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S1 Modifications to the public GEOS-Chem v12.1.1

There are two modifications that we implemented in our simulations (both coupled and uncoupled) that are not available in the
public version of the uncoupled methane (C'H,4) and carbon dioxide (C'O) simulations. Firstly, for CH; we made a minor
correction to the treatment of C'Hy loss. In the uncoupled C'H, simulation, the diurnal variability of the hydroxyl radical
(OH) field was neglected, which would overestimate C'H, loss at night and underestimate it during the day, with biases of up
to 100% in some regions. In other offline GEOS-Chem simulations including carbon monoxide (C'O), O H concentration is
scaled to the cosine of the solar zenith angle to approximate diurnal variability. We updated the C' H, code to also apply the
diurnal scaling to the OH field used for C'H, oxidation in the troposphere. Using a 1-year test simulation for 2005, we found
that this change has a negligible impact on global annual tropospheric C' H,4 loss. Note, the calculation of the C' Hy loss in the
stratosphere is unchanged between the coupled and uncoupled simulations. Secondly, for CO5 we made a minor modification
by updating the simulation to use The Quick Fire Emissions Dataset (QFEDv2, Darmenov and da Silva (2015)) emissions that
were not available in the public version of the uncoupled v12.1.1 C'O simulation. We implemented this following the method
used in the uncoupled C'H,4 simulation to use a consistent biomass burning emission inventory across all three species. For all
three gases, we use daily QFEDv2 emissions with additional diurnal scale factors. For CO, we use vertical partitioning of the
emissions where 35% of the biomass burning emissions are emitted above the Planetary Boundary Layer (default setup in the
uncoupled v12.1.1 C'O simulation). For CO5 and C H,, the emissions are emitted at the surface only and transported to higher

altitudes via mixing, following the v12.1.1 setup.

S2 Coupled and coupled-origOH differences

To understand the origin of the differences in the COc¢r, (CO mole fraction from C'O production from CH,) seasonal
cycles we add an additional chemical term to the analysis, L(CO¢ g, ) that represents the loss of CO¢p, via OH, which is
a sub-component of the total L(CO) (CO loss). The difference between the production (P(COc¢p,)) and loss (L(COc¢m,))
together with transport leads to the modelled CO¢ g, mole fractions. Figure S1 shows the global surface and 500 hPa altitude
P(CO¢Hh,), L(COcp,) and their difference from the coupled and coupled-origOH simulation. Both at the surface and in

the mid troposphere, the coupled-origOH simulation results show significantly lower production in May—September, a period
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Figure S1. Global production of CO from C Hjy (a, d), its loss via O H (b, e) and their difference (c, f) in the coupled (indigo) and coupled-
origOH (turquoise) simulations at the surface (a—c) and 500 hPa altitude (d—f) for year 2006.

when we observe the maximum production in the coupled simulation, leading to an opposite seasonal cycle. The v5-07-08 OH
field used in the coupled-origOH simulation results in weaker L(C Haryop) during Northern Hemisphere (NH) summer, which
leads to weaker P(CO¢p, ) and significant differences in the net chemistry (production-loss) and resulting mole fractions. We

find that this difference is the most pronounced at the surface while at higher altitudes it slowly diminishes.
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Figure S2. Globally averaged O H fields at the surface (a) and at 500 hPa (b) from the v9-01-03 (indigo, used by uncoupled C'O and coupled
simulation), v8-02-01 (red, uncoupled C'O2) and v5-07-08 (turquoise, uncoupled C' H4 and coupled-origOH) full chemistry simulations.



Table S1. GEOS-Chem emission inventories used for both the uncoupled and coupled carbon gas simulations.

CO- CH, co
Fields used by both uncoupled and coupled simulations
Anthropogenic® ODIAC? EDGARv4.3.2¢ EDGARV4.2
Europe - - EMEP?
Mexico - CanMex* BRAVO/
Canada - CanMex® CACY
USA - GEPA" NEI’
Asia - - MIX v1.17
Biomass Burning QFEDv2* QFEDv2 QFEDv2
Biofuel Burning Yevich and Logan’ - Yevich and Logan
Ocean exchange Takahashi et al.™ - -
Balanced Biosphere SIB3™ - -
Net Terrestrial Exchange TransCom® - -
Shipping ICOADS? - ICOADS
Aviation AEIC1 - AEIC
Soil and Termites - Fung et al.” -

Wetland - JPL WetCHARTs v1.0° -
Seeps - Maasakkers et al. in prep. -
Rice - EDGARv4.3.2 -
Cl sink - Maasakkers et al. (2019) -

“The anthropogenic emissions in the C'O simulation had regional overwrites for the countries specified in the table.
bOpen»source Data Inventory of Anthropogenic CO5 (Oda and Maksyutov, 2011) “European Commission. Emission Database
for Global Atmospheric Research (http://edgar.jrc.ec.europa.eu/) dEuropean Monitoring and Evaluation Programme (Vestreng
et al., 2007) ©Sheng et al. (2017) f The Big Bend Regional Aerosol and Visibility Observational Study (Kuhns et al., 2005)

9 Criteria Air Contaminants Van Donkelaar et al. (2012) fNational Emissions Inventory
(http://www.epa.gov/ttnchiel/net/2005inventory.html) “Maasakkers et al. (2016) 7 Li et al. (2017) FThe Quick Fire Emissions
Dataset (Darmenov and da Silva, 2015) “Yevich and Logan (2003) ™ Takahashi et al. (2009) " The Simple Biosphere
(Messerschmidt et al., 2013) °Baker et al. (2006) P International Comprehensive Ocean—Atmosphere Data Set (Lee et al., 2011)
2 Aviation Emissions Inventory Code (Stettler et al., 2011) "Fung et al. (1991) °Bloom et al. (2017)


http://edgar.jrc.ec.europa.eu/
http://www.epa.gov/ttnchie1/net/2005inventory.html
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Figure S3. Surface (a—c) and 500 hPa (d—f) yearly averaged global spatial distribution of the O H fields based on the v9-01-03 (a, d) full
chemistry simulation and the difference between v5-07-08 - v9-01-03 (b, e) and v8-02-01 - v9-01-03 (c, f).
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Figure S4. Surface yearly averaged global spatial distribution of the OH fields based on the v9-01-03 (a, d, g, j) full chemistry simulation
and the difference between v5-07-08 - v9-01-03 (b, e, h, k) and v8-02-01 - v9-01-03 (c, f, i, 1) for each season: December—January—February
(DJF, a—c), March—April-May (MAM, d-f), June—July—August (JJA, g—i), September—October—-November (SON, j-1).
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Figure S5. Annual budgets of the global and regional C'O production from C H, from the uncoupled (a) and coupled (b) simulation.
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Figure S6. Annual budgets of the global and regional C' Oz production from the uncoupled (a) and coupled (b) simulations.
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Figure S7. Average December—January—February (DJF) 2006-2017 total column C'O chemical production from C' H4 (a), corresponding
mole fractions (i.e., COc g, ) at the surface (b) and at 500 hPa (c) from the coupled simulation along with the difference in each field between

the coupled and uncoupled simulation (d—f).
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Figure S8. Average March—April-May (MAM) 2006-2017 total column C'O chemical production from CH, (a), corresponding mole
fractions (i.e., CO¢H,) at the surface (b) and at 500 hPa (c) from the coupled simulation along with the difference in each field between the

coupled and uncoupled simulation (d—f).
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Figure S9. Average June—July—August (JJA) 2006-2017 total column C'O chemical production from C'H} (a), corresponding mole fractions

(i.e., COcH,) at the surface (b) and at 500 hPa (c) from the coupled simulation along with the difference in each field between the coupled

and uncoupled simulation (d—f).
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Figure S10. Average September—October—November (SON) 20062017 total column C'O chemical production from C Hy (a), corresponding
mole fractions (i.e., CO¢cw,) at the surface (b) and at 500 hPa (c) from the coupled simulation along with the difference in each field between

the coupled and uncoupled simulation (d—f).
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Figure S11. Average December—January—February (DJF) 20062017 total column C'O2 chemical production from C'O (a) and correspond-
ing mole fractions (i.e., CO2¢c0) at the surface (b) and at 500 hPa (c) from the coupled simulation along with the difference in each field

between the coupled and uncoupled simulation (d—f).
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Figure S12. Average March—April-May (MAM) 2006-2017 total column C'O2 chemical production from C'O (a) and corresponding mole
fractions (i.e., CO2c0) at the surface (b) and at 500 hPa (c) from the coupled simulation along with the difference in each field between the

coupled and uncoupled simulation (d—f).
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Figure S13. Average June—July—August (JJA) 2006-2017 total column C'O2 chemical production from C'O (a) and corresponding mole

fractions (i.e., CO2¢c0) at the surface (b) and at 500 hPa (c) from the coupled simulation along with the difference in each field between the

coupled and uncoupled simulation (d—f).
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Figure S14. Average September—October—November (SON) 20062017 total column C'O2 chemical production from C'O (a) and corre-
sponding mole fractions (i.e., CO2¢c0) at the surface (b) and at 500 hPa (c) from the coupled simulation along with the difference in each

field between the coupled and uncoupled simulation (d—f).
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Figure S15. Modelled CO (red-uncoupled, indigo-coupled) comparison with column measurements (black) at different TCCON sites (top
plots), based on monthly average values. Note, the plots show the scaled CO TCCON values (see main text for details). The bottom plots
represent the mixing ratios of the C'O production from C'H, from the different simulations. Note, Eq. 14 (main text) cannot be directly
used when calculating the column-averaged dry-air mole fractions of the chemical terms (i.e., CO2co and CO¢ g, ) since the a priori (x,)
represents the profile of the total amount of each gas and has no information about the individual source contributions. The contribution of

the a priori profiles is excluded for the calculation of COcm,, which is converted to column-averaged dry-air mole fractions according to
cs=hTaTzm,.
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Figure S15. Continued.
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Figure S16. Modelled C'O; (red-uncoupled, indigo-coupled) comparison with column measurements (black) at different TCCON sites (top

plots), based on monthly average values. The detrended values are shown in the middle plots. The bottom plots represent the detrended mixing

ratios of the C Oz production from CO from the different simulations. Note, Eq. 14 (main text) cannot be directly used when calculating

the column-averaged dry-air mole fractions of the chemical terms (i.e., CO2co and COc¢,) since the a priori (x4) represents the profile

of the total amount of each gas and has no information about the individual source contributions. The contribution of the a priori profiles is

excluded for the calculation of CO2co, which is converted to column-averaged dry-air mole fractions according to cs = hT a” z
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Figure S17. Modelled CO (red-uncoupled, indigo-coupled) comparison with surface measurements (black, top plots), based on monthly
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Figure S18. Modelled C'O2 (red-uncoupled, indigo-coupled) comparison with surface measurements (black, top plots), based on monthly
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S3 Comparison with aircraft measurements

Figure S20 shows the altitude versus latitude cross-sections of the C'Oy and C'O chemical tracers along the ATom flight tracks.
The cross-sections are constructed from linear interpolation between modelled values at the aircraft measurement locations
after averaging the modelled data as described in Section 3.5 (main text).

The CO¢p, values in the coupled simulation reflect the seasonal pattern in the production fields shown in Figure 7 (main
text). The mole fractions are highest in the NH during borel summer (ATom 1) followed by boreal fall (ATom 3). During boreal
winter (ATom 2), we see a shift of the production from the NH to the Southern Hemisphere (SH), while during boreal spring
(ATom 4) we find high mole fraction values in the tropical regions. The uncoupled simulation shows a similar distribution
but with overall lower values. The modelled CO2¢c o values are more mixed throughout the atmosphere. As with CO¢cn,, we
observe the highest COsco values in the NH during boreal summer followed by boreal fall. In the SH, C'Os¢ is highest
during austral summer (ATom 2) but not as high as the boreal summer values in the NH. The uncoupled simulation points
to higher values in the NH and lower in the SH during all seasons except during austral summer (ATom 2) when we see the

opposite behavior. As shown in Figure 11 (main text), the differences in the chemical fields between simulations are also

reflected in the total values of CO and C'O,.
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