
 

 

Response to reviewer comments 

Revisiting the global budget of atmospheric glyoxal: updates on terrestrial and marine 

precursor emissions, chemistry, and impacts on atmospheric oxidation capacity 

Manuscript ID: egusphere-2025-5083 

We thank the reviewers for their very helpful comments. In response, we have made the 

following major changes: (1) we re-ran all global GEOS-Chem simulations at 2.5o longitude × 

2o latitude and all analyses to better represent the spatial distribution of atmospheric glyoxal; 

(2) extensively revised the discussion associated with the hypothetical secondary glyoxal 

source over the global oceans to clarify our intentions and to demonstrate the substantial 

uncertainties regarding that hypothetical source; and (3) added several diagnostics to the 

evaluate the impacts of the revised representation of precursor and glyoxal emissions and 

chemistry on atmospheric CO, ozone, SOA, and HO2. We also revised the main text to improve 

clarity throughout. We responded to each specific comment in detail below. The reviewer 

comments are shown in blue. Our replies are shown in regular black text, and the modified text 

is shown in italic black text.  

Response to Anonymous Referee #1: 

R1.1 The present study reports on improved glyoxal simulations by updated 

secondary production pathways and by the introduction of an artificial marine 

glyoxal source. It is well written and easy to follow and the figures are well-

chosen. I have to apologize that I am not a chemist, such that many of my 

questions might be fully attributed to missing knowledge from my side. My 

major concern relates to the proposed artificial marine glyoxal source. While 

other model updates to the glyoxal production chain are explained, quantified 

and discussed in great detail, the suggested artificial marine glyoxal source 

remains poorly justified in terms of realistic chemical candidates and potential 

real-world equivalents.  



 

 

Thank you for your detailed review and valuable comments. Here, our goal is to 

estimate how large that hypothetical glyoxal source might be given satellite constraints, 

and whether that estimated source is consistent with independent measurements. The 

marine glyoxal source introduced in our study is hypothetical but is tentatively 

supported by in situ and ground-based remote sensing measurements.  We revised the 

main text to make the hypothetical nature more evident to readers. We also added 

discussion to elucidate the observational support for this hypothesis and explore its 

uncertainties. 

[Main text, Section 4.3]:   

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. In this work, we used TROPOMI observations 

to estimate how large that hypothetical secondary glyoxal source might be, and we 

evaluated whether the inclusion of that hypothetical glyoxal source is consistent with 

independent in situ and remote sensing measurements in the global MBL. Previous 

studies have tentatively linked the glyoxal in the MBL to biologically active waters or 

to photochemical production from the dissolved organic matter (DOM) content in sea 

water. However, currently reported concentrations or fluxes of precursors (e.g., 

isoprene, ethylene, and propene) appear insufficient to explain the magnitude of glyoxal 

inferred from satellite observations (Broadgate et al., 2004; Zhang et al., 2025; Pound, 

2021). In addition, measurements of NMVOCs in the MBL remain too sparse to provide 

a quantitative global constraint. We therefore interpret the inferred marine glyoxal 

source as a diagnostic term representing the glyoxal production from potentially 

missing marine NMVOCs. 

 

[Main text, Conclusion]: 

Our study highlights the need for improved measurement of VOCs in the MBL and for 

a deeper exploration of their photochemical transformations. Our exploratory addition 



 

 

of a hypothetical secondary glyoxal source (66 Tg yr-1) raised the global atmospheric 

glyoxal source to 106 Tg yr-1 and its burden to 39 Gg. While this addition shows 

tentative consistency with in situ MBL observations, this hypothetical glyoxal source 

cannot be explained by known marine precursor emissions. Recent work suggests 

marine biogenic emissions of precursors, such as isoprene, may be larger than previous 

estimates (Zhang et al., 2022). However, our evaluation of model results against limited 

aircraft measurements points to the possible influence of a more long-live precursor, 

the nature and impacts of which remain highly uncertain. Resolving this gap in marine 

photochemistry is essential for quantifying the roles of glyoxal and its precursors in 

marine and global atmospheric chemistry. 

 

 

R1.2 At the same time, it has significant impact and causes an increase in the global 

glyoxal burden of over 100%. Do the authors assume this proposed marine 

glyoxal precursor to be uniformly distributed in the global marine surface?  

Thank you for pointing out the lack of clarity regarding the spatial distribution of the 

hypothetical marine glyoxal source. In this study, we used the TROPOMI glyoxal 

observations to estimate a hypothetical secondary glyoxal source in the MBL. As such, 

that source is spatially distributed according to TROPOMI observations and the lifetime 

of glyoxal. We revised the main text to clarify this point. We also added Figure S1 to 

illustrate the spatial distribution of that hypothetical marine glyoxal source: 

 

[Main text, Section 4.3]: 

We estimated the potential secondary glyoxal 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 



 

 

match the TROPOMI-observed glyoxal VCDs over the global ocean at 2.5o × 2o 

resolution: 

... 

This optimization was iterated twice until the simulated marine glyoxal VCDs agreed 

with satellite observations within 20%, yielding an estimated daytime secondary 

glyoxal source of 66 Tg yr-1 over the global oceans that spatially correlated with 

TROPOMI observations (Figures 7 and S3). 

 

 

Figure S3. (a) Annual mean chlorophyll-A concentrations in surface sea water 

retrieved by the MODIS instrument; (b) annual mean TROPOMI-observed glyoxal 

VCD over the ocean; (c) annual mean emissions of the hypothetical marine precursor 

of glyoxal as estimated in this study; (d) seasonal variation of TROPOMI-observed 

glyoxal VCD, 2-m air temperature, and surface downward shortwave radiation flux 

over the tropical ocean (30° S-30° N).  



 

 

 

R1.3 Where could it originate from and how realistic is it? The authors mention that 

previous literature suggested e.g. DOM as potential marine glyoxal source, but 

the study does not debate how their proposed artificial source relates to these 

findings.  

Thank you for your comment. The origin of the hypothetical marine glyoxal source is 

yet unclear. Previous measurements showed that marine emissions of NMVOCs were 

mostly isoprene, ethylene, and propene. However, the reported concentrations or fluxes 

are insufficient to explain the magnitude of glyoxal inferred from satellite observations.  

Reference Measured 

marine 

NMVOC 

Estimated flux or 

concentration in the 

MBL 

Potential contribution to marine 

glyoxal 

Zhang et al., 

2025 

Isoprene 1.2 Tg/yr 0.04Tg/yr 

Ferracci et al. 

(2024) 

Isoprene 0-500 ppt < 20 ppt 

Plass-Dulmer 

et al., (1995) 

Ethylene 1 Tg/yr 0.2Tg/yr 

Pound (2021) Ethylene 25 ppt < 5 ppt 

 

We added discussions in the main text to show that (1) satellite-observed glyoxal 

abundance could not be explained by currently known precursors and their emissions, 

and (2) the lifetime of the unknown precursor maybe longer than previously thought. 

We also added a paragraph in the Conclusion section to highlight the unknown nature 

of that source and the need for further investigation. 

[Main text, Section 4.3]: 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. In this work, we 

used TROPOMI observations to estimate how large that hypothetical secondary 

glyoxal source might be, and we evaluated whether the inclusion of that hypothetical 

glyoxal source is consistent with independent in situ and remote sensing measurements 

in the global MBL. Previous studies have tentatively linked the glyoxal in the MBL to 

biologically active waters or to photochemical production from the dissolved organic 

matter (DOM) content in sea water. However, currently reported concentrations or 

fluxes of precursors (e.g., isoprene, ethylene, and propene) appear insufficient to 

explain the magnitude of glyoxal inferred from satellite observations (Broadgate et al., 

2004; Zhang et al., 2025; Pound, 2021). In addition, measurements of NMVOCs in the 

MBL remain too sparse to provide a quantitative global constraint. We therefore 

interpret the inferred marine glyoxal source as a diagnostic term representing the 

glyoxal production from potentially missing marine NMVOCs. 

 

[Main text, Section 6]: Figure S4 further compares the simulated glyoxal over the 

remote ocean with the aircraft observations from Volkamer et al. (2015) and Kluge et 

al. (2023). With the added marine glyoxal source, GC-TM-EC ‑ simulated glyoxal 

concentrations aligned better with the limited aircraft data. However, the model 

overestimated glyoxal in surface air over the Northeast Pacific but underestimated it 

over the Atlantic. Additionally, the aircraft profiles suggested a more gradual decline 

in glyoxal concentration with altitude than simulated, which may indicate a longer‑

lived marine ‑ derived precursor. This inference is inconsistent with the current 

understanding that marine‑emitted VOCs are predominantly short‑lived alkenes (e.g., 

ethylene and propene) and isoprene (Broadgate et al., 2004; Zhang et al., 2025; Pound, 

2021). 

 

[Main text, Conclusion]: Our study highlights the need for improved measurement of 



 

 

VOCs in the MBL and for a deeper exploration of their photochemical transformations. 

Our exploratory addition of a hypothetical secondary glyoxal source (66 Tg yr-1) raised 

the global atmospheric glyoxal source to 106 Tg yr-1 and its burden to 39 Gg. While 

this addition shows tentative consistency with in situ MBL observations, this 

hypothetical glyoxal source cannot be explained by known marine precursor emissions. 

Recent work suggests marine biogenic emissions of precursors, such as isoprene, may 

be larger than previous estimates (Zhang et al., 2022). However, our evaluation of 

model results against limited aircraft measurements points to the possible influence of 

a more long-live precursor, the nature and impacts of which remain highly uncertain. 

Resolving this gap in marine photochemistry is essential for quantifying the roles of 

glyoxal and its precursors in marine and global atmospheric chemistry. 

 

R1.4 Further, the impact of the proposed marine glyoxal source on related 

tropospheric tracers could be evaluated better. It is not clear to me how this new 

glyoxal chemistry impacts e.g. tropospheric CO or SOA formation and whether 

its impact on surface ozone is an improvement or degradation with respect to 

observations. 

Thanks for this important suggestion. We added figures and diagnostics to evaluate the 

broader impacts of the revised representations of glyoxal and its precursors on surface 

CO, ozone, and SOA (Figure S7-S9). However, most of these changes were driven by 

the changes in terrestrial precursor emissions, particularly biogenic isoprene and 

biomass burning NMVOC emissions. The marine glyoxal source also had an impact on 

HO2 concentrations in the remote marine atmosphere, which we demonstrated in Figure 

S6. 

[Main text, Section 8]: 

We also evaluated the broader influence of the revised glyoxal and precursors 

representations on tropospheric chemistry (Figures S7, S8, S9). Relative to the GC-

CTRL simulation, increased precursor emissions in the GC-TM-EC simulation 



 

 

substantially raised the global mean surface CO concentrations from 99.1 ppb to 113.5 

ppb, reducing the model bias against MOPITT observations from -25% to 13% (Figure 

S7), especially over Eastern United States, East and South Asia, and the tropical South 

America and Africa. Similarly, enhanced terrestrial precursor emissions moderately 

increased the simulated global mean surface ozone concentration over land from 22.8 

ppb in GC-CTRL to 29.5 ppb in GC-TM-EC, closer to the 34.1 ppb reported in the data

‑assimilated product of Wang et al., (2025) (Figure S8). The increased precursor 

emissions and atmospheric glyoxal abundance in the GC-T-EC experiment also led to 

a stronger heterogeneous uptake of glyoxal by aqueous particles, thereby enhancing 

SOA formation (Table 2). Over China, for example, the GC-T-EC experiment simulated 

significantly higher SOA concentrations than the GC-CTRL experiment, especially at 

suburban and remote sites (Figure S9). These increases brought simulations closer to—

though still substantially below— observed concentrations, indicating that SOA 

formation involves complex mechanisms beyond glyoxal chemistry (Miao et al., 2021). 

The apparent improvements in simulated CO, ozone, and SOA should therefore be 

interpreted as supporting the chemical plausibility of the revised glyoxal budget and 

underscoring glyoxal's role as a proxy for atmospheric NMVOC emissions.  

 

[Main text, Section 8]: 

Figure S6 compares our simulated HOx vertical profile against the observations in the 

marine boundary layer (below 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 slightly 

alleviated the underestimation in GC-TM-E by 5% but still underestimated 

HO2compared to the observations, indicating the potential lack or persistent 

underestimation of HO2 sources (e.g., OVOCs) over the remote MBL. 

 



 

 

 

Figure S6. The vertical profiles of ATom-2 aircraft measurements over the tropical 

ocean (20◦S-20◦N) and corresponding simulated OH and HO2 concentration (GC-

CTRL in blue; GC-TM-EC in red) within the MBL. 

 

Figure S7. The annual mean (a) MOPITT-retrieved surface CO concentrations and 

simulated surface CO concentration in the (b) GC-CTRL, (c) GC-T-EC and (d) GC-

TM-EC experiments (unit: ppb) from July 2019 to June 2020. For MOPITT, the annual 

mean surface CO was derived from the average of the daytime and nighttime retrievals, 



 

 

corresponding to approximately 10:30 and 22:30 local time, respectively. 

 

Figure S8. The annual mean (a) assimilated global surface ozone concentrations over 

land (Wang et al., 2025) and simulated surface ozone concentrations in the (b) GC-

CTRL, (c) GC-T-EC and (d) GC-TM-EC experiments (unit: ppb) from July 2019 to June 

2020. 

 



 

 

 

Figure S9 Evaluations of GEOS-Chem simulated (a) OA and (b) SOA against the 

measurements summarized by Miao et al. (2021) in China. In each boxplot, the 

horizontal line marks the median, the box represents the interquartile range (25th to 

75th percentiles). The whiskers indicate the spread of the corresponding observations 

and simulations. (c) The simulated annual mean surface SOA concentration in GC-

CTRL, GC-T-EC and GC-TM-EC (unit: μg m-3) from July 2019 to June 2020. 

 

Other comments: 

R1.5 Section 3: The evaluation of the simulations with respect to surface and airborne 

observations remains a bit unclear. I suggest to name and discuss potential 

biases introduced by missing spatial and timely correlation between the 

observations and the simulations.  

 

It is not clear from the text whether the comparison to ground- and airborne 



 

 

observations considers any time correlation or, instead, is performed using the 

previously discussed yearly averaged simulations (which would introduce 

systematic biases that might cause part of the negative model bias).  

 

Thank you for pointing out the lack of clarity. For all model-observation comparisons, 

we sampled the model results at the location of the observation and during the month 

of the observation. We added these protocols to the main text. We also acknowledge 

that some measurements may be influenced by local urban or biomass burning 

emissions, which may not be resolved in our simulations at 2.5o x 2o resolution. 

[Main text, Section 2.4]: 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. To compare model results 

against observations, the monthly mean simulated glyoxal concentrations were 

sampled at the coordinates of the measurement site and during the month of 

measurement.  

 

[Main text, Section 3]: 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 coarse resolution. 

However, even with these outliers excluded, 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. 

 

R1.6 It is also unclear how the altitudinal resolution of the simulations impacts the 

comparison to airborne observations. I understand that the comparison only 

considers observations at the surface and within the PBL. However, the vertical 

bVOC profile has a very pronounced vertical gradient in particular in the 



 

 

lowermost troposphere. Or is the model bias constant throughout the PBL and 

the same for ground and airborne observations? Since the study concludes on 

missing (marine) surface sources, I would expect the model bias to be somewhat 

altitude dependent. The analysis might benefit from 1. clearly discussing the 

underlying methodology and potential thereoff resulting systematic biases 2. 

differentiating ground and airborne observations to enable a discussion of the 

altitudinal dependence of the model bias. For the latter, I suggest to add a figure 

with a comparison of glyoxal vertical profiles. 

Thank you for this important comment. To address this concern, we added Figure S4 

and explicit discussions on the observed and simulated vertical profiles of glyoxal over 

the oceans. We showed that the addition of the hypothetical marine glyoxal source 

helped alleviated the bias against aircraft measured vertical profile. However, there 

were substantial regional differences in the model performance, and the aircraft 

measurements tentatively indicated that the precursor of glyoxa in the marine air may 

be more long-lived than previously thought. 

[Main text, Section 6]: Figure S4 further compares the simulated glyoxal over the 

remote ocean with the aircraft observations from Volkamer et al. (2015) and Kluge et 

al. (2023). With the added marine glyoxal source, GC-TM-EC ‑ simulated glyoxal 

concentrations aligned better with the limited aircraft data. However, the model 

overestimated glyoxal in surface air over the Northeast Pacific but underestimated it 

over the Atlantic. Additionally, the aircraft profiles suggested a more gradual decline 

in glyoxal concentration with altitude than simulated, which may indicate a longer‑

lived marine ‑ derived precursor. This inference is inconsistent with the current 

understanding that marine‑emitted VOCs are predominantly short‑lived alkenes (e.g., 

ethylene and propene) and isoprene (Broadgate et al., 2004; Zhang et al., 2025; Pound, 

2021). 

 

[Main text, Conclusion]: Our study highlights the need for improved measurement of 



 

 

VOCs in the MBL and for a deeper exploration of their photochemical transformations. 

Our exploratory addition of a hypothetical secondary glyoxal source (66 Tg yr-1) raised 

the global atmospheric glyoxal source to 106 Tg yr-1 and its burden to 39 Gg. While 

this addition shows tentative consistency with in situ MBL observations, this 

hypothetical glyoxal source cannot be explained by known marine precursor emissions. 

Recent work suggests marine biogenic emissions of precursors, such as isoprene, may 

be larger than previous estimates (Zhang et al., 2022). However, our evaluation of 

model results against limited aircraft measurements points to the possible influence of 

a more long-live precursor, the nature and impacts of which remain highly uncertain. 

Resolving this gap in marine photochemistry is essential for quantifying the roles of 

glyoxal and its precursors in marine and global atmospheric chemistry. 

 

Figure S4. Observed (black) and simulated vertical profiles of glyoxal (a) over the 

Northeast Pacific during two flights RF17 and RF12 as reported by Volkamer et al. 

(2015), and over (b) the North Atlantic, (c) the Tropical Atlantic, and (d) the South 

Atlantic during multiple flights as reported by Kluge et al. (2023). Simulated results 

from the GC-CTRL (blue) and GC-TM-EC (red) experiments were sampled at the 

coordinates of the measurements during the month of measurements. Whiskers indicate 

standard deviations within each vertical layer. 

R1.7 Section 8: This discussion might benefit from an evaluation with respect to 



 

 

observations. Without, the results are a bit difficult to interpret. Is there any 

impact on tropospheric CO? Does the updated glyoxal burden only reflect on 

surface concentrations, or is there any impact in the free and upper troposphere? 

For all key tropospheric species, do the updated simulations improve or degrade 

the model bias with respect to observations? For example, what does the 

observed increase in surface ozone mean in terms of validation vs. observations? 

The resulting increase in SOA that the abstract reports on is not discussed. How 

does this relate to other studies and observations? 

Thanks for this important suggestion. We added figures and diagnostics to evaluate the 

broader impacts of the revised representations of glyoxal and its precursors on surface 

CO, ozone, and SOA (Figures S7-S9). However, most of these changes were driven by 

the changes in terrestrial precursor emissions, particularly biogenic isoprene and 

biomass burning NMVOC emissions. We emphasized this point in the main text. The 

marine glyoxal source also had an impact on HO2 concentrations in the remote marine 

atmosphere, which we also demonstrated in Figure S6. 

 

 

[Main text, Section 8]: 

We also evaluated the broader influence of the revised glyoxal and precursors 

representations on tropospheric chemistry (Figures S7, S8, S9). Relative to the GC-

CTRL simulation, increased precursor emissions in the GC-TM-EC simulation 

substantially raised the global mean surface CO concentrations from 99.1 ppb to 113.5 

ppb, reducing the model bias against MOPITT observations from -25% to 13% (Figure 

S7), especially over Eastern United States, East and South Asia, and the tropical South 

America and Africa. Similarly, enhanced terrestrial precursor emissions moderately 

increased the simulated global mean surface ozone concentration over land from 22.8 

ppb in GC-CTRL to 29.5 ppb in GC-TM-EC, closer to the 34.1 ppb reported in the 

data‑assimilated product of Wang et al., (2025) (Figure S8). The increased precursor 



 

 

emissions and atmospheric glyoxal abundance in the GC-T-EC experiment also led to 

a stronger heterogeneous uptake of glyoxal by aqueous particles, thereby enhancing 

SOA formation (Table 2). Over China, for example, the GC-T-EC experiment simulated 

significantly higher SOA concentrations than the GC-CTRL experiment, especially at 

suburban and remote sites (Figure S9). These increases brought simulations closer to—

though still substantially below— observed concentrations, indicating that SOA 

formation involves complex mechanisms beyond glyoxal chemistry (Miao et al., 2021). 

The apparent improvements in simulated CO, ozone, and SOA should therefore be 

interpreted as supporting the chemical plausibility of the revised glyoxal budget and 

underscoring glyoxal's role as a proxy for atmospheric NMVOC emissions.  

[Main text, Section 8]: 

Figure S6 compares our simulated HOx vertical profile against the observations in the 

marine boundary layer (below 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 slightly 

alleviated the underestimation in GC-TM-E by 5% but still underestimated 

HO2compared to the observations, indicating the potential lack or persistent 

underestimation of HO2 sources (e.g., OVOCs) over the remote MBL. 

 



 

 

 

Figure S6. The vertical profiles of ATom-2 aircraft measurements over the tropical 

ocean (20◦S-20◦N) and corresponding simulated OH and HO2 concentration (GC-

CTRL in blue; GC-TM-EC in red) within the MBL. 

 

Figure S7 The annual mean (a) MOPITT-retrieved surface CO concentrations and 

simulated surface CO concentration in the (b) GC-CTRL, (c) GC-T-EC and (d) GC-

TM-EC experiments (unit: ppb) from July 2019 to June 2020. For MOPITT, the annual 

mean surface CO was derived from the average of the daytime and nighttime retrievals, 



 

 

corresponding to approximately 10:30 and 22:30 local time, respectively. 

 

Figure S8. The annual mean (a) assimilated global surface ozone concentrations over 

land (Wang et al., 2025) and simulated surface ozone concentrations in the (b) GC-

CTRL, (c) GC-T-EC and (d) GC-TM-EC experiments (unit: ppb) from July 2019 to June 

2020. 

 



 

 

 

Figure S9. Evaluations of GEOS-Chem simulated (a) OA and (b) SOA against the 

measurements summarized by Miao et al. (2021) in China. In each boxplot, the 

horizontal line marks the median, the box represents the interquartile range (25th to 

75th percentiles). The whiskers indicate the spread of the corresponding observations 

and simulations. (c) The simulated annual mean surface SOA concentration in GC-

CTRL, GC-T-EC and GC-TM-EC (unit: μg m-3) from July 2019 to June 2020. 

 

 

 

Minor comments: 

R1.8 Lines 9-10: I imagine the increase in ozone and SOA must be significantly larger 

than the global mean over some regions. How does this compare to observations? 

Thank you for this important comment. We added figures and diagnostics to evaluate 



 

 

the broader impacts of the revised representations of glyoxal and its precursors on 

surface CO, ozone, and SOA (Figures S7-S9) and the spatial distribution of those 

impacts. Most of these changes were driven by the changes in terrestrial precursor 

emissions, particularly biogenic isoprene and biomass burning NMVOC emissions. We 

emphasized this point in the main text.  

[Main text, Section 8]: 

We also evaluated the broader influence of the revised glyoxal and precursors 

representations on tropospheric chemistry (Figures S7, S8, S9). Relative to the GC-

CTRL simulation, increased precursor emissions in the GC-TM-EC simulation 

substantially raised the global mean surface CO concentrations from 99.1 ppb to 113.5 

ppb, reducing the model bias against MOPITT observations from -25% to 13% (Figure 

S7), especially over Eastern United States, East and South Asia, and the tropical South 

America and Africa. Similarly, enhanced terrestrial precursor emissions moderately 

increased the simulated global mean surface ozone concentration over land from 22.8 

ppb in GC-CTRL to 29.5 ppb in GC-TM-EC, closer to the 34.1 ppb reported in the 

data‑assimilated product of Wang et al., (2025) (Figure S8). The increased precursor 

emissions and atmospheric glyoxal abundance in the GC-T-EC experiment also led to 

a stronger heterogeneous uptake of glyoxal by aqueous particles, thereby enhancing 

SOA formation (Table 2). Over China, for example, the GC-T-EC experiment simulated 

significantly higher SOA concentrations than the GC-CTRL experiment, especially at 

suburban and remote sites (Figure S9). These increases brought simulations closer to—

though still substantially below— observed concentrations, indicating that SOA 

formation involves complex mechanisms beyond glyoxal chemistry (Miao et al., 2021). 

The apparent improvements in simulated CO, ozone, and SOA should therefore be 

interpreted as supporting the chemical plausibility of the revised glyoxal budget and 

underscoring glyoxal's role as a proxy for atmospheric NMVOC emissions. 

 



 

 

 

Figure S7. The annual mean (a) MOPITT-retrieved surface CO concentrations and 

simulated surface CO concentration in the (b) GC-CTRL, (c) GC-T-EC and (d) GC-

TM-EC experiments (unit: ppb) from July 2019 to June 2020. For MOPITT, the annual 

mean surface CO was derived from the average of the daytime and nighttime retrievals, 

corresponding to approximately 10:30 and 22:30 local time, respectively. 



 

 

 

Figure S8. The annual mean (a) assimilated global surface ozone concentrations over 

land (Wang et al., 2025) and simulated surface ozone concentrations in the (b) GC-

CTRL, (c) GC-T-EC and (d) GC-TM-EC experiments (unit: ppb) from July 2019 to June 

2020. 

 



 

 

 

Figure S9. Evaluations of GEOS-Chem simulated (a) OA and (b) SOA against the 

measurements summarized by Miao et al. (2021) in China. In each boxplot, the 

horizontal line marks the median, the box represents the interquartile range (25th to 

75th percentiles). The whiskers indicate the spread of the corresponding observations 

and simulations. (c) The simulated annual mean surface SOA concentration in GC-

CTRL, GC-T-EC and GC-TM-EC (unit: μg m-3) from July 2019 to June 2020. 

 

R1.9 Line 24: column concentrations -> is this supposed to be slant column density 

or vertical column density? I suggest to use the common scientific term 

throughout the manuscript 

Thank you for pointing out this error. We now consistently refer to the glyoxal vertical 

column density (VCD) throughout the text. For example: 

[Main text, Section 2.4]: We used the tropospheric glyoxal vertical column densities 



 

 

(VCDs) observed by the TROPOspheric Monitoring Instrument (TROPOMI) during 

July 2019 to June 2020 to evaluate our global atmospheric glyoxal simulations and to 

infer the magnitude of a hypothetical secondary glyoxal source in the MBL (Section 

4.3).  

... 

The glyoxal SCDs were then converted to tropospheric VCDs using air mass factors 

(AMFs), accounting for the radiative transfer through the atmosphere (Palmer et al., 

2001). 

 

R1.10 Line 25: missing space 

We revised this sentence. Thank you. 

[Main text, Introduction]: In addition, satellite observations of tropospheric glyoxal 

column concentrations serve as a proxy for NMVOC emissions, offering precursor-

differentiating information when analyzed in combination with formaldehyde, another 

widely used proxy. 

 

R1.11 Line 35: I suggest to include more recent studies, e.g. using TROPOMI 

observations 

Thank you for the suggestions. We added a most recent study (Sfendla et al., 2026) that 

inversely estimated global glyoxal budget based on TROPOMI data: 

[Main text, Introduction]: More recently, Sfendla et al. (2026) used TROPOMI 

satellite observations to inversely derive an 110 Tg yr-1 global terrestrial source for 

atmospheric glyoxal. However, over 40% of this inferred terrestrial source could not be 

accounted for by known precursors and chemical mechanisms, highlighting the 

persistent gap of in our understanding of atmospheric glyoxal sources. 

 



 

 

R1.12 Line 151: This is probably explained in detail in the respective references, but 

since the present study explicitly explores the impact of updated glyoxal 

production on e.g. surface ozone, I wonder about the assumptions made 

regarding the a priori glyoxal profiles in the satellite retrievals. This is even 

more crucial with respect to the discussed marine surface glyoxal production 

and resulting concentrations, since in particular the marine glyoxal profiles are 

quite uncertain over many regions. 

Thank you for pointing out this omission. We added explicit statements regarding the a 

priori vertical profiles used in the TROPOMI glyoxal retrievals. We also added Figure 

S4 to diagnose the simulated glyoxal profile in our updated glyoxal model including 

the hypothetical marine glyoxal source, with discussions on the implications of the 

model-observation comparison 

[Main text, Section 2.4]: Over land, the TROPOMI retrievals used the a priori glyoxal 

profiles simulated by the Model of Atmospheric composition at Global and Regional 

scales using Inversion Techniques for Trace gas Emissions (MAGRITTE v1.1, Müller 

et al., (2019)). Over oceans, a fixed parameterized glyoxal profile based on aircraft 

observations over the tropical Pacific from Volkamer et al., (2015) was used in the 

retrieval (Lerot et al., 2021a).  

[Main text, Section 6]: Figure S4 further compares the simulated glyoxal over the 

remote ocean with the aircraft observations from Volkamer et al. (2015) and Kluge et 

al. (2023). With the added marine glyoxal source, GC-TM-EC‑simulated glyoxal 

concentrations aligned better with the limited aircraft data. However, the model 

overestimated glyoxal in surface air over the Northeast Pacific but underestimated it 

over the Atlantic. Additionally, the aircraft profiles suggested a more gradual decline 

in glyoxal concentration with altitude than simulated, which may indicate a 

longer‑lived marine‑derived precursor. This inference is inconsistent with the current 

understanding that marine‑emitted VOCs are predominantly short‑lived alkenes (e.g., 

ethylene and propene) and isoprene (Broadgate et al., 2004; Zhang et al., 2025; Pound, 

2021). 



 

 

 

[Main text, Conclusion]: Our study highlights the need for improved measurement of 

VOCs in the MBL and for a deeper exploration of their photochemical transformations. 

Our exploratory addition of a hypothetical secondary glyoxal source (66 Tg yr-1) raised 

the global atmospheric glyoxal source to 106 Tg yr-1 and its burden to 39 Gg. While 

this addition shows tentative consistency with in situ MBL observations, this 

hypothetical glyoxal source cannot be explained by known marine precursor emissions. 

Recent work suggests marine biogenic emissions of precursors, such as isoprene, may 

be larger than previous estimates (Zhang et al., 2022). However, our evaluation of 

model results against limited aircraft measurements points to the possible influence of 

a more long-live precursor, the nature and impacts of which remain highly uncertain. 

Resolving this gap in marine photochemistry is essential for quantifying the roles of 

glyoxal and its precursors in marine and global atmospheric chemistry. 

 

 

Figure S4. Observed (black) and simulated vertical profiles of glyoxal (a) over the 

Northeast Pacific during two flights RF17 and RF12 as reported by Volkamer et al. 

(2015), and over (b) the North Atlantic, (c) the Tropical Atlantic, and (d) the South 

Atlantic during multiple flights as reported by Kluge et al. (2023). Simulated results 



 

 

from the GC-CTRL (blue) and GC-TM-EC (red) experiments were sampled at the 

coordinates of the measurements during the month of measurements. Whiskers indicate 

standard deviations within each vertical layer. 

 

R1.13 Line 176: It is not clear how the yearly average is computed. I assume only 

simulations from the local satellite overpass time are used? This could be 

mentioned in the text, since otherwise the pronounced diurnal cycle of glyoxal 

might introduce systematic biases in the comparison. Also, for a species of such 

low optical density, the satellite must observe a significant fraction of negative 

retrievals. How are these taken into account in the comparison to a deterministic 

model?   

Thank you for pointing out these critical omissions. We added details of the TROPOMI 

data averaging and the model sampling protocol for comparison to observations. We 

also specified that the model-observation comparison in Figure 1 was sampled at 

satellite overpass time (13:30 local time): 

[Main text, Section 2.4]: The TROPOMI Level 3 monthly mean glyoxal product 

averaged the native pixels to 0.05 o 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 vals (Lerot et al., 

2021a). We regridded the Level 3 product to 2.5o longitude × 2o latitude for comparison 

with GEOS-Chem results and for inferring the hypothetical marine source of glyoxal 

(Section 4.3). Model results were sampled at the satellite overpass time. Even after the 

quality assurance filter, the Level 3 product showed small negative values over remote 

oceans and deserts where simulated glyoxal VCDs were also very small; these values 

were retained in the regridding. 

 



 

 

[Main text, Section 3]: Figure 1 compares the annual mean tropospheric glyoxal VCDs 

at satellite overpass time (13:30 local time) from sensitivity experiments with 

TROPOMI observations and the standard GEOS-Chem simulation (GC-CTRL). 

 

[Figure 1 caption]: 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). The simulated VCDs were sampled at the daily satellite 

overpass time (13:30 local time) and then averaged to annual means. 

 

R1.14 Table S1. Without clarification of the measurements altitudes, the given glyoxal 

concentrations are difficult to interpret. The first column sometimes mentions a 

geographic region and sometimes what appears to be measurement campaign 

acronyms. It might help the reader to be concise. Also, please carefully check 

the literature references. Wendisch et al., (2016) does not at all report on glyoxal. 

Thank you for the suggestion. We have clarified in the revised Table S1 that the 

reported values represent surface glyoxal concentrations unless otherwise noted. 

For comparisons with aircraft measurements, the corresponding note included 

“0–2 km mean” referring to a typical daytime PBL height. We also revised the 

first column of Table S1 to explicitly state the location of the reported 

measurement.  

In addition, we thank the reviewer for pointing out the issue with the Wendisch 

et al. (2016) reference. While Wendisch et al. (2016) summarized the 

ACRIDICON-CHUVA campaign, the glyoxal retrieval based on that campaign 

were directly reported by Kluge et al. (2020). We have therefore replaced the 

reference accordingly. We checked all references listed in Table S1 to ensure 

that they directly reported the glyoxal observations used in this work. We also 



 

 

corrected a misplaced parenthesis in reference 45 (Huang et al., 2023). The 

revised Table S1 and its notes are shown below. 

 



 

 

 

R1.15 Figure 2: Please add the respective references for the observations. 

Thank you for the suggestion. We added Table S1 listing the details of all observations 

and added their respective references, as shown above. 

 

R1.16 Line 202: This is not directly intuitive, considering that the model 

underestimates glyoxal in these bVOC source regions. How do you interpret an 

isoprene overestimation while at the same time glyoxal underestimation over 

regions clearly dominated by biogenic emissions? Is the model bias larger or 

smaller over bVOC source regions compared to other latitudes? 

Thank you for this very important feedback. We added a new Figure S5 comparing the 

simulated surface isoprene concentrations in the standard and revised models to the 

observations in key biogenic regions. We found that, by applying the top-down 

constraints on regional isoprene emissions based on CrIS isoprene observations, the 



 

 

simulated surface isoprene concentrations became closer to independent observations. 

This lent support for the regional scaling of isoprene emissions. However, the simulated 

regional glyoxal VCDs were impacted by both biogenic isoprene emissions and 

biomass burning emissions. Over South America, for example, our regional scaling 

reduced isoprene emissions, but simulated glyoxal VCDs increased as a result of 

increased biomass burning emissions. 

[Main text, Section 6]: Figure 2a compares simulated glyoxal concentrations against 

surface measurements over land. Excluding measurements from urban and biomass-

burning sites, the GC-TM-EC simulation showed substantially better agreement with 

observations over land (NMB = –43%) than the GC-CTRL simulation (NMB = –77%). 

We found that this improvement over land arose not only from refined isoprene 

emissions and its glyoxal production, but also from a better quantification of glyoxal 

and its precursors from biomass burning. Figure 7 compares satellite-observed and 

simulated VCDs of glyoxal and isoprene, along with the observed and simulated 

glyoxal-isoprene ratios (RGI) over four high-glyoxal regions. Figure S5 compares the 

simulated surface isoprene concentrations against measurements in key biogenic 

source regions. Over North America, the CrIS constraints on isoprene emissions 

corrected the low bias in GC-CTRL-simulated isoprene VCDs, improving the 

agreement with observed surface isoprene concentrations, while also improving the 

agreement between the simulated glyoxal VCDs and the TROPOMI observations. 

Updates in chemical mechanisms further improved the simulated glyoxal abundances 

and the RGI, indicating a better representation of glyoxal production from isoprene. In 

contrast, over South America, Africa, and Southeast Asia, CrIS constraints either 

reduced or only slightly increased isoprene emissions, which brought the simulated 

surface isoprene concentrations to better agree with measurements (Figure S5). 

However, the enhanced biomass-burning emissions of glyoxal and its precursors 

substantially raised both the simulated glyoxal abundances and the simulated RGI to 

become more consistent with observations. Chemical mechanism updates in GC-TM-

EC only brought minor adjustments to simulated glyoxal abundance over these regions. 



 

 

These results underscore the large contribution of biomass burning emissions to 

atmospheric glyoxal, which must be better constrained to enable accurate NMVOC 

emission inversions using glyoxal VCDs. 

 

 

Figure S5. Evaluations of GEOS-Chem simulated surface isoprene concentrations 

(unit: ppb) against measurements in major source areas of biogenic isoprene: Europe 

background (Garg et al., 2026), Europe forest (Seco et al., 2011), Amazonian forest 

(Sun et al., 2025), North China Plain (Zhang et al., 2020), South China (Zhang et al., 

2020) and Southeast US forest (Link et al., 2015). The Amazonian forest site is plotted 

on a separate linear axis because of its much higher concentration range. 

 

R1.17 Line 227: I am aware that isoprene observations are globally sparse and not 

routinely available, but how does this scaling approach impact the comparison 

to independent isoprene measurements? How does it compare to results from 

TROPOMI-based isoprene inversion approaches? 

Thank you for this very important feedback. We added a new Figure S5 comparing the 

simulated surface isoprene concentrations in the standard and revised models to the 



 

 

observations in key biogenic regions. We found that, by applying the top-down 

constraints on regional isoprene emissions based on CrIS isoprene observations, the 

simulated surface isoprene concentrations became closer to independent observations. 

This lent support for the regional scaling of isoprene emissions. We also compared our 

scaled isoprene emission estimates to the most recent inverse estimate of isoprene 

emissions (Sfendla et al., 2026) using formaldehyde and glyoxal VCDs from 

TROPOMI.  

[Main text, Section 4.1]: The top-down constrained global isoprene emission was 438 

Tg yr-1, similar to the default 449 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 the tropical ecosystems of the Amazon, Africa, and Northern 

Australia, our use of CrIS constraints decreased the regional isoprene emissions by 10% 

to 60%. These CrIS-based constraints on global isoprene emissions were still lower 

than the global isoprene emission estimates (490 to 514 Tg yr-1) independently derived 

by Sfendla et al., (2026) using TROPOMI formaldehyde and glyoxal retrievals. 

 

[Main text, Section 6]: Figure 2a compares simulated glyoxal concentrations against 

surface measurements over land. Excluding measurements from urban and biomass-

burning sites, the GC-TM-EC simulation showed substantially better agreement with 

observations over land (NMB = –43%) than the GC-CTRL simulation (NMB = –77%). 

We found that this improvement over land arose not only from refined isoprene 

emissions and its glyoxal production, but also from a better quantification of glyoxal 

and its precursors from biomass burning. Figure 7 compares satellite-observed and 

simulated VCDs of glyoxal and isoprene, along with the observed and simulated 

glyoxal-isoprene ratios (RGI) over four high-glyoxal regions. Figure S5 compares the 

simulated surface isoprene concentrations against measurements in key biogenic 

source regions. Over North America, the CrIS constraints on isoprene emissions 



 

 

corrected the low bias in GC-CTRL-simulated isoprene VCDs, improving the 

agreement with observed surface isoprene concentrations, while also improving the 

agreement between the simulated glyoxal VCDs and the TROPOMI observations. 

Updates in chemical mechanisms further improved the simulated glyoxal abundances 

and the RGI, indicating a better representation of glyoxal production from isoprene. In 

contrast, over South America, Africa, and Southeast Asia, CrIS constraints either 

reduced or only slightly increased isoprene emissions, which brought the simulated 

surface isoprene concentrations to better agree with measurements (Figure S5). 

However, the enhanced biomass-burning emissions of glyoxal and its precursors 

substantially raised both the simulated glyoxal abundances and the simulated RGI to 

become more consistent with observations. Chemical mechanism updates in GC-TM-

EC only brought minor adjustments to simulated glyoxal abundance over these regions. 

These results underscore the large contribution of biomass burning emissions to 

atmospheric glyoxal, which must be better constrained to enable accurate NMVOC 

emission inversions using glyoxal VCDs. 

 

 

 

Figure S5. Evaluations of GEOS-Chem simulated surface isoprene concentrations 



 

 

(unit: ppb) against measurements in major source areas of biogenic isoprene: Europe 

background (Garg et al., 2026), Europe forest (Seco et al., 2011), Amazonian forest 

(Sun et al., 2025), North China Plain (Zhang et al., 2020), South China (Zhang et al., 

2020) and Southeast US forest (Link et al., 2015). The Amazonian forest site is plotted 

on a separate linear axis because of its much higher concentration range. 

R1.18 Line 276: two-stages -> two stages 

Corrected. Thank you. 

 

R1.19 Line 280: ... and undergo rapid... ? 

Thank you for pointing out this lack of clarity. We corrected the sentence: 

[Main text lines 319-320]: The first-generation production aligned with the theoretical 

pathways proposed by Dibble (2004a, b), wherein specific Z--hydroxy-peroxy isoprene 

radicals (ISOPOO) first react with NO, then rapidly undergo 1,5 H-shifts and O2-

additions to yield dihydroxy peroxy radicals.   

 

R1.20 Line 281: fragments 

Corrected. Thank you. 

 

R1.21 Line 380: As above, considering this elevated isoprene-glyoxal yield in low 

NOx/high HOx environments, how do you interpret the model overestimation 

of isoprene coinciding with an underestimation of glyoxal in these regions?  

Thank you for this very important feedback. The yield of glyoxal from isoprene in low-

NOx environments is still highly uncertain, and we revised the main text to emphasize 

this uncertainty. However, these low-NOx regions often coincide with major forests, 

which are also susceptible to biomass burning. We found that the simulated regional 

glyoxal VCDs were impacted by both biogenic isoprene emissions and biomass burning 



 

 

emissions. Over South America, for example, our regional scaling reduced isoprene 

emissions, but simulated glyoxal VCDs increased as a result of increased biomass 

burning emissions. We revised the text to more thoroughly discuss the impacts of 

biomass burning on several regions of underestimated glyoxal abundance. 

[Main text, Section 5.1.3]: 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 chemical pathways to explain 

this phenomenon, their results consistently supported a sustained or potentially 

enhanced glyoxal yield under low-NOx conditions, such as that in our revised 

mechanism and in the RCIM. However, 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. 

 

[Main text, Section 6]: Figure 2a compares simulated glyoxal concentrations against 

surface measurements over land. Excluding measurements from urban and biomass-

burning sites, the GC-TM-EC simulation showed substantially better agreement with 

observations over land (NMB = –43%) than the GC-CTRL simulation (NMB = –77%). 

We found that this improvement over land arose not only from refined isoprene 

emissions and its glyoxal production, but also from a better quantification of glyoxal 

and its precursors from biomass burning. Figure 7 compares satellite-observed and 

simulated VCDs of glyoxal and isoprene, along with the observed and simulated 



 

 

glyoxal-isoprene ratios (RGI) over four high-glyoxal regions. Figure S5 compares the 

simulated surface isoprene concentrations against measurements in key biogenic 

source regions. Over North America, the CrIS constraints on isoprene emissions 

corrected the low bias in GC-CTRL-simulated isoprene VCDs, improving the 

agreement with observed surface isoprene concentrations, while also improving the 

agreement between the simulated glyoxal VCDs and the TROPOMI observations. 

Updates in chemical mechanisms further improved the simulated glyoxal abundances 

and the RGI, indicating a better representation of glyoxal production from isoprene. In 

contrast, over South America, Africa, and Southeast Asia, CrIS constraints either 

reduced or only slightly increased isoprene emissions, which brought the simulated 

surface isoprene concentrations to better agree with measurements (Figure S5). 

However, the enhanced biomass-burning emissions of glyoxal and its precursors 

substantially raised both the simulated glyoxal abundances and the simulated RGI to 

become more consistent with observations. Chemical mechanism updates in GC-TM-

EC only brought minor adjustments to simulated glyoxal abundance over these regions. 

These results underscore the large contribution of biomass burning emissions to 

atmospheric glyoxal, which must be better constrained to enable accurate NMVOC 

emission inversions using glyoxal VCDs. 

 

 

 

R1.22 Line 475: though a global bias 

Corrected. Thank you. 

 

R1.23 Line 526: were -> was  

Corrected. Thank you. 

 



 

 

R1.24 Line 591: the Amazonian rainforest 

Corrected. Thank you. 

 

Response to Anonymous Referee #2, 

R2.1 Zhang et al present work investigating the atmospheric glyoxal budget using a 

combination of satellite data and GEOS-Chem modeling. This topic is important 

and addressing issues with modern understanding in this domain is a worthwhile 

effort. While the authors present a thorough analysis, I believe there are several 

key pitfalls in this work that warrant further attention before this manuscript 

should be accepted for publication. They are highlighted below. 

We thank the reviewer for the thoughtful and rigorous comments on our 

manuscript. We address these comments point-by-point below. In particular, we 

have re-run all global GEOS-Chem simulations at 2.5o × 2o resolution and 

revised all diagnostics accordingly. 

 

R2.2 Model resolution: 4˚x5˚ is very coarse spatial resolution and not at all state of 

the art. Existing work in GEOS-Chem routinely uses 2˚x2.5˚ or higher and has 

for the past several decades. Given that many of the spatial gradients in glyoxal 

concentrations are on the order of 10s of km or smaller, the authors need to 

justify why this resolution was chosen. The authors should explicitly discuss 

how and where a 4x5 degree simulation would be useful to modern atmospheric 

chemistry understanding, and consider of completing new simulations at 

2˚x2.5˚.   

Thank you for the suggestion. We have re-run all global GEOS-Chem 

simulations at 2.5o × 2o resolution and revised all diagnostics, Tables, and 

Figures accordingly. The change of model resolution affected the simulated 



 

 

glyoxal budget by less than 5%. The main findings of the study were unchanged.  

 

R2.3 Data-model agreement: GEOS-Chem and the satellite retrieval disagree by 

quite a lot in this work. The authors do highlight this. However given the 

enormous uncertainties in both the simulation and the satellite data, it is difficult 

to know what to take away from this work as a reader. Can you tell if the model 

right? Are the satellite data to be trusted? Is an NMB of 60% even high at all 

given the coarse resolution and huge observational uncertainty? 

More detailed statistical treatment of the role of uncertainty in the satellite 

retrievals would strengthen this work substantially. 

Thank you for this important comment. Our goal in this study is to combine current-

best knowledge to improve the model representation of the emissions and chemistry of 

glyoxal and its precursors, such that assessments of their atmospheric impacts and more 

detailed inverse modeling may be realistically conducted. We acknowledge that much 

uncertainty remain in the sources and sinks of atmospheric glyoxal and its precursors, 

from both terrestrial and marine sources. We rewrote the conclusion section to highlight 

these uncertainties. 

We also added model-observations comparisons of surface CO, ozone, isoprene, and 

SOA concentrations, as well as model-observations of vertical profiles of glyoxal and 

HO2 concentrations over the remote oceans. Please kindly refer to our responses to 

R1.4 and R1.5 above. Together, the apparent improvements in simulated CO, ozone, 

and SOA should therefore be interpreted as supporting the chemical plausibility of the 

revised glyoxal budget and underscoring glyoxal's role as a proxy for atmospheric 

NMVOC emissions.  

[Main text, Conclusion]: Even with our improved precursor emission estimates and 

chemical representation, our simulated glyoxal remained approximately 40% lower 

than satellite glyoxal retrievals and surface observations over land. This discrepancy 

likely stems from both satellite retrieval uncertainties and persistent uncertainties in 



 

 

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 may moderately affect glyoxal production, but 

they have a potentially large impact on top-down isoprene estimates, particularly over 

the Amazonian rainforest, where underestimated OH and NOx lead to isoprene 

overestimation for a given emission rate (Wells, et al., 2020). Further uncertainties 

arise from 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).  

 

Our study highlights the need for improved measurement of VOCs in the MBL and for 

a deeper exploration of their photochemical transformations. Our exploratory addition 

of a hypothetical secondary glyoxal source (66 Tg yr-1) raised the global atmospheric 

glyoxal source to 106 Tg yr-1 and its burden to 39 Gg. While this addition shows 

tentative consistency with in situ MBL observations, this hypothetical glyoxal source 

cannot be explained by known marine precursor emissions. Recent work suggests 

marine biogenic emissions of precursors, such as isoprene, may be larger than previous 

estimates (Zhang et al., 2022). However, our evaluation of model results against limited 

aircraft measurements points to the possible influence of a more long-live precursor, 

the nature and impacts of which remain highly uncertain. Resolving this gap in marine 

photochemistry is essential for quantifying the roles of glyoxal and its precursors in 

marine and global atmospheric chemistry. 

R2.4 Hypothetical Ocean Source: The GC-TM-EC simulation and related discussion 



 

 

is missing a very important caveat. Namely that according to equation 3, the 

authors specifically scaled an ocean emissions term such that the model and 

satellite data agreed. Once this was done, the paper discusses how well the 

concentrations agree in Section 6. This is a circular argument. 

Further, glyoxal retrievals over oceans often have quite large per-retrieval errors, 

the statistical implications of which are not discussed in nearly enough detail in 

this manuscript. There is deep literature discussing robust emissions estimation 

from uncertain satellite observations. Incorporation of that kind of work would 

strengthen this paper. 

There may well be missing emissions of glyoxal from oceans in current models. 

This work does not provide particularly strong evidence in that direction. 

Instead, this work demonstrates that adding a hypothetical source of glyoxal 

over oceans based on extremely noisy satellite data does improve agreement 

with observations. A variety of prior papers have suggested as much. While that 

may be true, there are many other potential issues with the simulation of 

photooxidants that could lead to similar changes in concentrations. 

Thank you for your detailed review and valuable comments. Here, our goal is to 

estimate how large that hypothetical glyoxal source might be given satellite constraints, 

and whether that estimated source is consistent with independent measurements. The 

marine glyoxal source introduced in our study is hypothetical but is tentatively 

supported by in situ and ground-based remote sensing measurements.  We revised the 

main text to make the hypothetical nature more evident to readers. We also added 

discussion to elucidate the observational support for this hypothesis and explore its 

uncertainties. 

[Main text, Section 4.3]:   

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. In this work, we used TROPOMI observations 



 

 

to estimate how large that hypothetical secondary glyoxal source might be, and we 

evaluated whether the inclusion of that hypothetical glyoxal source is consistent with 

independent in situ and remote sensing measurements in the global MBL. Previous 

studies have tentatively linked the glyoxal in the MBL to biologically active waters or 

to photochemical production from the dissolved organic matter (DOM) content in sea 

water. However, currently reported concentrations or fluxes of precursors (e.g., 

isoprene, ethylene, and propene) appear insufficient to explain the magnitude of glyoxal 

inferred from satellite observations (Broadgate et al., 2004; Zhang et al., 2025; Pound, 

2021). In addition, measurements of NMVOCs in the MBL remain too sparse to provide 

a quantitative global constraint. We therefore interpret the inferred marine glyoxal 

source as a diagnostic term representing the glyoxal production from potentially 

missing marine NMVOCs. 

 

[Main text, Section 6]: Figure S4 further compares the simulated glyoxal over the 

remote ocean with the aircraft observations from Volkamer et al. (2015) and Kluge et 

al. (2023). With the added marine glyoxal source, GC-TM-EC‑simulated glyoxal 

concentrations aligned better with the limited aircraft data. However, the model 

overestimated glyoxal in surface air over the Northeast Pacific but underestimated it 

over the Atlantic. Additionally, the aircraft profiles suggested a more gradual decline 

in glyoxal concentration with altitude than simulated, which may indicate a 

longer‑lived marine‑derived precursor. This inference is inconsistent with the current 

understanding that marine‑emitted VOCs are predominantly short‑lived alkenes (e.g., 

ethylene and propene) and isoprene (Broadgate et al., 2004; Zhang et al., 2025; Pound, 

2021). 

 

[Main text, Conclusion]: 

Our study highlights the need for improved measurement of VOCs in the MBL and for 

a deeper exploration of their photochemical transformations. Our exploratory addition 



 

 

of a hypothetical secondary glyoxal source (66 Tg yr-1) raised the global atmospheric 

glyoxal source to 106 Tg yr-1 and its burden to 39 Gg. While this addition shows 

tentative consistency with in situ MBL observations, this hypothetical glyoxal source 

cannot be explained by known marine precursor emissions. Recent work suggests 

marine biogenic emissions of precursors, such as isoprene, may be larger than previous 

estimates (Zhang et al., 2022). However, our evaluation of model results against limited 

aircraft measurements points to the possible influence of a more long-live precursor, 

the nature and impacts of which remain highly uncertain. Resolving this gap in marine 

photochemistry is essential for quantifying the roles of glyoxal and its precursors in 

marine and global atmospheric chemistry. 
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