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Abstract. Formaldehyde (HCHO) is one of the most abundant non-methane volatile organic compounds (VOCs)
emitted by fires. HCHO also undergoes chemical production and loss as a fire plume ages, and it can be an important
oxidant precursor. In this study, we disentangle the processes controlling HCHO by examining its evolution in wildfire
plumes sampled by the NASA DC-8 during the FIREX-AQ field campaign. In nine of the twelve analyzed plumes,
dilution-normalized HCHO increases with physical age (range 1 — 6 h). The balance of HCHO loss (mainly via
photolysis) and production (via OH-initiated VOC oxidation) seems to control the sign and magnitude of this trend.
Plume-average OH concentrations, calculated from VOC decays, range from —0.5 (+ 0.5) X 10° to 5.3 (+0.7) x 10°
cm. The production and loss rates of dilution-normalized HCHO seem to decrease with plume age. Plume-to-plume
variability in dilution-normalized secondary HCHO production correlates with OH abundance rather than normalized
OH reactivity, suggesting that OH is the main driver of fire-to-fire variability in HCHO secondary production.
Analysis suggests an effective HCHO yield of 0.33 (£ 0.05) per VOC molecule oxidized for the 12 wildfire plumes.
This finding can help connect space-based HCHO observations to the oxidizing capacity of the atmosphere and to

VOC emissions.
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1. Introduction

Wildfire biomass burning is a large source of trace gases and aerosols that affect regional atmospheric chemistry,
human health, air quality, radiative balance and climate. Wildfire frequency and intensity are expected to increase
with global warming under higher temperatures and drier conditions in the future (Westerling et al., 2006). Wildfire
emissions of volatile organic compounds (VOCs) are a complex mixture spanning orders of magnitude in
concentration, reactivity, and volatility (Gilman et al., 2015; Koss et al., 2018). These VOCs contribute to increased
regional tropospheric ozone (Alvarado et al., 2010; Jaffe and Wigder, 2012; Mauzerall et al., 1998; Wotawa and
Trainer, 2000) and can deposit onto or evaporate from organic aerosols in biomass burning air masses (Garofalo et al.,

2019; Majdi et al., 2019; Palm et al., 2020).

Formaldehyde (HCHO) is one of the most abundant non-methane VOCs emitted by wildfires (Akagi et al., 2011;
Gilman et al., 2015; Simpson et al., 2011). HCHO emissions vary with total carbon emissions, modified combustion
efficiency (MCE) and fuel type. Emission factors of HCHO decrease as MCE increases (e.g., Liu et al., 2017;
Yokelson et al., 1999), indicating that more HCHO is produced from smoldering fires than from flaming fires. HCHO
emissions can vary by more than a factor of 2 among tropical forest, savanna, boreal forest and temperate forest biomes
(Akagi et al., 2011). In addition to direct emissions, HCHO is formed in fire plumes via VOC oxidation. Alvarado et
al. (2020) used TROPOMI data to show that HCHO enhancements in wildfire plumes persist for days downwind.
HCHO also serves as an important source of peroxy radicals (HO2), thereby influencing the formation of ozone and

other secondary pollutants (Yokelson et al., 1999).

Few studies have investigated the photochemical evolution of HCHO in biomass burning plumes, and these studies
have reported both net HCHO production and loss. Mauzerall et al. (1998) reported average HCHO enhancement
(AHCHO/ACO) of 9.5 ppt/ppb for fresh plumes (less than 0.5 day), 1.8 ppt/ppb for recent plumes (less than 1 day),
2.3 ppt/ppb for aged plumes (< 5 days old), and 0.9 ppt/ppb for old plumes (>5 days old). Trentmann et al. (2005)
observed a potential increasing trend of AHCHO/ACO from 20 ppt/ppb to over 30 ppt/ppb with limited data and
simulated a flat trend of AHCHO/ACO within 1 h age since emission from a Savanna fire plume in Africa. Miiller et
al. (2016) also observed an increasing trend of AHCHO/ACO with an average of 22.7 ppt/ppb and simulated a flat or
slightly decreasing trend of AHCHO/ACO in a small fresh agricultural biomass burning plume in Georgia, US. While
such case studies are valuable, we lack a general understanding of the drivers of plume trends and plume-to-plume

variability in HCHO evolution.

HCHO is also one of the few VOC:s that can be observed from space, and the global coverage of satellite observations
has been leveraged to provide insights into a variety of atmospheric chemistry questions. HCHO is correlated with
organic aerosols in biomass burning air masses, and this correlation might be exploited to estimate organic aerosol
abundance from satellite HCHO measurements (Liao et al., 2019). In regions with constant or very high OH reactivity,
HCHO variability is closely linked to OH variability (Valin et al., 2016; Wolfe et al., 2019) and may be used to infer

OH. Satellite HCHO columns have also been widely used to constrain emissions of isoprene and other VOCs (Fu et
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al., 2007; Kaiser et al., 2018; Marais et al., 2014; Millet et al., 2008; Stavrakou et al., 2009). Understanding the
emissions, chemistry and trends of HCHO in wildfires will facilitate the application of satellite HCHO towards broad-

scale wildfire smoke processes and impacts.

The Fire Influence on Regional to Global Environments and Air Quality experiment (FIREX-AQ) deployed a
comprehensive suite of instruments aboard the NASA DC-8 aircraft to study wildfires and agricultural fires in the US.
It provided a great opportunity to systematically study the emissions and chemistry of HCHO in wildfire plumes. In
the following, we describe the HCHO dependence on plume age in wildfire plumes from FIREX-AQ, assess the

drivers of HCHO trends, and examine the factors controlling variability in secondary HCHO production.

2. Methods
2.1 FIREX-AQ field campaign and measurements description

During FIREX-AQ, a combination of four aircraft (the NASA DC-8, NASA ER-2, and two NOAA Twin Otters)
with a comprehensive suite of in situ and remote sensing instruments were deployed to characterize fire emissions
and chemistry with operational bases in Boise, ID and Salina, KS from July to September 2019. This study focuses
on wildfire plumes sampled by the NASA DC-8 aircraft during FIREX-AQ.

In situ HCHO observations were acquired by several instruments onboard the DC-8; here we primarily use
measurements from the In Situ Airborne Formaldehyde (ISAF) instrument (Cazorla et al., 2015). ISAF uses laser-
induced fluorescence to detect HCHO. A tunable UV laser excites HCHO molecules to an excited electronic state and
the resulting fluorescence is detected with a photon-counting photomultiplier tube. The laser wavelength is modulated
on and off a rotational absorption feature (353.163 nm), and the difference between the “online” and “offline” signals

is proportional to the HCHO concentration.

ISAF was calibrated pre- and post-mission with a compressed-gas HCHO cylinder (584 + 15 ppbv in nitrogen, Air
Liquide). Sensitivity typically varies by less than 5% between calibrations. Flow meters for the standard dilution
system were calibrated against a DryCal calibrator (Mesa Labs) with an accuracy of > 99%. The HCHO standard
concentration was calibrated before and after the field deployment with an MKS Multigas 2031 Fourier transform
infrared spectrometer. Gas standard mixing ratios are typically reproducible to within 2% of the mean value measured
over multiple years. IR-determined mixing ratios are adjusted by a factor of 0.96 based on a separate long-path UV
absorption experiment (Cazorla et al., 2015). Thus, ISAF HCHO mixing ratios are ultimately tied to the UV cross
sections of Meller and Moortgat (2000) as recommended by the JPL 2011 evaluation (Sander et al., 2011). The
detection limit of ISAF was 30 pptv for 1-Hz data at signal/noise = 1 and the accuracy of ISAF HCHO measurements
was estimated as 10% + 10 pptv. The 1/e response time of ISAF during FIREX-AQ was about 300 ms, limited mainly
by flow through the sample cell.
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During FIREX-AQ, ISAF HCHO measurements correlated with those from the Compact Atmospheric Multispecies
Spectrometer (CAMS) (Richter et al., 2015), with a coefficient of determination 7% of 0.99, a slope of 1.27 (CAMS vs.
ISAF), and a near-zero intercept for 1-Hz average wildfire data from equally weighted orthogonal distance regression
(Fig. S1). The systematic bias between the CAMS and ISAF measurements exceeds the combined stated uncertainty
(10% for ISAF, 6% for CAMS). Post-mission comparisons suggest this discrepancy is due to the absolute calibration
of compressed-gas HCHO standards, which are tied to literature-recommended UV (ISAF) or IR (CAMS) cross
sections; the source of this discrepancy is still under investigation. Remotely-sensed HCHO column retrievals rely on
the same UV cross sections (De Smedt et al., 2018) that are used to calibrate the ISAF instrument. The HCHO
enhancements in the plumes (Sect 3.1) and the estimated effective yield of HCHO from VOC oxidation by OH (Sect.
3.3) can have a potential low bias of 27% due to the ISAF and CAMS HCHO measurement difference. This uncertainty

proportionally affects quantitative analysis results but does not alter qualitative conclusions.

We also use several supporting measurements in our analysis. CO was measured via mid-IR wavelength modulation
spectroscopy by the Differential Absorption Carbon Monoxide Measurement (DACOM) instrument (Sachse et al.,
1991). Photolysis rates were derived from the Actinic flux measurements by the Charged-coupled device Actinic Flux
Spectroradiometer (CAFS) (Hall et al., 2018). Alkenes were measured by the NOAA Whole Air Sampler (iWAS)
(Lerner et al., 2017). Ozone (O3) measurements were from the NOAA Chemiluminescence instrument (Bourgeois et
al., 2020). OH reactivity calculations used VOCs measurements from the NOAA Proton-Transfer Reaction Time-of-
Flight Mass Spectrometry (PTR-ToF-MS) (Yuan et al., 2016), NCAR Trace Organic Gas Analyzer (TOGA) (Apel et
al., 2015) outfitted with a Time-of-Flight Mass Spectrometer, NOAA Airborne Cavity Enhanced Spectrometer (ACES)
(Min et al., 2016), and NOAA Iodide lon Time-of-Flight (ToF) Chemical Ionization Mass Spectrometer (CIMS)
(Veres et al., 2020), listed in Table S1. Our analysis uses in situ measurements that are merged to the iWAS sampling
period, which ranged from 1-9 seconds per canister, such that multiple samples were often acquired within a single

plume crossing.

2.2 Normalized excess mixing ratio (NEMR) and physical age definitions

NEMR is defined as the difference between the concentration of species X in the plume and in the background air
outside of the plume, normalized by the difference between CO concentrations in the plume and the background
outside of the plume. Because photochemical production of CO is very small compared to the high CO concentrations
in the biomass burning plumes (e.g., CO production from HCHO photolysis and oxidation for 1 h is about 2.5 ppbv,
which is < 1% of CO concentrations of 985 ppbv on average in the plumes), trace gases concentrations are normalized
to CO in the biomass burning plumes to account for dilution, as in many previous biomass burning studies (e.g., Miiller

et al., 2016; Selimovic et al., 2019).

NEMR= % (1)
ACO
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The background air outside of the plumes was manually selected and could be different or the same for different
transects of the same plume, depending on the availability of the iWAS data. The HCHO NEMR is denoted by nHCHO

below.

Physical age was estimated using a Lagrangian trajectory analysis (Holmes et al., in preparation) and described briefly
here. Fire source locations were pinpointed using the MODIS/ASTER Airborne Simulator (MASTER) instrument
data onboard the DC-8. Upwind trajectories from aircraft locations were computed and the advection age was
calculated from the time when a trajectory was closest to the fire. Plume rise time from the surface to the trajectory
initialization altitude assumed a vertical wind speed of 7 m/s. The smoke age is the sum of advection age plus rise age
averaged over several meteorological models. The average uncertainty of the estimated physical age for the analyzed
wildfire plumes was 37% with an interquartile range of 20% based on the range of ages derived from the High-
Resolution Rapid Refresh (HRRR), North American Mesoscale Forecast System (NAM) CONUS Nest, and Global
Forecast System (GFS 0.25°) meteorological datasets.

2.3 Plume selection

Details about the specific selected wildfire plumes among all sampled wildfire plumes during FIREX-AQ are provided
in Table S2. Wildfire plumes that meet the conditions listed below are above the background HCHO concentrations,
which typically vary from 100 ppt — 1 ppb during FIREX-AQ, and are selected to study the evolution of HCHO in
wildfires.

a) Lagrangian sampling pattern

Lagrangian sampling patterns are defined as flight tracks intercepted the plumes with flight leg directions
approximately perpendicular to the horizontal wind directions and more than three transects downwind with different
distances from the fire.

b) Appropriate VOC decay for the period analyzed with sufficient data samples

We selected the plume samples where chemical age correlated with physical age. This was defined by a coefficient of
determination 7 > 0.57 for a plot of In(trans-2-butene/propene) or In(cis-2-butene/propene) vs physical age. We used
2-butenes/propene as chemical age tracers in this analysis because these gases have comparable lifetimes to physical
age for most of the analyzed plumes. We filtered out plume data if the correlation coefficient of In(trans-2-
butene/propene) or In(cis-2-butene/propene) vs. physical age degraded at older physical ages. Figure S2 shows
In(trans-2-butene/propene) and In(cis-2-butene/propene) vs. physical age for the plumes that satisfied conditions a)
and had iWAS data available. The threshold of 72 = 0.57 is chosen by visual inspection of all VOC decay in Fig. S2.
We also filtered out plumes with total number of data points < 8 in the iWAS sample periods for an entire selected
circuit of multiple plume transects with good VOC decay. Due to the inhomogeneity of the plumes, too few data points
can introduce large bias. In the analyzed plume periods, In(trans-2-butene/propene) or In(cis-2-butene/propene) also
has good correlations with the maleic anhydride/furan ratio (Fig. S3), another tracer of chemical age in biomass

burning plumes (Coggon et al., 2019; personal communication with Carsten Warneke and Matthew M. Coggon, 2021).
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The Mica and Lick Creek plume on 02 August 2019 is the plume with the least number of data points among the
selected plumes (N = 8).

The above filters, applied to a total of 26 fire plumes, yield 11 daytime plumes and 1 nighttime plume that are
suitable for our analysis (Table S2). The nighttime plume on 12 August was after 8:00 pm local time with average
Os photolysis rate of essentially zero. One of the twelve plumes (Blackwater) occurred in the southeast US and the

remaining 11 plumes were in the western US.

2.4 Estimating average OH concentrations in the plumes

Plume photochemical age is estimated based on the relative decay of primary emitted VOCs that have different
reaction rate coefficients with OH (e.g., Warneke et al., 2007). We can estimate the average concentration of OH by
combining the photochemical age with the trajectory-based air mass age. Cis-2-butene/propene ratios and trans-2-
butene/propene ratios are used to estimate OH in this analysis because these gases have lifetimes comparable to
physical age (2—6 h) for most of the analyzed plumes and using two VOC ratios help reduce the uncertainty. The
lifetimes of propene, cis-2-butene, and trans-2-butene are approximately 4.5 h, 2.3 h, and 1.8 h, respectively, at OH
concentrations of 2 X10° molecules cm™ (Atkinson et al., 2006). Because both 2-butenes also differ from propene in
Os reaction rate coefficients, the reactions of these alkenes with Os are also considered when we estimate the OH
concentrations. We assume that the variability in the butenes—propene relationship is driven by OH and Os and that
there is negligible change in the relative emission ratios over the sampled plumes. Different slopes in cis-2-
butene/propene and trans-2-butene/propene vs plume age (Fig. S2) depend on the differences in reaction rate
coefficients of OH and Os with 2-butene (cis-2-butene and trans-2-butene) and propene, in addition to OH and O
concentrations, as shown in Eq. (2). These reaction rate coefficients are those reported by Atkinson et al. (2006) with
real time temperature and pressure dependence. The plumes average reaction rate coefficients are Kpropene on =
3.1x10"" cm® molecule's™, keis_z_putene on = 6-4% 107" em® molecule™'s™, kirans—2-butene on = 8-:0x 107" em?
molecule™'s™, Kyropene 0, = 6.4 X 107"% cm® molecule™s™, Keis_p_putene 05 = 9-9 X 107 ¢cm® molecule’'s”!, and

Ktrans—2-butene 05 = 1.5%10%cm’ molecule's™.

butene buteneg

propene - propeneg - {(kbutene+0H_kpropene+0H)[OH] +(kbutene+03_kpropene+03)[03]}t
2
ene

. . b . .
OH concentrations are derived from the slope of lnm vs. t (physical age), the measured ozone concentrations

and the reaction rate coefficients.

[OH]_Sl"pebutene + (kputene+03 ~Kpropene+03)[0s] 3)

kpropene+OH_kbutene+0H
Because the instantaneous O3 measurements do not reflect the oxidation history, the average ozone concentration of

the entire circuit with multiple transects is used to represent the integrated Os effect on alkene oxidation. The

. L o b .
uncertainty due to O3 variation and the uncertainty in the slope of In ﬁ vs. t are propagated to estimate the total
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uncertainty in plume-average OH. Butene in Eq. (2) and (3) represents trans-2-butene or cis-2-butene, both of which
are used in average OH estimation. Os variation, uncertainty in OH due to Os variation, total OH uncertainty, and

estimated OH are listed in Table S3.

2.5 Calculating primary HCHO normalized mixing ratios and secondary HCHO production rates

To understand the relative importance of primary emission vs. secondary production of HCHO in fire plumes
downwind, we calculate primary and secondary HCHO as the plume ages. The primary HCHO time profile is
calculated by the following equation:

nHCHOprimary = nHCHOo exp(—(Jycno + Krncuo [OHD?) )]

where nHCHOy is equal to the fitted observed nHCHO (HCHO NEMR) closest to the fire source, Jucuo is the measured
HCHO photolysis frequency in iWAS sample periods averaged and interpreted in physical age space, kucro is the
reaction rate coefficient between HCHO and OH, and ¢ is the physical age. nHCHOsecondary is calculated by subtracting
NHCHOprimary from the measured nHCHO. Here we assumed the fitted observed nHCHO closest to the fire source is
equal to nHCHO at the emission source. This assumption will not impact the secondary nHCHO production rate

calculated below.

To characterize secondary HCHO production in wildfire plumes, we calculate the secondary nHCHO production rate.

The secondary nHCHO production rate is derived from the HCHO mass balance equation.

d HCHO
dt

=P-L-D 5)
where P is chemical production, L is chemical loss, and D is dilution. The calculation of the secondary nHCHO

production rate is shown in Eq. (6). The derivation of Eq. (6) from Eq. (5) can be found in Appendix A.

= (or Pariciio) = % + (Jucito + Kucio[OH])nHCHO. (6)

ACO

Here, a nZiHO is taken as the slope of measured nHCHO vs physical age and other parameters are as defined above.

2.6 Impact of potential variation in HCHO emission ratios on nHCHO trend

In this analysis, we assume the variability in the HCHO/CO emission ratio (that is, n(HCHO at the source) is much
smaller than the variability in nHCHO induced by chemistry for any single fire plume. Emission factors of both HCHO
and CO (that is, g of gas per kg of fuel burned) depend on MCE, fuel type, and other factors (e.g., Liu et al., 2017;
Yokelson et al., 1999). Normalizing HCHO by CO removes the strong negative dependence of HCHO emission factors
on MCE. A small positive trend of nHCHO vs. MCE is due to higher nHCHO and MCE for the eastern US wildfire
plume than the western US wildfire plumes (Fig. S4). No clear trend of MCE in nHCHO plume evolution was observed
in FIREX-AQ data (Fig. S5). Emissions of CO2 correlate with fire radiative power (FRP) detected by satellite during
FIREX-AQ, and the variability of FRP could affect the variability of downwind concentrations (Wiggins et al., 2020).
We found that HCHO correlates with CO2 (Fig. S6a) and thus likely also with FRP because the change of measured
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CO:z correlates with the change of FRP (Wiggins et al., 2020). To account for emission variation and dilution, which
are main factors affecting the absolution concentrations of trace gases and aerosols in the plumes, HCHO is normalized
to CO to investigate the impact of photochemistry on HCHO evolution in the plumes. Photochemistry takes place
while emission varies. When normalized to CO, nHCHO does not strongly depend on CO: (Fig. S6b and Fig. S7) or
FRP. FRP and MCE do not control the trends of nHCHO.

2.7 OH reactivity calculation

We calculate the observed OH reactivity using the Framework for 0-D Atmospheric Modeling (FOAM v4) (Wolfe et
al., 2016) with the Master Chemical Mechanism v3.3.1 (MCM; Jenkin et al., 2015) and additional chemical reactions
from recent publications of newly-observed biomass burning species and reactions (Coggon et al., 2019; Decker et al.,
2019). The VOC chemical species included in the FOAM model are listed in Table S1. We calculate the OH-VOC
reactivity (3, k; VOC;) by excluding OH reactions with NO2 and CO from the total OH reactivity and define the
normalized OH-VOC reactivity or normalized total OH reactivity as OH-VOC reactivity normalized by CO or total
OH reactivity normalized by CO.

3. Results and discussion
3.1 OH concentration estimation

OH is the main oxidant that reacts with VOCs to produce HCHO in the daytime. As described in Sect. 2.4, we estimate
plume-average OH concentrations using the relative decays of 2-butenes to propene via Eq. (3). The decay of the
natural logarithm of the trans-2-butene to propene ratio and the cis-2-butene to propene ratio with physical age is
plotted in Fig. S2. Figure S2 includes all the plumes that meet selection condition (a) in Sect.2.3, 12 plumes of which
with good correlations (2 = 0.57-0.99) between 2-butenes/propene and plume age and sufficient data (data points >
8) are selected for this analysis. The lowest correlation coefficient of the selected plumes occurs for the nighttime
plume on 12 August 2019 and the daytime plume on 29 July 2019. This indicates that the photochemical age of these
plumes is consistent with their physical age, and the oxidation chemistry can be reasonably represented by average
OH and Os. The slopes in Fig. S2 infer the estimated OH concentrations and their coefficients of determination (+%)

imply how good the VOC decay can be used to estimate OH.

The estimated average OH concentrations for the 12 plumes are shown in Fig. 1. The uncertainties in OH
concentrations are based on the standard error in the slope of In(butenes/propene) vs physical age and the standard
deviation of O3 concentrations. The average and standard deviation of O3 concentrations and the uncertainty in OH
estimation due to the impact of Os standard deviation are listed in Table S3. Plume-to-plume variability in average
OH concentrations is generally consistent between the two ratio methods. OH concentrations from trans-2-butene

are systematically higher than those from cis-2-butene by 27% on average, which may reflect systematic bias in
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reaction rate coefficients or observations. For all plumes where both calculations were available, differences are
within the combined uncertainties. The average OH concentrations from trans-2-butene to propene and cis-2-butene
to propene were used to represent the average OH concentrations of the plumes. The average OH concentrations

covered a large range, varying from —0.5(x 0.5)x 10° (for a nighttime plume) to 5.3(+0.7) X10° molecules cm™.

3.2 Trends of HCHO in wildfire plumes

nHCHO in wildfire plumes can increase or decrease as plumes age. The trends of measured nHCHO vs. physical age
and the corresponding quadratic polynomial regression for 12 selected plumes are plotted in Fig. 2. Quadratic
polynomial regression is used because it has suitable degrees of freedom to capture the trends. Considering the CO
measurement uncertainty of < 7% and HCHO measurement uncertainty of 10%, the uncertainty of nHCHO is
estimated to be & 12% with a potential systematic low bias of as much as 27% (based on the difference between ISAF
and CAMS). Random error due to HCHO and CO measurement precision is negligible when averaging over the iWAS

integration time in high-concentration biomass burning plumes.

In the absence of secondary production, we expect nHCHO to decay with a time constant of a few hours in the daytime.
The blue curves in Fig. 2 show the predicted decay of initial nHCHO using observed HCHO photolysis rates and
measurement-derived OH concentrations. Because the variability in nHCHO in one transect is significant, we use the
start point of the observed nHCHO fitted curve to represent the observed nHCHO closest to fire. HCHO photolysis
frequencies are averaged generally over each transect and linearly interpolated to determine continuous age-dependent
photolysis frequencies. The calculated nHCHO without production is higher than primary (emitted) nHCHO because

some HCHO production and loss had already occurred before the closest transect.

The fraction of primary and secondary nHCHO varies from plume to plume and depends on secondary HCHO
production rates and total HCHO loss rates. This can be inferred from nHCHO trends and the loss-only nHCHO
decays in Fig. 2 and is also shown in Fig. S8. We estimate the fraction of primary HCHO by assuming nHCHO and
the loss rate of nHCHO are constant between emission and the closest observation. The primary HCHO fraction could
decay rapidly to be 60% in about 1 h of aging or it could decay slowly to still account for 60% in about Sh of aging.
The primary and secondary fractions of HCHO indicate the impact of direct emission and photochemistry on the fire
plume composition downwind. The slowing down increase in secondary nHCHO fraction with time probably indicate
that the production of secondary nHCHO slows down with physical age. The average and standard deviation of

nHCHO production and loss rates for each plume are provided in Table S4.

HCHO production exceeds loss in 9 of the 12 selected plumes, indicated by overall positive trends of nHCHO wvs.
physical age in Fig. 2. Plumes exhibiting overall negative nHCHO trends (20190725 Shady 2, 20190803 Williams
Flats 1 and 20190806 Williams Flats) have higher overall nHCHO loss rates than production rates (Table S4). This

shows that fire-to-fire variability in the overall nHCHO trend relates to the balance between loss (via photolysis) and
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production (via VOC oxidation). HCHO loss by photolysis can be either higher or lower than the loss by reaction with
OH, but on average photolysis is faster. HCHO loss via photolysis accounts for 63 + 27% of the total HCHO loss in
daytime plumes. The average HCHO lifetime by photolysis was 8.2 (+ 8.8) h for the 11 daytime plumes, shorter than
the average HCHO lifetime by OH oxidation of 23.5 (+ 31.3) h. For some plume transects, there was significant
variability in HCHO photolysis frequencies over iWAS averaging intervals due to the aerosol radiative effects.
Applying filters to only analyze the data with relatively homogeneous in-plume HCHO photolysis rates does not alter
our conclusions. Plume-average OH is not well correlated with the HCHO photolysis frequency (Fig. S9), likely due

to inter-fire variability of OH sources and sinks.

Besides the variability among different plumes, nHCHO production and loss also vary within a plume across physical
age. In all analyzed plumes, nHCHO slope shifts from positive to neutral or negative within the first 2-6 h (Fig. 2).
Figure S10 shows the age progression of nHCHO production, loss, and net change for the 12 plumes. In general, both
production and loss decrease with age. Decreases in both are expected due to declining solar radiation, which results
from the typical late-afternoon FIREX-AQ sampling strategy. Reduced production with increasing age may also
reflect the decay of reactive VOC and oxidant precursors (e.g., HONO).

3.3 Controls on secondary HCHO formation

The secondary HCHO production rate is determined by a mass balance approach with loss, production, and dilution
terms, as discussed in Sect. 2.5. The average secondary nHCHO production rate correlates with the average OH

concentration (7 = 0.69, Fig. 3a). The secondary production rates of nHCHO were calculated from the trends of

observed nHCHO (dnz#), photolysis loss rate and OH (Eq. 6). Although OH concentrations are used to calculate

secondary nHCHO production rates, the nHCHO loss term (A{OH]nHCHO) due to OH only accounts for 2—-35% of
all the terms on the righthand side of Eq. (6), which is used to calculate secondary nHCHO production rate for the
plumes. This indicates that the good correlation between secondary nHCHO production rate and OH is not due to the
inclusion of OH in nHCHO production rate calculation. The uncertainty in nHCHO secondary production rates for
each plume is estimated from the standard deviation of the calculated nHCHO secondary production rates along the
physical age of the plume. The uncertainty in estimated OH is determined by the propagated uncertainties of OH from
trans-2-butene to propene ratios and cis-2-butene to propene ratios. The nHCHO secondary production rates also
correlate with the HCHO photolysis (2= 0.53 uncertainty weighted linear regression), which is not unexpected as OH
and Jucno positively correlate as well. The correlation between nHCHO secondary production rates with oxidant ozone
is poor (7>= 0.1 from bivariate regression). The good correlations (7> = 0.69) between the secondary production rate
of nHCHO and average OH indicate that the variability in OH is a key driver of the secondary production rate of
nHCHO. Although there is only one eastern US wildfire plume sampled during FIREX-AQ, it has high VOCs,
nHCHO, nHCHO production rate, and OH, and the inclusion of the eastern US wildfire increase the coefficient of
determination (#* from 0.54 to 0.69) and the slope (m from 0.30 to 0.33) of nHCHO secondary production rates vs.

OH. More wildfire sampling is needed to understand the difference between western and eastern US wildfires.
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Figure 3a is color-coded with normalized OH-VOC reactivity calculated from measured VOCs (Sect. 2.7). Plume-
average normalized OH-VOC reactivity ranges from 11 to 31 s (ppm CO)’!, which is about 20% lower than
normalized total OH reactivity across the analyzed plumes. nHCHO production rates vs. normalized OH-VOC
reactivity (Fig. S11a) shows a lower coefficient of determination (+?) and a higher p value than Fig.3a. Because
uncertainty weighted linear regression yields a low >= 0.08 for Fig. S11a, unweighted (or equally weighted) bivariate
linear regression is used. P-values in Fig. 3 show the correlation between nHCHO production rate vs. OH (p = 0.004)
or vs. OHX normalized OH-VOC reactivity (p = 0.003) is statistically significant (p < 0.05). Because the yield of
HCHO from VOC oxidation is calculated in the study, normalized OH-VOC reactivity instead of normalized total OH
reactivity is mainly used. A plot of nHCHO production rate vs. normalized total OH reactivity color coded with OH
is shown in Fig. S11b. Similar to Fig. S11a, the correlation between nHCHO production rate with normalized total
OH reactivity is also not significant. Because nHCHO trend, OH concentration, and normalized OH-VOC reactivity
all depend on physical age, in addition to the different properties of the plumes, the difference in physical age among

these plumes also has an impact on the average values.

Figure 3b shows nHCHO production vs. the product of OH and dilution-normalized observed OH-VOC reactivity
(averaged for each plume). The latter is a lower limit for the total average OH loss/production rate as observations do
not include all OH sinks. The correlation is slightly higher than that in Fig. 3a because variability in normalized OH-
VOC reactivity plays a smaller role than OH in affecting Pnncro. The slope of this relationship, 0.33 + 0.05, is a metric
for the effective yield of HCHO from OH-initiated VOC oxidation. Assuming that reaction of OH with a VOC is the

rate-limiting step and ignoring non-OH sources, integrated HCHO production can be written as in Eq. (7).

Pucno = 2 a;k;[OH] [X;] = a.rrkoy [OH] (7N

Where aiis the yield of HCHO from OH oxidation of any VOC reactant X; and depends on both the structure of X
and the fate of reactive intermediates like peroxy radicals, iis the reaction rate coefficient for VOC; + OH, & on
represents OH-VOC reactivity, and a.y is the effective yield weighted over OH-VOC reactions. If all OH reactivity
(including reactions with CO and NO») instead of OH-VOC reactivity is considered, a.; will be about 20% smaller.
As discussed by Valin et al. (2016), a.y from all OH reactivity is expected to range from 0.2 to 0.4 depending on the
magnitude of NOx and the magnitude and speciation of VOC. The yield reported here (0.28 for all OH reactivity) is
on the low end of this range, implying that HCHO production in the plumes is not very efficient due to the nature of
the emitted VOC and/or the balance of ROz reactions with NO, HOz, and other ROz. High a.y values reported by
Valin et al. (2016) occur in high isoprene emission regions, implying the emitted VOCs in wildfires are not as
efficient as isoprene in producing HCHO. Our a.y of 0.28, when considering all OH reactivity, is higher than the
value of 0.20 (£ 0.01) derived by Wolfe et al. (2019) for total-column HCHO in the remote troposphere, where
methane oxidation is the primary HCHO source. The potential low bias in observed HCHO could lead to a
proportional (27%) low bias in a.s Species that are highly reactive and present in large quantities such as CH;CHO
are important for OH-VOC reactivity and oy calculation. We use PTRMS CH3CHO data in OH-VOC reactivity
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calculation because they are more easily integrated over the iWAS sampling time than TOGA CH3;CHO. This
indicates that besides the potential missing VOCs, the uncertainties in measured VOCs concentrations and different
sampling time resolutions can also contribute to the uncertainties in OH reactivity and a.;. The a.y for the one
eastern US wildfire plume is higher than that of the western US wildfire plumes but more sampling of eastern
wildfire plumes is needed to determine if there is a statistical difference in a.y. Higher NOx/VOC ratio in the eastern
than western US wildfire plumes may contribute to the higher a.y because more NOx generally means more radical

turnover and a larger fraction of ROz + NO, both of which favor HCHO production.

3.4 Implications for interpretation of satellite observations

The quantification of the evolution of HCHO in wildfire plumes can be leveraged to enhance interpretations of satellite
remote sensing observations. The good correlation of dilution-corrected secondary HCHO production and oxidant
levels suggests the use of satellite HCHO data to estimate oxidant levels in biomass burning plumes. Similar to the
studies of NOz lifetime from satellite NO2 data (e.g., Laughner and Cohen, 2019; Liu et al., 2016), with parameterized
production rates of HCHO as a function of OH from this study, the effective lifetime of HCHO and OH concentrations
in the wildfire plumes could potentially be derived from remote sensing HCHO and CO data if the photolysis rates
can be properly parameterized. Satellite HCHO retrievals in biomass burning plumes remain challenging, and
information about vertical distributions of trace gases and aerosols from airborne measurements are likely needed to
improve satellite retrievals in biomass burning plumes. The effective yield of HCHO from this analysis indicates that
the biomass burning VOCs could be less efficient than isoprene in producing HCHO, although other factors such as
balance of ROz reactions with NO, HOz, and other ROz can play a role. This information may be useful for estimating

VOC emissions from satellite HCHO data.

4. Conclusions

We studied the chemical evolution of HCHO in wildfire plumes during FIREX-AQ. Twelve well-developed plumes
with consistent chemical and physical age 1-6 h downwind were selected among 26 wildfire plumes sampled. During
plume transport and aging, dilution-corrected HCHO increased in smoke from nine wildfires and decreased in three,
depending on the balance of HCHO production and loss processes. Secondary nHCHO production tracks average OH
concentrations, indicating that the variability in OH rather than the variability in the reactive VOC pool drives the
production of nHCHO in these wildfire plumes. The effective HCHO yield from OH-initiated VOC oxidation is
estimated to be 0.33 (& 0.05), which is about in the middle of previous studies of isoprene-rich, urban VOC-dominated

and remote atmospheric background regions.
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Appendix A. Derivation of secondary nHCHO production rate from mass balance equation

Change of HCHO concentration with time can be obtained from mass balance equation (Eq. A1)

d HCHO

=2 =P-L-D (A1)

where P is the HCHO chemical production term; L is the HCHO chemical loss term; and D is the dilution term.

Considering the HCHO normalized excess mixing ratio (nHCHO = M) and assuming that the HCHO

CO—COpyg
background change is relatively small (M = 0), dHﬂ can be written as
dH;ItHO _ COdnHCHO n HCHOdACO (A2)
Because L, D and P terms are as
L = (ucno + Kucno [OH])HCHO. (A3)
D = —kgy(HCHO — HCHO5) = ——="“ HCHO .

(A4)
P=2"0"0 4 L4 D = A COTEE2 + nHCHO 52 + (Jucno + kicwo [OH)HCHO — =252 HCHO .

(AS5)

By assuming HCHO >> HCHObkg, 5 can be written as
% anCHO + Uncno + kucno[OH)nHCHO. (A6)
Where £22H9 can be derived from measured HCHO and CO vs physical age; Jycuo is the HCHO photolysis

coefﬁ01ent, derived from in-situ actinic flux measurements; OH is calculated from VOCs ratios (Sect.2.4); Kycho 18

the reaction rate coefficient of HCHO and OH.
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672  Figure 1. Estimated average OH concentrations for the plumes analyzed from the decay of trans-2-butene — propene
673 (black) and the decay of cis-2-butene — propene (red). The error bars represent the propagated uncertainties from the

674  slopes of butenes — propene decay and ozone variability within the plume.
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676  Figure 2. Observed nHCHO (HCHO to CO NEMR) trends (red circle), quadratic polynomial fit (pink curve), and
677  calculated decay of nHCHO trend without secondary production (blue curve) using measured photolysis rates along

678  plume physical age for the 12 wildfire plumes. The state of fire location for each fire plume is listed.
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Figure 3. (a) Average secondary nHCHO production rate vs. average OH concentration, color-coded by normalized
OH-VOC reactivity, for the 12 plumes including 11 western US wildfire plumes (circles) and 1 eastern US wildfire
plume (square). An uncertainty weighted linear York regression (Derek, 1968) yields a slope = 1.4 (£0.2)x 10°® and
7? = 0.69 (£0.16) for the 12 wildfire plumes. (b) Average secondary nHCHO production rate vs. the average product
of OH and OH-VOC reactivity normalized to CO (OHx OH-VOC reactivity/CO) for each plume. An uncertainty
weighted linear York regression yields a slope = 0.33 (4 0.05) and 72 = 0.71 (£0.19). The slope represents the
estimated effective yield a.y of HCHO per VOC molecule oxidized by OH for the US wildfires. The uncertainties in
7? are from bootstrap analysis. The p-value in each panel is to evaluate if linear correlation is statistically significant

(p < 0.05).
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Supplementary material:

Table S1. VOC species used in FOAM box model to calculate OH reactivity

Alkanes Alkenes/Alkynes Aromatics Oxygenated
Methane Ethyne Benzene Formaldehyde
Ethane Ethene Toluene Methanol
Propane Propene Ethylbenzene Acetaldehyde
n-Butane 1-Butene o-Xylene Acetone
i-Butane cis-2-Butene m-Xylene Propanal
n-Pentane trans-2-Butene p-Xylene MVK

i-Pentane i-Butene Furan Methacrolein
n-Hexane 1-Pentene Furfural Hydroxyacetone
2-Methylpentane cis-2-Pentene 2-Methylfuran Glycolaldehyde

3-Methylpentane
n-Heptane
2,2-Dimethyl-
butane

n-Octane
n-Nonane

n-Decane

Cyclohexane

trans-2-Pentene

2-Methyl-1-butene

3-Methyl-1-butene

Isoprene
a-Pinene
Limonene

B-Pinene

3-Methylfuran

Dimethyfuran

5-Methylfurfural

Catechol
Guaiacol
Creosols
Syringol
Furanone
Phenol
Cresol

Benzaldehyde

Formic Acid

Acrolein

Ethanol

Glyoxal
Methyglyoxal
MEK

Butanal
2-Methylpropanal
Methyl Acetate
Ethyl Formate

2,3-Butanedione




Styrene 2-Methyl-3-buten-2-
ol (MBO)

Table S2. Wildfire plume selection conditions. Conditions to select the plumes suitable for analyzing the evolution of
HCHO in wildfires based on iWAS merge data. For example, the 0807 Williams Flats plume 2 was not selected due
to lack of iWAS data for most of the sampling plume and thus there were not enough data for appropriate VOC decay.

The plumes in shaded grey area meet our selection conditions and are used in our analysis.

Wildfire name, plumes Lagrangian Appropriate VOC ratios Sufficient data with
sampling date, and sampling decay with physical age appropriate VOC decay
sampling circuits patterns ?=0.57) (data numbers > 8)

(transects >3)

20190724 Sheep N N X
20190724 Shady X N X
20190725 Shady 1 N N X
20190725 Shady 2 N N4 N4
20190725 Shady 3 N N X
20190729 North Hills N N4 N4
20190729 Tucker N X NI
20190730 Tucker X NI NI
20190730 Lefthand N X N
20190802 Ridgetop X N N
20190802 Mica and Lick Creek N Ni N4
20190803 Williams Flats 1 N N4 N4
20190803 Williams Flats 2 N Ni N4
20190806 Williams Flats N Ni N4
20190806 Horsefly N X NI
20190807 Williams Flats 1 N Ni N4




20190807 Williams Flats 2 N X X
20190808 Williams Flats aged X X N
20190808 Williams Flats PyroCb X NI NI
20190812 Castlel N N4 N4
20190812 Castle 2 nighttime N Ni N4
20190813 Castlel N X N
20190813 Castle 2 N N4 N4
20190815 Sheridan X X NI
20190816 Sheridan N4
20190830 Blackwater River N4

Forest

+ : meet the condition.

X : does not meet the condition.

Table S3. Mean and standard deviation of O3 mixing ratios, OH uncertainty due to Os variation, total OH

uncertainty, and estimated OH of the 12 plumes

Plume sampling Os; mixing ratios  OH uncertainty ~ Total OH uncertainty X106 Estimated OH x10°
date (meanzstd, ppb)  due to Os (molecules cm3) (molecules cm™)
variability X106

(molecules cm3)

20190725 32.0%5.7 0.31 0.59 1.69
20190729 51.2+1.6 0.15 0.60 0.34
20190802 55.5+6.7 0.51 0.70 5.34
20190803 88.2118.6 1.51 1.76 1.90
20190803 43.7+19.2 1.55 1.62 2.19
20190806 58.314.3 0.36 1.10 2.57
20190807 60.4123.5 1.42 1.50 2.09
20190812 50.6+2.3 0.14 0.23 1.10

20190812nighttime  47.5+0.8 0.05 0.46 -0.45



20190813 56.11+4.4 0.26 0.72 0.86
20190816 63.116.5 0.34 0.33 1.67

20190830 74.4+17.3 2.04 1.71 4.83

Table S4. Mean and standard deviation of nHCHO production and loss rates of the 12 analyzed plumes.

Plume sampling  nHCHO production rate (mean+std, ppt/ppb/hr) nHCHO loss rate (meanzstd, ppt/ppb/hr)

date

20190725 2.812.0 4.1+0.7
20190729 3.414.5 2.5+0.5
20190802 6.5+2.5 4.71+0.1
20190803 0.6+1.9 3.1+1.0
20190803 1.440.8 1.2+0.1
20190806 4.014.9 6.1+0.6
20190807 2.3+0.7 1.5+0.3
20190812 2.610.8 2.1+0.8
20190812N 0.0+0.2 -0.24+0.0
20190813 2.6+1.7 0.61+0.0
20190816 1.61+2.2 0.8+0.4

20190830 14.1+5.2 10.0+0.4
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Figure S1. A scatter plot of 1-s average CAMS vs. ISAF HCHO measurements for western US wildfire flights and
one eastern US wildfire flight during FIREX-AQ. CAMS HCHO measurements correlates well with ISAF HCHO

measurements with a slope of 1.27 and an * = 0.99.
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Figure S2. Natural logarithms of cis-2-butene to propene ratios (red circles) and trans-2-butene to propene ratios (black
circles) vs. physical age for 18 western US and 1 eastern US wildfire plumes that met selection conditions a) in Sect.
2.3. 25 July Shady 3 plume was not plotted because of the unavailability of iWAS data. The plumes with good
correlations (> > 0.57) between natural logarithms of the butenes/propene ratios and physical age and with sufficient
data (data points > 8) are selected for this analysis. The slopes of the linear fits to the data (m, shown on the plots)
reflect the oxidation by OH and Os and are used to calculate the average OH concentrations with average Os

concentrations and reaction coefficients.



20190725 Shady 2 20190729 North Hills 20190802 Mica and Lick Creek
- 5 - 5 -2 5
r-=0.55 r<=0.71 r<=091
-3 -3 -3
% O  trans-2-butene
-4 O cis2-butene | o “ %%
5 > N () - 5
r<=0.61 r<=0.81 r~=0.90
6 -6 -6

0 02040608 1 12
20190803 Williams Flats 1

0 02040608 1 12
20190803 Williams Flats 2

0 02040608 1 12
20190806 Williams Flats

2 =0.66 2 =094 r? =0.62
3 -3
@ -4 -4 O o
3 0
5 » 5
oy r? =092 =074
5 ¥ 6
> 0 02040608 1 12 0 02040608 1 12
GC) 20190807 Williams Flats 1 20190812 Castle 1 20190812 Castle 2 nighttime
T -2 2 . 2 N
= 2 =093 r2 =0.81
3 -3 3 3
= P No data o o %
-5 -5 -5 2
=092
6 -6 -6

0O 02040608 1 12

0 02040608 1 12

0 02040608 1 12

20190813 Castle 2 20190816 Sheridan 20190830 Blackwater River Forest
3 -3
-4 -4 °©
5 5 °
) ) 02073
-6 -6

0 020406 08 1

0 02040608 1 12

maleic anhydride/furan

0 02040608 1 12

Figure S3 A scatter plot of In (trans-2-butene/propene) and In (cis-2-butene/propene) vs. maleic anhydride/furan for

the plumes analyzed. No PTRMS data are available for 07 August plume.



0.98 ; . .

2
o western US r-=0.22
0.96 o eastern US

0.94r

0.92r

09

MCE

0.88r

0.86 1

0.84r o oo T

0.82 ' ' '
0 10 20 30 40

In plume NHCHO (ppt/ppb)

Figure S4. A scatter plot of nHCHO vs. modified combustion efficiency (MCE) for the 12 plumes analyzed. The
slightly positive correlation is due to the eastern US wildfire plume that had higher MCE and in plume nHCHO than

western US wildfire plumes.



020190725 Shady 2
4

0.91
30
20 | s 09 8
Y s
10 0.89
0
01234586
20190803 Williams Flats 1
40
30 0915
—_~ (41]
8_20 S‘zw 001 £
a 10 S0
Fel ol 0.905
L 0123458
C20190807 Williams Flats 1
(1_3 40 0914
0.912
% 30 091 W
20 0.008 Q
10| €& ® o 0906 =
0.904
0 0.902
01234586
20190813 Castle 2
40 0.9
30
20| o ® | 088 O
P =
10 0.86
0
01234586

2001 90729 North Hills
4

9%@

e ...
0123456

30
20
10

0

20190802 Mica and Lick Creek

0.9
L

088 £

0.86

40

30 0.925
092 w

20 8?8 0915 =

10 0.91

0 0.905

0123456
20190806 Williams Flats

202090803 Williams Flats 2

40
0.912
30 30 0.89
091 w 0.88 W
20 O 20 O
\O 2 2
| @ooo 0,905 0 &8 0.87
0.86
e 0
0123 45€¢6 0123456
20190812 Castle 1 20190812 Castle 2 nighttime
40 40 0.89
30 0.9 30
‘ 0.88 ¥ 0.88 &
20 G 9 Q 20 Q
822, KR = =
10 0.86 10 W@) 0.87
oL— . . . . Moss 0
012345686 0123456
20190816 Sheridan 20190830 Blackwater River Forest
40 i
0.92 I 0.95
30 30 't’l(-b
& 091 & C 5
20 &@&%ﬁ@ o 20 0045 Q
10 09 10
ob— . 0 0.94
012345686 012345686

physical age (h)

Figure S5. Trends of nHCHO against physical age for the 12 analyzed plumes, colored by MCE.
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Figure S6. (a) A scatter plot of in plume HCHO vs. COz; (b) A scatter plot of in plume nHCHO vs. COz for the 12
plumes. The slight decreased nHCHO at higher CO: concentrations can be due to the general increased nHCHO and

decreased CO: trends with physical age. The COz2 concentrations for each plume are provided in Fig. S7.
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Figure S7. Trends of nHCHO against physical age for the analyzed 12 plumes, colored by CO2 concentrations, the

variability of which is used as an approximation of FRP variability.
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Figure S8. Fraction of primary and secondary nHCHO vs. plume physical age for the 12 plumes. The fraction of

primary nHCHO is estimated by assuming nHCHO and the loss rate of nHCHO were constant between emission and

the closest observation. The slight increase in primary nHCHO fraction with physical age for the 20190803 Williams

Flats 1 may be due to the uncertainty in the polynomial fit of the observed nHCHO, the nHCHO loss rate calculation,

Lagrangian plume assumption, or emission variation.
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Figure S9 A scatter plot of photolysis rate of HCHO vs. average OH concentrations.
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Figure S10 nHCHO production (gold), loss (blue) and change (red) rates with physical age for the 12 plumes. The
uncertainty (red error bars) in nHCHO change rate is estimated from the difference between measured nHCHO and
the polynomial fit. The uncertainty (blue error bars) in nHCHO loss rate is estimated from the uncertainty in OH

estimation and the difference between the loss rate calculated from the measured photolysis rates and temperature



dependent reaction rate coefficient and the loss rate calculated from the interpolation of the average photolysis rates
and reaction rate coefficient. The uncertainty (gold error bars) in nHCHO production rate is the combined uncertainty
in nHCHO loss rate and change rate. The uncertainty accounts for the majority of the negative calculated nHCHO
production rates. The negative nHCHO production rate at the end of the 0803 Williams Flats 1 plume cannot be not
fully accounted by the estimated uncertainty. This may be due to emission variation or uncertainties in the Lagrangian

plume sampling assumption for air masses downwind away from the source.
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Figure S11. (a). Average nHCHO production rate vs. normalized OH-VOC reactivity (OH-VOC reactivity /CO) for
the 12 plumes including 11 western US wildfire plumes (circles) and 1 eastern US wildfire plume (square).
Unweighted bivariate linear regression was applied to fit the data. The unweighted (or equally weighted) bivariate
linear regression yields a slope = 0.31, 72 = 0.14 4 0.19, and p = 0.2 for the 12 wildfire plumes. (b) Average
secondary nHCHO production rate vs. total OH reactivity/CO for the 12 plumes including 11 western US wildfire
plumes (circles) and 1 eastern US wildfire plume (square). An unweighted (or equally weighted) bivariate linear

regression yields a slope = 0.32, 72 =0.22 + 0.23, and p = 0.1 for the 12 wildfire plumes.
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