0.010 0.051  0.020
Methyl formate iWAS 60.02 CyH40, 0.020 0.022 0.089  0.095
n-Decane iWAS 142.17 CygHjp2 0.023  0.012 0.042 0.024
3-Methylfuran TOGA 82.04 Cs5HgO 0.019  0.006 0.058 0.017
1-Octene WAS 112.13  CgHjg 0.018  0.005 0.042 0.013
3-Furfural TOGA 96.02 CsH40, 0.018  0.006 0.047 0.011
trans-2-Pentene iWAS 70.08 CsHjpo 0.018 0.008 0.065 0.025
2,4-Dimethylpentane iWAS 100.13  C7Hjg 0.018 0.009 0.046 0.019
1-Nonene WAS 126.14 CoHig 0.015  0.005 0.031 0.011
1-Buten-3-yne WAS 52.03 C4H4 0.014  0.007 0.070  0.026
Pyrrole TOGA 67.04 C4HsN 0.012  0.005 0.047  0.024
i-Pentane iWAS 72.09 CsHypp 0.012  0.006 0.045 0.023
cis-2-Pentene iWAS 70.08 CsHjo 0.013  0.005 0.045 0.013
Butene nitrile isomers TOGA 67.04 C4HsN 0.007  0.003 0.028 0.014
2-Methylpentane iWAS 86.11 CgHys 0.007  0.003 0.020  0.008
1-Butyne WAS 54.05 C4Hg 0.006 0.003 0.030 0.012
Methylcyclopentane iWAS 84.09 CgHyp 0.005 0.002 0.015 0.006
Methylcyclohexane iWAS 98.11 C7Hyq4 0.004  0.002 0.011  0.006
Dimethyl sulfide (50 %) + other NOAA PTR-ToF-MS 62.02 CyHgS 0.002  0.002 0.009  0.007
unidentified organic compounds (speciation by GC-MS)
(50 %)
2-Butyne WAS 54.05 C4Hg 0.003  0.002 0.014  0.008
Methyl nitrate WAS 77.01 CH3NO3 0.002  0.002 0.008  0.005
i-Propanol WAS 60.06 C3HgO 0.003  0.006 0.015 0.026
https://doi.org/10.5194/acp-24-929-2024 Atmos. Chem. Phys., 24, 929-956, 2024
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Table 3. Continued.

Compound (isomer contribution  Instrument Exact Chemical EFs +o ERs to CO +o
to each mass is provided in mass  formula/ (g kg_l) (ppb ppm_l)

parentheses based on the ratio of (Da)  structure

each isomer measured by

GC-MS to the sum measured by

PTR-ToF-MS; check Table S5)

i-Propyl nitrate WAS 105.04 C3H7NO3 0.002  0.001 0.005 0.002
1,3-Butadiyne WAS 50.02 C4Hjp 0.001  0.001 0.006 0.002
Ethyl nitrate WAS 91.03 C,H5NO3 0.001  0.001 0.002 0.002
2-Butyl nitrate WAS 119.06 C4H9NO3 0.0005  0.001 0.001 0.002
NO, CL NOy 12.10 7.38
Nitrogen dioxide CL 46.01 NO, 0.93 0.63 6.05 5.34
Nitric oxide CL 30.01 NO 0.14 0.13 1.42 1.44
Nitrous acid NOAA CIMS 47.00 HONO 0.30 0.21 1.89 1.61
Ammonia Oslo PTR-ToF-MS 17.03 NHj3 1.15 0.77 17.44 11.65
Aerosol-phase (all units in gkg 1)

Organic aerosol AMS OA 26.51 1397 317.3 148.9
(OA/0C=1.89£0.16)

Particulate nitrate AMS 62.00 pNOy 0.84 0.3 7.29 2.69
Particulate ammonium AMS 18.04 pNHj‘r 0.36 0.21 3.24 1.97
Black carbon Sp2 BC 0.35 0.32 3.26 2.69
Sums

NH, as NH3 UIBK/UiO 17.03 NHj3 NH3 EFs also derived in Tomsche et al. (2023)
(EFNH; +(17/18) x EFng,) PTR-ToF-MS + AMS 1.65 1.14 24.56 17.10
NOy as NO CL 30.01 NO 0.87 0.96 5.37 4.92
(EFNo + (30/46) x EFno,)

SOy as SO, NO-LIF, AMS See Rickly et al. (2022)

Total NMOG emissions 26.88 8.5 134.24 18.23

Figure 4 compares the ERs of C-containing and N-
containing compounds (ppb ppb~! CO) with those measured
at the FireLab (Koss et al., 2018; Selimovic et al., 2018). Dur-
ing FIREX-AQ, all NMOGs correlated well with CO with
correlation coefficients R? above 0.75, confirming that CO
could be used as a proxy for estimating NMOG emissions
close to the fire, as further discussed in Sect. 3.5. Variability
in the correlations of individual species with CO was still ev-
ident — for example, species that are both emitted and photo-
chemically produced exhibited lower correlation (e.g., acetic
acid, acetone, and formic acid, R? =0.75-0.85) than com-
pounds with only primary emissions from fires (e.g., aro-
matics, R? > 0.95). N-containing species were weakly cor-
related with CO partly due to varying fuel N /C (Roberts
et al., 2020). In addition, lower correlation of NH3 could be

Atmos. Chem. Phys., 24, 929-956, 2024

due to variable amounts of ammonium formation in aging
smoke or differences in instrument response times between
a high-volatility compound, such as CO, compared to NH3,
which may partition to the inlet and instrument walls before
detection (Tomsche et al., 2023; Stockwell et al., 2014) and
slow the instrument response time. Low correlations are also
found for HONO, which is highly reactive and removed by
photochemistry (Peng et al., 2020; Theys et al., 2020), as
well as for glyoxal and methylglyoxal, which are photochem-
ically formed and could partition differently to the particle
phase depending on humidity (Mitsuishi et al., 2018; Ling
et al., 2020). N-containing species were in good agreement
except the higher contribution of NO and particulate ammo-
nium in FireLab and FIREX-AQ, respectively. This differ-
ence reflects the depletion of NO and the secondary forma-

https://doi.org/10.5194/acp-24-929-2024
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Figure 3. Pie charts of carbon- and nitrogen-containing species average emission factors (g kg_l) for fresh wildfire smoke. The text labels
indicate compounds with only direct emissions in black, compounds that are directly emitted and photochemically produced in blue, and
PANSs that are only photochemically produced in red, indicating some oxidation, even for the freshest plumes sampled. Although HCHO
and CH3CHO are C,HyO species, and glycolaldehyde/acetic acid are CyHyO; species, they are separately presented due to their high

abundances.

tion of particulate ammonium in field observations and pro-
motes the finding that fast chemistry of reactive compounds
occurred prior to the FIREX-AQ sampling. In summary, vari-
ability in post-emission processes, fuel nitrogen, and fast
photochemistry are likely important factors that contribute to
the differences in correlations between FIREX-AQ and Fire-
Lab measurements of NMOGs, NO,, species, and CO.
While the PTR-ToF-MS is well-suited for detecting
NMOGs, it is prone to fragmentation for a range of
molecules, depending on their molecular structure (Pagonis
et al., 2019). For such compounds, measurement uncertain-
ties increase, and comparisons to previous studies that use
different instrumentation become more challenging. As out-
lined in Sect. 2, the NOAA PTR-ToF-MS used in this study
was the same instrument as used in the FireLab 3 years
prior (Koss et al., 2018). This provided an important opportu-
nity to compare field-derived emissions to laboratory studies.
FireLab average ERs were calculated by comparing similar
fuel types as measured during FIREX-AQ, including pon-
derosa pine, lodgepole pine, Douglas fir, subalpine fir, Engel-
mann spruce, loblolly pine, Jeffrey pine, juniper, manzanita,
chamise, and bear grass laboratory burns. Overall, FIREX-
AQ ERs agree with those from the FireLab within a factor
of 2 for most compounds (see Fig. S3). Compounds with the
largest differences were benzonitrile with a FIREX-AQ to

https://doi.org/10.5194/acp-24-929-2024

FireLab ratio of 2.46, ethene (1.88), CH3CN (1.77), toluene
(1.71), HCOOH (1.64), the sum of acetone and propanal
(1.62), glycolaldehyde and acetic acid (0.50), monoterpenes
(0.49), C4HsN species (0.47), syringol (0.32), and ethanol
(0.28).

Figure 5 and Table S6 compare FIREX-AQ observations
against field-derived wildfire EFs from SEAC*RS (Liu et
al., 2017), WE-CAN (Permar et al., 2021), and literature-
average temperate forest EFs from Andreae (2019). For all
studies, the measurements agree within a factor of 2 for
83 %, 87 %, and 78 % of the compounds reported during
SEAC*RS, WE-CAN, and the Andreae (2019) temperate for-
est fire average (includes SEAC*RS), respectively. FIREX-
AQ EFs were on average higher compared to previous stud-
ies. The average ratios (+10) of FIREX-AQ to WE-CAN,
SEAC*RS, and temperate forest fires from Andreae (2019)
were 1.42+0.3, 1.26 £0.42, and 1.24 - 0.36, respectively
(see Table S6). Glyoxal and methylglyoxal were expected to
have higher discrepancies due to their secondary production
and relative-humidity-dependent particle-phase partitioning
but also due to the higher quantification uncertainties in the
previous studies. For example, during WE-CAN (Permar et
al., 2021), a PTR-ToF-MS was used to detect these com-
pounds, which are prone to fragmentation upon ionization in
the PTR-ToF-MS. Furthermore, the calculated glyoxal sensi-

Atmos. Chem. Phys., 24, 929-956, 2024
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tivity used by Permar et al. (2021) was high (Stonner et al.,
2017) and could therefore lead to a significant underestima-
tion. In this study, glyoxal and methylglyoxal were measured
by cavity-enhanced spectroscopy, and the uncertainties were
< 5 % (see Sect. 2). Furthermore, comparison of the FIREX-
AQ to the FireLab EFs also measured by the same spectro-
scopic technique (see Fig. 4) (Zarzana et al., 2018) showed
that glyoxal and methylglyoxal were in better agreement with
FIREX-AQ compared to Permar et al. (2021) but still lower
by 50 % and 75 %, respectively. Dimethyl sulfide (DMS) is a
compound that originates predominantly from oceanic emis-
sions, and its fire emissions were lower for this study com-
pared to WE-CAN and the temperate forest fire emissions
average but higher by 20 % compared to the SEAC*RS EFs.
FIREX-AQ monoterpenes were higher than those in WE-
CAN and FireLab by a factor of 2 and lower than the tem-
perate forest fire emissions average (Andreae, 2019) by a
factor of 2, which likely stems from the large variability of

Atmos. Chem. Phys., 24, 929-956, 2024

monoterpene emissions for different fuel types and the diffi-
culties inherent with the large number of isomers (Hatch et
al., 2017; Koss et al., 2018; Sekimoto et al., 2018). OA was
50 % higher compared to WE-CAN and temperate forest fire
emissions but within 10 % when compared to the SEAC*RS
OA emissions. Some of the OA estimates that went into the
Andreae (2019) averaged OA EF value were calculated from
OC with an assumed OA : OC value of 1.6, lower than the
value of 1.89 used in this work (Table 3); while a correction
of Andreae’s data is not possible since it is not transparent
which studies included in that compilation are affected, this
will result in a small high bias in O:C. The variability of
OA EFs highlights the importance of accounting for the par-
titioning and aging of OA when comparing OA EFs across
biomass burning campaigns given that the fraction of the de-
tected OA from wildfire plumes can be a mix of primary and
secondary (Pagonis et al., 2020).

https://doi.org/10.5194/acp-24-929-2024
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Figure 5. Comparison of FIREX-AQ EFs to those from SEAC*RS 2013 (Liu et al., 2017), WE-CAN 2018 (Permar et al., 2021), and the
review publication by Andreae (2019). Shaded areas show differences within a factor of 2.

Focusing on the two large recent campaigns dedicated
to wildfires, we note that differences can occur due to nat-
ural variability with 2018 being a more intense fire sea-
son (Jin et al., 2023) but also from the different fragmen-
tation, inlet setups, and quantification uncertainties between
the instruments used. Differences between the WE-CAN and
FIREX-AQ EFs for oxygenated compounds could be due
to the different quantification uncertainties between the two
PTR-ToF-MS instruments. For both studies and instruments,
assuming similar isomer sensitivities and no fragmentation
interferences, sensitivities for calibrated compounds intro-
duced a 15 % uncertainty, whereas sensitivities for uncali-
brated species were estimated following theoretical methods
described by Sekimoto et al. (2017), which have an uncer-
tainty of 50 %. Several reactive oxygenated compounds that
have implications for NO, loss processes such as the for-
mation of nitrophenolic compounds (Finewax et al., 2018;
Decker et al., 2021) were calibrated during FIREX-AQ but
only calculated during WE-CAN, such as C7HgO (o-cresol,
anisol), C7HgO, (guaiacol), and CgHj¢pO, (creosol). One
mass calibrated on both instruments was C¢HgO»> (sum of 5-
methyl-furfural, catechol, and resorcinol) but was still a fac-
tor of 5 higher during FIREX-AQ compared to WE-CAN.
However, the FIREX-AQ ERs for CgHgO, agreed within
45 % of the FireLab study, which used the same instrument,
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suggesting possible differences in fragmentation or isomer
assignment between the FIREX-AQ and WE-CAN instru-
ments. Styrene (CgHg) from FIREX-AQ (using PTR-MS)
was a factor of 6 higher compared to the WE-CAN mea-
surements (GC-MS) but agreed within 60 % with SEAC*RS
(GC-MYS) and FireLab EFs (PTR-MS). C¢HgO (sum of 2,5-
dimethylfuran, 2-ethylfuran, and other C,-substituted furan
isomers), CgH0O3 (syringol), and C¢H4O3 (hydroxy ben-
zoquinone) were quantified using estimated calibration fac-
tors during both campaigns and therefore more uncertain and
were higher by a factor of 2-5 during FIREX-AQ. Another
influencing factor for the overall higher EFs for oxygenated
compounds during FIREX-AQ could be due to the optimized
inlet setups to limit wall losses prior to detection for the
majority of the instruments (Table 2). Various oxygenated
compounds are more analytically sticky and can therefore
partition to the inlet line walls prior to their detection. For
example, during FIREX-AQ the NOAA PTR-ToF-MS inlet
line was 1 m long and heated at 60 °C to reduce condensa-
tion sinks resulting in less than 1 s residence times; in Fire-
Lab (Koss et al., 2018) a longer 16 m transfer line was used
at 40°C with a residence time comparable to FIREX-AQ,
whereas in WE-CAN (Permar et al., 2021) the smoke to drift
tube time was higher (~2s) at temperatures of 55-60 °C.
This could therefore contribute to differences for larger or

Atmos. Chem. Phys., 24, 929-956, 2024



946 G. |. Gkatzelis et al.: Parameterizations of biomass burning emissions

more oxygenated NMOGs between campaigns and partly ex-
plain the overall increased EFs during FIREX-AQ.

Further differences between FIREX-AQ and WE-CAN
may also result from the methods used to identify and charac-
terize young plumes. As described in Sect. 3.1, fresh plumes
are identified during FIREX-AQ based on chemical aging
proxies, whereas fresh plumes identified in WE-CAN are
based on physical distance downwind. For highly reactive
species, such as furans and oxygenated aromatics, strong fire-
to-fire variability in OH exposure may alter emission factors,
even in smoke with similar downwind age. Figure S2 com-
pares the FIREX-AQ and WE-CAN field observations to the
ERs obtained during the FireLab study for a variety of over-
lapping NMOGs with varying reactivities towards OH rad-
icals. Given that FireLab experiments were performed un-
der dark and warmer conditions in smoke aged just 5, it
is expected that the more reactive compounds would show
higher ERs when compared to field observations if the sam-
pled smoke on board the aircraft was already aged. How-
ever, higher ERs were observed for various compounds mea-
sured during FIREX-AQ. In contrast, when comparing WE-
CAN to FireLab ERs, the highly reactive compounds were
lower, although the ERs of less reactive compounds were in
good agreement. This indicates possible differences between
FIREX-AQ and WE-CAN owing to variability in chemical
oxidation, which has the largest impact on highly reactive
species.

The correlation to MCE for each species EFs was calcu-
lated for all wildfires as shown in Table S4 and compared
to the WE-CAN observations. Correlation coefficients (R?)
during FIREX-AQ were above 0.5 for 28 % of the species,
0.3-0.5 for 27 % of the species, and below 0.3 for the remain-
ing species. The lowest correlations, below 0.1, were found
for N-containing species, including particulate ammonium
and pNO,, ammonia, acetonitrile, 2-butyl nitrate, methyl ni-
trate, pyrrole and butene nitrile isomers, and acrylonitrile.
Nevertheless, agreement within a factor of 2 was found when
compared to the slopes and R? obtained from the WE-CAN
campaign for most of the compounds. Figure 6 shows the
dependence of two N-containing species on fire MCEs for
the FIREX-AQ and FireLab (Roberts et al., 2020) studies as
well as for a majority of fuel types by Akagi et al. (2011)
and Andreae (2019). We report N-containing species as a ra-
tio to the total reactive nitrogen N, defined as the sum of
NO, NO;, HONO, HNCO, HCN, NH3, other N-containing
VOCs, and particle-phase nitrate and ammonium. The dot-
ted lines and shaded regions show FireLab parameterizations
that describe how these ratios respond to changes in MCE
(Roberts et al., 2020) for one subalpine fir fire burned during
FireLab, whereas square and bent square markers indicate
different land cover types from Andreae (2019) and Akagi et
al. (2011), respectively. It should be noted that for Akagi et
al. (2011) and Andreae (2019), N; measurements are limited
to the sum of NO, NO,, HONO, HCN, and NHj3, and there-
fore the N; could represent a lower limit. For both laboratory
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and field studies and independent of the fuel burnt, as MCE
increases, NO, / N; increases, whereas NH3 / N; decreases.
The FireLab MCE ranged from pure flaming (MCE = 0.99)
to smoldering values (MCE < 0.8), but ambient observations
during FIREX-AQ were limited to MCE values ranging from
0.85 to 0.95, which suggests both flaming and smoldering
contributions to the sampled wildfire plumes.

3.5 Parameterization of organic- and
nitrogen-containing emissions in wildfire plumes

The comparisons described above demonstrate that FIREX-
AQ emissions agreed within a factor of 2 or better with previ-
ous laboratory and field studies for most C- and N-containing
species for temperate ecosystem fuels. In the following, we
relate primary wildfire emissions and emission factors to fire
emissions measurable from space, e.g., CO (e.g., Schneising
et al., 2020), NO, (e.g., Martinez-Alonso et al., 2020), and
BC (e.g., Konovalov et al., 2018), as well as MCE. Although
current satellite retrievals for wildfire smoke can agree with
airborne observations, e.g., for NO, and CO (Griffin et al.,
2021; Stockwell et al., 2022), challenges in isolating the
fire contribution from small or short-lived fires, as well as
cloud coverage and aerosol interferences, add uncertainties
to this quantification (e.g., Jung et al., 2019; Vasilkov et al.,
2021). Here, we only focus on the parameterization of wild-
fire plumes and promote future efforts to quantify these com-
pounds using satellite retrievals more accurately. Satellite-
retrieved concentrations of CO and NO, close to wildfires
could then be used to estimate NMOG and NO, emissions
and potentially better account for variability associated with
fire emissions and improve modeling efforts to simplify and
predict downwind formation of secondary pollutants, includ-
ing ozone and secondary organic aerosol.

Figure 7 shows correlations between the sum of the me-
dian mixing ratios of NMOGs and NO,, with MCE, CO, and
NO;, where CO and NO; are two species available from
satellite products that could be used as proxies for smolder-
ing and flaming combustion (e.g., van der Velde et al., 2021;
Urbanski et al., 2008), respectively. Figure 7a shows that the
sum of FIREX-AQ NMOG EFs correlated with MCE with an
R? of 0.68, even though many of the individual compounds
are poorly correlated with MCE (Table S4). The correla-
tion of the FIREX-AQ MCE to the sum of NMOGs was in
the same range as WE-CAN, FireLab, and FLAME-4 obser-
vations. WE-CAN was consistently lower, by around 10 %,
which is partially due to differences in the assumed fraction
of carbon employed in Eq. (1) (45.7 % for WE-CAN and
50 % for this study). FIREX-AQ sampled fires with lower
MCE:s on average than the lab experiments, with lab exper-
iments showing highly variable EFs for MCE values below
0.9. Additional reasons for different FireLab and FLAME-4
EFs vs. MCE are discussed in detail by Permar et al. (2021)
and include (1) rapid chemistry prior to sampling, which
results in the degradation of short-lived species (Fig. S2)
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Figure 6. Ratios of two N species to the total nitrogen, Ny, during FIREX-AQ compared to Roberts et al. (2020) based on a subalpine fir fire
burned during FireLab and Andreae (2019) and Akagi et al. (2011) that include different land cover types.
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Figure 7. Correlation trends observed for western US wildfire emissions for (a) the sum of median NMOG EFs compared to MCE for
each wildfire. Each data point represents one fire from either FIREX-AQ, WE-CAN (Permar et al., 2021), FireLab (Koss et al., 2018), or
FLAME-4 (Stockwell et al., 2015), with the name of each FIREX-AQ fire centered on the data points. (b) Sum of median NMOG mixing
ratios plotted vs. CO, (c) ratio of median NOy, species to the sum of NMOGs vs. MCE, and (d) median NO,, mixing ratios vs. the median
NO; concentration. Dashed lines indicate linear fits for (a), (b), and (d) and a power function fit for (c).
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and/or less partitioning to particles at higher lab temper-
atures; (2) laboratory studies may more efficiently sample
smoldering combustion emissions compared to aircraft ob-
servations where residual smoldering combustion emissions
might not be lofted and therefore undersampled at the aircraft
altitude; and (3) laboratory MCEs are often higher than in
the field due to experimental conditions, including drier fuel
and more efficient burning conditions (Yokelson et al., 2013;
Holder et al., 2017; Selimovic et al., 2018), whereas field
MCEs are calculated from single transects through smoke
plumes that likely contain a different mix of flaming vs.
smoldering (Wiggins et al., 2020). Nevertheless, the good
agreement between two different aircraft studies during dif-
ferent years and the general agreement with FireLab and
FLAME-4 study averages further highlight the consistency
of total NMOG correlations with MCE in wildfire emissions
despite the poorer correlations of individual compounds with
MCE (Table S4).

Figure 7b relates the sum of the median NMOG mixing
ratios to the median CO mixing ratios for all the freshest
sampled wildfire plumes. CO results largely from smoldering
combustion, which is the combustion process that also pro-
duces most NMOGs. NMOGs and CO are very well corre-
lated, with a slope of 127 & 4 (ppb ppm™~!) and an R? of 0.98,
which demonstrates that total primary NMOG emissions are
effectively represented by CO. Figure S4 shows that R? val-
ues with CO for individual compounds were above 0.9 for the
majority of primary NMOGs reported here, whereas, for sec-
ondary species, the correlations were below 0.3. CO columns
are retrievable from space by, e.g., TROPOMI (Martinez-
Alonso et al., 2020) and CRiS (NASA, 2015) and can be used
to derive CO emissions that generally agree with in situ ob-
servations (Stockwell et al., 2022). The correlations from the
FIREX-AQ measurements and others could be used to initial-
ize total NMOG emissions from wildfire plumes in models.

Quantification of N-containing species is also essential for
understanding and modeling the evolution and formation of
secondary organic aerosol and ozone downwind of wildfires.
Figure 7c shows the ratio of measured NO,, by the chemilu-
minescence instrument (see Sect. 2) to the sum of NMOGs
(in ppbppb~!). A rapid increase in this ratio is observed as
MCE increases, described by a power function fit. This in-
crease follows the expectation that as fires transition from
smoldering to flaming conditions, MCE increases, NMOGs
EFs decrease, and fuel nitrogen leads to the formation of
NO, through radical chemistry of N-containing compounds
(Roberts et al., 2020). Figure 7d shows that NO; represents
a significant fraction of NO,, with a slope of 0.5540.03
(ppbppb~!) and an R? of 0.95. Furthermore, the correlation
of individual N-containing species with NO; is significantly
higher than their correlation with CO mixing ratios (Fig. S4),
promoting the finding that NO, measurements could be used
to initialize total NO, emissions and N species from wildfire
plumes in models. Figure S5 shows additional correlations
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that could be used for modeling efforts, including the corre-
lation of NO,, to CO and NO,, to BC.

These observations suggest that CO is a good proxy
for species emitted from western wildfires primarily dur-
ing smoldering conditions (i.e., NMOGs), whereas NO, is a
good proxy for species that are mostly emitted during flam-
ing conditions (i.e., mostly NOy). Thus, in addition to cou-
pling EFs with fuel consumption to derive emissions, we sug-
gest future use of satellite retrievals close to the fire plume to
quantify CO and NO; concentrations in order to accurately
determine EFs for all carbon and nitrogen-containing species
for western US wildfire plumes as input to models. An im-
portant assumption, especially in determining emissions of
N-containing species, is that NO» should accurately repre-
sent NO,, close to the fire. However, satellite retrievals that
capture truly fresh emissions very close to the fire will be
dominated by NO and HONO, whereas in highly oxidized
plumes NO» loss processes will lower its overall contribution
to NO,. It is therefore important to provide a range of dis-
tances where this holds true. Bourgeois et al. (2022) find that
for fires with highly reactive emissions, NO; represents NO,,
within the first 15-30 min and a distance of 10-20 km down-
wind of the fire, assuming a wind speed of 10ms~'. Current
satellite retrievals for wildfire smoke have a spatial resolu-
tion of 3.5 km x 5.5 km (Griffin et al., 2021) which would be
within the above range and high enough to represent plumes
where NO; is the dominant fraction of NO,,.

4 Conclusions

We present ERs and EFs for NMOGs and nitrogen-
containing compounds from nine western US wildfires and
one southeastern US prescribed fire derived from data ob-
tained aboard the NASA DC-8 during the 2019 FIREX-AQ
mission. ERs and EFs were calculated for a total of 16 cross-
wind plume transects chosen to represent the freshest fire
emissions. These transects were identified based on prox-
ies (e.g., maleic anhydride / furan ratio) for chemical aging,
which can be rapid in fire plumes.

We performed detailed comparisons of FIREX-AQ emis-
sions to previous laboratory and field studies with a focus
on oxygenated organic compounds that were calibrated dur-
ing this mission. FIREX-AQ ERs agree within a factor of
2 to the FireLab study for most compounds, with a correla-
tion slope of 0.75 4 0.05 and an R? of 0.86. A comparison
of the field-derived EFs from FIREX-AQ with those from
SEAC“RS (Liu et al., 2017), WE-CAN (Permar et al., 2021),
and temperate forest EFs from Andreae (2019) also agreed
to within a factor of 2 for 87 %, 83 %, and 78 % of the com-
pounds, respectively. However, FIREX-AQ EFs are on aver-
age higher compared to previous studies. For compounds that
agree within a factor of 2, the average ratios of FIREX-AQ
to WE-CAN, SEAC*RS, and the temperate forest fire litera-
ture average are 1.09£0.3, 1.25+0.33, and 1.18 £ 0.4, re-
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spectively, whereas for the remaining compounds, the ratios
increase to 2.1 £1.64, 1.29 +1.01, and 1.32 4= 1.23. We sug-
gest that these differences could be due to differences in the
fuel and quantification methods applied for each study, as
well as differences in photochemical loss of reactive species
prior to detection. Additionally, differences in fire behavior
and the lofting of smoke, including variations in the mix-
ture of flaming and smoldering combustion, could also be
contributing factors. We further compare the ratio of N-
containing species to the total nitrogen (N; /N;) vs. MCE
and find that NO, / N; and NH3 / N; follow similar trends to
those reported by Roberts et al. (2020).

We relate wildfire emissions of C- and N-containing
species to CO, NO,, BC, and MCE based on correlations for
use in chemical transport models. Results show that the sum
of NMOG EFs correlates with MCE, with an R2 of 0.68 and a
slope of —296 51 gkg~!. A better correlation is observed
between the sum of the median NMOG mixing ratios and
median CO, with a slope of 0.127 £ 0.004 (ppb ppm~!) and
an R? of 0.98. Consistent correlation of individual NMOGs
to CO is also evident for the majority of NMOGs, with R?
values greater than 0.9, suggesting significant potential for
estimating wildfire NMOG emissions using space-based CO
emissions.

For N-containing species, the sum of reactive ni-
trogen, NO,, correlates better with NO; (R2 =0.95,
slope = 1.74 £ 0.1 ppbv ppbv—!) and BC (R*=0.88) than
with CO (R2 =0.7) close to wildfires. Furthermore, the ra-
tio of NO,, to the sum of NMOGs increases exponentially as
MCE increases. This further highlights the important influ-
ence of fire behavior, e.g., flaming vs. smoldering fire con-
ditions on the emissions of reactive nitrogen species. Future
efforts to initialize models using the above emissions param-
eterization could improve the representation of fire emissions
in models and their predictions on the downwind formation
of secondary pollutants like ozone and secondary organic
aerosol.

Data availability. All measurements reported here can be ac-
cessed in the NASA FIREX-AQ data repository (Atmospheric
Science Data Center, 2019) through the following link: https:/
www-air.larc.nasa.gov/cgi-bin/ArcView/firexaq (Langley Research
Center, 2023).
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