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[1] We construct global budgets of atmospheric glyoxal and methylglyoxal with the goal
of quantifying their potential for global secondary organic aerosol (SOA) formation via
irreversible uptake by aqueous aerosols and clouds. We conduct a detailed simulation of
glyoxal and methylglyoxal in the GEOS-Chem global 3-D chemical transport model
including our best knowledge of source and sink processes. Our resulting best estimates of
the global sources of glyoxal and methylglyoxal are 45 Tg a�1 and 140 Tg a�1,
respectively. Oxidation of biogenic isoprene contributes globally 47% of glyoxal and 79%
of methylglyoxal. The second most important precursors are acetylene (mostly
anthropogenic) for glyoxal and acetone (mostly biogenic) for methylglyoxal. Both
acetylene and acetone have long lifetimes and provide a source of dicarbonyls in the free
troposphere. Atmospheric lifetimes of glyoxal and methylglyoxal in the model are 2.9 h
and 1.6 h, respectively, mostly determined by photolysis. Simulated dicarbonyl
concentrations in continental surface air at northern midlatitudes are in the range
10–100 ppt, consistent with in situ measurements. On a global scale, the highest
concentrations are over biomass burning regions, in agreement with glyoxal column
observations from the SCIAMACHY satellite instrument. SCIAMACHY and a few
ship cruises also suggest a large marine source of dicarbonyls missing from our
model. The global source of SOA from the irreversible uptake of dicarbonyls in
GEOS-Chem is 11 Tg C a�1, including 2.6 Tg C a�1 from glyoxal and 8 Tg C a�1

from methylglyoxal; 90% of this source takes place in clouds. The magnitude of the
global SOA source from dicarbonyls is comparable to that computed in GEOS-Chem
from the standard mechanism involving reversible partitioning of semivolatile
products from the oxidation of monoterpenes, sesquiterpenes, isoprene, and aromatics.
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1. Introduction

[2] Organic aerosols constitute a major component of
atmospheric aerosols and have large impacts on atmospheric
chemistry, air quality, and climate. Primary organic aerosol
is directly emitted into the atmosphere by combustion.
Secondary organic aerosol (SOA) is produced in the atmo-
sphere by oxidation of volatile organic compounds (VOCs)
[Kanakidou et al., 2005]. We examine here the potential of

glyoxal (CHOCHO) and methylglyoxal (CH3C(O)CHO),
the two smallest dicarbonyl compounds, as global sources
of SOA. Both are produced in the atmosphere from the
oxidation of many VOCs, and both are highly soluble in
water. Several laboratory and photochemical model studies
have recently suggested that the uptake of these dicarbonyls
by aqueous aerosols and clouds, followed by oxidation and/
or oligomerization, could be a significant source of SOA.
We construct here global atmospheric budgets of glyoxal
and methylglyoxal and infer the resulting SOA source.
[3] The standard approach used in global models to

describe SOA production involves reversible gas-aerosol
partitioning of the semivolatile oxidation products of VOC
precursors [Pankow, 1994a, 1994b; Odum et al., 1996].
Current models include as VOC precursors isoprene, ter-
penes, and aromatic compounds [Chung and Seinfeld, 2002;
Henze and Seinfeld, 2006; Liao et al., 2007; Henze et al.,
2008]. Recent measurements have shown that these models
underestimate SOA, particularly in the remote atmosphere
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[Heald et al., 2005; Volkamer et al., 2006; Kleinman et al.,
2007], and do not reproduce the observed variability of SOA
concentrations [Heald et al., 2006b]. On the basis of con-
straints on the global deposition of organic carbon,Goldstein
and Galbally [2007] estimate that over 175 Tg C a�1 is
deposited to Earth’s surface as SOA, an order of magnitude
greater than currently predicted from the standard approach.
[4] Recent work has identified the potential importance of

glyoxal and methylglyoxal for SOA formation by a different
pathway. Both dicarbonyls are produced with high yield
from the oxidation of a number of biogenic and anthropo-
genic VOCs. They have short lifetimes (�2 h in daytime)
against photolysis and oxidation by OH, but can also be
taken up by aqueous aerosols and cloud droplets on account
of their high water solubility [Betterton and Hoffmann,
1988; Zhou and Mopper, 1990a]. Chamber experiments
by Schweitzer et al. [1998] and Liggio et al. [2005a,
2005b] showed irreversible first-order uptake of glyoxal
by aqueous particles with a reactive uptake coefficient
g � 10�3. A similar g was measured for methylglyoxal in
acidic solutions [Zhao et al., 2006]. Volkamer et al. [2007]
found that measured gas-phase glyoxal concentrations in
Mexico City are significantly below gas-phase model pre-
dictions, and that the difference can be resolved by invoking
a SOA sink for glyoxal. On the other hand, chamber studies
by Kroll et al. [2005] found uptake of glyoxal by aerosols to
be reversible, with no significant SOA production. They also
found no significant uptake of methylglyoxal by aerosols.
An aqueous-phase SOA source from glyoxal and methyl-
glyoxal would be consistent with field observations linking
SOA mass with aqueous-phase processes [Crahan et al.,
2004; Yu et al., 2005; Zhang et al., 2005; Sorooshian et al.,
2006; Yuan et al., 2006; Lanz et al., 2007].
[5] Three aqueous-phase chemical processes could lead

to irreversible uptake of glyoxal and methylglyoxal by
aqueous aerosols and cloud droplets. The first involves
oxidation to form nonvolatile organic acids such as glyox-
ylic, pyruvic, and oxalic acids [Crahan et al., 2004; Ervens
et al., 2004; Lim et al., 2005; Warneck, 2005; Carlton et al.,
2006; Sorooshian et al., 2006, 2007; Carlton et al., 2006,
2007]. The second involves oligomerization of the dicar-
bonyls [Schweitzer et al., 1998; Kalberer et al., 2004;
Liggio et al., 2005a, 2005b; Hastings et al., 2005; Zhao
et al., 2006; Loeffler et al., 2006]. Barsanti and Pankow
[2005] showed that SOA formation by oligomerization and
aldol condensation is thermodynamically favorable for both
glyoxal and methylglyoxal at atmospheric concentrations.
The third involves aqueous-phase oxidation of the dicar-
bonyls to organic acids which then oligomerize [Altieri et
al., 2006, 2008]. These three processes have the potential to
account for the high oligomer and organic acid concen-
trations detected in ambient aerosols [Kalberer et al., 2004;
Lim et al., 2005; Warneck, 2005; Sorooshian et al., 2006;
Carlton et al., 2007; Denkenberger et al., 2007].
[6] We present here a detailed analysis of the global

budgets of atmospheric glyoxal and methylglyoxal with the
goal of quantifying their potential contribution to SOA
formation. We construct a global simulation for both dicar-
bonyls based on current knowledge of their precursors and
chemistry, and compare model results to the few available
observations. We then examine the consequences of irrevers-
ible uptake by aqueous aerosols and clouds, drawing from the

work of Liggio et al. [2005b], to determine the resulting SOA
source in aqueous particles and cloud droplets.

2. Model Framework

[7] We use the GEOS-Chem global 3-D chemical transport
model (version 7.3.6; http://www-as.harvard.edu/chemistry/
trop/geos/) to simulate the global distributions of glyoxal and
methylglyoxal from June 2005 to November 2006. The first
six months initialize the model. Results fromDecember 2005
to November 2006 are analyzed. The model is driven by
assimilated meteorological data from the Goddard Earth
Observing System (GEOS-4) of the NASA Global Modeling
Assimilation Office [Bey et al., 2001]. The meteorological
data are available with a temporal resolution of 6h (3 h for
surface variables and mixing depths), a horizontal resolution
of 1� latitude � 1.25� longitude, and 55 vertical levels
extending up to 0.01 hPa. For driving GEOS-Chem simu-
lations, we regrid here the horizontal resolution to 4� latitude
� 5� longitude.
[8] We use the Master Chemistry Mechanism version 3.1

(MCMv3.1) [Saunders et al., 2003; Bloss et al., 2005] as
principal guide for the VOC chemistry leading to glyoxal and
methylglyoxal formation. Primary VOC precursors include
isoalkanes, alkenes, acetylene, aromatics, isoprene, mono-
terpenes, acetone, methylbutenol (2-methyl-3-buten-2-ol),
glycolaldehyde, and hydroxyacetone. The latter two are
secondary products of VOC oxidation but are also emitted
directly by biofuel use and open biomass burning. Glyoxal
and methylglyoxal are themselves also emitted directly
from these two sources [McDonald et al., 2000; Hays et
al., 2002]. Primary anthropogenic emissions of glyoxal and
methylglyoxal are small [Environmental Protection Agency,
2004; Volkamer et al., 2005b] and are not considered here.
Table 1 summarizes the global emissions of the dicarbonyl
precursors used in this study and details are given in
section 3.
[9] GEOS-Chem includes a detailed O3-NOx-VOC-aero-

sol chemical mechanism [Horowitz et al., 1998; Bey et al.,
2001; Martin et al., 2003; Park et al., 2006]. Hydro-
carbons in the standard GEOS-Chem model include meth-
ane, ethane, propane, >C3 alkanes (as lumped n-butane),
>C2 alkenes (as lumped propene), isoprene, and mono-
terpenes (as formaldehyde precursors). Fu et al. [2007]
added to the model the chemistry of ethylene and xylenes.
For this work, we further updated the photochemical mech-
anisms of isoprene, propene, acetylene, glyoxal, methyl-
glyoxal, glycolaldehyde, and hydroxyacetone based on
MCMv3.1 and Jet Propulsion Laboratory (JPL) [2006].
The quantum yield for acetone photolysis is updated to be
dependent on both temperature and pressure, based onBlitz et
al. [2004]. We also added parameterized dicarbonyl produc-
tion from benzene, toluene, xylenes, monoterpenes, and
methylbutenol. These updates and additions will be de-
scribed in sections 3 and 4.
[10] Current understanding of VOC atmospheric chemis-

try is mainly based on the ‘‘high-NOx’’ regime where
organic peroxy radicals (RO2) react with NO to produce
oxy radicals (RO) and eventually carbonyls [Atkinson,
2000]. Under low-NOx conditions, the RO2 radicals react
instead mostly with HO2 to form organic hydroperoxides
(ROOH). Standard mechanisms such as MCMv3.1 (as used
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in GEOS-Chem) assume that the ROOH compounds react
with OH by abstraction at the hydroperoxy group or
photolyze at the peroxy bond on a timescale of the order
of a day, returning RO2 and RO and eventually yielding the
same carbonyl products as in the high-NOx regime but with
delay. There is some support for this assumption from field
observations [Thornton et al., 2002; Palmer et al., 2003].
The upshot is that the ultimate dicarbonyl yield from VOC
oxidation in GEOS-Chem depends little on NOx levels
(there is some minor dependence from RO2 permutation
reactions under low-NOx conditions). The two exceptions
are acetone and propene for which the RO2 + HO2 reactions
in MCMv3.1 produce hydroxyacetone and methylglyoxal in
addition to hydroperoxides.
[11] We describe in section 4 the inclusion in GEOS-

Chem of SOA production from irreversible uptake of
dicarbonyls. In addition, GEOS-Chem includes SOA for-
mation by the standard approach involving reversible par-
titioning of semivolatile oxidation products from terpenes,
terpenoid alcohols, sesquiterpenes, and isoprene, based on
the algorithm by Chung and Seinfeld [2002] [Tsigaridis and
Kanakidou, 2003, 2007; Heald et al., 2005; Henze and

Seinfeld, 2006; Liao et al., 2007]. We allow the reversible
gas-particle partitioning to occur in both organic and aque-
ous particles to provide an upper limit for this process [Park
et al., 2006]. Henze et al. [2008] recently added to GEOS-
Chem the SOA formation from reversible partitioning of
aromatic oxidation products, but found that it makes only a
small contribution on the global scale and we do not include
it in the current study. Although it is not clear that SOA
formation by the reversible and irreversible pathways can be
viewed as additive (we will return to that point in section 6),
inclusion of the two pathways in GEOS-Chem allows
comparison of their respective magnitudes.
[12] Dry deposition of aerosols and gases in GEOS-Chem

uses a standard resistance-in-series model dependent on
species properties, local surface type, and meteorological
information [Wesely, 1989], and is implemented as de-
scribed by Wang et al. [1998]. The wet deposition mecha-
nism for aerosols in GEOS-Chem is described by Liu et al.
[2001], and is extended to water-soluble gases according to
their effective Henry’s Law coefficient for warm clouds,
their retention efficiency upon freezing for mixed clouds,
and surface coating or cocondensation with water ice for

Table 1. Global Sources of Glyoxal, Methylglyoxal, and Their Atmospheric Precursorsa

Precursor

Emissions, Tg a�1 Glyoxal Production
Methylglyoxal
Production

Anthropogenicb
Biofuel
Usec

Biomass
Burningd Biogenic Total

Molar
yielde, %

Production,
Tg a�1

Molar
yielde, %

Production,
Tg a�1

Isoprene � � � 410f 410 6.2 21 25 110
Acetone (primary) 1.1 0.40 3.0 53g 57 � � 14 10
Acetylene 1.7h 3.1h 1.5h � 6.3 64 8.9 � �
Glyoxal (primary) � 2.4i 5.2i � 7.7 100 7.7 � �
Methylglyoxal (primary) � 1.6i 3.4i � 5.0 � � 100 5.0
>C2 alkenes

j 8.3 7.3 3.6 12k 31 � � 7.7 4.1
Hydroxyacetone (primary) � 1.5l 3.3l � 4.9 � � 75 3.6
Ethylene 2.6 2.8 6.0 9.6m 21 5.7 2.5 � �
Monoterpenes � � � 160n 160 2.8 1.8 4.2 3.5
Propane 13 1.1 2.1 � 16 � � 11 2.7
>C3 alkanes

o 24 0.91 0.91 � 26 � � 3.2 1.0
Benzene 1.4 2.0 1.5 � 4.8 25 0.90 � �
Toluene 4.6 1.2 0.93 � 6.7 16 0.68 12 0.65
Xylenes 3.8 0.55 0.28 � 4.7 16 0.39 23 0.73
Glycolaldehyde (primary) � 1.4 4.3 � 5.6 9.9 0.54 � �
Methylbutenol � � � 9.6 9.6 5.4 0.34 6.2 0.5
Total source 45 140

aFrom the GEOS-Chem global model simulation described in the text.
bNot including biofuel and biomass burning, which are accounted for in separate columns. Unless otherwise noted, anthropogenic emissions are based on

the EDGARv2.0 inventory with 1� � 1� horizontal resolution for year 1990 [Olivier et al., 1996, 1999], and are then scaled to year 2000 using national CO2

emissions from liquid fuel use following Bey et al. [2001].
cBiofuel emissions are based on a global CO emission inventory of 180 Tg y �1 with 1� � 1� horizontal resolution from Yevich and Logan [2003]. Unless

otherwise noted, emission ratios relative to CO are taken from Andreae and Merlet [2001] and M. O. Andreae [personal communication, 2006].
dBiomass burning emissions are based on a global CO emission inventory of 400 Tg a�1 with 1� � 1� horizontal resolution and monthly temporal

resolution from the Global Fire Emissions Database version2 (GFEDv2) [van der Werf et al., 2006]. Unless otherwise noted, emission ratios are taken from
Andreae and Merlet [2001] and M. O. Andreae [personal communication, 2006].

eGlobal annual mean molar yield as calculated by GEOS-Chem.
fFrom the MEGAN inventory [Guenther et al., 2006].
gIncluding 29 Tg a�1 from terrestrial vegetation and 24 Tg a�1 from photochemical decomposition of dissolved organic matter in the ocean [Jacob et al.,

2002].
hAnthropogenic emission and biofuel and biomass burning emission ratios from Xiao et al. [2007].
iEmission ratios from Hays et al. [2002].
j>C2 alkenes are represented in GEOS-Chem as a single lumped species with the reactivity of propene.
kFrom Wang et al. [1998].
lEmission ratio from Christian et al. [2003].
mFrom Wang et al. [1998]. Marine emission of ethylene, estimated to be 1.4 Tg a�1 [Plass-Dülmer et al., 1995], is not included.
nFrom the GEIA inventory [Guenther et al., 1995; Wang et al., 1998].
o>C3 alkanes are represented in GEOS-Chem as a single lumped species with the reactivity of n-butane.
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cold clouds [Mari et al., 2000]. Specifics for deposition of
glyoxal and methylglyoxal will be presented in section 4.

3. Sources of Glyoxal and Methylglyoxal

[13] Table 1 summarizes the emissions of the primary
precursors of glyoxal and methylglyoxal used in this study,
their dicarbonyl yields as calculated by the model (separat-
ing the contribution from each precursor), and the resulting
contributions to the global dicarbonyl budgets. We elaborate
below on each of these sources.

3.1. Isoprene Oxidation

[14] Isoprene is the most important precursor for both
dicarbonyls, contributing 47% of glyoxal and 79% of
methylglyoxal globally. Our detailed isoprene oxidation
mechanism in GEOS-Chem is adapted from MCMv3.1
and is illustrated in Figure 1. Oxidation by NO3 produces
both dicarbonyls with high yields but accounts for only a
small fraction of isoprene loss. Oxidation by OH yields
glyoxal and methylglyoxal as second-generation products
and also as third-generation products via the intermediates
glycolaldehyde (HOCH2CHO) and hydroxyacetone
(HOCH2C(O)CH3). In the presence of NO, glyoxal and
methylglyoxal are produced in a matter of hours following
isoprene oxidation. Under low NOx conditions, the dicar-
bonyl production can be delayed for days due to formation
of ROOH reservoirs. The global mean molar yields of

glyoxal from isoprene are 4.6% as a second generation
product and 1.6% as a third generation product. The mean
molar yields of methylglyoxal from isoprene are 13% as a
second generation product and 11% as a third generation
product. Global biogenic isoprene emission estimated by
MEGAN [Guenther et al., 2006] is 410 Tg a�1, producing
21 Tg a�1 glyoxal and 110 Tg a�1 methylglyoxal.
[15] We elaborate further on the dicarbonyl production

from glycolaldehyde and hydroxyacetone, as these com-
pounds are produced from the oxidation of a number of
VOCs discussed below and are also directly emitted from
biomass burning (Table 1). Both are removed by photolysis
and oxidation by OH, the latter process producing glyoxal
and methylglyoxal [Orlando et al., 1999; Bacher et al.,
2001; Magneron et al., 2005; JPL, 2006]:

HOCH2CHOþ OH ! 0:2 CHOCHOþ 0:2 HO2

þ 0:80 HOCH2CðOÞOO	 ð1Þ

HOCH2CðOÞCH3 þ OH ! CH3CðOÞCHOþ HO2 þ H2O ð2Þ

A recent laboratory study found that the molar yield of
methylglyoxal from hydroxyacetone oxidation in reaction (2)
is temperature-dependent and decreases from 82% at 298K
to 49% at 236K [Butkovskaya et al., 2006]. Here we assume
this yield to be unity following MCMv3.1. Rate constants
for OH oxidation are 1.1 � 10�11 cm3 molecule�1 s�1

Figure 1. Glyoxal and methylglyoxal production from the oxidation of isoprene by OH and NO3. The
molar yields, shown in percentages, are calculated using the chemical mechanism in GEOS-Chem based
on MCMv3.1 [Saunders et al., 2003; Bloss et al., 2005]. The diagram assumes that organic peroxy
radicals (RO2) react with NO only; as discussed in the text, reaction with HO2 to form peroxides does not
change the ultimate product yields. The branching ratios for carbonyl decomposition are computed
assuming [O3] = 40 ppb, [OH] = 4 � 106 molecules cm�3, and July mean surface photolysis rates at 45�N
latitude at noon.
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for glycolaldehyde [Bacher et al., 2001] and 3 � 10�12

cm3 molecule�1 s�1 for hydroxyacetone [Orlando et al.,
1999]. Glycolaldehyde is also oxidized by NO3 with a rate
constant of 1.44 � 10�12 exp(�1862/T) [MCMv3.1], not
producing glyoxal. Photolysis frequencies for glycolade-
hyde and hydroxyacetone are calculated using absorption
cross sections and quantum yield data from JPL [2006].
Glycolaldehyde is sufficiently water-soluble to be removed
by dry and wet deposition, with an effective Henry’s Law
constant H* = 4.1 � 104 exp [4.6 � 103 (1/T – 1/298)]
M atm�1 accounting for hydrolysis [Betterton and
Hoffmann, 1988]. On a global scale, the molar yield of
glyoxal from glycolaldehyde is 9.9% and the molar yield
of methylglyoxal from hydroxyacetone is 75%.

3.2. Other Sources

[16] Acetone is the second largest source of methyl-
glyoxal and has a long atmospheric lifetime (22 d against
OH oxidation and photolysis in GEOS-Chem), enabling
SOA production in the free troposphere. Primary sources of
acetone are mainly biogenic, including terrestrial vegetation
and dissolved organic matter in the ocean [Jacob et al.,
2002]. In addition, acetone is produced in the atmosphere
by OH oxidation of monoterpenes, methylbutenol, and
isoalkanes; these secondary sources will be discussed be-
low. Acetone oxidation by OH in MCMv3.1 produces
methylglyoxal and hydroxyacetone when NOx is low, as a
result of the RO2 radicals reacting with HO2 or with other
RO2 radicals. Annual methylglyoxal production from pri-
mary acetone is 10 Tg a�1, contributing 7% of the global
total methylglyoxal source.
[17] Several monoterpenes includinga-pinene,D3-carene,

geraniol, and citral produce glyoxal and methylglyoxal when
oxidized by ozone [Yu et al., 1998; Fick et al., 2003, 2004;
Nunes et al., 2005]. Measured molar yields for a-pinene
ozonolysis range from 4% to 9% for glyoxal and 1% to 11%
for methylglyoxal and appear to be sensitive to temperature
and relative humidity [Fick et al., 2003, 2004]. We assume an
instantaneous and constant molar yield of 5% for both
dicarbonyls from all monoterpenes when oxidized by O3.
In addition, monoterpene oxidation by both OH and O3

produces 6.9 Tg a�1 acetone [Jacob et al., 2002], which
further oxidizes to produce methylglyoxal. Global emission
of monoterpenes is 160 Tg a�1 in the GEIA inventory
[Guenther et al., 1995]. The mean overall molar yield of
glyoxal from oxidation of monoterpenes is 2.8%, producing
1.8 Tg a�1 glyoxal. The corresponding mean molar yield of
methylglyoxal is 4.2%, producing 3.5 Tg a�1 methylglyoxal.
[18] Methylbutenol (MBO), emitted by North American

pine trees, is oxidized by OH with a global mean lifetime
of 7.1 h to produce glycolaldehyde and from there glyoxal.
The reported molar yields of glycolaldehyde from MBO
under high-NOx conditions range from 50% to 78%
[Atkinson and Arey, 2003;Carrasco et al., 2007]. We assume
a constant molar yield of 63% following MCMv3.1. In
addition, MBO oxidation produces 2.5 Tg a�1 acetone
[Jacob et al., 2002], which can then produce methylglyoxal
as described above. Global MBO emission is 9.6 Tg a�1 in
the GEIA inventory, all fromNorth America [Guenther et al.,
1995], producing 0.35 Tg a�1 glyoxal and 0.5 Tg a�1

methylglyoxal.

[19] C3–C5 isoalkanes (propane, isobutane, isopentane)
are mostly anthropogenic and are oxidized in the atmo-
sphere by OH to produce methylglyoxal by way of acetone
[Jacob et al., 2002]. Propane produces acetone with 75%
yield. Global propane emission is 16 Tg a�1, which pro-
duces 2.7 Tg a�1 methylglyoxal. Higher isoalkanes con-
tribute an additional 1.0 Tg a�1 methylglyoxal.
[20] Ethylene and higher alkenes are emitted by vegeta-

tion and human activities. Ethylene (C2H4) is mainly
oxidized by OH with a mean lifetime of 1.7 d and produces
glycolaldehyde, precursor to glyoxal. GEOS-Chem includes
detailed ethylene photochemistry based on MCMv3.1 [Fu et
al., 2007]. The yield of glycolaldehyde is determined by the
branching of HOC2H4O. radical decomposition, which
depends on temperature and pressure [IUPAC, 2006]. As a
result, the yield of glycolaldehyde from ethylene ranges
from approximately 30% at the surface to near 100% in the
upper troposphere. The global average molar yield of
glyoxal from ethylene is 5.7%, producing 2.5 Tg a�1

glyoxal.
[21] The only higher (>C2) alkene that produces signifi-

cant amounts of dicarbonyls according to MCMv3.1 is
propene, which is oxidized by OH to form b-hydroxyalkyl
peroxy radicals. Under low NOx conditions, these radicals
can react with HO2 or other RO2 radicals to form hydrox-
yacetone. The oxidation of isoalkenes by OH produces
acetone but is a negligibly small source [Jacob et al.,
2002]. GEOS-Chem represents all higher alkenes as one
single lumped species with the reactivity of propene. We
scale the hydroxyacetone yield from propene in our chem-
ical mechanism by assuming the molar ratio of propene to
higher alkenes to be 1.5, based on the emission ratios from
EDGARv2.0 and Goldstein et al. [1996]. The resulting
global average yield of methylglyoxal from higher alkenes
is 7.7%, producing methylglyoxal at a rate of 4.1 Tg a�1.
[22] Acetylene (C2H2) is the second largest source of

glyoxal and the most important anthropogenic precursor
[Xiao et al., 2007]. It is emitted by combustion and has a
global mean lifetime of 18 d against oxidation by OH. The
measured molar yield of glyoxal from acetylene is 70%
±30% [Bohn and Zetzsch, 1998]; we assume a yield of 63%
following MCMv3.1. The resulting glyoxal production is
8.9 Tg a�1, which is 20% of the total glyoxal source.
Because of its long lifetime, acetylene provides a free
tropospheric source of glyoxal and hence of SOA.
[23] Aromatics are mainly emitted by combustion and

solvent use. Chamber studies show that they produce
glyoxal and methylglyoxal during the first stage of OH
oxidation as a result of ring-cleavage [Volkamer et al.,
2001]. We averaged the measured dicarbonyl molar yields
reported in literature: 0.25 ± 0.086 glyoxal for benzene,
0.16 ± 0.10 glyoxal and 0.12 ± 0.05 methylglyoxal for
toluene, and 0.16 ± 0.12 glyoxal and 0.23 ± 0.11 methyl-
glyoxal for xylene [Tuazon et al., 1986; Atkinson, 1990; Yu
et al., 1997; Bethel et al., 2000; Volkamer et al., 2001;
Atkinson and Avery, 2003; Zhao et al., 2005; Berndt and
Böge, 2006]. Benzene and toluene, with lifetimes exceeding
days, enhance the dicarbonyl concentrations in the outflow
of anthropogenic emission regions.
[24] Direct biofuel and biomass burning emissions of

glyoxal, methylglyoxal, and their intermediate precursors
glycolaldehyde and hydroxyacetone have been reported in
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several studies [McDonald et al., 2000; Hays et al., 2002;
Christian et al., 2003; Greenberg et al., 2006]. We use
emission ratios relative to CO from the literature (Table 1).
The corresponding dicarbonyl sources from the direct
emissions of glycolaldehyde and hydroxyacetone are rela-
tively small, but the direct emissions of glyoxal and
methylglyoxal represent a significant contribution to their
global budgets (Table 1).
[25] In addition to gas phase production, hydrates of

glyoxal and methylglyoxal may also be produced in the
aqueous phase. Model studies by Lim et al. [2005] and
Warneck [2005] suggest that aqueous-phase oxidation of
glycolaldehyde hydrates and other hydroxy and hydroper-
oxy aldehydes can be major sources of glyoxal hydrate and
methylglyoxal hydrate in cloud water. However, since we
assume that the uptake of dicarbonyls in the aqueous phase
is irreversible, this aqueous production does not contribute
to the gas-phase dicarbonyl budgets and we neglect it here.
It could however serve as an additional SOA formation
pathway [Lim et al., 2005].
[26] Table 1 summarizes our global budgets for glyoxal

and methylglyoxal. The global source of glyoxal is 45 Tg
a�1, including 55% from biogenic precursors, 20% from
open biomass burning, 17% from biofuel use, and 8% from
other anthropogenic emissions. The global source of meth-
ylglyoxal is 140 Tg a�1, including 87% from biogenic
precursors, 5% from open biomass burning, 3% from
biofuel use, and 5% from other anthropogenic emissions.
In terms of their potential as SOA sources in the free
troposphere, 23% of glyoxal and 15% of methylglyoxal
are produced by precursors with lifetimes longer than two
days, and these precursors are principally anthropogenic for
glyoxal and biogenic for methylglyoxal. There is significant
uncertainty attached to all the terms in Table 1, as is
apparent from the discussion above. The most important
uncertainty is likely the global emission of isoprene, as
current estimates range from 280 to 850 Tg a�1 [Wiedinmyer
et al., 2004], resulting in a global source uncertainty of
roughly 50% for both dicarbonyls. On the basis of a larger
global isoprene emission of 500 Tg a�1, Myriokefalitakis
et al. [2008] estimated 56 Tg a�1 production of glyoxal, in
proportional agreement with our analysis.

4. Sinks of Glyoxal and Methylglyoxal

[27] Glyoxal and methylglyoxal are removed from the
atmosphere by photolysis, oxidation, dry and wet deposi-
tion, and irreversible uptake by aerosols and cloud droplets.
Table 2 gives the global burdens of the dicarbonyls in
GEOS-Chem and the strengths of each sink. We calculate
photolysis frequencies with the Fast-J algorithm [Wild et al.,
2000] and absorption cross-sections and quantum yields
from JPL [2006]. Glyoxal has an absorption band at 220–
350 nm and a stronger and highly structured band above
360 nm with a maximum at 455 nm. Tadić et al. [2006]
found the quantum yield to be independent of pressure
between 275 and 380 nm, but it shows a Stern-Volmer
dependence, i.e., inversely proportional to pressure, be-
tween 390 and 470 nm. JPL [2006] reported quantum
yields up to 445 nm only with no recommendation for
pressure dependence. We assume a constant quantum yield
of 0.021 above 445 nm, resulting in an effective quantum

yield of 0.035 averaged over the solar spectrum at sea level
that matches the measured values of 0.029–0.035 for that
quantity [Plum et al., 1983; Volkamer et al., 2005a; Tadić et
al., 2006]. The 220–350 nm absorption band is responsible
globally for 40% of the photolysis and the band above 360
nm for 60%. Our calculated glyoxal lifetime for clear-sky
conditions at noon in Mexico City in April is 1.5 h, in good
agreement with the 1.3 h measured by Volkamer et al.
[2005b]. The global glyoxal lifetime against photolysis is
4.9 h.
[28] Methylglyoxal also has two relevant absorption

bands: a continuum band between 225 and 335 nm and a
slightly stronger and more structured band between 335 and
475 nm [JPL, 2006]. The quantum yield is unity and
independent of pressure between 290 and 370 nm, but it
shows a Stern-Volmer dependence above 380 nm [JPL,
2006]. The quantum yield of methylglyoxal above 440 nm
has not been reported. We assume it here to be zero since
our resulting effective quantum yield of 0.14 agrees with the
measured value of 0.107 ± 0.030 by Plum et al. [1983].
Each of the two absorption bands is responsible for roughly
half of the photolysis. The global methylglyoxal lifetime
against photolysis is 2.2 h.
[29] The only significant tropospheric oxidants of

glyoxal and methylglyoxal in the gas phase are thought
to be OH and NO3 [MCMv3.1]. The rate constants for
oxidation of glyoxal by OH and NO3 are 1.15 � 10�11

molecules cm�3 s�1 [JPL, 2006] and 1.44 � 10�12

exp(�1862/T) molecules cm�3 s�1 (MCMv3.1), respec-
tively. The rate constants for oxidation of methylglyoxal
by OH and NO3 are 1.5 � 10�11 [IUPAC, 2006] and
3.46 � 10�12 exp(�1862/T) [MCMv3.1], respectively. For
both dicarbonyls, OH accounts for 99% of the gas phase
oxidation; the resulting oxidation lifetimes are 20 h for
glyoxal and 15 h for methylglyoxal.
[30] Glyoxal and methylglyoxal are removed by dry and

wet deposition on account of their high water solubility
including hydrolysis, characterized by the effective Henry’s
Law constant (H*). For glyoxal we use H*298K = 3.6 � 105

M atm�1 [Zhou and Mopper, 1990b] and assume the
temperature dependence of formaldehyde H* = H*298K
exp[7.2 � 103 � (1/T-1/298)] following Schweitzer et al.
[1998]. For methylglyoxal, we use H*298K = 3.7 � 103 M
atm�1 and H* = H*298K exp[7.5 � 103 � (1/T-1/298)] as
measured by Betterton and Hoffmann [1988]. We assume

Table 2. Global Atmospheric Burdens and Sinks of Glyoxal and

Methylglyoxala

Glyoxal Methylglyoxal

Burden, Gg 15 25
Lifetime, h 2.9 1.6
Sinks, Tg a�1

Photolysis 28 100
Oxidation by OHb 6.5 15
Secondary organic aerosol formationc 6.4d 16e

Dry deposition 2.2 1.7
Wet deposition 1.9 1.8
Total 45 140
aGlobal annual mean values from the GEOS-Chem simulation.
bOxidation by NO3 is negligibly small (<0.1 Tg a�1).
cFrom uptake by aqueous particles and cloud droplets followed by

oxidation and/or oligomerization.
dIncludes 5.5 Tg a�1 in clouds and 0.95 Tg a�1 in aqueous aerosols.
eIncludes 14 Tg a�1 in clouds and 1.4 Tg a�1 in aqueous aerosols.
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