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Abstract. We report the emissions of glyoxal and methylgly-
oxal from the open burning of biomass during the NOAA-
led 2016 FIREX intensive at the Fire Sciences Laboratory
in Missoula, MT. Both compounds were measured using
cavity-enhanced spectroscopy, which is both more sensi-
tive and more selective than methods previously used to de-
termine emissions of these two compounds. A total of 75
burns were conducted, using 33 different fuels in 8 differ-
ent categories, providing a far more comprehensive dataset
for emissions than was previously available. Measurements
of methylglyoxal using our instrument suffer from spec-
tral interferences from several other species, and the val-
ues reported here are likely underestimates, possibly by as
much as 70 %. Methylglyoxal emissions were 2-3 times
higher than glyoxal emissions on a molar basis, in contrast
to previous studies that report methylglyoxal emissions lower
than glyoxal emissions. Methylglyoxal emission ratios for all
fuels averaged 3.6 & 2.4 ppbv methylglyoxal (ppmv CO)~!,
while emission factors averaged 0.66£+0.50 g methylgly-
oxal (kg fuel burned) ™. Primary emissions of glyoxal from
biomass burning were much lower than previous labora-
tory measurements but consistent with recent measurements
from aircraft. Glyoxal emission ratios for all fuels averaged

1.4+0.7 ppbv glyoxal (ppmv CO)~!, while emission factors
averaged 0.20+0.12 g glyoxal (kg fuel burned) ™!, values that
are at least a factor of 4 lower than assumed in previous es-
timates of the global glyoxal budget. While there was sig-
nificant variability in the glyoxal emission ratios and factors
between the different fuel groups, glyoxal and formaldehyde
were highly correlated during the course of any given fire,
and the ratio of glyoxal to formaldehyde, Rgr, was consis-
tent across many different fuel types, with an average value
0of 0.068 0.018. While RgF values for fresh emissions were
consistent across many fuel types, further work is required to
determine how this value changes as the emissions age.

1 Introduction

In addition to the large primary emissions of gases and partic-
ulate matter, the secondary chemistry that occurs downwind
of fires can play an important role in numerous atmospheric
processes. Ozone (O3), peroxy nitrates such as acetyl perox-
ynitrate (PAN), and organic aerosol are frequently enhanced
in downwind fire plumes (e.g., Yokelson et al., 2009; Akagi
et al., 2012; Alvarado et al., 2015; Liu et al., 2016), and in

Published by Copernicus Publications on behalf of the European Geosciences Union.



15452

urban areas influenced by biomass burning, emissions from
fires have been shown to increase O3z above the 70 ppbv stan-
dard set by the EPA (Brey and Fischer, 2016; Gong et al.,
2017). Modeling of the chemistry of biomass burning plumes
has found that carbonyls such as formaldehyde, methylgly-
oxal, and 2,3-butanedione play a large role in the formation
of both O3 and PAN (Mason et al., 2001; Miiller et al., 2016),
either through reactions with hydroxyl radicals or photolysis.
Carbonyl photolysis leading to O3 production has also been
observed in other regions, such as oil and natural gas produc-
ing basins (Edwards et al., 2014). In addition to contribut-
ing to O3 formation, photolysis of carbonyls such as acetone
and methylglyoxal can lead to the formation of PAN (Fischer
et al., 2014; Miiller et al., 2016). Understanding the impact
of carbonyls on fire plume chemistry requires accurate mea-
surements of emissions of these compounds, but those data
are lacking for several carbonyl species, particularly small
a-dicarbonyls such as glyoxal and methylglyoxal.

Along with glyoxal and methylglyoxal, numerous other
carbonyl species such as formaldehyde have been detected in
fire plumes (e.g., Akagi et al., 2011; Stockwell et al., 2015;
Koss et al., 2018). While methylglyoxal’s absorption cross
section is relatively weak and unstructured, the cross sections
of glyoxal and formaldehyde in the visible and ultraviolet re-
spectively are large and structured, enabling the detection of
those two molecules from space using remote sensing instru-
ments such as the Scanning Imaging Absorption Spectrom-
eter for Atmospheric Cartography (SCIAMACHY, Wittrock
et al., 2006; Myriokefalitakis et al., 2008), the Global Ozone
Monitoring Experiment-2 (GOME-2, Lerot et al., 2010), the
Ozone Monitoring Instrument (OMI, Alvarado et al., 2014;
Chan Miller et al., 2014), or the Tropospheric Emissions:
Monitoring Pollution Instrument (TEMPO, Zoogman et al.,
2017).

The column abundances of glyoxal and formaldehyde
are enhanced in regions influenced by biomass burning
(Chan Miller et al., 2014), but the main source of both
molecules globally is oxidation of larger volatile organic
compounds (VOCs) (Shim et al., 2005; Fu et al., 2008;
Fortems-Cheiney et al., 2012). The relative yields of glyoxal
and formaldehyde depend in part on the precursor VOC, and
the ratio of glyoxal to formaldehyde, RgF, is higher in re-
gions dominated by emissions of aromatic VOCs than it is
in regions dominated by emissions of isoprene (Chan Miller
et al., 2016; Kaiser et al., 2015). Rgr has been proposed as a
metric for examining VOC chemistry from space (Vrekous-
sis et al., 2010; Chan Miller et al., 2014; Kaiser et al., 2015),
as glyoxal and formaldehyde have similar atmospheric life-
times with respect to photolysis and OH (~ 3h), but they
have different yields from VOC oxidation. However, doing
so requires both accurate yields from oxidation reactions and
a thorough understanding of direct emissions from sources
producing both compounds, such as biomass burning.

Together, direct emissions from biomass burning and bio-
fuel (biomass used as an energy source) have been estimated
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to contribute 20 % of the glyoxal budget but only 3.5 % of
the methylglyoxal budget (Fu et al., 2008; Stavrakou et al.,
2009a). While there have been numerous measurements of
formaldehyde emissions from biomass burning both in the
laboratory and the field, glyoxal and methylglyoxal emis-
sions in current models are based on only two laboratory
studies (McDonald et al., 2000; Hays et al., 2002). These
studies examined only a limited number of fuels, and the
method used in those studies to quantify carbonyl emissions
is now known to be prone to interferences (Karst et al.,
1993; Achatz et al., 1999). The reported emissions of glyoxal
and methylglyoxal from those studies are contradicted by
field measurements from aircraft that find significantly less
glyoxal but more methylglyoxal in fresh biomass burning
plumes than was measured in the lab (Zarzana et al., 2017).
Additionally, the laboratory studies reported that glyoxal and
formaldehyde are emitted at a molar ratio of 1, roughly an or-
der of magnitude higher than what was observed in the field
(Zarzana et al., 2017) and from remote sensing platforms
over regions dominated by biomass burning (Chan Miller
et al., 2014; Stavrakou et al., 2016).

Models have generally been able to reproduce the
formaldehyde columns observed by satellites (Stavrakou
et al., 2009b; Boeke et al., 2011) but have had varying suc-
cess reproducing glyoxal columns. Several studies compar-
ing model outputs to satellite columns retrieved by SCIA-
MACHY and GOME-2 have found that the models under-
estimate global glyoxal emissions (Myriokefalitakis et al.,
2008; Stavrakou et al., 2009a; Lerot et al., 2010). A more
recent study by Stavrakou et al. (2016) examined emissions
from crop residue fires in the North China Plain using data
from OMI. The column Rgr measured by OMI (~ 0.04—
0.05) was comparable to the Rgp values observed by Zarzana
et al. (2017), and a model was able to reproduce the mea-
sured formaldehyde columns and the glyoxal enhancements
observed during the height of the burning season. However,
Stavrakou et al. (2016) used glyoxal emissions from the two
previous laboratory studies, which are both higher than re-
cent field data and imply that Rgp should be close to 1. Bet-
ter measurements of emissions of glyoxal and methylglyoxal
from biomass burning from a wider range of fuels, and sub-
sequent chemistry following emission, are needed to resolve
these discrepancies and provide better inputs to models.

In this work we use cavity-enhanced spectroscopy (CES)
to measure primary emissions of glyoxal and methylgly-
oxal from open burns conducted in a laboratory setting.
These experiments were conducted as part of the NOAA-led
Fire Influence on Regional and Global Environments Exper-
iment (FIREX), which took place from October to Novem-
ber 2016 at the US Forest Service Fire Sciences Labora-
tory (FSL) in Missoula, MT. CES measurements of glyoxal
and methylglyoxal are faster, more sensitive, and more spe-
cific than the methods used in previous studies. Over 30
different fuel types were burned during the 2016 FIREX
campaign, and, combined with the other instrumentation de-

www.atmos-chem-phys.net/18/15451/2018/
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Figure 1. Setup of ACES, the OP-FTIR, and the PTR-ToF at the FSL during the 2016 campaign (diagram not to scale). (a) Installation of
ACES and the OP-FTIR on the platform. The inlet for ACES was located immediately above the OP-FTIR. (b) View from the platform
looking down to the burn chamber floor showing the stack and the window of the control room, where the PTR-ToF was located. (¢) View
of the stack and platform from the burn chamber floor. (d) View of the stack and control room from the burn chamber floor, showing the

PTR-ToF transfer line.

ployed at the FSL, our data provide the most detailed look to
date at direct emissions of glyoxal and methylglyoxal from
biomass burning.

2 Methods
2.1 FSL facility

Burns were conducted at the FSL during the 2016
FIREX intensive (https://www.esrl.noaa.gov/csd/projects/
firex/firelab/, last access: 23 May 2018). Details on the FSL
facility (Christian et al., 2003, 2004; Burling et al., 2010)
and the FIREX campaign (Selimovic et al., 2018) are given
elsewhere. The data presented here were collected during
the 75 stack burns conducted during the first three weeks
of the campaign and primarily come from three instruments:
the NOAA Airborne Cavity Enhanced Spectrometer (ACES),
the NOAA proton-transfer-reaction time-of-flight mass spec-
trometer (PTR-ToF), and the University of Montana open-
path Fourier transform infrared spectrometer (OP-FTIR).
The setup of the three instruments during the stack burns is
shown in Fig. 1. The fuel bed is located in the center of the

www.atmos-chem-phys.net/18/15451/2018/

burn chamber, which during burns was pressurized to push
smoke out the ceiling through a 1.6 m diameter stack past a
sampling platform 17 m above the fuel bed. The flow through
the stack was well mixed, with a residence time of roughly
5s. All three instruments had sampling ports on the platform,
though the PTR-ToF was not mounted on the platform itself.

A total of 33 different fuels were used, including numer-
ous burns of coniferous fuels and chaparral species. For the
conifers, burns were conducted either using only one com-
ponent (e.g., litter, canopy) or with realistic mixes of several
components. A full list of fuels in given in the Table S1 in
the Supplement and in Selimovic et al. (2018).

2.2 Instruments used

All the instruments used here have been described pre-
viously, so only brief descriptions will be provided. The
species-specific uncertainties for each instrument are given
in Table 1. Concentrations of all species were significantly
higher than the instrument detection limits, with concentra-
tions of glyoxal and formaldehyde during the fires ranging
from 10 to either 600 (glyoxal) or 5000 ppbv (formaldehyde),

Atmos. Chem. Phys., 18, 15451-15470, 2018
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Table 1. Details of the measurements and instruments used in this work. All three instruments can measure additional species not used in

this analysis.

Instrument  Measured species used in this analysis Uncertainty Reference

ACES glyoxal, methylglyoxal glyoxal: £15 %, Min et al. (2016)
methylglyoxal: —30 %/+70 %

OP-FTIR CO, CO,, CHy, formaldehyde CO, CO,, CHy: = ~2 %, Stockwell et al. (2014);
formaldehyde: £10 % Selimovic et al. (2018)

PTR-ToF formaldehyde, acetaldehyde, acetone, gly-  formaldehyde, acetaldehyde, Yuan et al. (2016);

colaldehyde, methylglyoxal, hydroxyace-
tone, 2,3-butanedione, 2,3-pentanedione

acetone, glycolaldehyde: +15 %
all others: 50 %

Koss et al. (2018)

and concentrations of carbon monoxide at the peak of the fire
exceeded 100 ppmv.

2.2.1 ACES

Glyoxal and methylglyoxal were measured using the ACES
instrument (Min et al., 2016). Light from an LED with a cen-
ter wavelength of 455 nm was introduced into a 45 cm long
cavity capped with highly reflective (R > 0.99995 at 455 nm)
mirrors, enabling the light to make multiple passes and re-
sulting in an effective pathlength of 10—12 km. The light exit-
ing the cavity entered a grating spectrometer and was imaged
onto a charge-coupled device (CCD) array. The overlap be-
tween the mirror reflectivity and the LED output resulted in a
useful spectral range between 438 and 468 nm. The measured
CCD counts were then converted into extinction (the sum of
scattering and absorption) (Washenfelder et al., 2008). The
wavelength-dependent extinction, «(A), is due to absorption
and Rayleigh scattering by gas-phase molecules and scatter-
ing and absorption by aerosol particles. The particles were
removed with a filter (see below), and Rayleigh scattering
was accounted for by measuring the number density in the
cell. The measured extinction is then

(M) measured = ZO'()\)I'Ni’ (D
i=1

where o (A); and N; are respectively the absorption cross sec-
tion and number density of a given species. The measured
spectra were fit using the DOAS fitting routines in the DOA-
SIS software package (Kraus, 2006; Platt and Stutz, 2008),
which took as inputs the absorption cross sections of the
species of interest convolved to the resolution of the instru-
ment (here, nitrogen dioxide (NO;), glyoxal, and methylgly-
oxal). For each spectrum, DOASIS then determined the num-
ber density for each species that resulted in the best agree-
ment between the measured and calculated spectrum. Data
for ACES are reported at 1 Hz.

ACES has a second channel centered at 375 nm measur-
ing nitrous acid (HONO) and NO; that is imaged onto the
CCD using the same spectrometer. Imaging two channels
separated by 80 nm with the same spectrometer requires a

Atmos. Chem. Phys., 18, 15451-15470, 2018

relatively coarse grating, resulting in a resolution for both
channels of ~ 1 nm full width half maximum (FWHM). Even
at this resolution, the glyoxal cross section in the ACES
retrieval window is highly structured and distinct from the
cross sections of other molecules absorbing in the same re-
gion such as NO; and methylglyoxal. This method therefore
provides a robust and direct measurement of glyoxal with a
minimal need for corrections. The methylglyoxal cross sec-
tion is less structured than the glyoxal cross section, and at
our resolution suffers from spectral interferences from other
substituted «-dicarbonyls such as 2,3-butanedione and 2,3-
pentanedione, which have cross sections with similar struc-
ture but lower intensity.

ACES was installed on the platform (see Fig. 1) and sam-
pled from the stack using a 0.4 cm (5/32in.) inner diameter,
1 m long fluorinated ethylene propylene (FEP) line that ex-
tended approximately 30 cm into the stack. Two polytetraflu-
oroethylene (PTFE) filters (1 um pore size) were mounted in
series to remove aerosol particles and were changed after ev-
ery burn. The sampling line contained a restriction consisting
of a short section of 0.16 cm (1/16 in.) inner diameter tubing
installed in between the stack and the filters that lowered the
pressure from ~ 900 to ~ 600 hPa in order to reduce the rel-
ative humidity. The residence time in the sampling line was
less than 1s. Additionally, a glyoxal source consisting of a
bubbler containing a 40 wt % solution of glyoxal in water was
used to periodically add glyoxal to the instrument above both
the restriction and the filters to determine any potential losses
of glyoxal on the filters.

2.2.2 OP-FTIR

The OP-FTIR measured carbon monoxide (CO), carbon
dioxide (CO;), methane (CHy), and formaldehyde (HCHO),
as well as a variety of other species (Stockwell et al.,
2014; Selimovic et al., 2018). The OP-FTIR was mounted
on the platform and measured across the diameter of the
stack, with a time resolution of ~ (.73 Hz. Reference spectra
were taken from both the High-resolution Transmission (HI-
TRAN) spectral database and spectra previously recorded
at Pacific Northwest National Laboratory (PNNL). The col-

www.atmos-chem-phys.net/18/15451/2018/
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lected IR spectra were then fit using the reference spectra to
determine the mixing ratios of the various species (Griffith,
1996; Griffith et al., 2012).

2.2.3 PTR-ToF

The PTR-ToF was used to measure VOCs with a proton affin-
ity greater than that of water, including formaldehyde, 2,3-
butanedione, 2,3-pentanedione, and several other carbonyl
species, with a time resolution of 1 Hz (Yuan et al., 2016;
Koss et al., 2018). For some species, such as formaldehyde
and acetaldehyde, calibration factors were determined via the
addition of standards, but for other compounds such as 2,3-
butanedione the calibration factors were calculated using the
method of Sekimoto et al. (2017). PTR instruments gener-
ally cannot detect glyoxal since the majority of the glyoxal
molecules fragment following protonation to make formalde-
hyde (Stonner et al., 2017), but glyoxal concentrations at the
FSL were high enough for the PTR-ToF to observe some
glyoxal, although the agreement with ACES was poor (Koss
et al., 2018). Additionally, the detection of methylglyoxal by
PTR suffers from an interference from propenoic (acrylic)
acid, which has the same formula (C3H40O;) and therefore
the same exact mass as methylglyoxal, but does not absorb
in the visible. Glycolaldehyde has a similar interference from
acetic acid, while 2,3-pentanedione has an interference from
methyl methacrylate. The other carbonyls discussed in this
work (e.g., 2,3-butanedione) generally are not affected by
species with the same masses. While the PTR-ToF had an
inlet on the platform, the instrument itself was not mounted
on the platform and instead sampled through a 16 m heated
transfer line with a residence time of roughly 1s. Data from
the OP-FTIR and ACES are available for all 75 stack burns,
but due to different sampling strategies PTR-ToF data are
only available for 58 burns.

2.3 Data analysis

Fire-integrated emission ratios relative to CO (ERs, ppbv
glyoxal or methylglyoxal per ppmv CO) were calculated us-

ing

Istop
J (Xfire — Xvkga)dt
AX Istart
ER = = , 2
ACO  fsop

J (COfire — COpiga)dt

Istart
where ACO and AX are the background-corrected, fire-
integrated mixing ratios of CO and the species of interest, X.
Fire-integrated emission factors (EFs, grams of compound
X emitted per kilogram of fuel burned on a dry mass basis)
were calculated using the carbon mass balance method by the
following equation:

MMy y 2%
AMc 3 (NC; x 255)

EF = 1000 x F¢ x 3)

www.atmos-chem-phys.net/18/15451/2018/
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where Fc is the mass fraction of carbon in the fuel, MMy
is the molecular mass of species X, AMc is the atomic mass
of carbon, AX/ACO is the emission ratio relative to CO for
species X, NC; is the number of carbon atoms in a given
species i, and AC;/ACO is the emission ratio relative to CO
for that species. For the 58 burns where the PTR-ToF was
sampling from the stack, the total carbon mass was calcu-
lated using either only OP-FTIR data or by combining the
data from both the OP-FTIR and the PTR-ToF. The addition
of the VOCs measured by the PTR-ToF decreased the gly-
oxal emission factors by only 3 % on average. This is con-
sistent with previous results from the FSL (Stockwell et al.,
2015) and with past field studies (e.g., Andreae and Merlet,
2001; McMeeking et al., 2009; Akagi et al., 2011), which
have found that CO,, CO, and methane generally make up at
least 95 % of the total emitted carbon mass. We report EFs
based on the combined datasets when PTR-ToF data were
available and just OP-FTIR data when PTR-ToF data were
not available.

The glyoxal to formaldehyde ratio (Rgg, moles of glyoxal
per moles of formaldehyde) was calculated using

AGlyoxal

Rgp=———,
GF AFormaldehyde

“)
where AGlyoxal and AFormaldehyde are the background-
corrected, fire-integrated concentrations of those two species.
RGr was calculated using formaldehyde from either the PTR-
ToF and the OP-FTIR, but since the two instruments gener-
ally agreed well and since the OP-FTIR sampled more burns
than the PTR-ToF, unless otherwise stated, all Rgg values
discussed in the text used OP-FTIR formaldehyde data.

The modified combustion efficiency, MCE, was calculated
using

ACO,

MCE= — % (5)
ACO; + ACO

MCE values can be calculated either as a fire-integrated
value, where the integrals of CO, and CO over the course
of the fire are used in Eq. (5), or as an instantaneous value.
Unless otherwise noted, all MCE values here are fire inte-
grated. A higher MCE indicates a greater proportion of flam-
ing during the fire, with a value of 0.9 indicating that the fire
was roughly half flaming and half smoldering (Akagi et al.,
2011). Fuel moisture content, defined as

. wet weight — dry weight
moisture content = - (6)
dry weight

and fuel elemental composition were also measured for all
75 burns. Moisture contents are given in the Supplement
(Table S1), and elemental compositions can be found in Se-
limovic et al. (2018).

Atmos. Chem. Phys., 18, 15451-15470, 2018
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Figure 2. Data from a filter transmission experiment conducted in Boulder, Colorado, prior to the FIREX campaign. Shown are the retrieved
glyoxal (green) and NO; (blue) concentrations from the three fire periods (orange shading) and the additions using the bubbler (green

shading). The filter was not changed during the experiment.

3 Results
3.1 Carbonyl filter transmission

Previous work has shown that glyoxal loss to filters and any
aerosol particles collected on the filters is low (Thalman and
Volkamer, 2010; Washenfelder et al., 2011). Glyoxal up-
take onto aerosol particles is driven by liquid water con-
tent (Kroll et al., 2005; Volkamer et al., 2009; Nakao et al.,
2012). Biomass burning particles generally are not very hy-
groscopic (Yokelson et al., 2009; Akagi et al., 2011; Kreiden-
weis and Asa-Awuku, 2014), and during the 2016 campaign,
the ambient relative humidity in the burn chamber was low
(25 %40 %). Additionally, the inlet restriction before the fil-
ter further reduced the relative humidity. Flow through the
filter holder was fast (10 L min~!) to keep the residence time
(~0.3 s) to a minimum. However, the aerosol loadings during
these experiments were high and resulted in large accumula-
tions of mass on the filters, even for short burns. A fresh filter
was used for each burn, but it is possible that the buildup of
material on the filters caused losses of glyoxal and methyl-
glyoxal.

Prior to the deployment to the FSL, filter transmission tests
were conducted in Boulder, Colorado, by burning dried pine
needles and branches in a small wood-burning stove and then
adding glyoxal to the inlet using the bubbler. The data from
one of these tests are shown in Fig. 2. The filter was not
changed during this experiment, and glyoxal was added be-
fore and after each fire to assess potential losses. No glyoxal
losses to the filter were observed during these tests.

Unfortunately, during the FIREX campaign, the bubbler
output frequently was unstable, even over short (20 min)
timescales. During times when the bubbler was reasonably
stable, the maximum observed loss was only 10 %, but the
instabilities in the bubbler output made it difficult to fully

Atmos. Chem. Phys., 18, 15451-15470, 2018

constrain this number. Since we did not observe losses dur-
ing the tests prior to FIREX and given the uncertainty in the
transmission measurements made during FIREX, we have
not corrected our data for filter loss, and note that our gly-
oxal emissions might be up to 10 % low. Methylglyoxal is
even less reactive than glyoxal with respect to aerosol uptake
(Kroll et al., 2005), so any loss of methylglyoxal to the filters
should be smaller.

3.2 Glyoxal emissions
3.2.1 Glyoxal emission ratios and factors

Glyoxal emission ratios and factors for all 75 burns are
shown graphically in Fig. 3a and b, and values can be found
in Table S2 in the Supplement. Burns from the 33 fuel types
have been grouped into eight general categories: chaparrals;
realistic coniferous mixes; separate canopy, litter, duff, and
rotten logs from coniferous ecosystems; artificial; and other.
Duff is organic material that is denser than litter and has un-
dergone more decomposition. The artificial fuels were un-
treated lumber and excelsior (wood wool), fuels that are un-
likely to be major components of biomass burning. We use
the term “artificial” in the sense that these fuels have been
processed to some degree, and the biomass is not in its nat-
ural state. The “other” category consists of fuels that do not
fall into one of the previous seven categories, and it includes
several important fuels such as peat, rice straw, and yak dung.
Bar graphs of the average emission ratios and factors for the
first five groups and select other fuels are shown in Fig. S1 in
the Supplement.

Glyoxal emission ratios for realistic mix burns averaged
1.71 4 0.22 ppbv glyoxal (ppmv CO)~!, nearly a factor of 4
lower than the emission ratio used in the global glyoxal bud-
get by Fu et al. (2008). The other categories have similarly
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Figure 3. (a) Glyoxal emission ratios in units of ppbv glyoxal (ppmv CO)~! for the different fuel types. The number in the label denotes the
number of replicate burns for a given fuel type, while each marker represents the value for an individual fire. (b) Glyoxal emission factors

in units of g glyoxal (kg fue) 1. (c) The glyoxal to formaldehyde

ratio, RgF, calculated using formaldehyde data from the OP-FTIR. For

the first five groups, the average and standard deviation of all the burns in that group are shown. For the last three groups, averages are not
provided due to the small number of samples and because the fuels in “other” are unrelated.

low average emission ratios, and the highest emission ratio,
3.67 ppbv glyoxal (ppmv CO)~! from burning rice straw, was
40 % lower than the value from Fu et al. (2008). However, the
emission ratios measured here are consistent with the glyoxal
enhancements from aircraft intercepts of fresh (< 2h old)
biomass burning plumes, which averaged 1.6 £0.9 ppbv gly-
oxal (ppmv CO)~! (Zarzana et al., 2017). Glyoxal emission
factors from other laboratory experiments have been reported
by McDonald et al. (2000) and Hays et al. (2002), but only
two of the fuels used in those studies, ponderosa pine and
loblolly pine, overlapped with fuels used here. Hays et al.
(2002) burned fresh ponderosa pine needles and reported
emission factors 5 times higher than our fresh ponderosa
pine canopy emission factor. McDonald et al. (2000) aver-
aged emissions from both ponderosa and pinion pine burns
and report a value that is roughly a factor of 2 higher than
ours. Emission factors from burning dry loblolly pine nee-
dles were reported by Hays et al. (2002) and are over 12
times higher than the emission factor for our loblolly pine
needle litter burns.

www.atmos-chem-phys.net/18/15451/2018/

These discrepancies in emission factors between the two
laboratory studies and the burns conducted at the FSL could
be due to systematic differences in the MCE between the
two studies (Christian et al., 2003; Yokelson et al., 2008,
2013; Stockwell et al., 2014). However, due to differences in
the ratio of glyoxal to other carbonyls such as formaldehyde
(see Sect. 3.2.2), a more likely explanation is that the method
used by the two previous laboratory studies for detecting car-
bonyls suffers from interferences. In those studies, carbonyls
were detected through derivatization followed by separation
using high-performance liquid chromatography and detec-
tion by ultraviolet absorption measurements. It is now known
that measurements of formaldehyde using this method have
interferences from unrelated species such as NO, that react
with the derivatizing agent to form products with similar re-
tention times and absorbances (Karst et al., 1993). ACES also
measures NO;, and the NO; concentrations were compara-
ble to those of formaldehyde for many burns. The species
that could cause interferences for glyoxal are not known, but
given the complexity of fire emissions and the lack of speci-
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Figure 4. Glyoxal emission factors (a, b) and Rgp values (c, d) for
each fire as a function of either MCE (a, ¢) or fuel moisture content
(b, d).

ficity for the derivatization technique, glyoxal measurement
from fires using that technique should be treated with cau-
tion. More recent work detects the derivatized product using
electrospray ionization coupled to tandem mass spectrometry
(e.g., Kampf et al., 2011), which should provide a greater de-
gree of specificity. The optical method used here relies on the
unique differential structure in the visible absorption cross
section of glyoxal, reducing the potential for interferences.
Examining emissions from individual fuels, peat had the
lowest emission ratio by a factor of 5, while rice straw and
bear grass had the highest, consistent with past results for
emissions of larger oxygenated aliphatic compounds (Hatch
et al., 2015). For the conifer-derived fuels, the duff burns had
the lowest emission ratios, while the canopy and realistic mix
burns were the highest. Emission ratios depended more on
the fuel component (e.g., canopy or duff) than on the dom-
inant tree species and generally were consistent within each
fuel component group. Chaparral emission ratios were low
and in between the duff and litter emission ratios. For the
emission factors (grams of glyoxal emitted per kilogram of
fuel burned), peat again had the lowest value, followed by the
chaparrals. Duff and litter were again lower than the canopy
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and realistic mix burns, but the emission factors for these four
groups were much closer than the emission ratios. Fuel com-
ponent again mattered more than species, but there was more
variability in the emission factors than in the emission ratios,
especially for the canopy burns.

We examined the relationship between EF and either MCE
or fuel moisture content to see if this could explain the vari-
ability in the observed EFs. Emission factors as a function of
MCE and moisture content are shown in Fig. 4a and b. Gen-
erally, burns with higher MCEs had lower glyoxal emissions.
This is unsurprising, as a higher MCE means that a greater
fraction of the carbon in the fuel was converted to CO,. Duff
and peat did not follow this trend and, despite having MCEs
below 0.9, generally had low glyoxal emission factors. Both
duff and peat have undergone some amount of decomposi-
tion, and for the duff burns this results in a unique VOC emis-
sion profile (Sekimoto et al., 2018), so it is not surprising that
these two fuels behave differently. However, of the other four
main groups (chaparrals, realistic mixes, canopy, and litter),
only the canopy burns covered a wide range of MCE values,
and those burns drive most of the observed trend in emis-
sion factors. There appears to be a higher correlation between
the fuel moisture content and the glyoxal emission factor,
with the wetter fuels having higher glyoxal emissions. Peat
is again an outlier, with low emissions despite a high mois-
ture content. However, the canopy burns again were the only
group with a large range of moisture content values. Addi-
tionally, moisture content and MCE generally were inversely
correlated, making it difficult to determine which parameter
had the greater effect on emission factor.

Within certain fuel groups, some of the variability in the
emission factors did appear to be driven by differences in
the moisture content and MCE. The canopy burns of Engel-
mann spruce and subalpine fir with the highest emission fac-
tors also had moisture contents higher and MCE values lower
than the other burns of that material. For most of the other
fuel groups, the moisture content within the group did not
vary significantly, making it difficult to fully constrain the
relationship between glyoxal emissions and moisture con-
tent. Additionally, for some of the burns, there was signifi-
cant variability in the emission factors despite similar condi-
tions. For example, the two ponderosa pine litter burns were
both dry (moisture contents of 0.11 and 0.07) and had sim-
ilar MCEs, but the emission factors differed by a factor of
3. While moisture content and MCE can affect emissions,
clearly there are other factors that also play a role.

Multiple burns of chaparral and coniferous fuels were con-
ducted in 2016, allowing for some investigation of the vari-
ability in emissions for those fuels. However, there were
several important fuels that were only burned once, such
as peat and rice straw. During El Nifio years, peat fires
can emit almost as much non-methane organic carbon as
all other biomass burning combined and can negatively im-
pact local-regional air quality (Akagi et al., 2011; Stockwell
et al., 2016b). Crop residue burning is also significant on a
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global scale and can strongly impact local-regional air qual-
ity, and crop residue may be used as biofuel (Yevich and
Logan, 2003; Akagi et al., 2011; Stavrakou et al., 2016).
Since only one burn each of peat and rice straw were con-
ducted in 2016, it is difficult to assess the effect of fire to
fire variability and fuel differences (e.g., peat from differ-
ent regions) on the glyoxal emission factors. However, while
glyoxal emissions have rarely been measured, emissions of
other small carbonyls from peat and various crop residues
have been measured in laboratory studies, such as the fourth
Fire Lab at Missoula Experiment (FLAME-4) conducted at
the FSL in 2012 (Stockwell et al., 2015), and field projects,
such as 2015 Nepal Ambient Monitoring and Source Test-
ing Experiment (NAMaSTE) (Stockwell et al., 2016a) and a
2015 study conducted in the fall of 2015 in Indonesia (Stock-
well et al., 2016b). These studies measured carbonyls such as
formaldehyde and glycolaldehyde using the same techniques
and sometimes the same instruments as the 2016 study, and
emission factors from previous work for the small carbonyls
were within a factor of 2 of the emission factors measured in
2016 (Koss et al., 2018; Selimovic et al., 2018). Since emis-
sions of glyoxal are generally very well correlated with the
emissions of these other small carbonyls (see Sect. 3.2.3),
particularly formaldehyde, the good agreement with the pre-
vious work gives us confidence that our results from single
burns of peat and rice straw are broadly representative of
emissions from those fuels.

3.2.2 Glyoxal to formaldehyde ratio, Rgr

Glyoxal to formaldehyde ratios, Rgr, for all the burns us-
ing OP-FTIR formaldehyde are shown in Fig. 3c, and bar
graphs of Rgr for certain fuels are shown in Fig. S2 in
the Supplement. Rgr values for each fire using either OP-
FTIR or PTR-ToF data are available in Table S2 in the Sup-
plement. Formaldehyde measurements from the two instru-
ments agreed to within 10 % (campaign average) (Koss et al.,
2018), and Rgr generally was not significantly affected by
the choice of instrument. The main exceptions were several
of the litter burns and the rice straw burn, where Rgp calcu-
lated with OP-FTIR data was higher than Rgg from PTR-ToF
data (e.g., for the rice straw burn Rgp calculated using OP-
FTIR data is 0.11, compared to an Rgr of 0.08 when using
PTR-ToF data). Rgr across all fuels averaged 0.068 £0.018
when using OP-FTIR formaldehyde and 0.06040.025 when
using formaldehyde from the PTR-ToF.

These values are at least an order of magnitude lower than
those reported from previous laboratory burns (McDonald
et al., 2000; Hays et al., 2002), but they are comparable to
column measurements by satellites of Rgp (0.05-0.08) over
regions dominated by biomass burning (Chan Miller et al.,
2014; Stavrakou et al., 2016). Zarzana et al. (2017) measured
RGF in nighttime plumes that were roughly several hours old
and in daytime plumes less than an hour old. While Rgr val-
ues in the fresh daytime plumes were comparable to those
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measured at the FSL (0.06-0.11), Rgr values in the night-
time plumes were roughly 40 % lower (0.009-0.04). With
the exception of one daytime plume that mostly likely came
from burning sugarcane fields, the fuels being burned were
not known, so whether the lower nighttime Rgp values ob-
served by Zarzana et al. (2017) were due to different chem-
istry in the fire plumes or different fuel types cannot be de-
termined at this time.

Unlike the glyoxal emission ratios and factors, Rgr was
consistent across many of the burns, even for unrelated fu-
els such as chaparral and conifers that had distinct glyoxal
emission ratios and factors. The main exceptions were the
fuels that had undergone some form of decomposition, such
as duff and peat, which have Rgr values 2 to 4 times lower
than the others. Given the uniqueness of the duff VOC pro-
files (Sekimoto et al., 2018), the different Rgg for these fuels
is not surprising.

Unlike the emission ratios and factors, Rgr showed little
dependence on moisture content and MCE (Fig. 4c—d). Fig-
ure 4c has an apparent positive correlation between Rgr and
MCE, but this is driven entirely by the low Rgr and MCE
values from the duff and peat burns. For the other burns, Rgr
showed little dependence on MCE. The only conifer burns
that were conducted at low (< 0.9) MCE were the duff burns,
so it is hard to draw conclusions based on the fire-averaged
MCE values (see below for discussion of instantaneous MCE
values). Duff and peat were outliers in the plot of Rgp versus
moisture content, but in general no trend was observed be-
tween those two parameters. In particular, the canopy burns
had a wide range of moisture contents but only a very narrow
range of Rgp values.

In addition to fire-averaged Rgr values, we examined the
correlation between glyoxal and formaldehyde emissions at
each point in the fire. For most of the fuels, glyoxal emis-
sions were well correlated with formaldehyde emissions in
real time but were not well correlated with real-time CO
measurements. Additionally, there was not a consistent and
strong relation between glyoxal emissions and instantaneous
MCE. This is shown in Fig. 5. Figure 5a and b display gly-
oxal versus CO and formaldehyde respectively for Fire 016,
a ponderosa pine litter burn. The markers are colored by the
instantaneous MCE. Glyoxal and formaldehyde are highly
correlated (R% = 0.94), but the correlations with either CO
or MCE are poor (R2 ~ 0.3 for both). Instantaneous RGp
was constant over the entire burn, despite the changes in in-
stantaneous MCE. The other burn of ponderosa pine litter
(Fire 038, not shown) had a similar fire-integrated MCE and
fuel moisture content, but it had a glyoxal emission factor
3 times higher than the emission factor in Fire 016 (0.189
versus 0.063 g glyoxal (kg fuel burned)™"). During Fire 016,
additional fuel was added several times to increase the length
of burn, while no additional fuel was added for Fire 038. De-
spite the different glyoxal emission factors and fire behavior,
these fires had similar Rgg values (0.080 for Fire 038 versus
0.062 for Fire 016).
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Figure 5. (a) Glyoxal as a function of CO for Fire 016 (ponderosa
pine litter). (b) Glyoxal as a function of formaldehyde for the same
burn. Glyoxal as a function of CO (c¢) and formaldehyde (d) for
Fire 073 (ponderosa pine rotten log). The markers in all plots are
colored by the instantaneous MCE.

Figure 5c and d show the same plots, but for Fire 073, a
ponderosa pine rotten log. There are two distinct glyoxal to
CO emission ratios, one corresponding to the start of the burn
when no flames were present, and the second from the end
of the burn when there were flames. For Fire 073, the emis-
sion ratios during the non-flaming period at the start and the
flaming period at the end of the burn differed by a factor of
20, but despite this, Rgr was constant during the entire dura-
tion of the fire and consistent with the ratio from other fuels
(0.06 compared to the average of 0.068 = 0.018). While for
Fire 073 it does appear that there is a correlation between in-
stantaneous MCE and glyoxal emission ratio, with the lower
MCE corresponding to higher glyoxal emissions, this trend
was not observed for many other burns, such as Fire 016,
where the highest MCE and emission ratio both occurred at
the start of the fire.

3.2.3 Correlations with other carbonyls

In addition to formaldehyde, we compared emissions of gly-
oxal to several other carbonyl species measured by the PTR-
ToF: acetaldehyde, acetone, 2,3-butanedione, hydroxyace-
tone, and glycolaldehyde. The latter two of these species are
also measured by the OP-FTIR, but the PTR-ToF data were
at the same time resolution as the ACES data, so we chose to
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Figure 6. Correlation plots for glyoxal relative to four other car-
bonyls for Fire 027 (chamise chaparral). Shown are the plots for gly-
oxal versus formaldehyde (a), acetaldehyde (b), glycolaldehyde (c),
and 2,3-butanedione (d). The markers are colored by instantaneous
MCE. Correlation plots for acetone and hydroxyacetone are similar
to the plots for glycolaldehyde and 2,3-butanedione.

use those data here. There is good overall agreement between
the PTR-ToF and the OP-FTIR for these species (Koss et al.,
2018), so the results using OP-FTIR data should be similar.

Formaldehyde had the best correlation, with an average
R? of 0.91, followed by acetaldehyde with an R? of 0.85.
For the other carbonyls, R? values were between 0.75 and
0.79. While glyoxal emissions were only 6 %—7 % of those
of formaldehyde, this ratio was higher for the other car-
bonyls, with glyoxal emissions being roughly 20 % of those
of acetaldehyde and approximately equal to emissions of
2,3-butanedione and hydroxyacetone. Correlation plots of
glyoxal versus four of the other carbonyls for Fire 027,
a chamise chaparral fire, are shown in Fig. 6. Glyoxal to
formaldehyde plots for the other fires are generally similar,
with well correlated and linearly related emissions for the
two species. For acetaldehyde, while many fires resemble
Fire 027, in other fires the emissions of glyoxal and acetalde-
hyde are less well correlated. The other four carbonyl species
behave similarly to each other, and the correlations generally
decrease as the carbonyl size increases.
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Figure 7. (a) Absorption cross sections for NO, (Vandaele et al.,
1998), glyoxal (Volkamer et al., 2005), methylglyoxal (Meller
et al., 1991), 2,3-butanedione (Horowitz et al., 2001), and 2,3-
pentanedione (Messaadia et al., 2015) in the ACES fit window.
(b) Absorption cross sections of methylglyoxal, 2,3-butanedione,
and 2,3-pentanedione (solid lines), and the absorption cross section
of 2,3-butanedione scaled by a factor of 1.8 (dashed line) to bet-
ter show the similarity in the shape of that cross section with the
methylglyoxal cross section. All the cross sections shown are con-
volved to the instrument resolution of 1 nm (FWHM).

3.3 Methylglyoxal emissions
3.3.1 Spectral retrieval

While the NO; and glyoxal cross sections are highly struc-
tured, the methylglyoxal cross section is not, particularly at
the ACES instrument resolution of 1 nm FWHM. This can be
seen in Fig. 7a, which shows the absorption cross sections of
three of the main absorbers in the ACES retrieval window:
NO,; glyoxal; and methylglyoxal. In addition to methyl-
glyoxal, there are several other substituted c-dicarbonyls
such as 2,3-butanedione and 2,3-pentanedione that have ab-
sorption cross sections similar to that of methylglyoxal, al-
beit with lower magnitudes. The 2,3-butanedione and 2,3-
pentanedione cross sections are also shown in Fig. 7a, and
the lack of structure in cross sections of the three substituted
a-dicarbonyls, especially compared to the structure present
in the NO; and glyoxal cross sections, can be clearly seen.
Figure 7b shows the methylglyoxal, 2,3-butanedione, and
2,3-pentanedione cross sections. While the methylglyoxal
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Figure 8. Fit results from the peak of emissions from Fire 060
(rice straw). (a) The measured spectrum (blue), the fitted spectrum
(red), and the residual (green). Fits for NO, (b), glyoxal (c), and
methylglyoxal (d). At these concentrations, the small features in
the methylglyoxal cross section can be resolved. The methylglyoxal
concentration given in the figure is the retrieved concentration, and
has not been corrected for the interference from 2,3-butanedione.

cross section has several features between 440 and 450 nm
that are not present in the other two cross sections, these
features are usually too small to be observed in the mea-
sured spectra, except at high concentrations. The fit results
from the peak of emissions during Fire 060 (rice straw) are
shown in Fig. 8, and at these methylglyoxal concentrations
the small features can be resolved, indicating that at least part
of the signal attributed to methylglyoxal is indeed from that
molecule. However, previous work has shown that the other
substituted a-dicarbonyls are emitted from biomass burning
in amounts comparable to the methylglyoxal emissions we
measured at the FSL (Gilman et al., 2015; Stockwell et al.,
2015; Koss et al., 2018), and the contribution of these species
to the measured extinction needs to be taken into account to
properly retrieve the methylglyoxal concentrations.

Other techniques for the measurement of methylglyoxal
also suffer from interferences. Methylglyoxal measurements
by PTR-ToF are complicated by the presence of an isomer,
propenoic (acrylic) acid, which has been measured in fire
emissions at the FSL in 2009 using negative-ion proton-
transfer chemical-ionization mass spectrometry (Veres et al.,
2010) and in 2016 using iodide chemical ionization mass
spectrometry (I= CIMS) (Koss et al., 2018). For the 2016
campaign, the calibration factor for propenoic acid on the
I~ CIMS was directly measured by additions of propenoic
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acid using a liquid calibration unit, while the methylgly-
oxal/propenoic acid calibration factor for the PTR-ToF was
estimated using the method of Sekimoto et al. (2017). The
sum of methylglyoxal and propenoic acid measured by the
PTR-ToF was 30 % lower than propenoic acid measured by
the I~ CIMS and 50 % lower than the methylglyoxal mea-
sured by ACES (even after applying the corrections to the
ACES data discussed below), indicating that the PTR-ToF is
substantially underestimating the sum of these compounds.
However, a previous study used PTR instruments and CES
instruments similar to ACES to measure methylglyoxal ei-
ther directly injected into a chamber or formed in situ by
VOC oxidation, and it found agreement within 25 % (Thal-
man et al., 2015).

Emissions at the FSL have also been analyzed using two-
dimensional gas-chromatography time-of-flight mass spec-
trometry (Hatch et al., 2015). Unfortunately, methylglyoxal
is too sticky to elute on the GC column used for light com-
pounds and too light for the column used for polar com-
pounds (Lindsay Hatch, personal communication, 2017), so
the relative contribution of methylglyoxal and propenoic acid
to the PTR-ToF signal at m /z 73.0284 cannot be quantified at
this time. However, it is clear that, at least in fresh emissions,
both compounds are present in appreciable amounts, and the
signal at that mass should be interpreted as the sum of both
compounds.

ACES data from the FSL were analyzed in several ways
to try to account for the optical interference on the retrieved
methylglyoxal concentrations. While 2,3-butanedione emis-
sions are comparable to methylglyoxal emissions, emis-
sions of larger a-dicarbonyls such as 2,3-pentanedione are
at least an order of magnitude lower (based on the GC-PTR-
ToF results, less than a third of the signal at m/z 101.06,
CsHgO,H™, is due to 2,3-pentanedione) (Stockwell et al.,
2015; Koss et al., 2018), so the only optical interference that
we will consider is that from 2,3-butanedione.

In previous work, a third- or fourth-order polynomial was
included in the fit to account for drift in the instrument zero
signal counts (Min et al., 2016), but given the high peak sig-
nal at the FSL (several orders of magnitude greater than am-
bient), any changes in the background were small relative to
the signal from gas phase absorbers. Due to the lack of struc-
ture in the methylglyoxal cross section, the DOASIS fitting
software tended to assign a large portion of the signal to the
polynomial, rather than to methylglyoxal. The polynomial
was therefore excluded from the fits. This did not change
the retrieved concentrations of the structured absorbers (gly-
oxal and NO,), but it did increase the retrieved methylgly-
oxal concentrations by roughly 30 %.

When running the DOASIS fits without accounting for
the other substituted «-dicarbonyls, the extinction attributed
to methylglyoxal, avg, is the product of the methylglyoxal
cross section, omg, and the apparent methylglyoxal concen-
tration, NITAG. Since 2,3-butanedione is present, the extinction
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is rather

aMG = NygoMG = NMGomc + NBposD, (7

where Npp and opp are the concentration and absorp-
tion cross section of 2,3-butanedione respectively. There
are two ways to account for the interference from 2,3-
butanedione: include 2,3-butanedione in the DOASIS fits and
attempt to simultaneously retrieve both methylglyoxal and
2,3-butanedione; or only include methylglyoxal in the DOA-
SIS fit and correct the retrieved methylglyoxal using the 2,3-
butanedione concentrations measured by the PTR-ToF:

NyiGOMG — NBDOBD

Nme = = Nyig — NBpDRBD, MG, (8)

OMG
where Rpp MG is the average ratio of the two cross sections
in the ACES fit window (~ 0.55).

PTR-ToF data were only available for 58 burns, so all fur-
ther discussion of the methylglyoxal emissions will be lim-
ited to results from those fires. All 33 fuel groups are still
represented in this subset of fires.

The DOASIS software in principle can simultaneously
retrieve the absolute amounts of methylglyoxal and 2,3-
butanedione, but this is complicated by the similarities in
the two cross sections and their lack of structure, particularly
at the low resolution (~ 1 nm FWHM) of the ACES instru-
ment. Including 2,3-butanedione in the DOASIS fits lowered
the methylglyoxal emission ratios by 41 &+ 17 %. However,
there are many periods when there were rapid fluctuations in
the retrieved concentrations of the two species, caused by the
similarity between the two cross sections. Additionally, there
were numerous periods when either the retrieved methylgly-
oxal or 2,3-butanedione concentration was negative. These
two behaviors do not give us confidence that DOASIS is cor-
rectly dividing the measured extinction between methylgly-
oxal and 2,3-butanedione. While we cannot rule out changes
in the ratio of emitted methylglyoxal to 2,3-butanedione as
the cause of the variability in the correction, at least part of
the variability also appears to be due to fit instabilities.

Using the 2,3-butanedione concentrations measured by the
PTR-ToF to correct the methylglyoxal data could be com-
plicated by the presence of other species at the same mass.
However, during FIREX, the contribution of different species
to the signal at the 2,3-butanedione mass of m/z 87.0441
was well characterized by putting a GC column in front of
the PTR-ToF, allowing for the separation and quantification
of isomeric compounds. 2,3-butanedione contributed 87 % of
the signal, while methyl acrylate (5 %) and several minor,
unidentified compounds (8 %) made up the balance of the
signal. These fractions were consistent across the nine fires
analyzed with this method (Koss et al., 2018). However, the
calibration factor necessary to convert the counts measured
by the PTR-ToF into 2,3-butanedione concentrations was not
measured but rather calculated using the method of Sekimoto
et al. (2017) and has an uncertainty of 50 %. This method is
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Figure 9. Methylglyoxal emission ratios (a), emission factors (b), and the molar ratio of methylglyoxal to glyoxal (c). Note the split axes for
the emission ratio and methylglyoxal to glyoxal plots. Average values for the first five fuel groups and values for certain individual fuels are

also shown.

likely to produce calibration factors that result in an underes-
timation of the 2,3-butanedione concentration, and thus using
those concentrations to correct the methylglyoxal will result
in methylglyoxal emissions higher than the actual values.
Using 2,3-butanedione from the PTR-ToF to correct the
ACES methylglyoxal did not result in undesirable and un-
physical behavior and reduced the methylglyoxal emission
ratios by 17 6 % for the 57 non-peat burns and by 52 % for
the peat burn (Fire 055), which was the only burn where 2,3-
butanedione concentrations were comparable to methylgly-
oxal concentrations. Due to the issues with simultaneously
fitting two diffuse cross sections in DOASIS, we have chosen
to fit the ACES data using only the methylglyoxal cross sec-
tion (in addition to the NO; and glyoxal cross sections) and
then correct the apparent methylglyoxal concentrations using
Eq. 8 and 2,3-butanedione concentrations from the PTR-ToF.
Due to the uncertainties associated with the calibration fac-
tor for 2,3-butanedione, we increased the 2,3-butanedione re-
ported by the PTR-ToF by 50 %, so the methylglyoxal emis-
sions we report are likely lower than the true values and
have an estimated uncertainty of —30 %/+70 %. We note that
there is still considerable uncertainty in the methylglyoxal
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emissions, and reducing this uncertainty will require instru-
ments with greater specificity and sensitivity for methylgly-
oxal.

3.3.2 Methylglyoxal emission ratios and factors

Shown in Fig. 9 are emission ratios, emission factors, and the
molar ratio of emitted methylglyoxal to glyoxal. Bar graphs
of average values for certain fuel groups are also given in
Figs. S1 and S2 in the Supplement. Values for the 58 fires
where PTR-ToF data were available are given in Table S3 in
the Supplement. The chaparral burns had some of the low-
est methylglyoxal emission factors and ratios, similar to the
results for glyoxal. However, litter and duff emitted consid-
erable amounts of methylglyoxal, with the duff burns emit-
ting roughly 50 % more methylglyoxal than the canopy and
realistic mix burns. This is quite different from the glyoxal
results, where duff and litter emitted little glyoxal compared
to the canopy burns. As with glyoxal, peat had the lowest
methylglyoxal emissions, while rice straw had some of the
highest.
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Emissions of methylglyoxal from fresh ponderosa pine
needles and dead loblolly pine needles have been previously
reported by Hays et al. (2002). While that study reported
glyoxal emission factors several times higher than ours, the
methylglyoxal emission factors are at most only 30 % higher
than the ones reported here. Emissions for the signal at m/z
73.0284 have been reported previously by Stockwell et al.
(2015) and Koss et al. (2018). As noted above, the signal
at this mass is due to a combination of methylglyoxal and
propenoic acid, with calculated, not measured, calibration
factors, so the comparisons between this work and those
studies should be treated with caution. Generally, the emis-
sion factors from Stockwell et al. (2015) for chaparrals and
ponderosa pine are comparable to ours, although we see
higher methylglyoxal emissions from rice straw. Our emis-
sion factors are higher than those from Koss et al. (2018),
with better agreement for the conifers (30 % difference) than
for the chaparrals and rice straw (factor of 2).

For all the burns, molar emissions of methylglyoxal ex-
ceeded those of glyoxal, generally by a factor of 2 and by
a factor of 15 for the duff burns. This is consistent with
the limited field data, which also found methylglyoxal emis-
sions to be higher than glyoxal emissions (Zarzana et al.,
2017), but is in contrast to the results of Hays et al. (2002),
who reported glyoxal emissions that were twice as high as
methylglyoxal emissions. While the glyoxal and methylgly-
oxal budgets from Fu et al. (2008) also predict that biomass
burning emits more glyoxal than methylglyoxal, this is due to
the high glyoxal emissions used, as the methylglyoxal emis-
sions used in that study are comparable to those observed
here.

4 Implications

Budgets for glyoxal and methylglyoxal predict that the
largest global source for both compounds is VOC oxida-
tion (Fu et al., 2008; Myriokefalitakis et al., 2008; Stavrakou
et al., 2009a). However, on local scales emissions of gly-
oxal and methylglyoxal from biomass burning are expected
to dominate over other sources, even with our lower glyoxal
emission factors. For example, during the Southeast Nexus
(SENEX) campaign in the summer of 2013 in the southeast-
ern United States, the large regional emissions of isoprene re-
sulted in ambient glyoxal mixing ratios of roughly 100 pptv,
10 times lower than what was measured in biomass burning
plumes (Kaiser et al., 2015; Zarzana et al., 2017).

The effects of our revised emission factors on the global
budgets for these two compounds are harder to quantify.
Stavrakou et al. (2016) analyzed emissions from crop residue
fires (mainly wheat and maize) in the North China Plain
measured by the OMI instrument and were able to model
formaldehyde and NO; columns using literature emission
factors for those compounds. The glyoxal column measure-
ments were also compared to the model, and the observed
column enhancements were best reproduced using a glyoxal
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emission factor of 1.12 g glyoxal (kg fuel)™!, over a factor
of 3 higher than our rice straw emission factor (0.34 g gly-
oxal (kg fuel)~!). Several studies have examined the impact
of post-harvest practices on crop-burning emission factors
and found that when the crop residue is piled (mostly com-
monly in Asia), the fuel tends to smolder for long periods,
resulting in lower MCEs and emission factors at the lowest
MCEs 2-3 times higher than those at the highest MCE (Ak-
agi et al., 2011; Inomata et al., 2015; Lasko and Vadrevu,
2018). Our rice straw burn was an open burn, where the
fuel was not piled, and had a high MCE (~ 0.95), so crop
residue burns where the fuel is wetter and piled may have
higher emission factors. However, aircraft intercepts of fresh
biomass burning plumes that likely originated from crop
residue fires in the southeastern United States have found
glyoxal enhancements relative to CO similar to those ob-
served at the FSL (Zarzana et al., 2017), in accordance with
the tendency not to pile residues for burning in developed
countries (Akagi et al., 2011).

Stavrakou et al. (2016) speculated that some of the glyoxal
observed from the satellites could be due to secondary pro-
duction in the biomass burning plumes. Many of the plumes
studied by Zarzana et al. (2017) were emitted at dusk, and
two of the daytime plumes were less than an hour old, limit-
ing any secondary photochemistry leading to glyoxal produc-
tion in those plumes. While to date there have been no mea-
surements of glyoxal production (or loss) in aged fire plumes,
in numerous studies, formaldehyde has been observed to in-
crease relative to CO downwind of fires (Yokelson et al.,
2009; Akagi et al., 2012, 2013; Miiller et al., 2016). Our
measurements of the glyoxal to formaldehyde ratio for fresh
emissions are similar to the ratio of total column glyoxal
to formaldehyde retrieved by satellites (Chan Miller et al.,
2014; Stavrakou et al., 2016), but they are higher than those
observed by Zarzana et al. (2017). Glyoxal and formalde-
hyde have similar lifetimes with respect to photolysis (Volka-
mer et al., 2005; Roéth and Ehhalt, 2015) and oxidation by
OH (Feierabend et al., 2008; Burkholder et al., 2015), and
if formaldehyde is increasing downwind of fires, then gly-
oxal must also be increasing if Rgr remains roughly con-
stant. Zarzana et al. (2017) observed Rgp values 40 % lower
than the ones we observed at the FSL, so it is possible that the
timing of the increases in these two compounds is different.
Unfortunately, there have been no measurements of changes
in glyoxal as a fire plume ages, and these measurements are
crucial to constraining secondary glyoxal chemistry down-
wind of fires.

The global glyoxal and methylglyoxal budgets by Fu et al.
(2008) predict that oxidation of isoprene by OH is the dom-
inant source of both compounds (~ 50% for glyoxal and
~ 78 % for methylglyoxal). However, since that study, the
mechanism and products of the oxidation of isoprene by OH
have been examined in much greater detail both theoreti-
cally and experimentally (e.g Wennberg et al., 2018, and ref-
erences therein). Despite this, there is still disagreement in
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models as to the effect of NO, on glyoxal yields. The latest
version of the Master Chemical Mechanism (MCM v3.3.1)
predicts that glyoxal yields will increase as NO, increases
(Jenkin et al., 2015). Two studies examined glyoxal measure-
ments from SENEX using different mechanisms and chemi-
cal transport models. Both Li et al. (2016) and Chan Miller
et al. (2017) found that the best agreement between the
measurements and their respective models came from iso-
prene oxidation mechanisms where the glyoxal yield de-
creases with increasing NO,. In particular, the mechanism
used by Chan Miller et al. (2017) showed no dependence
on NO, over short (30 min) timescales. Unfortunately, lab-
oratory measurements of glyoxal and methylglyoxal yields
from isoprene oxidation under low NO, conditions are lack-
ing and will be required to better constrain the global budgets
of both compounds. Additionally, the secondary production
of glyoxal and methylglyoxal in fire plumes, and the potential
NO, dependence of that chemistry, has not been measured in
either a field or laboratory setting.

Since Rgr can be measured from satellites, several studies
have examined its utility as a tracer for VOC oxidation. In
areas where isoprene is the main VOC being oxidized, Rgp
was less than 0.025 (Kaiser et al., 2015), while in areas where
aromatics are the dominant VOCs, Rgr is higher (> 0.08)
(Chan Miller et al., 2016). Rgr from fresh biomass burning
is the same for many different fuel types and unaffected by
parameters such as MCE and fuel moisture content. While
the Rgr values from fresh biomass burning are distinct from
RGr values from isoprene oxidation, further work to deter-
mine if Rgr remains constant during aging of BB VOC will
be an important next step in defining the utility of this met-
ric for investigations of VOC sources from remote sensing
instruments.

5 Conclusions

Emissions of glyoxal and methylglyoxal from biomass burn-
ing have been determined for a number of different fu-
els, including peat, rice straw, chaparrals, and numerous
conifers. Both compounds were measured using cavity-
enhanced spectroscopy, which for glyoxal provides a highly
sensitive measurement with minimal interferences. The de-
tection of methylglyoxal using this method suffers from in-
terferences from structurally similar compounds, but due
to the high concentrations present, methylglyoxal emissions
could be constrained to within a factor of 2. Methylglyoxal
emissions were higher than glyoxal emissions, and some
fuels that emitted little glyoxal emitted large amounts of
methylglyoxal. Primary emissions of glyoxal were signifi-
cantly lower than those reported in previous laboratory work,
but they were consistent with field measurements in fresh
plumes. Glyoxal emissions showed variability between fuel
groups but in nearly all cases were well correlated with emis-
sions of formaldehyde. The ratio of glyoxal to formaldehyde
was consistent at 0.06—-0.07 for many of the fuels, with the
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notable exceptions of duff and peat, which had Rgr values at
least a factor of 2 lower.

Data availability. Data from all instruments are publicly available
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