
Revisiting the global budget of atmospheric glyoxal: updates on
terrestrial and marine precursor emissions, chemistry, and impacts
on atmospheric oxidation capacity
Aoxing Zhang1,2, Tzung-May Fu1,2,3, Yuhang Wang4, Enyu Xiong1,2,5, Wenlu Wu1,2,6, Yumin Li7,
Lei Zhu1,2, Wei Tao1,2, Kelley C. Wells8, Dylan B. Millet8, Zhe Wang9, Bin Yuan10, Min Shao10,
Christophe Lerot11,12, Thomas Danckaert11, Ruixiong Zhang13, and Kelvin H. Bates14

1State Key Laboratory of Soil Pollution Control and Safety, Shenzhen Key Laboratory of Precision Measurement and Early
Warning Technology for Urban Environmental Health Risks, School of Environmental Science and Engineering, Southern
University of Science and Technology, Shenzhen, Guangdong 518055, China
2Guangdong Provincial Field Observation and Research Station for Coastal Atmosphere and Climate of the Greater Bay
Area, Southern University of Science and Technology, Shenzhen, Guangdong 518055, China
3National Center for Applied Mathematics Shenzhen, Shenzhen, Guangdong 518055, China
4School of Earth and Atmospheric Sciences, Georgia Institute of Technology, Atlanta, GA, 30342, USA
5Department of Civil and Environmental Engineering, The Hong Kong Polytechnic University, SAR, Hong Kong, 999077,
China
6Institute for Climate and Atmospheric Science, School of Earth and Environment, University of Leeds, Leeds LS2 9JT, U.K.
7Institute for Atmospheric and Climate Science, ETH Zurich, Zurich 8092, Switzerland
8Department of Soil, Water, and Climate, University of Minnesota, St Paul, MN 55108, USA
9Division of Environment and Sustainability, The Hong Kong University of Science and Technology, Hong Kong SAR, China
10Institute for Environmental and Climate Research, Jinan University, Guangzhou, Guangdong 511443, China
11Royal Belgian Institute for Space Aeronomy (BIRA-IASB), Brussels 1180, Belgium
12now at constellr S.A., Liège 4031, Belgium
13Atlassian US Inc., San Francisco, CA 94104, USA
14Department of Mechanical Engineering, University of Colorado Boulder, Boulder, CO 80309, USA

Correspondence: Tzung-May Fu (fuzm@sustech.edu.cn) and Yuhang Wang (yuhang.wang@eas.gatech.edu)

Abstract. Glyoxal (CHOCHO), the smallest dicarbonyl, plays critical yet incompletely understood roles in tropospheric chem-

istry. Current models substantially underestimate glyoxal abundance over both land and ocean, indicating knowledge gaps in

our understanding of its sources and sinks. Here, we present an improved global simulation of atmospheric glyoxal using the

GEOS-Chem model, advanced by recent theoretical, experimental, and observational insights on precursor emissions, chemi-

cal pathways, and heterogeneous losses. By applying top-down-constrained biogenic emissions, revising glyoxal yields from5

isoprene, monoterpenes, and glycolaldehyde oxidation, and enhancing biomass burning emissions, we estimated a global atmo-

spheric glyoxal source of 44 Tg yr-1 and a global burden of 15 Gg, substantially reducing the normalized mean bias (NMB) of

simulated glyoxal abundance by more than 20% against in situ and TROPOMI satellite observations over land. The improved

representation increases global mean surface ozone by 1.3 ppb (4.8%) and SOA formation by 5.0 Tg yr-1 (3.8%), indicating

stronger atmospheric oxidation capacity. Further inclusion of a hypothetical secondary marine glyoxal source increased the10

global glyoxal source to 110 Tg yr-1 and the global burden to 39 Gg, substantially improving agreement with in-situ (NMB

from -92% to 12%) and satellite observations (NMB from -88% to -6%) over the ocean. This enhanced glyoxal source in-
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creased surface HO2 concentrations and OH reactivity over tropical oceans by 6.8% and 2.3%. Our work reconciles major

model-measurement discrepancies for atmospheric glyoxal, enhancing its utility as a volatile organic compound (VOC) proxy

and underscoring the need for accurate representation of glyoxal sources and chemistry in atmospheric models.15

1 Introduction

Glyoxal (CHOCHO), the smallest dicarbonyl, is produced from the photo-oxidation of non-methane volatile organic com-

pounds (NMVOCs), and plays critical and multifaceted roles in tropospheric chemistry (Fu et al., 2008; Myriokefalitakis

et al., 2008; Seakins and Blitz, 2011). Glyoxal photolyzes to produce HO2 radicals (Atkinson et al., 2006), thereby propagat-

ing atmospheric oxidation and ozone production (Edwards et al., 2014). Glyoxal can also heterogeneously react on surfaces20

of aqueous aerosols and cloud droplets to become part of secondary organic aerosol (SOA) (Liggio et al., 2005; Fu et al.,

2008, 2009, 2012). Once in the aqueous phase, glyoxal may react with ammonium, amines, and amino acids to form light-

absorbing organic nitrogenous molecules, which radiatively affect climate (Shapiro et al., 2009; De Haan et al., 2020; Li et al.,

2023, 2025). In addition, satellite observations of tropospheric glyoxal column concentrations serve as a proxy for NMVOC

emissions, offering species-differentiating information when analyzed in combination with formaldehyde—another widely25

used proxy (Stavrakou et al., 2009; DiGangi et al., 2012; Kaiser et al., 2015; Cao et al., 2018).

Despite its importance, the global budget of atmospheric glyoxal remains poorly understood, limiting its utility as a quan-

titative tracer for NMVOC emissions and hindering assessments of its chemical and climatic impacts. Early model studies by

Fu et al. (2008) and Myriokefalitakis et al. (2008) estimated global atmospheric glyoxal sources of 45 to 56 Tg yr-1, with 53%

to 70% produced from the oxidation of terrestrial biogenic NMVOCs, predominantly isoprene. A more recent work by Müller30

et al. (2019) estimated a 47 Tg yr-1 global glyoxal source but with smaller contribution from isoprene and larger contribu-

tions from monoterpenes and anthropogenic NMVOCs. In contrast, top-down constraints using glyoxal observations from the

SCIAMACHY satellite instrument implied a much larger atmospheric glyoxal source of 107 Tg yr-1 from terrestrial NMVOC

emissions and photochemical production, with approximately 26% attributed to unidentified terrestrial biogenic precursors

(Stavrakou et al., 2009).35

Over the past decade, laboratory experiments and theoretical studies have advanced our understanding of the photochemistry

of key glyoxal precursors, such as isoprene (Wennberg et al., 2018), aromatics (Xu et al., 2020), and other hydrocarbons (Teng

et al., 2015; Kwon et al., 2021). However, discrepancies persist between modeled and observed glyoxal abundances and budgets

(Silva et al., 2018; Bates and Jacob, 2019; Ha et al., 2024). For example, the global mean glyoxal yield from isoprene oxidation

simulated with a recently developed chemical mechanism was 2% (Wennberg et al., 2018; Bates and Jacob, 2019), markedly40

below previous laboratory measurements and mechanistic calculations (Fu et al., 2008; Galloway et al., 2011; Li et al., 2016;

Chan Miller et al., 2017; Müller et al., 2019; Ha et al., 2024). These discrepancies highlight critical gaps in our understanding

of glyoxal’s formation pathways from NMVOC precursors.

Another major uncertainty in the global budget of glyoxal is the undetermined oceanic contribution. A number of observa-

tions detected elevated concentrations of glyoxal in sea water samples (1.4 to 4.8 nmol L-1) and in the marine boundary layer45
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(MBL) air (5.6 to 80 ppt) (Zhou and Mopper, 1990a, b; Seaman et al., 2006; Sinreich et al., 2010; Coburn et al., 2014; Mahajan

et al., 2014; Lawson et al., 2015; Mungall et al., 2017; Zhu and Kieber, 2019; Kluge et al., 2023), with tentative correlations

with the dissolved organic carbon (DOC) or chlorophyll-a contents of sea water (Zhu and Kieber, 2019). These correlations

suggested a biogenic source of glyoxal or its precursor in the MBL, although the mechanistic pathways have remained unclear

(Chiu et al., 2017). Early satellite retrievals also indicated glyoxal enhancements in the tropical MBL, but there were concerns50

that those glyoxal retrievals may be confounded by water absorption artifacts (Wittrock et al., 2006; Alvarado et al., 2014).

Recent satellite retrieval studies have mitigated water artifacts by incorporating temperature-dependent cross-sections and op-

timized spectral fitting windows, yet they still found glyoxal hotspots over biologically active tropical oceans (Alvarado et al.,

2014; Lerot et al., 2021a). In addition, aircraft observations found the enhanced glyoxal to be vertically well-mixed throughout

the MBL (Zhou et al., 2014; Volkamer et al., 2015; Zhu and Kieber, 2019). Collectively, these observations form a line of55

evidence for substantial glyoxal production in the MBL air from yet unidentified marine precursors. The photochemical impact

of this additional glyoxal production in the MBL have not been explored.

In this study, we developed an updated global atmospheric glyoxal simulation with the goal of better supporting atmospheric

chemistry research, as well as the use of glyoxal for inverting NMVOC emissions and for diagnosing photochemical regime.

We incorporated recent experimental, observational, and theoretical knowledge advancements in four aspects: (1) emissions of60

glyoxal and its precursors from terrestrial sources, (2) potential marine photochemical source of glyoxal, (3) updated production

pathways and yields of glyoxal from key precursors, and (4) mechanistic representations of heterogeneous uptake on cloud

droplets and aqueous aerosols. We evaluated the simulated atmospheric glyoxal abundances against global surface, aircraft, and

satellite observations. Finally, we assessed the impacts of the revised atmospheric glyoxal budget on tropospheric oxidation

capacity, ozone, and SOA formation globally.65

2 Methods

2.1 Global atmospheric glyoxal simulations using the GEOS-Chem model

We developed our new global atmospheric glyoxal simulations using the GEOS-Chem global 3D chemical transport model

v14.2.3 (https://geoschem.github.io/, last accessed: 18 November 2024) (Bey et al., 2001), superseding the obsolete glyoxal

simulation in GEOS-Chem v7.3.6 by Fu et al. (2008). The model was driven by NASA’s GEOS-FP assimilated meteorology70

(https://fluid.nccs.nasa.gov/weather/, last accessed: 30 July 2024, native resolution 0.3125◦ longitude× 0.25◦ latitude), regrid-

ded to 5◦ × 4◦ for efficient global simulations. GEOS-Chem vertically resolved 72 hybrid sigma pressure levels, with 8 layers

in the bottom 1 km to resolve near-surface processes.

We conducted four sensitivity simulations to assess the impacts of precursor emissions and chemistry on the global atmo-

spheric glyoxal budget:75

– GC-CTRL : Control simulation using the standard GEOS-Chem v14.2.3, including its default precursor emissions and

gas and aerosol chemistry (Section 2.2).
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– GC-TM-E : Simulation incorporating updated terrestrial emissions of glyoxal and its precursors (Sections 4.1 and 4.2)

and a hypothetical marine glyoxal source (Section 4.3), with standard GEOS-Chem chemistry.

– GC-T-EC : Simulation incorporating updated terrestrial precursor emissions and revised glyoxal chemistry (Section 5);80

no marine glyoxal source.

– GC-TM-EC : Same as the GC-T-EC simulation but with the addition of a hypothetical marine glyoxal source (Section

4.3).

All simulations were from January 2019 to June 2020, with the first six months used as model initialization. Results from July

2019 to June 2020 were analyzed.85

2.2 Sources and sinks of glyoxal in the standard GEOS-Chem v14.2.3

In the standard GEOS-Chem v14.2.3, glyoxal was represented as both directly emitted and produced from several primary

precursors, including isoprene, acetylene, ethylene, benzene, toluene, lumped xylenes and glycolaldehyde (HOCH2CHO, also

an oxidation product of NMVOCs). GEOS-Chem also simulated the photochemistry of monoterpenes (Fisher et al., 2016)

but did not represent their production of glyoxal. Global emissions of glyoxal and its precursors from anthropogenic, biomass90

burning, and biogenic sources are summarized in Table 1. Global monthly mean anthropogenic NMVOC emissions were from

the Community Emissions Data System (CEDS version 2) (McDuffie et al., 2020) for the year 2019, representing emissions

from power generation, industries, transportation, residential activities, agriculture, and biofuel use, with the exception that

glyoxal and glycolaldehyde are not included in biofuel emissions. To better capture regional characteristics, we superseded

CEDS data with the following regional emission inventories: the National Emissions Inventory for 2016 (NEI2016) over the95

continental United States (National Emissions Inventory Collaborative, 2019), the Multi-resolution emission inventory for

China (MEIC) for 2019 (Zheng et al., 2018, 2021), and the MIX inventory for the rest of East and South Asia for the year 2010

(Li et al., 2017). Monthly biomass burning emissions of NMVOCs were from the Global Fire Emissions Database version 4

with small fires (GFED4s) (Van Der Werf et al., 2017) for the years 2019 and 2020. Biomass burning emissions of glyoxal

and glycolaldehyde were estimated using GFED4s burned dry mass and fuel-specific emission factors from Akagi et al. (2011)100

and Carter et al. (2022). Biogenic emissions of NMVOCs were computed online using the MEGAN v2.1 algorithm (Guenther

et al., 2012).

The standard GEOS-Chem v14.2.3 included a HOx–NOx–VOCs–ozone–halogen–aerosol chemical mechanism (Park et al.,

2004; Bates and Jacob, 2019). In particular, oxidation of isoprene, the largest known precursor of global glyoxal, was repre-

sented by the Reduced Caltech Isoprene Mechanism (RCIM) (Bates and Jacob, 2019). The RCIM is a condensed version of105

the explicit mechanism developed by Wennberg et al. (2018), which incorporated mechanistic understanding from laboratory

and theoretical studies. RCIM described isoprene oxidation by OH, O3, and NO3, along with subsequent formation of major

peroxy radicals (RO2), ⩾ C4 carbonyls, and organic nitrates. However, Wennberg et al. (2018) and RCIM did not update the

formation of small fragmented products such as glyoxal and glycolaldehyde. Consequently, GEOS-Chem-simulated only 2%
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global glyoxal yield from isoprene oxidation using RCIM (Bates and Jacob, 2019), lower than previous global model estima-110

tions (Fu et al., 2008; Myriokefalitakis et al., 2008; Taraborrelli et al., 2009; Müller et al., 2019) and potentially contributing

to the model’s underestimation of glyoxal compared to global observations (Section 3.1). Bates and Jacob (2019) attributed

this low global glyoxal yield partially to loss of isoprene’s intermediate oxidation products to aerosol uptake or deposition.

Evaluating this glyoxal yield from isoprene was a central objective of our study (Section 5.1).

In GEOS-Chem, gaseous glyoxal was chemically removed via oxidation by OH (rate constant kOH = 9.9× 10−12 cm3115

molecules-1) and by NO3 (kNO3 = 1.5×10−15 cm3 molecules-1), photolysis, dry and wet deposition, and heterogeneous uptake.

Photolysis rates were calculated using the Fast-JX scheme (Bian and Prather, 2002), which incorporated the latest IUPAC-

recommended cross sections and quantum yields (https://iupac.aeris-data.fr) (Atkinson et al., 2006; IUPAC Subcommittee for

Gas Kinetic Data Evaluation, 2013). Dry and wet depositions of gases and aerosols were as parameterized in Wesely (1989)

and Amos et al. (2012). The Henry’s law constants for glyoxal (4.19× 105 M atm-1) and glycoaldehyde (4.14× 104 M atm-1)120

were from Ip et al. (2009) and Betterton and Hoffmann (1988), respectively. In addition, glyoxal can be heterogeneously and

irreversibly uptaken by cloud droplets and wet aerosols (Fu et al., 2008; Curry et al., 2018). The standard GEOS-Chem v14.2.3

used a daytime uptake coefficient γ = 4.4×10−3 and a nighttime uptake coefficient of 8.0×10−6, both applied only when the

ambient relative humidity (RH) was >35% (Marais et al., 2016).

2.3 DSMACC box model125

We used the Dynamically Simple Model of Atmospheric Chemical Complexity (DSMACC) box model (Emmerson and Evans,

2009; Stone et al., 2010) to evaluate glyoxal production from isoprene as represented in three mechanisms: (1) the RCIM as

implemented in GEOS-Chem v14.2.3, (2) the Master Chemical Mechanism (MCM) version 3.3.1 (Jenkin et al., 2015), and

(3) our updates to the RCIM (Section 5.1). Simulations were configured to represent a subtropical site during fall (Zou et al.,

2023). All non-isoprene gas-phase reactions and all photolysis were identical to those in the standard GEOS-Chem v14.2.3.130

Deposition and aerosol uptake processes were disabled. Additional details regarding the DSMACC simulations are given in

Text S1.

2.4 Satellite, aircraft, and surface observations of atmospheric glyoxal and isoprene

We used the tropospheric glyoxal column concentrations observed by the TROPOspheric Monitoring Instrument (TROPOMI)

during July 2019 to June 2020 to evaluate our global atmospheric glyoxal simulations and to infer a potential secondary135

glyoxal source in the MBL (Section 4.3). TROPOMI is onboard the Copernicus Sentinel-5 Precursor satellite, which flies in a

sun-synchronous orbit over-passing the Equator at 13:30 local time (Veefkind et al., 2012). Details of the TROPOMI glyoxal

retrieval can be found in Alvarado et al. (2020) and Lerot et al. (2021a). Briefly, slant column densities (SCDs) of glyoxal

were fitted in the 435 nm to 460 nm window using the Differential Optical Absorption Spectroscopy (DOAS) approach (Platt

and Stutz, 2008), accounting for other absorbers in that wavelength range. In particular, absorption by water vapor and liquid140

water were quantified using optimized, temperature-dependent cross-sections (Lerot et al., 2021a). The glyoxal SCDs were

then converted to tropospheric column concentrations using air mass factors (AMFs), accounting for the radiative transfer
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through the atmosphere (Palmer et al., 2001). The total systematic errors of the tropospheric glyoxal column concentration

retrievals were estimated to be between 1× 1014 and 3× 1014 molecules cm-2, corresponding to 30% to 70% of the signals

over source regions (Lerot et al., 2021a). The TROPOMI Level 3 monthly mean glyoxal product averaged the native pixels to145

0.05◦ resolution after excluding pixels with quality assurance values less than 0.5 (Lerot et al., 2021b). This Level 3 product has

shown better consistency with ground-based measurements and more reliable seasonal variation and local enhancements over

regions of strong biogenic, anthropogenic, and biomass burning emissions, compared to earlier satellite retrievals (Lerot et al.,

2021a). For comparison with our GEOS-Chem simulations, we regridded the Level 3 product to 5◦ longitude ×4◦ latitude. To

infer the marine source of glyoxal, we regridded the Level 3 product over the global oceans to 2.5◦ longitude ×2◦ latitude to150

improve the signal-to-noise ratio while retaining large-scale spatial features.

We used global monthly mean tropospheric isoprene column concentrations (Fu et al., 2019; Wells et al., 2020, 2022)

retrieved from the Cross-track Infrared Sounder (CrIS) instrument (Han et al., 2013) to estimate the global terrestrial emission

of isoprene (Section 4.1) and to evaluate our simulated glyoxal-to-isoprene column concentration ratios (Section 6). The CrIS

instrument, onboard the Suomi-NPP satellite (Equator-overpass at 13:30 local time), detects atmospheric isoprene using its155

absorption features near 900 cm-1 (Wells et al., 2022). An Artificial Neural Network (ANN) was used to derive the column

density of isoprene from CrIS-measured hyperspectral range index. The estimated errors for the isoprene column retrievals

were typically <30% over high-concentration regions (Wells et al., 2020).

We also compared simulated glyoxal concentrations against surface, ship-based, and aircraft measurements of glyoxal over

land and ocean. Table S1 compiles the measurements reported in the literature. In addition, we used aircraft measurements160

of HOx concentrations from the Airborne Tropospheric Hydrogen Oxides Sensor (Brune et al., 2021) during the Atmospheric

Tomography Mission (ATom-2) campaign (Wofsy and Team, 2018) in February 2017 to evaluate the simulated impacts of

glyoxal on atmospheric oxidation capacity. Figure S4 shows the aircraft tracks during ATom-2, which transected the remote

Pacific and the remote Atlantic.

3 Evaluation of the standard GEOS-Chem glyoxal simulation as guidance for model improvements165

We first evaluated the atmospheric glyoxal simulation in the standard GEOS-Chem (GC-CTRL simulation) against global ob-

servations to identify potential model deficiencies and to guide targeted improvements. Figure 1 compares the annual mean

(July 2019–June 2020) tropospheric glyoxal column concentrations from the GC-CTRL simulation against TROPOMI obser-

vations. TROPOMI showed prominent glyoxal enhancements over major biogenic source regions (Southeast U.S., East and

South Asia, tropical forests of South America and Africa), seasonal burning areas (boreal forests of North America and Asia,170

and forests, savannas, and farm and peat lands in South America, Africa and Southeast Asia), and major anthropogenic source

regions. These spatial patterns reflected the expected glyoxal production from biogenic isoprene, as well as the emissions of

glyoxal and its precursors from biomass burning and anthropogenic emissions (Fu et al., 2008; Myriokefalitakis et al., 2008;

Cao et al., 2018).
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The GC-CTRL simulation broadly reproduced the TROPOMI-observed spatial patterns over land (Figure 1a,b), but the175

simulated annual mean glyoxal columns were systematically lower than TROPOMI observations, with normalized mean biases

(NMB) of -77% globally and -61% over land (Figure S2). In particular, the model substantially underestimated glyoxal over the

major source regions of biogenic isoprene in the tropics and the mid-latitudes. Figure 2 evaluated the simulated concentrations

of glyoxal against individual ground-based and aircraft measurements over land (Table S1). Some measurements were made

in urban areas or areas affected by local biomass burning (Table S1) and could not be reproduced by our simulations at coarse180

resolution. Excluding these outliers, the model still showed substantial underestimations of glyoxal concentrations compared

to measurements at the surface and in the boundary layer (NMB = -90%), suggesting systematic errors in precursor emissions

and/or near-surface chemistry.

In addition, TROPOMI observed glyoxal enhancements over the tropical oceans (Figure 1a) that were spatially correlated

with the chlorophyll-a contents of surface sea water (Figure S1, spatial correlation r = 0.5 over the tropical ocean), potentially185

indicating a marine biogenic source, which was also implied in previous studies (Wittrock et al., 2006; Alvarado et al., 2014;

Zhou et al., 2014; Volkamer et al., 2015; Zhu and Kieber, 2019; Lerot et al., 2021a). This feature was completely absent in the

GC-CTRL simulation (Figure 1b) due to the model’s lack of marine emissions of glyoxal or its precursors. The NMB of sim-

ulated glyoxal concentrations against TROPOMI observations over the global oceans was -88% (Figures 1b). Lengthening the

simulated glyoxal production timescale from terrestrial precursors would not reproduce the observed marine pattern, indicating190

that the glyoxal enhancements over the oceans could not be explained by the long-range transport of terrestrial precursors alone

(Fu et al., 2008). Figure 2 shows that the GC-CTRL simulation was also unable to reproduce the magnitudes and variations of

individual glyoxal measurements in the MBL (Table S1, NMB = -92%).

The evaluation of the GC-CTRL simulation above indicated potential model deficiencies in precursor emissions over land

and ocean, as well as in the photochemical production of glyoxal from those precursors. We addressed these issues in the195

following sections.

4 Updates to terrestrial and marine emissions of glyoxal and its precursors in GEOS-Chem

4.1 Top-down constraints on biogenic isoprene emissions over major source regions

Biogenic isoprene is the largest known terrestrial precursor of atmospheric glyoxal (Fu et al., 2008; Myriokefalitakis et al.,

2008). Figure 3 compares the annual mean tropospheric isoprene column concentrations observed by CrIS and those in the200

GC-CTRL simulation. Relative to the CrIS observations, the GC-CTRL simulation underestimated annual isoprene abundances

over the mid-latitudes but overestimated isoprene over the Amazon, tropical Africa, and Northern Australia. These apparent

regional biases in isoprene abundance likely reflected regional biases in GEOS-Chem’s isoprene emissions, which would

contribute to the model’s underestimation of glyoxal over land (Figure 1b). Our findings were similar to those of Wells et al.

(2020) based on comparisons between CrIS and an earlier version of GEOS-Chem (v11-02e) and generally consistent with205

previous evaluations using satellite-based formaldehyde measurements and in situ isoprene observations (Palmer et al., 2006;

Marais and Wiedinmyer, 2016; DiMaria et al., 2025). However, the causes of GEOS-Chem’s potential biases in regional
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isoprene emission are yet unclear due to differences in MEGAN algorithm versions and input data, and insufficient evaluation

against in situ isoprene flux measurements over all source regions .

We addressed the potential biases in GEOS-Chem’s isoprene emissions in a "top-down" fashion by scaling the isoprene210

emissions over nine major source regions (shown in Figure 3e), such that the simulated annual mean isoprene column concen-

trations (Ω̄i, isoprene, GC) over each region i (= 1 to 9) aligned with the CrIS observations (Ω̄i, isoprene, GC):

Ēi, isoprene, GC-TM-E =
Ω̄i, isoprene, CrIS

Ω̄i, isoprene, GC
× Ēi, isoprene, GC (1)

where Ēi, isoprene, GC was the annual mean isoprene emission for region i calculated by the default MEGAN algorithm in GEOS-

Chem; Ēi, isoprene, GC-TM-E was the top-down-constrained isoprene emission. In practice, we iterated the scaling process of Eq.215

(1) twice to account for the photochemical non-linearity associated with OH reactivity.

Figure 3 shows the regional differences in isoprene emissions between our top-down estimates and those of the default

GEOS-Chem. The top-down constrained global isoprene emission was 428 Tg yr-1, similar to the default 443 Tg yr-1 in

GC-CTRL (Table 1). However, over the Northern mid-latitudes, the regional annual mean isoprene emissions were scaled

by factors of 1.2 to 3.5, with maximum increases over the temperate ecosystems of Europe and Asia. Conversely, over the220

tropical ecosystems of the Amazon, Africa, and Northern Australia, our use of CrIS constraints decreased the regional isoprene

emissions by 10% to 60%.

We used the top-down constrained isoprene emissions to drive the GC-TM-E , GC-T-EC , and GC-TM-EC experiments

(Section 6). We emphasize that our approach was not a formal inversion of isoprene emissions, which would require more

thorough evaluations of the CrIS retrieval and its uncertainty, a more chemically coherent treatment of the OH-nonlinearity, as225

well as representations of the potential OH-regeneration pathways from isoprene oxidation under low-NOx conditions (Peeters

et al., 2014; Yang et al., 2024). Instead, our goal was to broadly constrain the spatial distribution of global isoprene emissions,

such that our mechanistic improvements on glyoxal chemistry can be meaningfully evaluated against global observations.

4.2 Additional updates to terrestrial emissions of glyoxal, glycolaldehyde, and their precursors

The default CEDS did not include emissions of glyoxal and glycolaldehyde from biofuel use. We implemented into GEOS-230

Chem these emissions by scaling biofuel emissions of ethane with emission ratios from Andreae (2019). Where regionally-

resolved inventories were available - including Africa (Marais and Wiedinmyer, 2016), the continental U.S. (National Emis-

sions Inventory Collaborative, 2019), and Asia (Li et al., 2017; Zheng et al., 2018, 2021) - we scaled those biofuel emissions of

ethane to incorporate local information. The resulting emission estimates for glyoxal and glycolaldehyde from global biofuel

use were 1.3 Tg yr-1 and 1.0 Tg yr-1, respectively (Table 1).235

Biogenic methylbutenol (2-methyl-3-buten-2-ol, CH3COH(CH3)CHCH2), emitted almost exclusively by North American

pine trees (Guenther et al., 2012), can be oxidized by OH to produce glycolaldehyde. However, methylbutenol was not repre-

sented in the standard GEOS-Chem v14.2.3. We added to the model emissions of methylbutenol calculated by the MEGAN

v2.1 algorithm (Guenther et al., 2012), resulting in a global emission of 1.7 Tg yr-1 (Table 1).
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Several recent studies indicated that the GFED4s inventory underestimated the amount of burned dry mass and the associated240

pollutant emissions by 30% to 120% over various biomass burning areas of the world (Zhong et al., 2022; Castagna et al., 2023;

Chen et al., 2023; Qi et al., 2024). We scaled biomass burning emissions of glyoxal, glycolaldehyde, and all other NMVOCs by

a factor of 1.8 globally (Table 1), an average of the scale factors from previous regional evaluations (Zhong et al., 2022; Chen

et al., 2023; Castagna et al., 2023; Qi et al., 2024). This scale factor was also consistent with the global NMVOC emission

estimate (79.3 Tg C yr-1) in the latest GFED5 inventory (Chen et al., 2023), which was 82% higher than the estimate of GFED4s245

(43.6 Tg C yr-1). The updated global biomass burning emissions for glyoxal and glycolaldehyde from were 3.8 Tg yr-1 and 4.0

Tg yr-1, respectively (Table 1).

4.3 Estimation of a hypothetical secondary glyoxal source in the global MBL

TROPOMI and other in situ and remote sensing measurements tentatively implied a secondary source of glyoxal over the

tropical MBL associated with unknown, potentially biogenic, marine precursors. We estimated this potential secondary glyoxal250

source by hypothesizing a short-lived marine precursor, which was emitted at the sea surface, instantaneously mixed throughout

the MBL, and oxidized by OH to produce glyoxal at 100% yield. We started by assuming an a priori daytime emission for

this hypothetical precursor, scaled to the TROPOMI-observed glyoxal column concentrations over the global ocean at 2.5◦

longitude ×2◦ latitude resolution:

Ei,m, a priori =
Ωi,m, glyoxal, TROPOMI

τ
(2)255

where Ei,m, a priori was the a priori monthly mean emission flux of the unknown precursor on the ith model grid for the mth

month; Ωi,m, glyoxal, TROPOMI was the TROPOMI-observed glyoxal column concentration for that grid and month. We assumed

an OH-oxidation rate constant of kOH = 1.5× 10−10 cm3 molecules-1, such that the daytime lifetime (τ ) of this hypothetical

precursor was approximately one hour (at a typical OH concentration in the MBL of 1.8×106 molecules cm-3), consistent with

the mean mixing timescale of the global MBL (Maclean et al., 2017). However, we did not allow the precursor to consume260

OH. We then used the simulated glyoxal column concentrations over the oceans to optimize the emission for the hypothetical

precursor (Ei,m, optimized):

Ei,m, optimized =
Ωi,m, glyoxal, TROPOMI

Ωi,m, glyoxal, GC
·Ei,m, a priori (3)

This optimization was iterated twice until the simulated marine glyoxal column concentrations agreed with satellite observa-

tions within 20%, yielding an estimated daytime secondary glyoxal source of 66 Tg yr-1 over the global oceans.265

5 Improvements to the chemical processes of glyoxal and its precursors in GEOS-Chem

5.1 Photochemical production of glyoxal from isoprene

A key objective of this study was to incorporate latest knowledge to better simulate the glyoxal production from isoprene

oxidation. We evaluated Wennberg et al. (2018) and the RCIM against latest literature and identified two key mechanistic
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improvements to RCIM (as implemented in the standard GEOS-Chem v14.2.3) to reconcile with experiments. We also high-270

lighted several pathways where the reactions and yields of glyoxal are still uncertain and thus require further study. Figure 4

shows our mechanistic revisions to the RCIM and the simulated glyoxal yields under low- and high-NO concentrations.

5.1.1 First-generation production of glyoxal and glycolaldehyde from the OH-oxidation of isoprene under high-NOx

conditions

Chamber experiments by Galloway et al. (2011) demonstrated that, under high-NOx conditions, the production of glyoxal275

and glycolaldehyde from OH-initiated oxidation of isoprene occurred in two-stages. The first stage occurred immediately

upon isoprene consumption, with measured molar yields of 2.1± 0.6% and 2.69± 0.82% for glyoxal and glycolaldehyde,

respectively. Subsequent photooxidation of C5 and C4 carbonyls led to further production of glyoxal and glycolaldehyde.

The first-generation production aligned with the theoretical pathways proposed by Dibble (2004a, b), wherein specific Z-δ-

hydroxy-peroxy isoprene radicals (ISOPOO) react with NO, undergo rapid 1,5 H-shift and O2-addition to form dihydroxy280

peroxy radicals. Some of these dihydroxy peroxy radicals further react with NO to produce an alkoxy radical that fragment

into pairs of glyoxal and hydroxyacetone or pairs of glycolaldehyde and methylglyoxal. Similar fast production of glyoxal

(3.8% yield inferred) and glycolaldehyde (4.2% yield) was also noted by Paulot et al. (2009), prompting the inclusion of a

Dibble-type pathway in an earlier version of GEOS-Chem (v11-02). The MCM v3.3.1 also incorporated a Dibble-type glyoxal

production at 2.2% molar yield under high-NOx.285

The RCIM omitted this first-generation high-NOx pathway. Wennberg et al. (2018) assigned 45% of the Z-δ-derived di-

hydroxy peroxy radicals to form C5 hydroxy carbonyls based on experimental constraints (Teng et al., 2017). However, the

fate of the remaining 55% dihydroxy-perxoy radicals was unknown. Wennberg et al. (2018) postulated that the remaining

dihydroxy-peroxy radicals undergo rapid enol H-shift, O2-addition, and decomposition; they assumed this pathway to be much

faster than the reaction with NO, effectively bypassing the first-generation production of glyoxal and glycolaldehyde.290

We revised the RCIM to incorporate the Dibble pathway (Figure 4), redirecting the 55% of dihydroxy peroxy radicals

of unknown fate (denoted as DIBOO) to react with NO and fragment into glyoxal (GLYX) + hydroxyacetone (HAC) or

glycolaldehyde (GLYC) + methylglyoxal (MGLY) pairs. The corresponding RCIM reactions in GEOS-Chem were revised to:

IHOO1 +NO→NO2 + 0.45HC5A +0.45HO2 + 0.55DIBOO (R1)295

IHOO4 +NO→NO2 + 0.45HC5A +0.45HO2 + 0.55DIBOO (R2)

DIBOO +NO→NO2 + HO2 + 0.56GLYX+ 0.56HAC + 0.44GLYC+ 0.44MGLY (R3)

IHOO1 and IHOO4 were the ISOPOOs from OH-addition at carbons 1 and 4 of isoprene; HC5A was a lumped C5 carbonyl.300

Branches (R1) and (R2) comprised approximately 4.6% of the total ISOPOO + NO reactions under high-NOx conditions.
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Yields and rate constants of GLYX (+ HAC) and GLYC (+ MGLY) in (R3) followed Wennberg et al. (2018). Our revised

mechanism resulted in 1.2% and 1.1% first-generation molar yields of glyoxal and glycolaldehyde under high-NOx, respec-

tively, still lower than the yields measured experimentally (Paulot et al., 2009; Galloway et al., 2011; Sprengnether et al.,

2002).305

5.1.2 Post first-generation production of glyoxal from OH-oxidation of isoprene under high- and low-NOx conditions

Beyond the initial OH-oxidation, glyoxal production from isoprene occurs as second-generation product involving its major

intermediate products and as third-generation product via glycolaldehyde (Wennberg et al., 2018), as depicted in Figure 4.

However, the glyoxal yields from these pathways are still incompletely constrained, especially for low-NOx conditions. In

Wennberg et al. (2018), the relevant intermediates include methyl vinyl ketone (MVK), isoprene nitrates, and C5 carbonyls310

such as isoprene hydroxy hydroperoxides (ISOPOOHs), isoprene dihydroxy epoxides (IEPOXs), and hydroperoxy aldehydes

(HPALDs). The yields of these major products from isoprene, the yield of glycolaldehyde from MVK, and the yields of IEPOXs

from ISOPOOHs were experimentally constrained under both high- and low-NOx conditions in Wennberg et al. (2018) and

represented current-best knowledge. However, the yields of glyoxal and glycolaldehyde from HPALDs were theoretically

derived without experimental constraints (Peeters et al., 2014). Also, glycolaldehyde yields from isoprene nitrates were con-315

strained experimentally only for (4-OH,3-ONO2)-isoprene hydroxy nitrate (IHN) (Jacobs et al., 2014; Lee et al., 2014) and

generalized across isomers with limited validation. In particular, the production of glyoxal and glycolaldehyde from HPALDs

and isoprene nitrates both involved the reactions of C4-dihydroperoxy-carbonyls, whose atmospheric fates were structurally

derived (Peeters et al., 2014; Wennberg et al., 2018). Under low-NOx, the yields of glycolaldehyde from IEPOX+OH were

subject to uncertainties associated with the radical propagating channels of non-acyl RO2 + HO2 reactions (Bates and Jacob,320

2019; Müller et al., 2019). We retained RCIM’s standard glyoxal and glycolaldehyde productions from isoprene’s intermediate

products but highlight the pathways involving HPALDs, isoprene nitrates, and IEPOXs for future experimental investigations.

More critically, the third-generation glyoxal formation from isoprene occurs via the OH-oxidation of glycolaldehyde (Figure

4). The GEOS-Chem v14.2.3 mechanism assumed an 11% yield of glyoxal from the glycolaldehyhde+OH reaction based on

Paulot et al. (2009), which was markedly lower than the 20% yield recommended by the IUPAC and JPL and even lower than325

the 20%-33% yields measured by Chan et al. (2009). We updated this glyoxal yield to 20% in our revised chemical mechanism.

5.1.3 Overall yield of glyoxal from OH-initiated oxidation of isoprene and its sensitivity to NOx

We conducted box simulations to evaluate glyoxal production from the OH-initiated oxidation of isoprene using three chemical

mechanisms: the mechanism of GC-CTRL (i.e., the RCIM as implemented in GEOS-Chem v14.2.3), MCM v3.3.1, and our

revised mechanism for GC-T-EC . Figure 5 shows the simulated glyoxal yields under varying OH and NOx levels. Oxidation of330

isoprene initiated by other oxidants, depositions, and aerosol uptake processes were disabled in these box simulations. Under

a typical moderate-NOx condition (OH = 1.8× 106 molecules cm-3 and NO = 1 ppb), the GC-CTRL mechanism produced

glyoxal at only a 4.0% molar yield, approximately half of the yield simulated by MCM (9.0%). In comparison, our revised
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mechanism increased the glyoxal yield to 8.7%, an enhancement attributed mostly to our added first-generation production and

an increased glyoxal yield from glycolaldehyde oxidation.335

The NOx-sensitivity of glyoxal yield from isoprene OH-oxidation stems from the competition among reaction pathways and

serves as a key diagnostic for evaluating chemical mechanisms. Our box simulations showed disparate NOx-sensitivities among

the three chemical mechanisms. In the GC-CTRL mechanism, the glyoxal molar yield from isoprene was almost invariant

(3-4%) across a wide range of NO concentrations (0.1 to 10 ppb) (Figure 5d). In comparison, the MCM exhibited strong

enhancements of glyoxal yield with increasing NO levels, rising from 7.5% at NO = 0.1 ppb to 10.9% at NO = 5 ppb (Figure340

5d). This positive NOx-sensitivity mainly reflected MCM’s explicit representation of glyoxal formation from isoprene nitrates

and its assumption of no glyoxal formation from IEPOX-derived peroxy radicals.

Our revised mechanism exhibited a milder yet non-monotonic sensitivity of glyoxal yield to NOx concentration, rising from

7.3% at NO = 0.1 ppb to a peak of 8.7% at NO = 2 ppb, then decreased slightly to 8.6% for OH = 1.8× 106 molecules cm-3

(Figure 5d). Figure 4 compares the branching ratios of glyoxal formation pathways in our revised mechanism at NO concentra-345

tions of 0.1 ppb and 5 ppb, respectively. Under high-NO conditions, the DIBOO pathway became effective, and the ISOPOOH

reactions shifted moderately toward the production of MVK and isoprene nitrates, whose subsequent yields of glycolaldehyde

and glyoxal also increased slightly. At lower NO levels, ISOPOOH and its isomers favored the formation of C5 carbonyls;

however, the glycolaldehyde and glyoxal yields from these carbonyls decreased substantially. This complex modulation of

competing pathways explained the mild yet non-monotonic NOx-sensitivity in the simulated glyoxal yields of our revised350

mechanism. Bates and Jacob (2019) showed that the glyoxal yield in the RCIM increased sharply to 10% at extremely low

NO concentration (<10 ppt), driven by the HO2 reaction with IEPOX peroxy radicals and the H-shifts of ISOPOO. This large

glyoxal yield at extremely low NO would also be present in our revised mechanism, since our modifications of RCIM were

mostly associated with high-NOx pathways. However, that NO level of <10 ppt is unrealistically low for current source areas

of isoprene and likely rarely realized in the atmosphere (Hudman et al., 2007; Schulz et al., 2018).355

Furthermore, the glyoxal yield from isoprene varied substantially with OH concentrations (Figure 5a,b,c). At a fixed NOx

level of 1 ppb, the glyoxal yield increased from 7–8% at OH = 1× 106 molecules cm-3 to 9-10% at OH = 1× 107 molecules

cm-3 both in our revised mechanism and in MCM, a trend not captured by the GC-CTRL mechanism. This difference reflected

the strong influence of OH concentration on the branching between glycolaldehyde’s photolysis and OH-oxidation, which was

subdued in the GC-CTRL mechanism due to its lower glyoxal yield from glycolaldehyde. In our revised mechanism, a 50%360

increase in OH led to a 20% enhancement in the glyoxal yield from glycolaldehyde. This result highlighted the potential for

substantial glyoxal production from isoprene in regions with concurrently high NOx and OH levels.

Experimental constraints on glyoxal yields from OH-initiated isoprene oxidation and their NOx-sensitivity remained limited,

though available evidence was generally consistent with our revised mechanism. For high-NOx conditions, Galloway et al.

(2011) calculated the total glyoxal yield from OH-initiated isoprene oxidation in an older version of MCM (v3.2), which365

lacked first-generation production pathways, to be 8% (with O3 = 320 ppb) to 11% (without O3). These numbers closely

bracketed the high-NOx glyoxal yield (10.9%) for the current MCM v3.3.1, which did include a 2.2% first-generation glyoxal

production (Figure 5b). However, Galloway et al. (2011) reported measured total glyoxal yields equivalent to only 64% of
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the MCM v3.2 predictions under high-NOx conditions, corresponding to measured yields of 5.1–7.0% for glyoxal. These

measured yields aligned more closely with our revised mechanism and suggested that both MCM v3.2 and v3.3.1 overestimated370

glyoxal production from post-first-generation pathways under high-NOx conditions. Using active differential optical absorption

spectroscopy (DOAS), Guo et al. (2021) measured the surface formaldehyde and glyoxal concentrations at a urban site during

summer. They observed that in isoprene-dominated air masses, both glyoxal and formaldehyde concentrations, as well as the

glyoxal-to-formaldehyde ratio (RGF), were insensitive to NOx levels between 5 and 40 ppb. This result was consistent with the

modest NOx-dependence of glyoxal yields in our revised mechanism at high NO concentrations.375

Field observations in low-NOx, isoprene-dominated environments indicated that glyoxal production from isoprene is likely

substantial. Li et al. (2016) and Chan Miller et al. (2017) analyzed the Southeast Nexus (SENEX) aircraft campaign data

over Southeast U.S. during summer 2013. Both studies demonstrated that the observed glyoxal levels and RGF values in this

lower-NOx (0.05 to 0.1 ppb between 0 to 5 km altitude) environment could be well simulated using mechanisms where glyoxal

yields at low NOx were comparable or even exceeded those at high NOx. Although the two studies proposed different chemical380

pathways to explain this phenomenon, their results consistently supported a sustained or potentially enhanced glyoxal yield

under low-NO conditions, such as that in our revised mechanism and in the RCIM. In contrast, a recent direct measurement

reported a glyoxal yield of 0.52± 0.06% from OH-initiated isoprene oxidation under extremely low NOx (<70 ppt) (Warman,

2024), contradicting the inference from field observations and underscoring significant uncertainties in quantifying low-NOx

glyoxal yields from isoprene.385

5.1.4 Potential uncertainties in glyoxal production from oxidation of isoprene by O3, NO3, and Cl

Ozonolysis accounts for approximately 10% of the global sink of atmospheric isoprene (Nguyen et al., 2016). In the explicit

mechanism of Wennberg et al. (2018), isoprene ozonolysis produces glyoxal predominantly via MVK, whose oxidation would

lead to a 2.2% molar yield of glyoxal under high-NOx conditions but would be at the timescale of several hours. However, in

an isoprene ozonolysis chamber experiment with seed particles, Bikkina et al. (2021) observed glyoxal in the particulate phase390

within half an hour of isoprene consumption, potentially indicating fast glyoxal production followed by aerosol uptake. Recent

experiments showed that anti-MVK-oxide, a Criegee intermediates produced by isoprene ozonolysis Nguyen et al. (2016), may

undergo unimolecular decay and O2-addition to produce glyoxal and OH at 3% ± 1% yield (Vansco et al., 2020). However,

because the current estimate for the yield of anti-MVK-oxide from isoprene ozonolysis was only 6.7% (Wennberg et al.,

2018), the effective glyoxal production from that pathway would be negligible (<0.2%). We retained the isoprene ozonolysis395

mechanism in the RCIM but highlighted this glyoxal production pathway for further studies.

Isoprene oxidation by NO3 at night accounts for approximately 2% of the global isoprene loss (Bates and Jacob, 2019).

In the RCIM, the isoprene + NO3 reaction rapidly formed nitrooxy alkylperoxy radicals (INO2), which reacted with HO2 to

yield various isoprene hydroproxy nitrate isomers (IPN) (Schwantes et al., 2015). Glyoxal was produced mainly through MVK

derived from β-1,2-INO2, as constrained by Schwantes et al. (2015). A minor pathway to glyoxal involved the oxidation of 2,1-400

IPN, though the branching ratios of IPN isomers remained uncertain, and subsequent reaction pathways of IPNs lacked strong
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experimental validation (Wennberg et al., 2018). Given the complexity of isoprene nitrate speciation and limited experimental

constraints, we retained the existing RCIM representation for isoprene + NO3 chemistry.

5.2 Production of glyoxal from other NMVOC precursors

5.2.1 Acetylene405

Acetylene (C2H2), with an 18-day global mean lifetime, is an important anthropogenic precursor of glyoxal in the free tropo-

sphere (Fu et al., 2008). In the standard GEOS-Chem v14.2.3, OH-initiated oxidation of acetylene produced glyoxal at a fixed

molar yield of 63% following MCM v3.3.1, consistent with experimentally reported yields of 70% ± 30% (Bohn and Zetzsch,

1998).

5.2.2 Aromatics410

Aromatics in the standard GEOS-Chem v14.2.3 included benzene, toluene, and lumped xylenes (Bates et al., 2021). Laboratory

studies indicated that glyoxal produced from OH-initiated aromatic oxidation occurred first through ring cleavage, followed

by oxidation of cleaved C4 and C5 intermediate products (Volkamer et al., 2007; Bates et al., 2021). Reported first-generation

glyoxal yields from ring cleavage varied considerably. In the standard GEOS-Chem v14.2.3, Bates et al. (2021) implemented

first-generation glyoxal yields from aromatics by averaging literature-reported values across low- to high-NOx conditions: 18%,415

12%, 10% for benzene, toluene, and lumped xylenes, respectively. Glyoxal production pathways and yields from subsequent

C4 and C5 intermediate photochemistry were partially constrained by experiments and theoretical studies (Newland et al.,

2018; Wang et al., 2020). Given the current level of understanding, we retained the standard GEOS-Chem representation of

aromatic chemistry and glyoxal formation pathways.

5.2.3 Ethylene420

In the standard GEOS-Chem v14.2.3, atmospheric ethylene (C2H4) was emitted from anthropogenic and biogenic sources over

land and underwent oxidation by OH and O3 described by a condensed version of MCM v3.3.1 (Kwon et al., 2021), with the

OH-oxidation producing glycolaldehyde at 100% yield under both high- and low-NOx conditions. We retained the standard

ethylene oxidation scheme in GEOS-Chem, but our increased glyoxal yield from glycolaldehyde effectively raised the global

molar yield of glyoxal yield from ethylene from 7% in the GC-CTRL simulation to 19% in the GC-TM-EC simulation.425

5.2.4 Methylbutenol

Atmospheric methylbutenol is oxidized by OH and O3, but these reactions were not represented in the standard GEOS-Chem

v14.2.3. Fu et al. (2008) previously assumed a constant 63% molar yield of glycolaldehyde from methylbutenol OH-oxidation,

based on early high-NOx experiments and an early version of MCM (v3.1). However, later experiments by Chan et al. (2009)

found that methylbutenol’s glycoldehyde yield decrease from 64-70% under high-NOx to 26-32% at low NO levels (<2 ppb),430

indicating competition from an HO2 pathway that bypasses glycolaldehyde formation. We adopted a condensed scheme of the
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methylbutenol oxidation mechanism from MCM v3.3.1 (Müller et al., 2019), which was experimentally validated for its HO2

turnover rate and formaldehyde production (a product from high-NOx oxidation of methylbutenol) (Novelli et al., 2018). This

scheme predicted glycolaldehyde yields of 63% under high-NOx and 0% under low-NOx conditions. Our simulated global

glyoxal yield from methylbutenol was 5.8%.435

5.2.5 Monoterpenes

Monoterpenes in the standard GEOS-Chem v14.2.3 were represented by two lumped species: one for monoterpenes with a

single double bond (including α-pinene, β-pinene, sabinene, and δ3-carene) and another for those with two double bonds

(including limonene, myrcene, and ocimene). Their photochemical oxidation was described by the mechanism of Fisher et al.

(2016), which omitted the glyoxal production from ozonolysis—a pathway established in earlier studies ((Yu et al., 1998; Fick440

et al., 2003, 2004).

Reported glyoxal yields from monoterpene ozonolysis were sparse and highly variable, ranging from 4-9% for α-pinene

((Fick et al., 2003, 2004) to 6.2-24% for α-phellandrene (a two-double-bond species) (Mackenzie-Rae et al., 2017). Lower

yields of 0.5–4% were also reported for two monoterpenoids, geraniol and citral (Nunes et al., 2005). Fu et al. (2008) previ-

ously applied in their GEOS-Chem simulation a mid-range 5% glyoxal yield based on α-pinene experiments. However, this445

assumption resulted in a simulated glyoxal-to-formaldehyde ratio (RGF) more than three times lower than satellite observa-

tions over boreal forests, where monoterpene emissions dominated (Silva et al., 2018). This discrepancy was significantly

larger than that over other NMVOC source regions, leading Silva et al. (2018) to conclude that monoterpene-derived glyoxal

was substantially underestimated. More recently, Müller et al. (2019) assumed a 20% glyoxal yield from monoterpene ozonol-

ysis in their chemical mechanism, but the basis for this assumption were unclear. In the latest v14.5 of GEOS-Chem, Travis450

et al. (2024) implemented a complex monoterpene oxidation mechanism condensed from the MCM v3.3.1. However, that

mechanism produced glyoxal from monoterpene ozonolysis exclusively via MVK at relatively low yields.

Given the top-down constraint of Silva et al. (2018) and the higher glyoxal yields reported for α-phellandrene (Mackenzie-

Rae et al., 2017), we assumed a fixed 15% yield to the ozonolysis of all monoterpenes in our revised mechanism. Our simulated

global glyoxal yield from monoterpenes was 2.7%.455

5.3 Heterogeneous uptake of glyoxal on aqueous aerosols and cloud droplets

Glyoxal undergoes irreversible uptake by aqueous aerosols and cloud droplets, constituting a substantial pathway for SOA

formation in the atmosphere (Fu et al., 2008; Ling et al., 2020). This heterogeneous uptake process was characterized in

GEOS-Chem by a reactive uptake coefficient γ (Jacob, 2000; Fu et al., 2008):

dCG

dt
= aDg +

1
4
vγGACG (4)460

where CG was the gas-phase glyoxal concentration, a was the radius of the wet particle or cloud droplet, Dg was the gas-phase

diffusivity of glyoxal, v was its mean molecular speed, and A was the particle surface area.
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Experiments have shown that glyoxal’s irreversible uptake is RH-dependent due to a salting-in effect (Waxman et al., 2015),

which was not represented in the standard GEOS-Chem v14.2.3. Curry et al. (2018) parameterized the reactive uptake coeffi-

cient (γG) by incorporating thermodynamics, aqueous chemistry, and salting-in effects on mass transfer limitations, resulting in465

an exponential dependence of γG on RH with a quadratic polynomial exponent. This parameterization yielded γG = 3.6×10−3

at RH = 55%, decreasing sharply to γG = 2.6× 10−5 at RH = 90%. The RH dependency was consistent with measured gas-

particle partitioning effects (Healy et al., 2009), particularly under high-RH conditions (Gen et al., 2018). We adopted this

parameterization from Curry et al. (2018) in our revised mechanism.

6 Evaluation of simulated glyoxal concentrations against global satellite and surface measurements470

We evaluated our revised atmospheric glyoxal simulations against global measurements and found that our updated precur-

sor emissions and chemistry substantially improved model–observation consistency. Figure 1 compares the annual mean

tropospheric glyoxal columns from sensitivity experiments against TROPOMI observations and the standard GEOS-Chem

(GC-CTRL ). The GC-T-EC simulation, which improved terrestrial precursor emissions and chemistry, showed better spatial

agreement with TROPOMI over land (Figure 1d, NMB = -47% , r = 0.85 over land), though global bias remained due to475

the lack of representation of glyoxal over the oceans. In contrast, the GC-TM-E simulation only updated terrestrial precursor

emissions and added a hypothetical marine boundary layer source; this simulation significantly reduced the global bias against

TROPOMI observations (Figure 1c, NMB = -23%, r = 0.86 globally, NMB = -0.09, r=0.94 over the ocean) but still exhibited

substantial discrepancies in spatial pattern and magnitudes of glyoxal over land relative to TROPOMI.

The GC-TM-EC simulation, incorporating current-best knowledge on terrestrial precursor emission and chemistry, along480

with a secondary marine glyoxal source, demonstrated best overall agreement with TROPOMI observations globally (Figure

1e). The model successfully captured enhanced glyoxal levels over major forested and biomass burning regions across North

America, Europe, Asia, South America, and Africa, and Southeast Asia, with NMB = -0.35 and r = 0.9 against TROPOMI

observations over land. The model also reproduced the spatial patterns and concentrations of glyoxal over tropical oceans, with

NMB = -0.06 and r = 0.94 against TROPOM observations over the global oceans. The global bias of simulated annual mean485

glyoxal column concentration against TROPOMI observations was -18%, with a spatial correlation of r = 0.90. The remaining

bias of the GC-TM-EC simulation was mostly over land, reflecting the persistent uncertainties in precursor emissions from

biogenic, anthropogenic (Qiu et al., 2020), and biomass burning sources (Silva et al., 2018), as well as glyoxal yields from

these precursors.

Figure 2 compares simulated concentrations of glyoxal against surface and boundary layer measurements over land and490

ocean. Excluding measurements in urban and biomass burning areas, the GC-TM-EC simulation showed substantially im-

proved agreement with observations over land (Figure 2a, NMB = –35%) compared to the GC-CTRL simulation (NMB =

–78%). By including a hypothetical marine glyoxal source, the GC-TM-EC simulation demonstrated markedly better align-

ment with MBL observations across the tropical Pacific, Southern Ocean, Caribbean Sea, and North Atlantic, with NMB
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reduced from -92% to 12% (Figure 2b, Table S1. This alignment with observations independent of the TROPOMI satellite495

retrievals provided strong evidence for a significant, yet unaccounted-for glyoxal source in the MBL.

The GC-TM-EC experiment substantially improved the simulated glyoxal levels over major isoprene source regions, ad-

dressing a key deficiency in the GC-CTRL simulation. Figure 6 compares the satellite-observed and simulated column concen-

trations of glyoxal and isoprene, along with the respective glyoxal-isoprene ratios (RGI), over key source regions. Over North

America, the top-down constraints on isoprene emission corrected the low bias in GC-CTRL -simulated isoprene abundances,500

which alone led to large improvements in the simulated glyoxal abundance in the GC-TM-E experiment. Updates in chemi-

cal mechanisms further improved the simulated glyoxal abundances and the RGI, indicating better representation of glyoxal

production from isoprene in the GC-TM-EC experiment. Over South America, Africa and Southeast Asia, isoprene emissions

were reduced by the application of top-down constraints. However, the enhanced biomass burning emissions of glyoxal and its

precursors over these regions increased the simulated glyoxal abundances. Chemical mechanism updates in GC-TM-EC then505

helped bring both simulated glyoxal abundances and RGI closer to observed values, demonstrating improved partitioning be-

tween different glyoxal sources in these regions.

7 Revised global budgets of atmospheric glyoxal

Table 2 summarizes the simulated global burdens and budgets of atmospheric glyoxal from our sensitivity experiments and

compares them with the GC-CTRL simulation and Fu et al. (2008). Figure 7 shows the global patterns of sources and sinks of510

atmospheric glyoxal in the GC-TM-EC simulation. Assuming that glyoxal and its precursors originated solely from terrestrial

sources and using revised chemistry (the GC-T-EC simulation), the estimated global atmospheric glyoxal burden was 15 Gg,

36% higher than the standard GEOS-Chem value (11 Gg). This revised burden coincided with the 15 Gg reported by Fu et al.

(2008), despite large differences in model emissions and chemical mechanisms. The global atmospheric glyoxal source in

the GC-T-EC simulation was 44 Tg yr-1, a 76% increase over the 25 Tg yr-1 in the GC-CTRL simulation. This enhancement515

resulted from both elevated direct glyoxal emissions (from biomass and biofuel burning, increased by a factor of 1.4) and

strengthened secondary chemical production (enhanced by 70%) (Figure 7).

Our revised global budget still pointed to isoprene as the most important terrestrial precursor of atmospheric glyoxal, con-

tributing 17.1 Tg yr-1 (39%) to the total atmospheric glyoxal source, 88% stronger than the 9.1 Tg yr-1 in the GC-CTRL simulation.

In the GC-T-EC simulation, 86% of the global glyoxal production from isoprene was through glycolaldehyde, whose global520

effective yield of glyoxal was 10%, twice of that in the GC-CTRL simulation. Our revision of the isoprene chemistry increased

the global glyoxal yield from isoprene to 4.0% in the GC-T-EC simulation, compared to the 2.1% in the GC-CTRL simulation.

As previously pointed out by Bates and Jacob (2019), the production of glyoxal from isoprene in the global atmosphere would

be smaller than that predicted by box models, because the key intermediates (such as MVK, IEPOXs, and HPALDs) are

removed by deposition or aerosol uptake, limiting their gas-phase reactions. The total glyoxal production from biogenic pre-525

cursors were 21.5 Tg yr-1, 49% of the total atmospheric glyoxal source. The anthropogenic and biomass burning precursors,

including aromatics, acetylene, and ethylene, collectively contributed 39% of the total glyoxal source.
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Atmospheric glyoxal was removed predominantly by photolysis (52%), followed by OH-oxidation (23%), irreversible uptake

by aqueous particles (15%), and deposition (11%) (Figure 7 ). We found that the contribution of the global OH removal

of glyoxal in the GC-T-EC simulation was 28% of that in the standard GEOS-Chem (18%), likely reflecting the enhanced530

presence of glyoxal in photochemically active regions. In addition, the heterogeneous removal of glyoxal by aqueous particles

was 6.4 Tg yr-1, an order of magnitude larger than that in the GC-CTRL simulation. This increase was due to a combination

of increased global glyoxal formation and enhanced irreversible uptake coefficient of glyoxal over land. The simulated global

lifetime of glyoxal in the GC-T-EC experiment was 3.4 h, shortened compared to the 3.8 h in the standard GEOS-Chem due to

accelerated removal by OH and heterogeneous uptake.535

The inclusion of a potential marine glyoxal source in the GC-TM-EC simulation substantially altered the global glyoxal bud-

get, elevating the burden to 39 Gg and the total source to 110 Tg yr-1. Approximately 29 Gg of this enhanced burden was over

the ocean, representing a 5.5-fold increase compared to the simulated glyoxal burden over the ocean in the GC-T-EC simulation.

Sixty percent (66 Tg yr-1) of the total glyoxal source in the GC-TM-EC simulation was produced in the MBL (Table 2, Figure

7), constituting a large source of OVOCs in the MBL that could influence the oxidative capacity of the marine atmosphere.540

Terrestrial source contributions remained similar to those in the GC-T-EC simulation.

The relative strengths of glyoxal sinks also shifted significantly in the GC-TM-EC experiment. Photolysis became an even

more important sink for global glyoxal due to the high solar radiation and glyoxal concentrations in the tropical MBL. In

contrast, glyoxal removal by heterogeneous uptake became relatively less important, as the added glyoxal was concentrated

in high-humidity MBL where the reactive uptake coefficient of glyoxal (γG) was suppressed (Curry et al., 2018; Gen et al.,545

2018). Overall, the simulated lifetime of atmospheric glyoxal in the GC-TM-EC experiment was 3.5 h, similar to that in the

GC-T-EC experiment.

8 Impacts of the revised glyoxal simulation on atmospheric chemistry

Finally, we examined how our revised atmospheric glyoxal simulations affected global atmospheric chemistry. Figure 8 com-

pared the simulated global surface concentrations of OH, HO2, and O3, along with the surface OH reactivity associated with550

NMVOCs, in the GC-CTRL , GC-T-EC , and GC-TM-EC experiments. In the GC-T-EC experiment, regional changes to bio-

genic and biomass burning emissions and modifications to precursor chemistry mostly affected atmospheric chemistry over

land, increasing OH reactivity across North America and Euroasia; reduced isoprene emissions decreased OH reactivity over

South America and Australia (Figure 8h). The simulated surface OH decreased or increased in accordance to these regional

changes in OH reactivity, averaging a -3.3% reduction in global surface OH relative to the GC-CTRL experiment (Figure 8h).555

These changes in OH-initiated oxidation of NMVOCs subsequently altered the photochemistry that produced HO2, particularly

over relatively high-NOx areas: surface HO2 concentrations increased by more than 8% over Southeast U.S., Europe, Middle

East, and East and South Asia, while decreasing slightly over the Amazon and Australia. Globally, the updates of glyoxal

chemistry and precursor emissions increased the global surface O3 concentration by 4.8%.
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The hypothetical MBL source of glyoxal also affected the atmospheric oxidative capacity over the ocean, especially in560

the tropics (Figure 8c,f,i,l). The additional glyoxal removed OH in the MBL, while its photolysis produced HO2. Relative to

the GC-T-EC experiment, the added marine glyoxal source (simulated in GC-TM-EC ) had a negative impact on the surface

OH concentration globally (-0.5%), especially over the tropical ocean (-1.0%). The marine glyoxal increased the surface

concentration of HO2 by 6.8%, the surface NMVOC OH reactivity by 2.3%, and the surface ozone concentration by 0.3%,

over the tropical ocean.565

Figure S5 compares our simulated HOx vertical profile against the observations in the boundary layer (< 2,500 m) during

the ATom-2 mission (Brune et al., 2020). The OH concentrations simulated in the GC-CTRL simulation agreed well with

observations, and our improved glyoxal simulation did not significantly change the OH profile over the remote ocean. The

HO2 concentration simulated in GC-TM-EC improved the underestimation in GC-TM-E by 5% but still underestimated HO2

compared to the observation, indicating the potential lack or underestimation of HO2 sources (potentially OVOCs) over the570

remote MBL.

9 Conclusion

We developed an improved global simulation of atmospheric glyoxal using the GEOS-Chem model, advanced by updated emis-

sions and chemical mechanism and consistent with global observations. Assuming glyoxal precursors were entirely terrestrial,

we estimated a global atmospheric glyoxal source of 44 Tg yr-1 and a global burden of 15 Gg, effectively reproducing observed575

glyoxal levels over land. Isoprene was identified as the dominant terrestrial precursor, while anthropogenic and biomass burn-

ing sources—including acetylene, ethylene, and aromatics—collectively contributed 39% of the global glyoxal source. These

results highlighted the importance of non-biogenic precursors to ambient glyoxal in urban and biomass burning areas, with

implications for the use of glyoxal for NMVOC emission inversion in such environments.

Further inclusion of a hypothetical secondary glyoxal source (66 Tg yr-1) within the global MBL increased the global580

atmospheric source of glyoxal to 110 Tg yr-1 and its burden to 39 Gg. While this addition shows tentative consistency with in

situ MBL observations, the existence and impacts of such a source remain highly uncertain and warrant focused investigation

in future studies.

Even with our improved precursor emission estimates and chemical representation, our simulated glyoxal remained approx-

imately 35% lower than satellite glyoxal retrievals and surface observations over land. This discrepancy likely stems from585

persistent uncertainties in both emissions and chemistry. Anthropogenic emissions of glyoxal precursors, particularly aromatic

compounds, are variable and uncertain among different emission inventories and demonstrated a consistent low-bias compared

to observations (Yan et al., 2019). In addition, while we scaled isoprene and biomass burning emissions by region on an annual

basis, this approach may introduce biases across different land cover types and seasons (Silva et al., 2018; Wang et al., 2024;

DiMaria et al., 2025). Uncertainties in simulated OH and NOX concentrations slightly affect glyoxal production (within 10%,590

Figure 5), but have a potentially large impact on top-down isoprene estimates, particularly over Amazon, where underestimated

OH and NOX lead to isoprene overestimation for a given emission rate (Wells et al., 2020). Further uncertainties arise from
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incomplete representation of key chemical pathways, including glyoxal production from isoprene under low-NOx conditions

(Warman, 2024), ozonolysis via Criegee intermediates (Vansco et al., 2020), detailed isoprene nitrate chemistry (Schwantes

et al., 2015), and heterogeneous uptake processes of glyoxal (Li et al., 2016; Kim et al., 2022).595

Our study further underscores the need for enhanced measurement of NMVOCs in the marine boundary layer (MBL) and a

deeper exploration of their photochemistry. Current evidence indicates that glyoxal over remote oceans is likely secondary in

origin and cannot be explained by direct emissions alone. Concurrently, emerging research suggests marine biogenic emissions

of precursors like isoprene may be more substantial than previously estimated (Zhang and Gu, 2022). This points to the potential

existence of an unexplored NMVOC photochemical cycle driven by emissions from marine plants or algae. Addressing this600

gap in marine NMVOC photochemistry is essential for understanding its impacts on atmospheric oxidative capacity, marine

aerosol formation, and background ozone levels.
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Figure 1. Annual mean (July 2019–June 2020) atmospheric glyoxal column concentrations as (a) observed by TROPOMI, and as simulated

in the (b) GC-CTRL , (c) GC-TM-E , (d) GC-T-EC , and (e) GC-TM-EC experiments. Model statistics against the TROPOMI observations

over land, ocean, and globally are shown on the side of panels (b) to (e).
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Figure 2. Scatter plots of simulated versus observed (Table S1) glyoxal concentrations (unit: ppt) over (a) land and (b) ocean. Blue and

red symbols indicate results from the GC-CTRL and GC-TM-EC experiments, respectively. Observations in urban areas or those strongly

affected by fire are denoted by squares (noted as ’Outliers’). Horizontal and vertical error bars indicate standard deviations of the observations

and model results, respectively. Dashed lines indicate the 1:1, 1:2, and 2:1 lines. Solid lines indicate the reduced major-axis regression;

regression parameters are shown inset.
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Figure 3. Annual mean tropospheric isoprene column concentrations (a) as observed by CrIS and as simulated in the (b) GC-CTRL and (d)

GC-TM-E experiments, respectively. Also shown are the annual mean isoprene emissions (c) from the GC-CTRL simulation and (e) those

scaled and used in the GC-TM-E simulation (also used in GC-T-EC and GC-TM-EC). The areas over water or with no data are shaded white

in (a) (b) and (d). The numbers in red boxes indicate the regional mean ratios of isoprene emissions in (e) relative to those in (c).
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Figure 4. Gas-phase production of glyoxal and glycolaldehyde from the oxidation of isoprene as represented in the standard RCIM (black

arrows) and as revised in this work (red arrows). Branching ratios outside and inside parentheses were calculated under NO concentrations

of 0.1 ppb and 5 ppb, respectively. The solid or dashed arrows denote pathways comprehensively or partially constrained by experiments,

respectively. We set [OH] = 1.8× 106 molecules cm-3 [O3] = 40 ppb, and RH = 55%; other environmental conditions were representative of

a subtropical site in fall. Pathways with glyoxal yields less than 1% are not shown in this figure.
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Figure 5. Glyoxal yields from isoprene-OH oxidation as a function of NOx and OH concentrations. Molar yields of glyoxal from iso-

prene+OH oxidation under different daily mean NOX and OH concentrations in (a) our revised chemical mechanism used in GC-T-EC, (b)

the RCIM as implemented in the GEOS-Chem v14.2.3 mechanism, and (c) MCM v3.3.1. (d) Comparison of simulated glyoxal molar yields

from isoprene+OH oxidation under different NO concentrations at a constant daily mean [OH] = 1.8× 106 molecules cm-3.
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Figure 6. Comparison of the satellite-retrieved and simulated column concentrations of glyoxal (from TROPOMI) and isoprene (from CrIS-

ANN) and their ratios over regions dominated by seasonal biogenic NMVOC emissions: (a) Southeast U.S. (August to October), (b) South

America (annual mean), (c) Africa (annual mean), and (d) Southeast Asia (annual mean). Error bars indicate standard deviation of monthly

mean column concentrations and ratios, respectively.
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Figure 7. Annual mean sources and sinks of simulated atmospheric glyoxal in the GC-TM-EC simulation [unit: kg km-2 year-1]. Global

annual sums of individual sources and sinks are shown inset.
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Figure 8. Simulated (a) OH (unit: ppt) and (d) HO2 (unit: ppt) concentrations, (g) NMHC OHR (unit: s-1), and O3 in ppb) among the

GC-CTRL , GC-TM-E and GC-TM-EC simulations
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Table 1. Global emissions of glyoxal and its precursors in the revised and standard (in parentheses) GEOS-Chem simulationsa

Species Emitting sources (Tg yr-1)

Biogenic
Anthropogenic

(non-biofuel)

Anthropogenic

(biofuel)

Biomass

burning
Total

Isoprene 428 (443) - - - 428 (443)

Monoterprenes 140 (140)b - - - 140 (140)b

Methylbutenol 1.7 (0)b - - - 1.7 (0)b

Acetylene - 2.1 (2.1) 1.9 (1.9) 1.9 (1.2) 5.9 (5.2)

Ethylene - 5.3 (5.3) 0.2 (0.2) 8.3 (5.2) 14 (11)

Benzene - 3.0 (3.0) 3.0 (3.0) 3.0 (1.9) 9.0 (7.9)

Toluene - 6.2 (6.2) 1.4 (1.4) 1.8 (1.1) 9.4 (8.7)

Xylenes - 6.2 (6.2) 0.8 (0.8) 0.8 (0.5) 7.8 (7.5)

Glyoxal (primary) - - 1.3 (0) 3.8 (2.1) 5.2 (2.1)

Glycolaldehyde (pri-

mary)
- - 1.0 (0) 4.0 (2.2) 5.0 (2.2)

Hypothetical

marine precursorc
170 (0) - - - 170 (0)

a Numbers in the parentheses were emissions in the standard GEOS-Chem (GC-CTRL) simulation. Numbers outside the parentheses were

used in the GC-TM-E, GC-T-EC, and GC-TM-EC simulations.
b The standard GEOS-Chem (GC-CTRL) simulation included biogenic emissions of monoterpenes and methylbutenol but did not include

their production of glyoxal.
c The hypothetical marine precursor was assumed to have a molecular weight of 58, the same as glyoxal. This hypothetical emission was

applied only in the GC-TM-E and GC-TM-EC experiments and resulted in a secondary source of glyoxal of 66 Tg yr-1 in the global MBL.
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Table 2. Global budget of atmospheric glyoxal estimated in this work compared to Fu et al. (2008).

GC-CTRL GC-T-EC GC-TM-EC Fu et al., 2008

Burden, Gg Total 11 15 39 15

Over land 6.8 10 10 NDa

Over ocean 3.8 5.3 29 NDa

Lifetime, h 3.8 3.4 3.5 2.9

Sources, Tg yr-1 Total 25 44 110 45

Biomass burning emission 2.1 3.8 3.8 5.2

Biofuel emission 0 1.3 1.3 2.4

Chemical production 23 39 39 37

Isoprene 9.1 17.1 17.1 21

Monoterpenes 0 3.8 3.8 2.5

Methylbutenol 0 0.1 0.1 0.3

Acetylene 6.2 7.0 7.0 8.9

Ethylene 0.8 2.6 2.6 2.5

Aromatics 6.8 7.4 7.4 2.0

Glycolaldehyde (primary) 0.1 0.5 0.5 0.5

Hypothetical marine precursor 0 0 66 0

Sinks, Tg yr-1 Total 25 44 110 45

Photolysis 17 23 62 28

Oxidation by OH 4.5 10 21 6.5

Oxidation by NO3 <0.1 <0.1 <0.1 <0.1

Uptake on wet aerosol and cloud droplets 0.6 6.4 7.6 6.4

Dry deposition 1.5 2.8 11 2.2

Wet deposition 1.3 2.0 8.3 1.9

a Not documented.
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