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Abstract Glyoxal is a volatile organic compound (VOC) in the atmosphere that is a precursor to ozone and
secondary organic aerosol, can be a measure of photochemical activity, and is one of a small number of VOCs
observable from space. However, the global budget of glyoxal is not well understood, and there has been
limited exploration of whether current chemical transport models reproduce satellite observations of this
VOC. In this work we take advantage of recent advances in the retrieval of glyoxal from the OzoneMonitoring
Instrument along with retrieved formaldehyde and the GEOS-Chem model to constrain global glyoxal
sources. Model glyoxal is produced by direct emissions from fires (6.5 Tg/year) and secondary chemical
production (32.9 Tg/year) from biogenic and anthropogenic precursors. The model reproduces the annual
average terrestrial spatial variability in formaldehyde and glyoxal reasonably well, with an R2 of 0.8 and 0.5,
respectively. We find that the model representation of biomass burning, C2H2, glyocolaldehyde, and
isoprene-dominated glyoxal production is consistent with the observations of glyoxal and formaldehyde, and
the ratio of glyoxal to formaldehyde to within ~20%. However, the observations suggest that glyoxal
production from the high monoterpene-emitting boreal regions is underestimated in the model, with
concentrations low by more than a factor of 3. This suggests that the oxidative chemistry of monoterpenes is
not well represented in the GEOS-Chem model and that more laboratory work is needed to constrain the
impact of monoterpene emissions on atmospheric composition.

1. Introduction

Glyoxal (C2H2O2) is the smallest and one of the most abundant dicarbonyls in the atmosphere. It is emitted
from biomass burning and formed from the oxidation of precursor volatile organic compounds (VOCs; Fu
et al., 2008). In the atmosphere, glyoxal undergoes chemical oxidation and photolysis, which ultimately leads
to the production of both ozone and particulate matter (PM; Knote et al., 2014). Ozone and PM are the leading
contributors to poor air quality, exposure to which is estimated to cause the premature deaths of over 4
million people per year (Cohen et al., 2017). Ozone and PM also both alter the radiative balance of the
Earth, with potential impacts on regional weather and climate (Intergovernmental Panel on Climate
Change, 2013). Furthermore, given that glyoxal is largely chemically produced in the atmosphere, it is also
a potential indicator of oxidative chemistry, providing constraints on the transformations of other key
atmospheric VOCs (e.g., isoprene). Over the past 15 years, advances in retrieval methodology and instrument
design have enabled detection of glyoxal by space-borne UV-visible spectrometers. The global view that
satellites provide presents a valuable opportunity to constrain worldwide glyoxal sources.

Given its short atmospheric lifetime (~3 hr) and the relatively small source of direct emissions, glyoxal is
frequently used as a measure of local photochemical activity and VOC chemistry (Volkamer et al., 2005).
This is particularly useful in regions with large emissions and formation of VOCs such as cities, where VOC
chemistry can otherwise be obscured by large direct emissions (Volkamer et al., 2007). For example in
Beijing, Yang et al. (2018) found that glyoxal can be a measure of ROx radical formation, atmospheric
oxidation, and ozone formation. On the global scale, Vrekoussis et al. (2009) demonstrated that satellite
observations of glyoxal are consistent with large biogenic, biomass, and anthropogenic source regions.

In addition to using glyoxal measurements alone to assess VOC chemistry, several studies have demonstrated
the complementary information that formaldehyde (CH2O) can provide. Wittrock et al. (2006) made the first
global assessment of glyoxal and formaldehyde using satellite data from SCIAMACHY, demonstrating the
potential for these observations to constrain many VOC sources, including isoprene, biomass burning, anthro-
pogenic, and oceanic emissions. These constraints were further refined by Vrekoussis et al. (2009, 2010), who
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used SCIAMACHY and GOME-2 retrievals of glyoxal and formaldehyde, along with the ratio of glyoxal to
formaldehyde (RGF) to classify regions by their dominant VOC sources: anthropogenic, biogenic, or
pyrogenic. Surface observations of the relative abundance of these species have also been used as a
source indicator; for example, DiGangi et al. (2012) found that differences in surface RGF in remote regions
corresponded to different source types. However, retrieved RGF from the SCIAMACHY and GOME-2 instru-
ments disagreed with aircraft and surface observations, with different RGF thresholds associated with
various sources when assessed from a satellite (DiGangi et al., 2012; Kaiser et al., 2015). Satellite and
aircraft observations indicated decreasing RGF with anthropogenic influence, whereas surface-based RGF
increased with anthropogenic influence (DiGangi et al., 2012; Kaiser et al., 2015). This disparity challenges
the value and overall interpretability of the RGF when used to constrain VOC sources, and the reasons
behind the disagreement between space- and surface-based RGF remains unclear (Kaiser et al., 2015),
though differences in the observed vertical extent in RGF (e.g., free troposphere versus boundary layer)
and satellite interferences are likely contributors (DiGangi et al., 2012, Chan Miller et al., 2014). Recently, a
glyoxal retrieval from the Ozone Monitoring Instrument (OMI) was developed by Chan Miller et al. (2014),
which when combined with OMI formaldehyde retrievals, was more consistent with surface-observed
RGF (Chan Miller et al., 2014; Kaiser et al., 2015). The OMI retrieval potentially reproduces surface-based
RGF observations better due to a lower sensitivity to water vapor and a carefully selected reference
sector correction.

Despite these recent advances, there is still limited information on the chemical production of glyoxal at
the global scale. Myriokefalitakis et al. (2008) used the TM4 model to simulate glyoxal abundance and
formation, but they did not characterize the direct chemical precursors responsible for the glyoxal
production; rather, they investigated several large emission source categories (e.g., anthropogenic
and biogenic). Fu et al. (2008) developed the first glyoxal simulation using the GEOS-Chem model,
including an assessment of the chemical budget, and showed qualitative agreement with the spatial
patterns reported by the SCIAMACHY satellite observations. However, the fidelity of global glyoxal
production in chemical transport models has yet to be formally tested. While the previous studies show
broad agreement with observed concentrations, that alone does not confirm a correct representation of
glyoxal production. Given that glyoxal concentrations are a convolution of chemical formation and pre-
cursor emissions strength, compensating biases in each may lead to an unbiased simulations
of concentration.

In this work we investigate a model representation of glyoxal production at the global scale. We go beyond
previous work by explicitly tracing the production of glyoxal from five major direct chemical precursors along
with direct emissions from fires and compare the simulated abundance and RGF over dominant source
regions to satellite observations. We treat the OMI observations of formaldehyde and glyoxal as qualitatively
appropriate measures for model assessment but are cautious with quantitative evaluations given that the
characterization of their respective accuracy and precision has not been completed at the global scale
(Duncan et al., 2014).

2. Model Description

We use the global chemical transport model GEOS-Chem v11-02c (www.geoschem.org) to investigate the
chemical sources of terrestrial VOCs. We use the global configuration of the model at 2° × 2.5° horizontal
resolution, with 47 vertical levels, from the surface through the stratosphere. The model is driven by
MERRA-2 meteorology from the Global Modeling and Assimilation Office (Gelaro et al., 2017) for the
year 2005.

GEOS-Chem contains a detailed HOx-NOx-VOC-O3 chemical mechanism (Bey et al., 2001; Mao et al., 2013,
Travis et al., 2016). Glyoxal in GEOS-Chem is chemically formed as described by Fu et al. (2008), through
the oxidation of aromatics (benzene, toluene, and xylenes), glycolaldehyde, isoprene, monoterpenes, and
acetylene. Glyoxal formation from aromatics follow Fischer et al. (2014) with first-generation yields of
~25% when oxidized by OH. Isoprene and glyocolaldehyde formation of glyoxal in the model is described
in detail in Chan Miller et al. (2017), with NOx-dependent yields ranging from 1% to 7%, depending on OH
exposure time. Monoterpene chemistry follows Fisher et al. (2016) and Atkinson and Arey (2003), with two
lumped species representing species with one double bond (alpha-pinene) and two double bonds
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(limonene). We assume a constant molar yield of 5% glyoxal from both
lumped monoterpenes when oxidized by O3, in line with Fu et al. (2008).
Acetylene and ethylene glyoxal formation was added following
Safieddine et al. (2017), with a 65% glyoxal yield from the oxidation of
acetylene by OH. Glyoxal forms from ethylene through amultigenerational
oxidation process initiated by oxidation with OH (Safieddine et al., 2017).
The reaction rates of acetylene and ethylene are updated here to match
those from the Jet Propulsion Laboratory data evaluation (Burkholder
et al., 2015). Formaldehyde is chemically formed through the oxidation
of methane as well as a myriad of VOC precursors from biogenic, biomass
burning, and anthropogenic sources (Fu et al., 2007, Marais et al., 2014).
Isoprene chemistry, including the formation of formaldehyde and glyoxal,
has been substantially updated and constrained in a series of studies using

observations from the Studies of Emissions and Atmospheric Composition, Clouds and Climate Coupling by
Regional Surveys (SEAC4RS) aircraft campaign in the southeast United States (Chan Miller et al., 2017; Fisher
et al., 2016; Travis et al., 2016). Key updates include chemistry changes relating to isoprene nitrates (Fisher
et al., 2016), organic aerosol formation (Marais et al., 2016), and glyoxal formation (Chan Miller et al., 2017).
These updates improve the agreement between simulated mixing ratios of both glyoxal and formaldehyde
with observations in the southeast United States (Chan Miller et al., 2017; Marvin et al., 2017). Losses of
glyoxal include photolysis, oxidation, dry and wet deposition, and irreversible heterogeneous aerosol uptake,
from Marais et al. (2016) with a daytime uptake coefficient of 2.9 × 10�3 and a nocturnal uptake coefficient
of 5 × 10�6.

Global anthropogenic emissions in GEOS-Chem include the EDGARv4.2 inventory (http://edgar.jrc.ec.
europa.eu), with aromatics and C2Hx compounds from the RETRO emissions inventory (Schultz et al.,
2007). Aircraft emissions are from the AEIC inventory (Stettler et al., 2011; Simone et al., 2012). Regional
anthropogenic emissions are used where available, including NEI2011v1 over the United States
(Environmental Protection Agency National Emissions Inventory, 2015), and MEIC v1.2 over China (www.
meicmodel.org; Li et al., 2014; Li et al., 2017). Updated emissions generated by the MEIC model were
included in GEOS-Chem for the glyoxal precursors (benzene, toluene, xylenes, acetylene, and ethylene)
following Li et al. (2014), with emissions for the year 2006. Biogenic emissions are calculated online from
the MEGANv2.1 emissions framework, consistent with Guenther et al. (2012). Biomass burning emissions,
including formaldehyde and glyoxal, are from the GFED4 emissions inventory (Giglio et al., 2013), with
updated glyoxal emission factors for agricultural burning of 0.0016 relative to CO following Zarzana
et al. (2017). Hourly and daily scale factors were applied to the fire emissions following Mu et al.
(2011). Emissions for 2005 of glyoxal precursors and other key species are summarized in Table 1. The
overall uncertainties in these emissions are not well characterized and vary based on source type (e.g.,
30% for anthropogenic NOx over China [Li et al., 2017], as compared to a factor of 2 for biogenic isoprene
emissions [Guenther et al., 2012]).

3. Satellite Data

We compare our model simulation with satellite retrievals of glyoxal and formaldehyde from the OMI (Chan
Miller et al., 2014, González Abad et al., 2015). OMI is on board the National Aeronautics and Space
Administration (NASA) Aura platform (launched in 2004) and achieves global coverage in ~3 days with an
overpass of ~1300 local time and a swath size of 13 × 24 km2 at nadir. For both glyoxal and formaldehyde
retrievals, we apply the recommended best quality control screening contained within the data file quality
flags and remove all retrievals with cloud fraction larger than 20% and solar zenith angle larger than 70°.
We also remove scenes from the edges of the swath due to their very large width (similar to Surl et al.,
2018). Both retrievals are converted from slant columns to vertical columns using the air mass factor
formulation, which accounts for instrument geometry, the vertical profile of the target gas species, and
atmospheric scattering (Palmer et al., 2001). We recalculate and apply updated air mass factors using the
GEOS-Chem model vertical profiles simulated here (matched to the date and location of the retrieval) and
scattering weights provided with the satellite retrievals to enable a direct comparison between our
simulations and the observations (Duncan et al., 2014). This air mass factor correction leads to substantial

Table 1
The Global Emissions of Key Species Used in the GEOS-Chem Simulation for the
Year 2005

Key species Emissions (Tg/year)

Glyoxal 6.5
Isoprene 368.7
Acetylene 2.7
Ethylene 27.9
Monoterpenes 118.9
Aromatics 29.9
Glycolaldehyde 1.3
CO 921.0
NOx 116.8
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changes in the retrieved glyoxal concentrations (upward of 20%) between the original and updated vertical
column, due to large differences between the temporally matched profiles from our updated model and the
monthly average climatologies provided with the OMI product. The updated air mass factor has a relatively
smaller impact on formaldehyde (~5%). In the year 2007, an issue with the OMI known as the “row anomaly”
removed a large fraction of the usable pixels, substantially reducing the number of high-quality retrievals. In
this work, we use data from the year 2005, prior to this row anomaly, to take advantage of the large number
of available observations.

The glyoxal satellite retrievals are from the Smithsonian Astrophysical Observatory, as described in Chan
Miller et al. (2014). These retrievals have been used in previous work to understand the distribution of glyoxal
from isoprene emissions in the southeast United States (Chan Miller et al., 2017) and aromatic emissions in
the Pearl River Delta (Chan Miller et al., 2016), as well as to motivate future work constraining VOC speciation
from space using the RGF (Kaiser et al., 2015). Due to the relatively small spectral signature of glyoxal, the
retrievals have low precision, with large relative uncertainties (±104–401%) on a per-retrieval basis, and have
a 1 sigma detection limit of 0.2–1 × 1014 molecules/cm2. We mitigate the large uncertainty by spatially and
temporally averaging all observations to the GEOS-Chem 2° × 2.5° grid on a monthly basis. Due to issues with
spectral autocorrelation with spectra of liquid water, glyoxal retrievals over oceans are systematically
negative; thus, we focus our analysis over land to avoid these issues. The accuracy of these retrievals have
not yet been fully validated, though initial comparisons demonstrate that they agree better with in situ
observations as compared to previous glyoxal retrievals (Chan Miller et al., 2017; Kaiser et al., 2015).
However, potential issues with surface reflectance could be responsible for biases as large as a factor of 2
(Chan Miller et al., 2017).

The formaldehyde retrievals are from the NASA OMHCHOv003 data product (González Abad et al., 2015). The
relative uncertainties per vertical column of formaldehyde are lower than glyoxal, but still substantial
(±50–105%), with a detection limit of 1 × 1016 molecules/cm2. We apply the same spatial and temporal
averaging to this data set. These retrievals have been used extensively to constrain VOC precursors, including
biogenic isoprene emissions over the southeast United States (Kaiser et al., 2018) and VOCs over India (Surl
et al., 2018). Recent work over the southeast United States found that this retrieval is biased low in that region
(Zhu et al., 2016), potentially related in part to issues with the assumed scattering weights and surface
reflectance. According to Zhu et al. (2016), there is no evidence to suggest that this bias is regionally specific,
so we multiply all formaldehyde retrievals by a constant factor of 1.59 to account for this bias as
recommended by Zhu et al. (2016). We comment on whether our comparisons support this scaling factor in
section 5.

Given the large variability and random noise in the satellite products, and without a global direct validation of
the OMI glyoxal retrieval, a robust assessment of the model biases in absolute magnitude is not possible
given potential unquantified bias and skew in the observations. We focus here on assessing the relative
variability of the model simulations as compared to the observations and do not emphasize disagreements
in overall magnitude, treating the satellite observations as qualitatively correct.

4. Global Simulation of Glyoxal and Formaldehyde

We simulate the global abundance of both glyoxal and formaldehyde to investigate their potential
constraints on terrestrial glyoxal chemical formation. The simulated seasonal concentrations of both species
are shown in Figure 1. Both species show large and consistent signatures of anthropogenic sources in China
and biogenic sources throughout the tropical forests, as well as tropical fires. The seasonal peaks in the
tropics largely reflect the fire seasons. The spatial variability in the midlatitudes is driven by both vegetation
dynamics and seasonal changes in actinic flux. Since formaldehyde and glyoxal are both photochemically
produced, the seasonality in Figure 1 is a convolution of direct emissions, photochemical activity, and
precursor VOC abundance. To disentangle these effects in a computationally efficient way, previous studies
have implemented sensitivity studies by adding and removing entire classes of emissions or formation
pathways (e.g., “turning off” biogenic emissions, Myriokefalitakis et al., 2008). While this technique can
provide qualitative insight into sources, it perturbs model oxidation substantially. Given the small number
of chemical sources of glyoxal, we are able to directly quantify all chemical formation pathways of glyoxal,
without perturbing the model chemistry. This is not practical to do for formaldehyde, due to the
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considerable number of formation pathways present in the GEOS-Chem chemical mechanism. Previous
studies have characterized the global formaldehyde budget and found that the global burden is strongly
controlled by methane oxidation (~78%), with the remainder directly emitted from mostly fires and
anthropogenic activity (2%) or formed from chemical precursors (20%) (Fortems-Cheiney et al., 2012); the
latter is generally thought to be dominated by isoprene. In GEOS-Chem, all of the glyoxal precursors also
produce formaldehyde, with the exception of C2H2.

Table 2 summarizes the glyoxal budget as simulated for the year 2005 with the GEOS-Chem model.
While the GEOS-Chem mechanism has been substantially updated in the v11-02 release, particularly
for isoprene, the overall budget of glyoxal remains consistent with previous work (Fu et al., 2008),
with ~85% of all glyoxal produced in the atmosphere, ~90% lost to chemical processes, and a lifetime
of 3 hr. Given recent work demonstrating that model emission factors of glyoxal are too high over
agricultural fires (Zarzana et al., 2017), which we have adjusted here, and a lack of updated
information on other fuel types, the 6.5 Tg/year (15%) of glyoxal pyrogenically emitted in this study
is potentially a high estimate. In total, biogenic sources contribute more than 50% of all glyoxal
chemical production, with the remainder composed of anthropogenic and biomass burning
precursor emissions.

Annual mean maps of the relative strength of each of the precursors from Table 2 are shown in Figure 2,
where the local production from a given precursor was divided by total production. The dominant precur-

sor over vegetated land is isoprene, with modest influence of monoter-
penes over boreal forests during the summer months. Aromatics are
most important in two largely anthropogenic regions, Europe and
China. Direct emissions of glyoxal from fires have the strongest influ-
ence on glyoxal sources over the Congo and spatially heterogeneously
over high-latitude boreal forests. Acetylene is most dominant over the
remote oceans and near coastal regions, which are excluded from
further analysis due to large uncertainties in the quality of the glyoxal
retrievals over those areas.

5. Satellite-Based Assessment of Model Simulation

We use the OMI satellite observations of glyoxal and formaldehyde
discussed in section 3 to assess our model simulation. Annual average
spatial comparisons (over land only) are shown in Figure 3, alongside

Figure 1. The seasonal average column concentrations of (a) glyoxal and (b) formaldehyde as simulated by the GEOS-
Chem model for 2005. DJF = December/January/February; MAM = March/April/May; JJA = June/July/August;
SON = September/October/November.

Table 2
The Global Glyoxal Budget as Simulated by GEOS-Chem for the Year 2005

Production (Tg/year) 39.4
Glyoxal 6.5
Isoprene 16.5
Acetylene 3.4
Monoterpenes 0.8
Aromatics 4.8
Glycolaldehyde 7.5

Sinks (Tg/year) 39.4
Wet deposition 1.8
Dry deposition 1.9
Oxidation and photolysis 35.7

Glyoxal burden (Gg) 14.3
Glyoxal lifetime (hr) 3.2
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global maps of both observed formaldehyde and glyoxal. The model reproduces the observed annual
average terrestrial formaldehyde reasonably well, with a reduced-major-axis (Hirsch & Gilroy, 1984) slope
of ~0.8 and an R2 of 0.8. On the whole, scaling the observed formaldehyde by a factor of 1.59 following
Zhu et al. (2016), as done here, leads to a modest global underestimation of the model, which would
otherwise substantially overestimate the observations (slope of ~1.4). These results are consistent with the
performance of many other chemical mechanisms, as tested by Marvin et al. (2017) in the southeast
United States. The major terrestrial hotspots in formaldehyde visible in Figure 3 are the isoprene and biomass
burned sources in the tropics, anthropogenic emissions in East Asia and Europe, and the isoprene signatures
from forests in the midlatitudes.

The annual average simulated terrestrial glyoxal does not match OMI observations quite as well, with a
reduced-major-axis slope of 0.9 and an R2 of 0.5. Both the model and the observations reflect similar hotspots
throughout regions with large anthropogenic, biogenic, and pyrogenic sources. Though the model is
relatively consistent with observations globally, there is a latitudinal shift in the location of the major
African fire hotspot, and simulated concentrations over both China and Europe are generally lower than
observed. According to our model simulation, glyoxal over China and Europe are dominated by formation
from aromatics, glyocolaldehyde, and direct emissions, suggesting that one or several of these sources is
underestimated in this regions. The relative lack of skill in simulating glyoxal as compared to formaldehyde
is obvious from Figure 3 and suggests that the model description of processes governing glyoxal formation
and abundance may be inaccurate or incomplete.

Despite the underestimation over China, the addition of the MEIC emissions inventory described in section 2
improved the model relative to the base version. The monthly spatial correlations between the model and

Figure 2. The annual average relative contribution of glyoxal sources as simulated by GEOS-Chem for the year 2005, cal-
culated as the ratio of the source divided by the total source in the atmospheric column.

10.1029/2018JD029311Journal of Geophysical Research: Atmospheres

SILVA ET AL. 13,588



the OMI glyoxal observations over China increase by 5–10% (median of 0.44 to 0.50) during most months
when the MEIC emissions are used as compared to using the base emissions from Yevich and Logan
(2003) and RETRO (Schultz et al., 2007).

We evaluate the simulated chemical VOC production by comparing the modeled and observed
concentrations of formaldehyde and glyoxal, as well as RGF over large source regions. Large source regions
were defined using simulated monthly production values, wherein we selected locations with the largest
relative production from a given pathway for the year 2005. The largest relative production was calculated
as locations in the upper 25th percentile of the absolute production from a given pathway (e.g., molecules
glyoxal from isoprene) and in the upper 25th percentile of relative production (e.g., the ratio of molecules
glyoxal from isoprene divided by total local production, as plotted in Figure 2). We exclude monthly mean
observations of less than 0.1 × 1013 molecules/cm2 to avoid including observations well below the detection
limit that may be dominated by measurement uncertainties. We constrain the monoterpene regions to be
above 40° latitude to focus on boreal forests, where other non-monoterpene sources are relatively much
smaller and require all C2H2 production to be north of Antarctica. Maps of the production locations are shown
in Figure 4, colored by the number of months used in a given location. Since we filter for regions in the upper
quartile in both absolute and relative emissions, these selection maps do not directly match the production
maps in Figure 2; that is, absolute glyoxal production in a given location may not be dominated by this
pathway. Instead, we select for areas with the highest production from a given pathway and the lowest
influence of other sources to reduce the influence of confounding sources. For example, the biomass burning
emissions regional selection favors Eastern Europe over the tropics due to a relatively smaller influence of
other production pathways, particularly isoprene. The variability in the monthly selection represents the
seasonal cycle in many of the precursor emissions. For the isoprene-dominated regions, the boreal forests
and southeast United States are only selected in the summer months, when biogenic activity is largest,

Figure 3. Annual OMI-retrieved and GEOS-Chem-simulated (a) formaldehyde and (b) glyoxal column concentrations for
2005, alongside scatterplot spatial comparisons. The black lines are 1:1, and the blue lines are a reduced-major-axis line
of best fit. OMI = Ozone Monitoring Instrument.
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whereas the tropics are selected year-round. The C2H2-dominated regions
are the most spatially homogeneous, with many locations selected for
1 month, when all other regional sources are small. In total, this filtering
results in at least 1.2 million model/observation pairs for each production
pathway in the year 2005. We note that there may be inaccuracies in this
classification methodology due to inaccuracies in the GEOS-Chem model
representation of glyoxal. However, it is the best estimation of all six
dominant sources, given the lack of any other consistent information.

Figure 5 summarizes the mean concentration and RGF over the six regions
shown in Figure 4, along with the interquartile ranges. We show
interquartile ranges over confidence intervals because the large number
of observations in each region leads to small confidence intervals, which
understate the overall spread in the observations. From Figure 5 it is
apparent that the overall observed abundance of both formaldehyde
and glyoxal varies substantially across dominant source regions. For both
VOCs, the smallest concentrations are observed over the C2H2-dominated
regions, and the largest concentrations are over isoprene- and
glycolaldehyde-dominated locations, with chemical formation from
aromatic precursors and monoterpenes as well as direct emissions from
fires as intermediates across the distribution. The regions dominated by
production from C2H2 are all remote, or during low absolute VOC produc-
tion months, which leads to the small overall magnitude.

The model generally reproduces the observed mean concentrations of
formaldehyde over all six large source regions to within 10%, consistent
with a relatively robust formaldehyde simulation. The same is not true of
glyoxal, where there is substantial departure between the simulated and
satellite-retrieved concentrations over regions with the highest
production of glyoxal from monoterpenes. In other regions, the relative
magnitude is consistent between the observed and modeled results. The
lowest values are over C2H2 and aromatic precursor locations, and higher
values coincide with fires, isoprene, and glycolaldehyde formation. The

Figure 4. The glyoxal source regions where contributions from a specific precursor are largest, globally, for the year 2005,
as simulated by GEOS-Chem. The color represents the number of months used in a given location.

Figure 5. Average column concentrations of formaldehyde, glyoxal, and the
RGF for all six dominant glyoxal source regions (see Figure 4 for the regions)
as simulated by GEOS-Chem (red) and observed by OMI (black) in 2005.
The bars are at the median value, error bars correspond to the interquartile
range (25th–75th percentiles), and points represent the mean. Sources are
abbreviated as follows: C2 = C2H2; Mono =monoterpenes; Arom= aromatics;
Glyx = direct emissions of glyoxal from fires; Glyc = glycolaldehyde; and
Isop = isoprene. RGF = ratio of glyoxal to formaldehyde.
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model underestimation of glyoxal over Europe (and likely China) is explained in part by the low glyoxal con-
centrations associated with aromatic precursors.

While the comparison of average concentrations is a useful diagnostic of model performance, it is limited in
terms of assessment of VOC production due to the convolution with the precursor emissions strength. We
investigate whether the RGF is informative as a space-based constraint on VOC chemistry (eliminating some
of the impact of potentially biased emissions) and then assess model performance in simulating RGF.

Figure 5 shows that satellite-observed RGF does not differentiate well between aromatic, fire, glycolaldehyde,
and isoprene sources (RGF 0.016–0.019). The only precursors that produce distinctive RGF values are
monoterpene-dominated boreal forests (0.031) and C2H2 chemistry (0.011). The very high observed RGF over
monoterpene-dominated regions and the moderate (0.018) RGF over isoprene-dominated regions are both
consistent with previous literature (ChanMiller et al., 2014; Kaiser et al., 2015). It is important to note that since
we are characterizing formation associated with the precursor and not emitted species, these results are not
directly comparable with previous research that focuses on anthropogenic versus natural sources (DiGangi
et al., 2012, Vrekoussis et al., 2009, etc.) because the precursors C2H2, glycolaldehyde, and aromatics all come
from a variety of natural and anthropogenic sources. However, we do not observe any of the very high RGF
values (>0.4) reported over large anthropogenic sources (Kaiser et al., 2015) associated with any large
production pathway.

While the observed RGF is similar across regions dominated by aromatics, fires, glycolaldehyde, and isoprene,
the simulated RGF for these same regions shows a greater spread, with RGF values over isoprene-dominated
regions (0.021) markedly higher than RGF values over aromatic-dominated regions (0.011). Given the large
variability and potential unknown biases in the retrieved glyoxal concentrations, it is not evident if this
difference is indicative of pervasive model chemical formation issues. Overall, this disparity is small relative
to the very large disagreement over monoterpene-dominated regions, where the model RGF strongly
underestimates observed RGF in both relative rank and overall magnitude (a factor of 3). The three
contributing sources in the monoterpene-dominated regions are monoterpene oxidation, biomass burning,
and isoprene oxidation (see Figure 2). The broad agreement in formaldehyde concentrations implies that the
disagreement is not related to the overall magnitude of the biogenic and biomass burning precursor
emissions. Additionally, recent work by Zarzana et al. (2017) suggests that model glyoxal emissions from
agricultural fires are too high. If that overestimate were present for other fuel types, it would drive the model
RGF even lower. We can therefore surmise that the overestimation is not associated with direct emissions of
glyoxal and its precursors and instead likely related to glyoxal chemical formation. Given that regions where
the formation from isoprene dominates glyoxal concentrations are all relatively well represented by the
model, we conclude that there is likely a substantial model underestimation of glyoxal formation from
monoterpene chemistry. As stated in section 2, the monoterpene oxidation scheme in GEOS-Chem is based
on Fisher et al. (2016). The scheme includes two lumped monoterpenes (single- and double-bonded species)
that are oxidized by OH, O3, and NO3, and the resulting peroxy radicals are oxidized to form
second-generation products. The rates, products, and branching ratios for these reactions are all uncertain,
and as such, the exact reason for the model glyoxal underestimation is not clear. The ultimate impact of this
underestimation on the global glyoxal budget is small, due to the small contribution monoterpenes make to
the total burden (Table 2); however, it is locally important in the boreal regions. Furthermore, a poor
understanding of monoterpene oxidation (as indicated by glyoxal formation here) may also limit our ability
to characterize ozone and secondary organic aerosol formation in these regions and reduce the quality of
model air quality and climate predictions. This result underscores the need for an improved understanding
of non-isoprene-dominated VOC chemistry, as recently suggested by Porter et al. (2017).

6. Conclusions

In this work, we use the GEOS-Chemmodel and satellite retrievals of glyoxal and formaldehyde to explore the
global sources of glyoxal. To complete this work, we updated the GEOS-Chem glyoxal simulation, including
additional chemical formation processes of glyoxal and its precursors, as well as updating direct emissions of
glyoxal and its precursors. We use this model configuration to quantify the relative contribution of glyoxal
production through five distinct chemical pathways and direct emissions. The simulated glyoxal production
over biomass burning and isoprene-, aromatic-, and glyocolaldehyde-dominated regions are qualitatively in
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line with the OMI observations. However, low glyoxal production from aromatics may be responsible for the
underestimation of glyoxal over Europe and China. Our analysis indicates that model glyoxal production from
monoterpenes over boreal forests is biased substantially low (by a factor 3). This highlights the utility of the
RGF as a constraint on VOC production and that uncertainties on simulatedmonoterpene chemistry are large,
implying more work is needed to understand their oxidation mechanisms. Our analysis also suggests that the
RGF from polar-orbiting satellite instruments may not be a strong proxy for glyoxal source types given the
similarity of RGF values obtained over all source regions except those with significant glyoxal production
from monoterpenes.

Ultimately, global data products, such as the OMI satellite retrievals used in this work, can provide
valuable constraints on the global production of VOCs like glyoxal. They present an important
opportunity for understanding the state of atmospheric VOCs and observing global change to the
chemical sources of VOCs. As the bias and skew of these products are assessed, more rigorous constraints
may be applied to the results found in this work. With the impending launch of the TEMPO satellite
mission and other geostationary satellites, increased sampling will likely reduce the limiting uncertainties
present here and allow for improved characterization of glyoxal sources and constraints on VOC precursors
across the globe.
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