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Abstract. We report the emissions of glyoxal and methylglyoxal 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 en-

hanced spectroscopy, which is both more sensitive and more selective than methods previously used to determine emissions

of these two compounds. A total of 75 burns were conducted, using 33 different fuels in 8 different categories, providing a far

more comprehensive dataset for emissions than was previously available. Measurements of methylglyoxal using our instrument5

suffer from spectral interferences from several other species, but methylglyoxal emissions could be constrained within roughly

a factor of 2.
:::
and

:::
the

::::::
values

:::::::
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 emis-

sions 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 methylglyoxal/kg fuel burned. Primary emissions of glyoxal from biomass10

burning were much lower than previous laboratory measurements, but consistent with recent measurements from aircraft. Gly-

oxal 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 estimates of the global glyoxal bud-

get. While there was significant 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, RGF,15

was consistent across many different fuel types, with an average value of 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.
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Copyright statement. TEXT

1 Introduction

In addition to the large primary emissions of gases and particulate 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 peroxynitrate

(PAN), and organic aerosol are frequently enhanced in downwind fire plumes (e.g. Yokelson et al., 2009; Akagi et al., 2012;5

Alvarado et al., 2015; Liu et al., 2016), and in urban areas influenced by biomass burning, emissions from fires have been

shown to increase O3 above the 70 ppbv standard 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, methylglyoxal, and 2,3-butanedione

play a large role in the formation of both O3 and PAN (Mason et al., 2001; Müller 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 as10

oil and natural gas producing basins (Edwards et al., 2014). In addition to contributing to O3 formation, photolysis of carbonyls

such as acetone and methylglyoxal can lead to the formation of PAN (Fischer et al., 2014; Müller et al., 2016). Understanding

the impact of carbonyls on fire plume chemistry requires accurate measurements of emissions of these compounds, but those

data are lacking for several carbonyl species, particularly small ↵-dicarbonyls such as glyoxal and methylglyoxal.

Along with glyoxal and methylglyoxal, numerous other carbonyl species such as formaldehyde have been detected in fire15

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 respectively are

large and structured, enabling the detection of those two molecules from space using remote sensing instruments such as the

Scanning Imaging Absorption Spectrometer for Atmospheric Cartography (SCIAMACHY, Wittrock et al., 2006; Myriokefal-

itakis et al., 2008), the Global Ozone Monitoring Experiment-2 (GOME-2, Lerot et al., 2010), the Ozone Monitoring Instru-20

ment (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 these two molecules
::::::
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 and25

formaldehyde depend in part on the precursor VOC, and the ratio of glyoxal to formaldehyde, RGF, is higher in regions

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). RGF has been proposed as a metric for examining VOC chemistry from space (Vrekoussis et al., 2010;

Chan Miller et al., 2014; Kaiser et al., 2015), as glyoxal and formaldehyde have similar atmospheric lifetimes with respect to

photolysis and OH
:
(⇠3 hours), but have different yields from VOC oxidation. However, doing so requires both accurate yields30

from oxidation reactions and a thorough understanding of direct emissions from sources producing both compounds, such as

biomass burning.
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Together, direct emissions from biomass burning and biofuel (biomass used as an energy source) have been estimated 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 emissions 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 emissions5

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 order

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).10

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 success reproducing glyoxal columns. Several studies comparing model outputs to

satellite columns retrieved by SCIAMACHY and GOME-2 have found that the models underestimate 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 RGF measured by OMI15

(⇠0.04-0.05) was comparable to the RGF values observed by Zarzana et al. (2017), and a model was able to reproduce the

measured 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 recent field

data and imply that RGF should be close to 1. Better measurements of emissions of glyoxal and methylglyoxal from biomass

burning from a wider range of fuels, and subsequent chemistry following emission, are needed to resolve these discrepancies20

and provide better inputs to models.

In this work we use cavity enhanced spectroscopy (CES) to measure primary emissions of glyoxal and methylglyoxal 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 Experiment (FIREX), which took place from October to November 2016 at the US Forest

Service Fire Sciences Laboratory (FSL) in Missoula, MT. CES measurements of glyoxal and methylglyoxal are faster, more25

sensitive, and more specific than the methods used in previous studies. Over thirty different fuel types were burned during the

2016 FIREX campaign, and, combined with the other instrumentation deployed 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 facility30

Burns were conducted at the FSL during the 2016 FIREX intensive (https://www.esrl.noaa.gov/csd/projects/firex/firelab/).

Details on the FSL facility (Christian et al., 2003, 2004; Burling et al., 2010) and the FIREX campaign (Selimovic et al., 2018)
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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 spectrometer (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. The5

fuel bed is located in the center of the 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 5 seconds. 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 numerous burns of coniferous fuels and chaparral species. For the conifers,10

burns were conducted either using only one component (e.g. litter, canopy, etc.) or with realistic mixes of several components.

A full list of fuels in given in the supplement (Table S1) and in Selimovic et al. (2018).

2.2 Instruments used

All the instruments used here have been described previously, 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 instru-15

ment detection limits, with concentrations of glyoxal and formaldehyde during the fires ranging from 10 to either 600 (glyoxal)

or 5000 ppbv (formaldehyde), 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 center

wavelength of 455 nm was introduced into a 45 cm long cavity capped with highly reflective (R>0.99995 at 455 nm) mirrors,20

enabling the light to make multiple passes and resulting in an effective pathlength of 10-12 km. The light exiting the cavity

entered a grating spectrometer and was imaged onto a charge-coupled device (CCD) array. The overlap between 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, ↵(�), is due to absorption and Rayleigh scattering by gas-phase molecules and scattering and absorption by aerosol25

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

↵(�)measured =
nX

i=1

�(�)iNi (1)

where �(�)i and Ni are respectively the absorption cross section and number density of a given species. The measured spectra

were fit using the DOAS fitting routines in the DOASIS software package (Platt and Stutz, 2008; Kraus, 2006), which took30

as inputs the absorption cross sections of the species of interest convolved to the resolution of the instrument (here, nitrogen

dioxide (NO2), glyoxal, and methylglyoxal). For each spectrum, DOASIS then determined the number density for each species

that resulted in the best agreement between the measured and calculated spectrum. Data for ACES are reported at 1 Hz.
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ACES has a second channel centered at 375 nm measuring nitrous acid (HONO) and NO2 that is imaged onto the CCD

using the same spectrometer. Imaging two channels separated by 80 nm with the same spectrometer requires a 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 molecules5

absorbing in the same region such as NO2 and methylglyoxal. This method therefore provides a robust and direct measurement

of glyoxal with a minimal need for corrections. The methylglyoxal cross section 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 structure but lower intensity.

ACES was installed on the platform (see Fig. 1) and sampled from the stack using a 0.4 cm (5/32”) inner diameter, 1 m10

long fluorinated ethylene propylene (FEP) line that extended approximately 30 cm into the stack. Two polytetrafluoroethylene

(PTFE) filters (1 micron pore size) were mounted in series to remove aerosol particles and were changed after every burn. The

sampling line contained a restriction consisting of a short section of 0.16 cm (1/16”) inner diameter tubing installed in between

the stack and the filters that lowered the pressure from ⇠900 hPa to ⇠600 hPa in order to reduce the relative humidity. The

residence time in the sampling line was less than 1 s. Additionally, a glyoxal source consisting of a bubbler containing a 4015

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 (CO2), methane (CH4), 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 platform20

and measured across the diameter of the stack, with a time resolution of ⇠0.73 Hz. Reference spectra were taken from both

the High-resolution Transmission (HITRAN) spectral database and spectra previously recorded at Pacific Northwest National

Laboratory (PNNL). The collected 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-ToF25

The PTR-ToF was used to measure VOCs with a proton affinity 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 generally cannot detect glyoxal since the majority of the glyoxal molecules fragment

following protonation to make formaldehyde (Stönner 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 formula5

(C3H4O2) and therefore the same exact mass as methylglyoxal, but does not absorb in the visible. Glycolaldehyde has a similar
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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 1 second. Data from the OP-FTIR and ACES are available for all 75 stack burns,10

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 (ER, ppbv glyoxal or methylglyoxal per ppmv CO) were calculated using

ER=
�X

�CO
=

tstopR
tstart

(Xfire �Xbkgd)dt

tstopR
tstart

(COfire �CObkgd)dt

(2)

where �CO and �X are the background corrected, fire-integrated mixing ratios of CO and the species of interest, X. Fire15

integrated emission factors (EF, grams of compound X emitted per kg of fuel burned on a dry mass basis) were calculated

using the carbon mass balance method by the following equation

EF = 1000⇥FC ⇥ MMX

AMC
⇥

�X
�COPn

i=1
(NCi ⇥ �Ci

�CO
)

(3)

where FC is the mass fraction of carbon in the fuel, MMX is the molecular mass of species X, AMC is the atomic mass of

carbon, �X/�CO is the emission ratio relative to CO for species X, NCi is the number of carbon atoms in a given species20

i, and �Ci/�CO 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 calculated 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 glyoxal emission factors by

only 3% on average. This is consistent 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 CO2, CO, and methane25

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 (RGF, moles of glyoxal per moles of formaldehyde) was calculated using

RGF =
�Glyoxal

�Formaldehyde
(4)

where �Glyoxal and �Formaldehyde are the background corrected, fire-integrated concentrations of those two species. RGF

was calculated using formaldehyde from either the PTR-ToF and the OP-FTIR, but since the two instruments generally agreed

well and since the OP-FTIR sampled more burns than the PTR-ToF, unless otherwise stated, all RGF values discussed in the

text used OP-FTIR formaldehyde data.5

The modified combustion efficiency, MCE, was calculated using

MCE =
�CO2

�CO2 +�CO
(5)
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MCE values can be calculated either as a fire integrated value, where the integrals of CO2 and CO over the course of the fire

are used in equation 5, or as an instantaneous value. Unless otherwise noted, all MCE values here are fire integrated. A higher

MCE indicates a greater proportion of flaming during the fire, with a value of 0.9 indicating that the fire was roughly half10

flaming and half smoldering (Akagi et al., 2011). Fuel moisture content, defined as

Moisture content=
wet weight� dry weight

dry weight
(6)

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 Selimovic et al. (2018).

3 Results15

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 uptake onto aerosol particles is driven by liquid water content (Kroll et al.,

2005; Volkamer et al., 2009; Nakao et al., 2012). Biomass burning particles generally are not very hygroscopic (Yokelson et al.,

2009; Akagi et al., 2011; Kreidenweis and Asa-Awuku, 2014), and during the 2016 campaign, the ambient relative humidity20

in the burn chamber was low (25-40%). Additionally, the inlet restriction before the filter further reduced the relative humidity.

Flow through the filter holder was fast (10 liters per minute) to keep the residence time (⇠0.3 s) to a minimum. However, the

aerosol loadings during these experiments were high and resulted in large accumulations 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 methylglyoxal.25

Prior to the deployment to the FSL, filter transmission tests were conducted in Boulder, CO 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 before 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.30

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 constrain this number. Since we did not observe losses during 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 glyoxal 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.5
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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 Panels A and B of Fig. 3, and values can be

found in Supplemental Table S2. 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. Duff10

is organic material that is denser than litter and has undergone more decomposition. The artificial fuels were untreated lumber

and excelsior (wood wool), fuels that are unlikely 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 natural state. The “other” category

consists of fuels that do not fall into one of the previous seven categories, and 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 fuels15

are shown in Supplemental Figure S1.

Glyoxal emission ratios for realistic mix burns averaged 1.71±0.22 ppbv glyoxal/ppmv CO, nearly a factor of 4 lower

than the emission ratio used in the global glyoxal budget by Fu et al. (2008). The other categories have similarly 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 from20

aircraft intercepts of fresh (<2 hr old) biomass burning plumes, which averaged 1.6±0.9 ppbv glyoxal/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) averaged emissions from both ponderosa and pinion pine25

burns, and report a value that is roughly a factor of 2 higher than ours. Emission factors from burning dry loblolly pine needles

were reported by Hays et al. (2002), and are over 12 times higher than the emission factor for our loblolly pine needle litter

burns.

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;30

Stockwell et al., 2014). However, due to differences in the ratio of glyoxal to other carbonyls such as formaldehyde (see

§3.2.2), a more likely explanation is that the method used by the two previous laboratory studies for detecting carbonyls

suffers from interferences. In those studies, carbonyls were detected through derivatization followed by separation using high

performance liquid chromatography and detection by ultraviolet absorption measurements. It is now known that measurements

of formaldehyde using this method have interferences from unrelated species such as NO2 that react with the derivatizing

agent to form products with similar retention times and absorbances (Karst et al., 1993). ACES also measures NO2, and the

NO2 concentrations were comparable 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 specificity for the derivatization technique,

glyoxal measurement from fires using that technique should be treated with caution. More recent work detects the derivatized5
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product using electrospray ionization coupled to tandem mass spectrometry (e.g. Kampf et al., 2011), which should provide a

greater degree 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).10

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 dominant 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 kg of fuel burned), peat again had the lowest value,

followed by the chaparrals. Duff and litter were again lower than the canopy and realistic mix burns, but the emission factors15

for these four groups were much closer than the emission ratios. Fuel component 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 variability

in the observed EFs. Emission factors as a function of MCE and moisture content are shown in Panels A and B of Fig. 4.

Generally, burns with higher MCEs had lower glyoxal emissions. This is unsurprising, as a higher MCE means that a greater20

fraction of the carbon in the fuel was converted to CO2. 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 decomposition,

and for the duff burns this results in a unique VOC emission 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 emission factors.25

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 moisture content. However,

the canopy burns again were the only group with a large range of moisture content values. Additionally, moisture content and

MCE generally were inversely correlated, making it difficult to determine which parameter had the greater effect on emission

factor.30

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 Engelmann spruce and subalpine fir with the highest emission factors 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 content. Additionally, for some of the burns, there was significant variability in the emission35

factors despite similar conditions. For example, the two ponderosa pine litter burns were both dry (moisture contents of 0.11

and 0.07) and had similar 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 conducted in 2016, allowing for some investigation of the variability

in emissions for those fuels. However, there were several important fuels that were only burned once, such as peat and rice5
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straw. During El Niño years, peat fires can emit almost as much non-methane organic carbon as all other biomass burning

combined, and can negatively impact local-regional air quality (Akagi et al., 2011; Stockwell et al., 2016b). Crop residue

burning is also significant on a global scale, and can strongly impact local-regional air quality, 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 conducted in 2016, it is difficult to assess the effect of fire to fire variability and fuel differences (e.g. peat from10

different 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 Testing Experiment (NAMaSTE) (Stockwell et al., 2016a) and a 2015 study

conducted in the fall of 2015 in Indonesia (Stockwell et al., 2016b). These studies measured carbonyls such as formaldehyde15

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 emissions of glyoxal are generally very well correlated with the emissions of these other

small carbonyls (see §3.2.3), particularly formaldehyde, the good agreement with the previous work gives us confidence that

our results from single burns of peat and rice straw are broadly representative of emissions from those fuels.20

3.2.2 Glyoxal to formaldehyde ratio, RGF

Glyoxal to formaldehyde ratios, RGF, for all the burns using OP-FTIR formaldehyde are shown in Panel C of Fig. 3, and bar

graphs of RGF for certain fuels are shown in Supplemental Figure S2. RGF values for each fire using either OP-FTIR or PTR-

ToF data are available in Supplemental Table S2. Formaldehyde measurements from the two instruments agreed to within 10%

(campaign average) (Koss et al., 2018), and RGF generally was not significantly affected by the choice of instrument. The main25

exceptions were several of the litter burns and the rice straw burn, where RGF calculated with OP-FTIR data was higher than

RGF from PTR-ToF data (e.g. for the rice straw burn RGF calculated using OP-FTIR data is 0.11, compared to an RGF of 0.08

when using PTR-ToF data). RGF across all fuels averaged 0.068±0.018 when using OP-FTIR formaldehyde and 0.060±0.025

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.,30

2000; Hays et al., 2002), but are comparable to column measurements by satellites of RGF (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 RGF values in the fresh daytime

plumes were comparable to those measured at the FSL (0.06-0.11), RGF values in the nighttime 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 RGF values observed by Zarzana et al. (2017) were due to

different chemistry in the fire plumes or different fuel types cannot be determined at this time.

Unlike the glyoxal emission ratios and factors, RGF was consistent across many of the burns, even for unrelated fuels such

as chaparral and conifers that had distinct glyoxal emission ratios and factors. The main exceptions were the fuels that had5
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undergone some form of decomposition, such as duff and peat, which have RGF values 2 to 4 times lower than the others.

Given the uniqueness of the duff VOC profiles (Sekimoto et al., 2018), the different RGF for these fuels is not surprising.

Unlike the emission ratios and factors, RGF showed little dependence on moisture content and MCE (Fig. 4c-d). Fig. 4c has

an apparent positive correlation between RGF and MCE, but this is driven entirely by the low RGF and MCE values from the

duff and peat burns. For the other burns, RGF showed little dependence on MCE. The only conifer burns that were conducted10

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 RGF versus moisture content, but in general

no trend was observed between those two parameters. In particular, the canopy burns had a wide range of moisture contents

but only a very narrow range of RGF values.

In addition to fire averaged RGF values, we examined the correlation between glyoxal and formaldehyde emissions at each15

point in the fire. For most of the fuels, glyoxal emissions 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. Panels A and B display glyoxal 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 (R2=0.94), but the correlations with either CO or MCE are poor (R2 ⇠0.320

for both). Instantaneous RGF was constant over the entire burn, despite the changes in instantaneous MCE. The other burn of

ponderosa pine litter (Fire 038, not shown) had a similar fire integrated MCE and fuel moisture content, but had a glyoxal

emission factor 3 times higher than the emission factor in Fire 016 (0.189 g glyoxal/kg fuel versus 0.063 g glyoxal/kg fuel).

During Fire 016, additional fuel was added several times to increase the length of burn, while no additional fuel was added for

Fire 038. Despite the different glyoxal emission factors and fire behavior, these fires had similar RGF values (0.080 for Fire 03825

versus 0.062 for Fire 016).

Panels C 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 emission 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, RGF was constant during the entire duration of the fire and30

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 instantaneous 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 glyoxal to several other carbonyl species measured by the PTR-ToF:

acetaldehyde; acetone; 2,3-butanedione; hydroxyacetone; and glycolaldehyde. The latter two of these species are also measured5

by the OP-FTIR, but the PTR-ToF data were at the same time resolution as the ACES data, so we chose to use those data here.
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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 R2 of 0.91, followed by acetaldehyde with an R2 of 0.85. For the

other carbonyls, R2 values were between 0.75 and 0.79. While glyoxal emissions were only 6-7% of those of formaldehyde, this10

ratio was higher for the other carbonyls, with glyoxal emissions being roughly 20% of those of acetaldehyde and approximately

equal to emissions of 2,3-butanedione and hydroxyacetone. Correlations 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 acetaldehyde are less well correlated. The other four carbonyl species15

behave similarly to each other, and the correlations generally decrease as the carbonyl size increases.

3.3 Methylglyoxal emissions

3.3.1 Spectral retrieval

While the NO2 and glyoxal cross sections are highly structured, 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 three20

of the main absorbers in the ACES retrieval window: NO2; glyoxal; and methylglyoxal. In addition to methylglyoxal, there

are several other substituted ↵-dicarbonyls such as 2,3-butanedione and 2,3-pentanedione that have absorption cross sections

similar to that of methylglyoxal, albeit 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 ↵-dicarbonyls, especially compared to

the structure present in the NO2 and glyoxal cross sections, can be clearly seen.25

Fig. 7b shows the methylglyoxal, 2,3-butanedione, and 2,3-pentanedione cross sections. While the methylglyoxal 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 measured 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, previous30

work has shown that the other substituted ↵-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 acid using a liquid calibration unit,5
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while the methylglyoxal/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 measured 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 either directly injected10

into a chamber or formed in situ by VOC oxidation, and found agreement within 25% (Thalman et al., 2015).

Emissions at the FSL have also been analyzed using two-dimensional gas chromatography-time-of-flight mass spectrometry

(Hatch et al., 2015). Unfortunately, methylglyoxal is too sticky to elute on the GC column used for light compounds, and

too light for the column used for polar compounds (L. Hatch, personal communication, 2017), so the relative contribution of

methylglyoxal and propenoic acid to the PTR-ToF signal at m/z 73.0284 Th cannot be quantified at this time. However, it is15

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 emissions are comparable to methylglyoxal emissions, emissions of

larger ↵-dicarbonyls such as 2,3-pentanedione are at least an order of magnitude lower (based on the GC-PTR-ToF results, less20

than a third of the signal at m/z 101.06Th, C5H8O2H+, 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 signal at the FSL (several orders of magnitude greater than ambient),

any changes in the background were small relative to the signal from gas phase absorbers. Due to the lack of structure in the25

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 (glyoxal and NO2), but did increase the retrieved methylglyoxal concentrations by roughly 30%.

When running the DOASIS fits without accounting for the other substituted ↵-dicarbonyls, the extinction attributed to

methylglyoxal, ↵MG, is the product of the methylglyoxal cross section, �MG and the apparent methylglyoxal concentration,30

N⇤
MG. Since 2,3-butanedione is present, the extinction is rather

↵MG =N⇤
MG�MG =NMG�MG +NBD�BD (7)

where NBD and �BD are the concentration and absorption 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 DOASIS fit and correct the retrieved

methylglyoxal using the 2,3-butanedione concentrations measured by the PTR-ToF:

NMG =
N⇤

MG�MG �NBD�BD

�MG
=N⇤

MG �NBDRBD,MG (8)

where RBD,MG is the average ratio of the two cross sections in the ACES fit window (⇠0.55).5
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PTR-ToF data were only available for 58 burns, so all further discussion of the methylglyoxal emissions will be limited 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 instrument. Including 2,3-butanedione in the DOASIS fits lowered the methylglyoxal emission10

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 methylglyoxal or 2,3-butanedione concentration was negative. These two behaviors do not give us confidence that

DOASIS is correctly dividing the measured extinction between methylglyoxal 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 part15

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 complicated

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 Th 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, while20

methyl acrylate (5%) and several minor, unidentified compounds (8%) made up the balance of the signal. These fractions were

consistent across the 9 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 likely to produce calibration factors that result

in an underestimation of the 2,3-butanedione concentration, and thus using those concentrations to correct the methylglyoxal25

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 unphysical

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 methylglyoxal concentrations.

Due to the issues with simultaneously fitting two diffuse cross sections in DOASIS, we have chosen to fit the ACES data30

using only the methylglyoxal cross section (in addition to the NO2 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 factor for 2,3-butanedione, we increased the 2,3-butanedione reported by the PTR-ToF by 50%,

so the methylglyoxal emissions we report are lower limits,
:::::
likely

:::::
lower

::::
than

:::
the

:::
true

::::::
values

:
and have an estimated uncertainty

of -50
:::
-30%/+100

::
70%. We note that there is still considerable uncertainty in the methylglyoxal emissions, and reducing this

uncertainty will require instruments with greater specificity and sensitivity for methylglyoxal.

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 Supplemental Figures S1 and S2. Values for the 58 fires where PTR-ToF5
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data were available are given in Supplemental Table S3. The chaparral burns had some of the lowest methylglyoxal emission

factors and ratios, similar to the results for glyoxal. However, litter and duff emitted considerable amounts of methylglyoxal,

with the duff burns emitting roughly 50% more methylglyoxal than the canopy and realistic mix burns. This is quite different

from the glyoxal results, where duff and littler
::::
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.10

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 Th 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 comparisons15

between this work and those studies should be treated with caution. Generally, the emission 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 emission 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 exceeded those of glyoxal, generally by a factor of 2 and by a factor of20

15 for the duff burns. This is consistent with the limited field data, which also found methylglyoxal emissions 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 methylglyoxal 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 emissions used in that study are comparable to those observed here.25

4 Implications

Budgets for glyoxal and methylglyoxal predict that the largest global source for both compounds is VOC oxidation (Fu et al.,

2008; Myriokefalitakis et al., 2008; Stavrakou et al., 2009a). However, on local scales emissions of glyoxal 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 southeastern United States, the large regional30

emissions of isoprene resulted in ambient glyoxal mixing ratios of roughly 100 pptv, ten 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 NO2 columns using literature emission factors for those

compounds. The glyoxal column measurements were also compared to the model, and the observed column enhancements

were best reproduced using a glyoxal emission factor of 1.12 g glyoxal/kg fuel, over a factor of three higher than our rice straw

emission factor (0.34 g glyoxal/kg fuel). Several studies have examined the impact of post-harvest practices on crop burning5
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emission factors, and found that when the crop residue is piled (mostly commonly in Asia), the fuel tends to smolder for long

periods, resulting in lower MCEs and emission factors at the lowest MCEs two to three times higher than those at the highest

MCE (Akagi 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 in10

the southeastern United States have found glyoxal enhancements relative to CO similar to those observed 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 production

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, limiting any secondary photochemistry leading to glyoxal production in those15

plumes. While to date there have been no measurements of glyoxal production (or loss) in aged fire plumes, in numerous

studies, formaldehyde has been observed to increase relative to CO downwind of fires (Yokelson et al., 2009; Akagi et al.,

2012, 2013; Müller 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 are

higher than those observed by Zarzana et al. (2017). Glyoxal and formaldehyde have similar lifetimes with respect to photolysis20

(Volkamer et al., 2005; Röth and Ehhalt, 2015) and oxidation by OH (Feierabend et al., 2008; Burkholder et al., 2015), and if

formaldehyde is increasing downwind of fires, then glyoxal must also be increasing if RGF remains roughly constant. Zarzana

et al. (2017) observed RGF 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 downwind of fires.25

The global glyoxal and methylglyoxal budgets by Fu et al. (2008) predict that oxidation of isoprene by OH is the dominant

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 theoretically and experimentally

(e.g Wennberg et al., 2018, and references therein). Despite this, there is still disagreement in models as to the effect of NOx

on glyoxal yields. The latest version of the Master Chemical Mechanism (MCM v3.3.1) predicts that glyoxal yields will

increase as NOx increases (Jenkin et al., 2015). Two studies examined glyoxal measurements from SENEX using different

mechanisms and chemical 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 isoprene oxidation mechanisms where the glyoxal yield

decreases with increasing NOx. In particular, the mechanism used by Chan Miller et al. (2017) showed no dependence on NOx5

over short (30 minute) timescales. Unfortunately, laboratory measurements of glyoxal and methylglyoxal yields from isoprene

oxidation under low NOx conditions are lacking, 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 NOx dependence of that

chemistry, has not been measured in either a field or laboratory setting.

Since RGF can be measured from satellites, several studies have examined its utility as a tracer for VOC oxidation. In areas10

where isoprene is the main VOC being oxidized, RGF was less than 0.025 (Kaiser et al., 2015), while in areas where aromatics
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are the dominant VOCs, RGF is higher (>0.08) (Chan Miller et al., 2016). RGF 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 RGF values from

fresh biomass burning are distinct from RGF values from isoprene oxidation, further work to determine if RGF remains constant

during aging of BB VOC will be an important next step in defining the utility of this metric for investigations of VOC sources5

from remote sensing instruments.

5 Conclusions

Emissions of glyoxal and methylglyoxal from biomass burning have been determined for a number of different fuels, includ-

ing 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 detection of methylglyoxal us-10

ing this method suffers from interferences from structurally similar compounds, but due to the high concentrations present,

methylglyoxal emissions could be constrained to within a factor of two. Methylglyoxal emissions were higher than glyoxal

emissions, and some fuels that emitted little glyoxal emitted large amounts of methylglyoxal. Primary emissions of glyoxal

were significantly lower than those reported in previous laboratory work, but were consistent with field measurements in fresh

plumes. Glyoxal emissions showed variability between fuel groups, but in nearly all cases were well correlated with emissions15

of formaldehyde. The ratio of glyoxal to formaldehyde was consistent at 0.06-0.07 for many of the fuels, with the notable

exceptions of duff and peat, which had RGF values at least a factor of 2 lower.

Data availability. Data from all instruments are publicly available at: https://esrl.noaa.gov/csd/groups/csd7/measurements/2016firex/FireLab/DataDownload/.

Competing interests. The authors declare no competing interests.

Disclaimer. TEXT20

Acknowledgements. The authors thank Prof. Ryan Thalman (Snow College, UT)
::
and

::::::::
Theodore

::::::
Koenig

::::::::
(University

::
of
::::::::

Colorado
:::::::
Boulder)

for useful discussion. The authors also thank all those who helped organize and participated in the 2016 FIREX intensive, particularly

Edward O’Donnell and Maegan Dills for lighting the fires, Ted Christian, Roger Ottmar, David Weise, Mark Cochrane, Kevin Ryan, and

Robert Keane for assistance with the fuels, and Shawn Urbanski and Thomas Dzomba for logistical support. Support for V. Selimovic and

R. Yokelson was provided by NOAA-CPO grant NA16OAR4310100. A. Koss was supported by funding from the NSF Graduate Fellowship25

Program. K. Sekimoto acknowledges funding from the Postdoctoral Fellowships for Research Abroad from Japan Society for the Promotion

of Science (JSPS) and a Grant-in-Aid for Young Scientists (B) (15K16117) from the Ministry of Education, Culture, Sports, Science and

17



Technology of Japan. M. Coggon was supported by a CIRES Visiting Postdoctoral Fellowship. This work was also supported by NOAA’s

Climate Research and Health of the Atmosphere initiative.

18



References30

Achatz, S., Lörinci, G., Hertkorn, N., Gebefügi, I., and Kettrup, A.: Disturbance of the determination of aldehydes and ketones: Structural

elucidation of degradation products derived from the reaction of 2,4-dinitrophenylhydrazine (DNPH) with ozone, Fresenius’ Journal of

Analytical Chemistry, 364, 141–146, https://doi.org/10.1007/s002160051313, 1999.

Akagi, S. K., Yokelson, R. J., Wiedinmyer, C., Alvarado, M. J., Reid, J. S., Karl, T., Crounse, J. D., and Wennberg, P. O.: Emission

factors for open and domestic biomass burning for use in atmospheric models, Atmospheric Chemistry and Physics, 11, 4039–4072,35

https://doi.org/10.5194/acp-11-4039-2011, 2011.

Akagi, S. K., Craven, J. S., Taylor, J. W., McMeeking, G. R., Yokelson, R. J., Burling, I. R., Urbanski, S. P., Wold, C. E., Seinfeld, J. H.,

Coe, H., Alvarado, M. J., and Weise, D. R.: Evolution of trace gases and particles emitted by a chaparral fire in California, Atmospheric

Chemistry and Physics, 12, 1397–1421, https://doi.org/10.5194/acp-12-1397-2012, 2012.

Akagi, S. K., Yokelson, R. J., Burling, I. R., Meinardi, S., Simpson, I., Blake, D. R., McMeeking, G. R., Sullivan, A., Lee, T., Kreiden-

weis, S., Urbanski, S., Reardon, J., Griffith, D. W. T., Johnson, T. J., and Weise, D. R.: Measurements of reactive trace gases and

variable O3 formation rates in some South Carolina biomass burning plumes, Atmospheric Chemistry and Physics, 13, 1141–1165,5

https://doi.org/10.5194/acp-13-1141-2013, 2013.

Alvarado, L. M. A., Richter, A., Vrekoussis, M., Wittrock, F., Hilboll, A., Schreier, S. F., and Burrows, J. P.: An improved glyoxal retrieval

from OMI measurements, Atmospheric Measurement Techniques, 7, 4133–4150, https://doi.org/10.5194/amt-7-4133-2014, 2014.

Alvarado, M. J., Lonsdale, C. R., Yokelson, R. J., Akagi, S. K., Coe, H., Craven, J. S., Fischer, E. V., McMeeking, G. R., Seinfeld, J. H., Soni,

T., Taylor, J. W., Weise, D. R., and Wold, C. E.: Investigating the links between ozone and organic aerosol chemistry in a biomass burning10

plume from a prescribed fire in California chaparral, Atmospheric Chemistry and Physics, 15, 6667–6688, https://doi.org/10.5194/acp-

15-6667-2015, 2015.

Andreae, M. O. and Merlet, P.: Emission of trace gases and aerosols from biomass burning, Global Biogeochemical Cycles, 15, 955–966,

https://doi.org/10.1029/2000GB001382, 2001.

Boeke, N. L., Marshall, J. D., Alvarez, S., Chance, K. V., Fried, A., Kurosu, T. P., Rappenglück, B., Richter, D., Walega, J., Weibring, P.,15

and Millet, D. B.: Formaldehyde columns from the Ozone Monitoring Instrument: Urban versus background levels and evaluation using

aircraft data and a global model, Journal of Geophysical Research: Atmospheres, 116, D05303, https://doi.org/10.1029/2010JD014870,

2011.

Brey, S. J. and Fischer, E. V.: Smoke in the city: How often and where does smoke impact summertime ozone in the United States?,

Environmental Science & Technology, 50, 1288–1294, https://doi.org/10.1021/acs.est.5b05218, 2016.20

Burkholder, J. B., Sander, S. P., Abbatt, J., Barker, J. R., Huie, R. E., Kolb, C. E., Kurylo, M. J., Orkin, V. L., Wilmouth, D. M., and Wine,

P. H.: Chemical Kinetics and Photochemical Data for Use in Atmospheric Studies, Evaluation No. 18, Tech. Rep. JPL Publication 15-10,

Jet Propulsion Laboratory, Pasadena, CA, https://doi.org/http://jpldataeval.jpl.nasa.gov, 2015.

Burling, I. R., Yokelson, R. J., Griffith, D. W. T., Johnson, T. J., Veres, P., Roberts, J. M., Warneke, C., Urbanski, S. P., Reardon, J., Weise,

D. R., Hao, W. M., and de Gouw, J.: Laboratory measurements of trace gas emissions from biomass burning of fuel types from the25

southeastern and southwestern United States, Atmospheric Chemistry and Physics, 10, 11 115–11 130, https://doi.org/10.5194/acp-10-

11115-2010, 2010.

Chan Miller, C., Gonzalez Abad, G., Wang, H., Liu, X., Kurosu, T., Jacob, D. J., and Chance, K.: Glyoxal retrieval from the Ozone Monitoring

Instrument, Atmospheric Measurement Techniques, 7, 3891–3907, https://doi.org/10.5194/amt-7-3891-2014, 2014.

19

https://doi.org/10.1007/s002160051313
https://doi.org/10.5194/acp-11-4039-2011
https://doi.org/10.5194/acp-12-1397-2012
https://doi.org/10.5194/acp-13-1141-2013
https://doi.org/10.5194/amt-7-4133-2014
https://doi.org/10.5194/acp-15-6667-2015
https://doi.org/10.5194/acp-15-6667-2015
https://doi.org/10.5194/acp-15-6667-2015
https://doi.org/10.1029/2000GB001382
https://doi.org/10.1029/2010JD014870
https://doi.org/10.1021/acs.est.5b05218
https://doi.org/http://jpldataeval.jpl.nasa.gov
https://doi.org/10.5194/acp-10-11115-2010
https://doi.org/10.5194/acp-10-11115-2010
https://doi.org/10.5194/acp-10-11115-2010
https://doi.org/10.5194/amt-7-3891-2014


Chan Miller, C., Jacob, D. J., González Abad, G., and Chance, K.: Hotspot of glyoxal over the Pearl River delta seen from the30

OMI satellite instrument: implications for emissions of aromatic hydrocarbons, Atmospheric Chemistry and Physics, 16, 4631–4639,

https://doi.org/10.5194/acp-16-4631-2016, 2016.

Chan Miller, C., Jacob, D. J., Marais, E. A., Yu, K., Travis, K. R., Kim, P. S., Fisher, J. A., Zhu, L., Wolfe, G. M., Hanisco, T. F., Keutsch, F. N.,

Kaiser, J., Min, K.-E., Brown, S. S., Washenfelder, R. A., González Abad, G., and Chance, K.: Glyoxal yield from isoprene oxidation and

relation to formaldehyde: chemical mechanism, constraints from SENEX aircraft observations, and interpretation of OMI satellite data,35

Atmospheric Chemistry and Physics, 17, 8725–8738, https://doi.org/10.5194/acp-17-8725-2017, 2017.

Christian, T. J., Kleiss, B., Yokelson, R. J., Holzinger, R., Crutzen, P. J., Hao, W. M., Saharjo, B. H., and Ward, D. E.: Comprehensive

laboratory measurements of biomass-burning emissions: 1. Emissions from Indonesian, African, and other fuels, Journal of Geophysical

Research: Atmospheres, 108, 4719, https://doi.org/10.1029/2003JD003704, 2003.

Christian, T. J., Kleiss, B., Yokelson, R. J., Holzinger, R., Crutzen, P. J., Hao, W. M., Shirai, T., and Blake, D. R.: Comprehensive laboratory

measurements of biomass-burning emissions: 2. First intercomparison of open-path FTIR, PTR-MS, and GC-MS/FID/ECD, Journal of5

Geophysical Research: Atmospheres, 109, D02311, https://doi.org/10.1029/2003JD003874, 2004.

Edwards, P. M., Brown, S. S., Roberts, J. M., Ahmadov, R., Banta, R. M., deGouw, J. A., Dube, W. P., Field, R. A., Flynn, J. H., Gilman,

J. B., Graus, M., Helmig, D., Koss, A., Langford, A. O., Lefer, B. L., Lerner, B. M., Li, R., Li, S.-M., McKeen, S. A., Murphy, S. M.,

Parrish, D. D., Senff, C. J., Soltis, J., Stutz, J., Sweeney, C., Thompson, C. R., Trainer, M. K., Tsai, C., Veres, P. R., Washenfelder, R. A.,

Warneke, C., Wild, R. J., Young, C. J., Yuan, B., and Zamora, R.: High winter ozone pollution from carbonyl photolysis in an oil and gas10

basin, Nature, 514, 351–354, https://doi.org/10.1038/nature13767, 2014.

Feierabend, K. J., Zhu, L., Talukdar, R. K., and Burkholder, J. B.: Rate coefficients for the OH + HC(O)C(O)H (glyoxal) reaction between

210 and 390 K, The Journal of Physical Chemistry A, 112, 73–82, https://doi.org/10.1021/jp0768571, 2008.

Fischer, E. V., Jacob, D. J., Yantosca, R. M., Sulprizio, M. P., Millet, D. B., Mao, J., Paulot, F., Singh, H. B., Roiger, A., Ries, L., Talbot,

R. W., Dzepina, K., and Pandey Deolal, S.: Atmospheric peroxyacetyl nitrate (PAN): a global budget and source attribution, Atmospheric15

Chemistry and Physics, 14, 2679–2698, https://doi.org/10.5194/acp-14-2679-2014, 2014.

Fortems-Cheiney, A., Chevallier, F., Pison, I., Bousquet, P., Saunois, M., Szopa, S., Cressot, C., Kurosu, T. P., Chance, K., and Fried, A.: The

formaldehyde budget as seen by a global-scale multi-constraint and multi-species inversion system, Atmospheric Chemistry and Physics,

12, 6699–6721, https://doi.org/10.5194/acp-12-6699-2012, 2012.

Fu, T.-M., Jacob, D. J., Wittrock, F., Burrows, J. P., Vrekoussis, M., and Henze, D. K.: Global budgets of atmospheric glyoxal and methyl-20

glyoxal, and implications for formation of secondary organic aerosols, Journal of Geophysical Research: Atmospheres, 113, D15303,

https://doi.org/10.1029/2007JD009505, 2008.

Gilman, J. B., Lerner, B. M., Kuster, W. C., Goldan, P. D., Warneke, C., Veres, P. R., Roberts, J. M., de Gouw, J. A., Burling, I. R., and

Yokelson, R. J.: Biomass burning emissions and potential air quality impacts of volatile organic compounds and other trace gases from

fuels common in the US, Atmospheric Chemistry and Physics, 15, 13 915–13 938, https://doi.org/10.5194/acp-15-13915-2015, 2015.25

Gong, X., Kaulfus, A., Nair, U., and Jaffe, D. A.: Quantifying O3 impacts in urban areas due to wildfires using a generalized additive model,

Environmental Science & Technology, 51, 13 216–13 223, https://doi.org/10.1021/acs.est.7b03130, 2017.

Griffith, D. W. T.: Synthetic calibration and quantitative analysis of gas-phase FT-IR spectra, Applied Spectroscopy, 50, 59–70,

https://doi.org/10.1366/0003702963906627, 1996.

20

https://doi.org/10.5194/acp-16-4631-2016
https://doi.org/10.5194/acp-17-8725-2017
https://doi.org/10.1029/2003JD003704
https://doi.org/10.1029/2003JD003874
https://doi.org/10.1038/nature13767
https://doi.org/10.1021/jp0768571
https://doi.org/10.5194/acp-14-2679-2014
https://doi.org/10.5194/acp-12-6699-2012
https://doi.org/10.1029/2007JD009505
https://doi.org/10.5194/acp-15-13915-2015
https://doi.org/10.1021/acs.est.7b03130
https://doi.org/10.1366/0003702963906627


Griffith, D. W. T., Deutscher, N. M., Caldow, C., Kettlewell, G., Riggenbach, M., and Hammer, S.: A Fourier transform infrared trace gas30

and isotope analyser for atmospheric applications, Atmospheric Measurement Techniques, 5, 2481–2498, https://doi.org/10.5194/amt-5-

2481-2012, 2012.

Hatch, L. E., Luo, W., Pankow, J. F., Yokelson, R. J., Stockwell, C. E., and Barsanti, K. C.: Identification and quantification of gaseous organic

compounds emitted from biomass burning using two-dimensional gas chromatography–time-of-flight mass spectrometry, Atmospheric

Chemistry and Physics, 15, 1865–1899, https://doi.org/10.5194/acp-15-1865-2015, 2015.35

Hays, M. D., Geron, C. D., Linna, K. J., Smith, N. D., and Schauer, J. J.: Speciation of gas-phase and fine particle emissions from burning of

foliar fuels, Environmental Science & Technology, 36, 2281–2295, https://doi.org/10.1021/es0111683, 2002.

Horowitz, A., Meller, R., and Moortgat, G. K.: The UV-VIS absorption cross sections of the ↵-dicarbonyl compounds: pyruvic acid, biacetyl

and glyoxal, Journal of Photochemistry and Photobiology A: Chemistry, 146, 19–27, https://doi.org/10.1016/S1010-6030(01)00601-3,

2001.

Inomata, S., Tanimoto, H., Pan, X., Taketani, F., Komazaki, Y., Miyakawa, T., Kanaya, Y., and Wang, Z.: Laboratory measurements of

emission factors of nonmethane volatile organic compounds from burning of Chinese crop residues, Journal of Geophysical Research:5

Atmospheres, 120, 5237–5252, https://doi.org/10.1002/2014JD022761, 2015.

Jenkin, M. E., Young, J. C., and Rickard, A. R.: The MCM v3.3.1 degradation scheme for isoprene, Atmospheric Chemistry and Physics, 15,

11 433–11 459, https://doi.org/10.5194/acp-15-11433-2015, 2015.

Kaiser, J., Wolfe, G. M., Min, K. E., Brown, S. S., Miller, C. C., Jacob, D. J., deGouw, J. A., Graus, M., Hanisco, T. F., Holloway, J., Peischl,

J., Pollack, I. B., Ryerson, T. B., Warneke, C., Washenfelder, R. A., and Keutsch, F. N.: Reassessing the ratio of glyoxal to formaldehyde10

as an indicator of hydrocarbon precursor speciation, Atmospheric Chemistry and Physics, 15, 7571–7583, https://doi.org/10.5194/acp-15-

7571-2015, 2015.

Kampf, C., Bonn, B., and Hoffmann, T.: Development and validation of a selective HPLC-ESI-MS/MS method for the quantifi-

cation of glyoxal and methylglyoxal in atmospheric aerosols (PM)., Analytical & Bioanalytical Chemistry, 401, 3115 – 3124,

https://doi.org/10.1007/s00216-011-5192-z, 2011.15

Karst, U., Binding, N., Cammann, K., and Witting, U.: Interferences of nitrogen dioxide in the determination of aldehydes and ke-

tones by sampling on 2,4-dinitrophenylhydrazine-coated solid sorbent, Fresenius’ Journal of Analytical Chemistry, 345, 48–52,

https://doi.org/10.1007/BF00323325, 1993.

Koss, A. R., Sekimoto, K., Gilman, J. B., Selimovic, V., Coggon, M. M., Zarzana, K. J., Yuan, B., Lerner, B. M., Brown, S. S., Jimenez, J. L.,

Krechmer, J., Roberts, J. M., Warneke, C., Yokelson, R. J., and de Gouw, J.: Non-methane organic gas emissions from biomass burning:20

identification, quantification, and emission factors from PTR-ToF during the FIREX 2016 laboratory experiment, Atmospheric Chemistry

and Physics, 18, 3299–3319, https://doi.org/10.5194/acp-18-3299-2018, 2018.

Kraus, S. G.: DOASIS: A Framework Design for DOAS, Ph.D. thesis, University of Mannheim, Mannheim, Germany, 2006.

Kreidenweis, S. M. and Asa-Awuku, A.: Aerosol Hygroscopicity: Particle Water Content and Its Role in Atmospheric Processes,

in: Treatise on Geochemistry, edited by Turekian, H. D. H. K., vol. 5, chap. 5.13, pp. 331–361, Elsevier, Oxford, 2nd edn.,25

https://doi.org/10.1016/B978-0-08-095975-7.00418-6, 2014.

Kroll, J. H., Ng, N. L., Murphy, S. M., Varutbangkul, V., Flagan, R. C., and Seinfeld, J. H.: Chamber studies of secondary organic

aerosol growth by reactive uptake of simple carbonyl compounds, Journal of Geophysical Research: Atmospheres, 110, D23207,

https://doi.org/10.1029/2005JD006004, 2005.

21

https://doi.org/10.5194/amt-5-2481-2012
https://doi.org/10.5194/amt-5-2481-2012
https://doi.org/10.5194/amt-5-2481-2012
https://doi.org/10.5194/acp-15-1865-2015
https://doi.org/10.1021/es0111683
https://doi.org/10.1016/S1010-6030(01)00601-3
https://doi.org/10.1002/2014JD022761
https://doi.org/10.5194/acp-15-11433-2015
https://doi.org/10.5194/acp-15-7571-2015
https://doi.org/10.5194/acp-15-7571-2015
https://doi.org/10.5194/acp-15-7571-2015
https://doi.org/10.1007/s00216-011-5192-z
https://doi.org/10.1007/BF00323325
https://doi.org/10.5194/acp-18-3299-2018
https://doi.org/10.1016/B978-0-08-095975-7.00418-6
https://doi.org/10.1029/2005JD006004


Lasko, K. and Vadrevu, K.: Improved rice residue burning emissions estimates: Accounting for practice-specific emission factors in air30

pollution assessments of Vietnam, Environmental Pollution, 236, 795 – 806, https://doi.org/10.1016/j.envpol.2018.01.098, 2018.

Lerot, C., Stavrakou, T., De Smedt, I., Müller, J.-F., and Van Roozendael, M.: Glyoxal vertical columns from GOME-2 backscattered light

measurements and comparisons with a global model, Atmospheric Chemistry and Physics, 10, 12 059–12 072, https://doi.org/10.5194/acp-

10-12059-2010, 2010.

Li, J., Mao, J., Min, K.-E., Washenfelder, R. A., Brown, S. S., Kaiser, J., Keutsch, F. N., Volkamer, R., Wolfe, G. M., Hanisco, T. F., Pollack,35

I. B., Ryerson, T. B., Graus, M., Gilman, J. B., Lerner, B. M., Warneke, C., de Gouw, J. A., Middlebrook, A. M., Liao, J., Welti, A.,

Henderson, B. H., McNeill, V. F., Hall, S. R., Ullmann, K., Donner, L. J., Paulot, F., and Horowitz, L. W.: Observational constraints on

glyoxal production from isoprene oxidation and its contribution to organic aerosol over the Southeast United States, Journal of Geophysical

Research: Atmospheres, 121, 9849–9861, https://doi.org/10.1002/2016JD025331, 2016.

Liu, X., Zhang, Y., Huey, L. G., Yokelson, R. J., Wang, Y., Jimenez, J. L., Campuzano-Jost, P., Beyersdorf, A. J., Blake, D. R., Choi, Y.,

St. Clair, J. M., Crounse, J. D., Day, D. A., Diskin, G. S., Fried, A., Hall, S. R., Hanisco, T. F., King, L. E., Meinardi, S., Mikoviny, T.,

Palm, B. B., Peischl, J., Perring, A. E., Pollack, I. B., Ryerson, T. B., Sachse, G., Schwarz, J. P., Simpson, I. J., Tanner, D. J., Thornhill,

K. L., Ullmann, K., Weber, R. J., Wennberg, P. O., Wisthaler, A., Wolfe, G. M., and Ziemba, L. D.: Agricultural fires in the southeastern5

U.S. during SEAC4RS: Emissions of trace gases and particles and evolution of ozone, reactive nitrogen, and organic aerosol, Journal of

Geophysical Research: Atmospheres, 121, 7383–7414, https://doi.org/10.1002/2016JD025040, 2016.

Mason, S. A., Field, R. J., Yokelson, R. J., Kochivar, M. A., Tinsley, M. R., Ward, D. E., and Hao, W. M.: Complex effects arising in smoke

plume simulations due to inclusion of direct emissions of oxygenated organic species from biomass combustion, Journal of Geophysical

Research: Atmospheres, 106, 12 527–12 539, https://doi.org/10.1029/2001JD900003, 2001.10

McDonald, J. D., Zielinska, B., Fujita, E. M., Sagebiel, J. C., Chow, J. C., and Watson, J. G.: Fine particle and gaseous emission rates from

residential wood combustion, Environmental Science & Technology, 34, 2080–2091, https://doi.org/10.1021/es9909632, 2000.

McMeeking, G. R., Kreidenweis, S. M., Baker, S., Carrico, C. M., Chow, J. C., Collett, J. L., Hao, W. M., Holden, A. S., Kirchstetter, T. W.,

Malm, W. C., Moosmüller, H., Sullivan, A. P., and Wold, C. E.: Emissions of trace gases and aerosols during the open combustion of

biomass in the laboratory, Journal of Geophysical Research: Atmospheres, 114, D19210, https://doi.org/10.1029/2009JD011836, 2009.15

Meller, R., Raber, W., Crowley, J., Jenkin, M., and Moortgat, G.: The UV-visible absorption spectrum of methylglyoxal, Journal of Photo-

chemistry and Photobiology A: Chemistry, 62, 163–171, https://doi.org/10.1016/1010-6030(91)87017-P, 1991.

Messaadia, L., Dib, G. E., Ferhati, A., and Chakir, A.: UV–visible spectra and gas-phase rate coefficients for the reaction of 2,3-pentanedione

and 2,4-pentanedione with OH radicals, Chemical Physics Letters, 626, 73–79, https://doi.org/10.1016/j.cplett.2015.02.032, 2015.

Min, K.-E., Washenfelder, R. A., Dubé, W. P., Langford, A. O., Edwards, P. M., Zarzana, K. J., Stutz, J., Lu, K., Rohrer, F., Zhang, Y., and20

Brown, S. S.: A broadband cavity enhanced absorption spectrometer for aircraft measurements of glyoxal, methylglyoxal, nitrous acid,

nitrogen dioxide, and water vapor, Atmospheric Measurement Techniques, 9, 423–440, https://doi.org/10.5194/amt-9-423-2016, 2016.

Müller, M., Anderson, B. E., Beyersdorf, A. J., Crawford, J. H., Diskin, G. S., Eichler, P., Fried, A., Keutsch, F. N., Mikoviny, T., Thornhill,

K. L., Walega, J. G., Weinheimer, A. J., Yang, M., Yokelson, R. J., and Wisthaler, A.: In situ measurements and modeling of reactive trace

gases in a small biomass burning plume, Atmospheric Chemistry and Physics, 16, 3813–3824, https://doi.org/10.5194/acp-16-3813-2016,25

2016.

Myriokefalitakis, S., Vrekoussis, M., Tsigaridis, K., Wittrock, F., Richter, A., Brühl, C., Volkamer, R., Burrows, J. P., and Kanakidou, M.:

The influence of natural and anthropogenic secondary sources on the glyoxal global distribution, Atmospheric Chemistry and Physics, 8,

4965–4981, https://doi.org/10.5194/acp-8-4965-2008, 2008.

22

https://doi.org/10.1016/j.envpol.2018.01.098
https://doi.org/10.5194/acp-10-12059-2010
https://doi.org/10.5194/acp-10-12059-2010
https://doi.org/10.5194/acp-10-12059-2010
https://doi.org/10.1002/2016JD025331
https://doi.org/10.1002/2016JD025040
https://doi.org/10.1029/2001JD900003
https://doi.org/10.1021/es9909632
https://doi.org/10.1029/2009JD011836
https://doi.org/10.1016/1010-6030(91)87017-P
https://doi.org/10.1016/j.cplett.2015.02.032
https://doi.org/10.5194/amt-9-423-2016
https://doi.org/10.5194/acp-16-3813-2016
https://doi.org/10.5194/acp-8-4965-2008


Nakao, S., Liu, Y., Tang, P., Chen, C.-L., Zhang, J., and Cocker III, D. R.: Chamber studies of SOA formation from aromatic hydrocarbons:30

observation of limited glyoxal uptake, Atmospheric Chemistry and Physics, 12, 3927–3937, https://doi.org/10.5194/acp-12-3927-2012,

2012.

Platt, U. and Stutz, J.: Differential Optical Absorption Spectroscopy: Principles and Applications, Springer, Berlin,

https://doi.org/10.1007/978-3-540-75776-4, 2008.

Röth, E.-P. and Ehhalt, D. H.: A simple formulation of the CH2O photolysis quantum yields, Atmospheric Chemistry and Physics, 15,35

7195–7202, https://doi.org/10.5194/acp-15-7195-2015, 2015.

Sekimoto, K., Li, S.-M., Yuan, B., Koss, A., Coggon, M., Warneke, C., and de Gouw, J.: Calculation of the sensitivity of proton-transfer-

reaction mass spectrometry (PTR-MS) for organic trace gases using molecular properties, International Journal of Mass Spectrometry,

421, 71 – 94, https://doi.org/10.1016/j.ijms.2017.04.006, 2017.

Sekimoto, K., Koss, A. R., Gilman, J. B., Selimovic, V., Coggon, M. M., Zarzana, K. J., Yuan, B., Lerner, B. M., Brown, S. S., Warneke,

C., Yokelson, R. J., Roberts, J. M., and de Gouw, J.: High- and low-temperature pyrolysis profiles describe volatile organic compound

emissions from western US wildfire fuels, Atmospheric Chemistry and Physics, 18, 9263–9281, https://doi.org/10.5194/acp-18-9263-

2018, 2018.5

Selimovic, V., Yokelson, R. J., Warneke, C., Roberts, J. M., de Gouw, J., Reardon, J., and Griffith, D. W. T.: Aerosol optical properties and

trace gas emissions by PAX and OP-FTIR for laboratory-simulated western US wildfires during FIREX, Atmospheric Chemistry and

Physics, 18, 2929–2948, https://doi.org/10.5194/acp-18-2929-2018, 2018.

Shim, C., Wang, Y., Choi, Y., Palmer, P. I., Abbot, D. S., and Chance, K.: Constraining global isoprene emissions with Global Ozone

Monitoring Experiment (GOME) formaldehyde column measurements, Journal of Geophysical Research: Atmospheres, 110, D24301,10

https://doi.org/10.1029/2004JD005629, 2005.

Stavrakou, T., Müller, J.-F., De Smedt, I., Van Roozendael, M., Kanakidou, M., Vrekoussis, M., Wittrock, F., Richter, A., and Burrows,

J. P.: The continental source of glyoxal estimated by the synergistic use of spaceborne measurements and inverse modelling, Atmospheric

Chemistry and Physics, 9, 8431–8446, https://doi.org/10.5194/acp-9-8431-2009, 2009a.

Stavrakou, T., Müller, J.-F., De Smedt, I., Van Roozendael, M., van der Werf, G. R., Giglio, L., and Guenther, A.: Evaluating the performance15

of pyrogenic and biogenic emission inventories against one decade of space-based formaldehyde columns, Atmospheric Chemistry and

Physics, 9, 1037–1060, https://doi.org/10.5194/acp-9-1037-2009, 2009b.

Stavrakou, T., Müller, J. F., Bauwens, M., De Smedt, I., Lerot, C., Van Roozendael, M., Coheur, P. F., Clerbaux, C., Boersma, K. F., van der

A, R., and Song, Y.: Substantial Underestimation of Post-Harvest Burning Emissions in the North China Plain Revealed by Multi-Species

Space Observations, Scientific Reports, 6, 32,307, https://doi.org/10.1038/srep32307, 2016.20

Stockwell, C. E., Yokelson, R. J., Kreidenweis, S. M., Robinson, A. L., DeMott, P. J., Sullivan, R. C., Reardon, J., Ryan, K. C., Griffith,

D. W. T., and Stevens, L.: Trace gas emissions from combustion of peat, crop residue, domestic biofuels, grasses, and other fuels: con-

figuration and Fourier transform infrared (FTIR) component of the fourth Fire Lab at Missoula Experiment (FLAME-4), Atmospheric

Chemistry and Physics, 14, 9727–9754, https://doi.org/10.5194/acp-14-9727-2014, 2014.

Stockwell, C. E., Veres, P. R., Williams, J., and Yokelson, R. J.: Characterization of biomass burning emissions from cooking fires, peat,25

crop residue, and other fuels with high-resolution proton-transfer-reaction time-of-flight mass spectrometry, Atmospheric Chemistry and

Physics, 15, 845–865, https://doi.org/10.5194/acp-15-845-2015, 2015.

Stockwell, C. E., Christian, T. J., Goetz, J. D., Jayarathne, T., Bhave, P. V., Praveen, P. S., Adhikari, S., Maharjan, R., DeCarlo, P. F., Stone,

E. A., Saikawa, E., Blake, D. R., Simpson, I. J., Yokelson, R. J., and Panday, A. K.: Nepal Ambient Monitoring and Source Testing

23

https://doi.org/10.5194/acp-12-3927-2012
https://doi.org/10.1007/978-3-540-75776-4
https://doi.org/10.5194/acp-15-7195-2015
https://doi.org/10.1016/j.ijms.2017.04.006
https://doi.org/10.5194/acp-18-9263-2018
https://doi.org/10.5194/acp-18-9263-2018
https://doi.org/10.5194/acp-18-9263-2018
https://doi.org/10.5194/acp-18-2929-2018
https://doi.org/10.1029/2004JD005629
https://doi.org/10.5194/acp-9-8431-2009
https://doi.org/10.5194/acp-9-1037-2009
https://doi.org/10.1038/srep32307
https://doi.org/10.5194/acp-14-9727-2014
https://doi.org/10.5194/acp-15-845-2015


Experiment (NAMaSTE): emissions of trace gases and light-absorbing carbon from wood and dung cooking fires, garbage and crop30

residue burning, brick kilns, and other sources, Atmospheric Chemistry and Physics, 16, 11 043–11 081, https://doi.org/10.5194/acp-16-

11043-2016, 2016a.

Stockwell, C. E., Jayarathne, T., Cochrane, M. A., Ryan, K. C., Putra, E. I., Saharjo, B. H., Nurhayati, A. D., Albar, I., Blake, D. R., Simpson,

I. J., Stone, E. A., and Yokelson, R. J.: Field measurements of trace gases and aerosols emitted by peat fires in Central Kalimantan,

Indonesia, during the 2015 El Niño, Atmospheric Chemistry and Physics, 16, 11 711–11 732, https://doi.org/10.5194/acp-16-11711-2016,35

2016b.

Stönner, C., Derstroff, B., Klüpfel, T., Crowley, J. N., and Williams, J.: Glyoxal measurement with a proton transfer reaction

time of flight mass spectrometer (PTR-TOF-MS): characterization and calibration, Journal of Mass Spectrometry, 52, 30–35,

https://doi.org/10.1002/jms.3893, 2017.

Thalman, R. and Volkamer, R.: Inherent calibration of a blue LED-CE-DOAS instrument to measure iodine oxide, glyoxal, methyl gly-

oxal, nitrogen dioxide, water vapour and aerosol extinction in open cavity mode, Atmospheric Measurement Techniques, 3, 1797–1814,

https://doi.org/10.5194/amt-3-1797-2010, 2010.

Thalman, R., Baeza-Romero, M. T., Ball, S. M., Borrás, E., Daniels, M. J. S., Goodall, I. C. A., Henry, S. B., Karl, T., Keutsch, F. N., Kim,5

S., Mak, J., Monks, P. S., Muñoz, A., Orlando, J., Peppe, S., Rickard, A. R., Ródenas, M., Sánchez, P., Seco, R., Su, L., Tyndall, G.,

Vázquez, M., Vera, T., Waxman, E., and Volkamer, R.: Instrument intercomparison of glyoxal, methyl glyoxal and NO2 under simulated

atmospheric conditions, Atmospheric Measurement Techniques, 8, 1835–1862, https://doi.org/10.5194/amt-8-1835-2015, 2015.

Vandaele, A., Hermans, C., Simon, P., Carleer, M., Colin, R., Fally, S., Mérienne, M., Jenouvrier, A., and Coquart, B.: Measurements of

the NO2 absorption cross-section from 42 000 cm�1 to 10 000 cm�1 (238–1000 nm) at 220 K and 294 K, Journal of Quantitative10

Spectroscopy and Radiative Transfer, 59, 171–184, https://doi.org/10.1016/S0022-4073(97)00168-4, 1998.

Veres, P., Roberts, J. M., Burling, I. R., Warneke, C., de Gouw, J., and Yokelson, R. J.: Measurements of gas-phase inorganic and organic

acids from biomass fires by negative-ion proton-transfer chemical-ionization mass spectrometry, Journal of Geophysical Research: Atmo-

spheres, 115, D23302, https://doi.org/10.1029/2010JD014033, 2010.

Volkamer, R., Spietz, P., Burrows, J., and Platt, U.: High-resolution absorption cross-section of glyoxal in the UV-vis and IR spectral ranges,15

Journal of Photochemistry and Photobiology A: Chemistry, 172, 35–46, https://doi.org/10.1016/j.jphotochem.2004.11.011, 2005.

Volkamer, R., Ziemann, P. J., and Molina, M. J.: Secondary organic aerosol formation from acetylene (C2H2): seed effect on SOA yields due

to organic photochemistry in the aerosol aqueous phase, Atmospheric Chemistry and Physics, 9, 1907–1928, https://doi.org/10.5194/acp-

9-1907-2009, 2009.

Vrekoussis, M., Wittrock, F., Richter, A., and Burrows, J. P.: GOME-2 observations of oxygenated VOCs: what can we learn from the20

ratio glyoxal to formaldehyde on a global scale?, Atmospheric Chemistry and Physics, 10, 10 145–10 160, https://doi.org/10.5194/acp-10-

10145-2010, 2010.

Washenfelder, R. A., Langford, A. O., Fuchs, H., and Brown, S. S.: Measurement of glyoxal using an incoherent broadband cavity enhanced

absorption spectrometer, Atmospheric Chemistry and Physics, 8, 7779–7793, https://doi.org/10.5194/acp-8-7779-2008, 2008.

Washenfelder, R. A., Young, C. J., Brown, S. S., Angevine, W. M., Atlas, E. L., Blake, D. R., Bon, D. M., Cubison, M. J., de Gouw,25

J. A., Dusanter, S., Flynn, J., Gilman, J. B., Graus, M., Griffith, S., Grossberg, N., Hayes, P. L., Jimenez, J. L., Kuster, W. C.,

Lefer, B. L., Pollack, I. B., Ryerson, T. B., Stark, H., Stevens, P. S., and Trainer, M. K.: The glyoxal budget and its contribution

to organic aerosol for Los Angeles, California, during CalNex 2010, Journal of Geophysical Research: Atmospheres, 116, D00V02,

https://doi.org/10.1029/2011JD016314, 2011.

24

https://doi.org/10.5194/acp-16-11043-2016
https://doi.org/10.5194/acp-16-11043-2016
https://doi.org/10.5194/acp-16-11043-2016
https://doi.org/10.5194/acp-16-11711-2016
https://doi.org/10.1002/jms.3893
https://doi.org/10.5194/amt-3-1797-2010
https://doi.org/10.5194/amt-8-1835-2015
https://doi.org/10.1016/S0022-4073(97)00168-4
https://doi.org/10.1029/2010JD014033
https://doi.org/10.1016/j.jphotochem.2004.11.011
https://doi.org/10.5194/acp-9-1907-2009
https://doi.org/10.5194/acp-9-1907-2009
https://doi.org/10.5194/acp-9-1907-2009
https://doi.org/10.5194/acp-10-10145-2010
https://doi.org/10.5194/acp-10-10145-2010
https://doi.org/10.5194/acp-10-10145-2010
https://doi.org/10.5194/acp-8-7779-2008
https://doi.org/10.1029/2011JD016314


Wennberg, P. O., Bates, K. H., Crounse, J. D., Dodson, L. G., McVay, R. C., Mertens, L. A., Nguyen, T. B., Praske, E., Schwantes, R. H.,30

Smarte, M. D., St Clair, J. M., Teng, A. P., Zhang, X., and Seinfeld, J. H.: Gas-Phase Reactions of Isoprene and Its Major Oxidation

Products, Chemical Reviews, 118, 3337–3390, https://doi.org/10.1021/acs.chemrev.7b00439, 2018.

Wittrock, F., Richter, A., Oetjen, H., Burrows, J. P., Kanakidou, M., Myriokefalitakis, S., Volkamer, R., Beirle, S., Platt, U., and

Wagner, T.: Simultaneous global observations of glyoxal and formaldehyde from space, Geophysical Research Letters, 33, L16804,765

https://doi.org/10.1029/2006GL026310, 2006.

Yevich, R. and Logan, J. A.: An assessment of biofuel use and burning of agricultural waste in the developing world, Global Biogeochemical

Cycles, 17, 1095, https://doi.org/10.1029/2002GB001952, 2003.

Yokelson, R. J., Christian, T. J., Karl, T. G., and Guenther, A.: The tropical forest and fire emissions experiment: laboratory fire measurements

and synthesis of campaign data, Atmospheric Chemistry and Physics, 8, 3509–3527, https://doi.org/10.5194/acp-8-3509-2008, 2008.770

Yokelson, R. J., Crounse, J. D., DeCarlo, P. F., Karl, T., Urbanski, S., Atlas, E., Campos, T., Shinozuka, Y., Kapustin, V., Clarke, A. D.,

Weinheimer, A., Knapp, D. J., Montzka, D. D., Holloway, J., Weibring, P., Flocke, F., Zheng, W., Toohey, D., Wennberg, P. O., Wiedinmyer,

C., Mauldin, L., Fried, A., Richter, D., Walega, J., Jimenez, J. L., Adachi, K., Buseck, P. R., Hall, S. R., and Shetter, R.: Emissions from

biomass burning in the Yucatan, Atmospheric Chemistry and Physics, 9, 5785–5812, https://doi.org/10.5194/acp-9-5785-2009, 2009.

Yokelson, R. J., Burling, I. R., Gilman, J. B., Warneke, C., Stockwell, C. E., de Gouw, J., Akagi, S. K., Urbanski, S. P., Veres, P., Roberts,775

J. M., Kuster, W. C., Reardon, J., Griffith, D. W. T., Johnson, T. J., Hosseini, S., Miller, J. W., Cocker III, D. R., Jung, H., and Weise, D. R.:

Coupling field and laboratory measurements to estimate the emission factors of identified and unidentified trace gases for prescribed fires,

Atmospheric Chemistry and Physics, 13, 89–116, https://doi.org/10.5194/acp-13-89-2013, 2013.

Yuan, B., Koss, A., Warneke, C., Gilman, J. B., Lerner, B. M., Stark, H., and de Gouw, J. A.: A high-resolution time-of-flight chemical ioniza-

tion mass spectrometer utilizing hydronium ions (H3O+ ToF-CIMS) for measurements of volatile organic compounds in the atmosphere,780

Atmospheric Measurement Techniques, 9, 2735–2752, https://doi.org/10.5194/amt-9-2735-2016, 2016.

Zarzana, K. J., Min, K.-E., Washenfelder, R. A., Kaiser, J., Krawiec-Thayer, M., Peischl, J., Neuman, J. A., Nowak, J. B., Wagner, N. L.,

Dubè, W. P., St. Clair, J. M., Wolfe, G. M., Hanisco, T. F., Keutsch, F. N., Ryerson, T. B., and Brown, S. S.: Emissions of glyoxal and

other carbonyl compounds from agricultural biomass burning plumes sampled by aircraft, Environmental Science & Technology, 51,

11 761–11 770, https://doi.org/10.1021/acs.est.7b03517, 2017.785

Zoogman, P., Liu, X., Suleiman, R., Pennington, W., Flittner, D., Al-Saadi, J., Hilton, B., Nicks, D., Newchurch, M., Carr, J., Janz, S.,

Andraschko, M., Arola, A., Baker, B., Canova, B., Miller, C. C., Cohen, R., Davis, J., Dussault, M., Edwards, D., Fishman, J., Ghu-

lam, A., Abad, G. G., Grutter, M., Herman, J., Houck, J., Jacob, D., Joiner, J., Kerridge, B., Kim, J., Krotkov, N., Lamsal, L., Li,

C., Lindfors, A., Martin, R., McElroy, C., McLinden, C., Natraj, V., Neil, D., Nowlan, C., O’Sullivan, E., Palmer, P., Pierce, R., Pip-

pin, M., Saiz-Lopez, A., Spurr, R., Szykman, J., Torres, O., Veefkind, J., Veihelmann, B., Wang, H., Wang, J., and Chance, K.: Tro-790

pospheric emissions: Monitoring of pollution (TEMPO), Journal of Quantitative Spectroscopy and Radiative Transfer, 186, 17 – 39,

https://doi.org/10.1016/j.jqsrt.2016.05.008, 2017.

25

https://doi.org/10.1021/acs.chemrev.7b00439
https://doi.org/10.1029/2006GL026310
https://doi.org/10.1029/2002GB001952
https://doi.org/10.5194/acp-8-3509-2008
https://doi.org/10.5194/acp-9-5785-2009
https://doi.org/10.5194/acp-13-89-2013
https://doi.org/10.5194/amt-9-2735-2016
https://doi.org/10.1021/acs.est.7b03517
https://doi.org/10.1016/j.jqsrt.2016.05.008


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%,

methylglyoxal: -30/+70%

Min et al. (2016)

OP-FTIR CO, CO2, CH4, formaldehyde CO, CO2, CH4: ±⇠2%,

formaldehyde: ±10%

Stockwell et al. (2014);

Selimovic et al. (2018)

PTR-ToF formaldehyde, acetaldehyde, acetone,

glycolaldehyde, methylglyoxal,

hydroxyacetone, 2,3-butanedione,

2,3-pentanedione

formaldehyde, acetaldehyde,

acetone, glycolaldehyde: ±15%

All others: ±50%

Yuan et al. (2016);

Koss et al. (2018)
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Fuel bed

17 m

ACES inlet  
(30 cm into the stack)

OP-FTIR 
beam path

PTR-ToF

PTR-ToF 
transfer line 

(16 m)

Control 
room

Platform

Stack

PTR-ToF 
inlet

A
B

C

D

Control room

1.6 m

ACES

OP-FTIR

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. (C) 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.
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Figure 4. Glyoxal emission factors (top) and RGF values (bottom) for each fire as a function of either MCE (left) or fuel moisture content

(right).
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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.
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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.
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Figure 7. (A) Absorption cross sections for NO2 (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 better show the similarity in the shape of that cross section with the methylglyoxal cross section. All the

cross sections shown are convolved to the instrument resolution of 1 nm (FWHM).
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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 NO2 (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
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