Supplements

Texts:

Text S1: Tropospheric ozone trend analysis
Data:

To gain insight into the MERRA2-GMI tropospheric ozone columns trends, we employ a data
product created from OMI and Microwave Limb Sounder (MLS) data that spans a latitude range of 60°S-
60°N. Ziemke et al. (2006) employed a technique wherein tropospheric ozone columns were derived by
subtracting MLS stratospheric columns from OMI total columns for each grid point daily. The precision of
this dataset is estimated to be 1.3 DU. A comparison of these observations with ozonesondes for the period
2004-2005 yielded an RMSE value near 5 DU (Ziemke et al. 2006). It is worth noting that Ziemke et al.
(2019) have observed a moderate drift (-1.0 DU/decade) caused by the row anomaly, which is currently
being corrected for. This product does not follow an optimal estimation method to provide its dependency
on the prior profiles (i.e., averaging kernels); therefore, we do not use this product to constrain our model.
Analysis:

In this study, despite the absence of observational constraints on tropospheric ozone concentrations
from satellites in our study, it is deemed essential to provide insights into the long-term trends of MERRA2-
GMI and their comparison with OMI/MLS observations. Here, we use daily-averaged MERRA2-GMI data
without enforcing any masks used for OMI/MLS observations. The statistical significance of the linear
trend maps of tropospheric ozone columns observed by OMI/MLS from 2005 to 2019 and simulated by
MERRAZ2-GMI are depicted in Figure S3. OMI/MLS demonstrates a widespread increase in tropospheric
ozone concentrations (+1-3 DU/decade) across the globe. The analysis shows that the increases in
tropospheric ozone concentrations are more prominent in the northern hemisphere than in the southern
hemisphere. The upward ozone trends are mainly concentrated in Asia due to a rise in anthropogenic
emissions. The impact of Asian emissions on ozone pollution is not limited to its own region as it can
transport hemispherically to the western United States, thereby increasing the background concentration
levels (Cooper et al., 2010; Lin et al., 2017). The OMI/MLS trend map over the Pacific Ocean illustrates
this observation clearly. The observations by OMI/MLS also indicate a hotspot of increased ozone
concentrations over the subtropical Atlantic Ocean, which is potentially due to African biomass burning
activities (Cuevas et al., 2013). The comparison of the OMI/MLS and MERRA2-GMI datasets indicates a
strong degree of agreement in the northern hemisphere. Gaudel et al. (2018) have compiled long-term
mountaintop nighttime ozone measurements in the northern hemisphere and found that most of them exhibit
upward trends, representative of the free-tropospheric trends.

The trends observed in the southern hemisphere by OMI/MLS do not align with those simulated
by MERRA2-GMI (Ziemke et al., 2019). Lu et al. (2019) indirectly supports the upward trends detected by
OMI/MLS by compiling long-term records (1990-2015) of several surface observations and ozonesonde
measurements at high latitudes in the southern hemisphere. Using a global model, they hypothesized that
the upward trends may resulted from the expansion of Hadley circulation, particularly in austral autumn
(March until May), leading to greater stratospheric contributions to the surface and a more effective mixing
of ozone precursors from heavily polluted tropical regions to the free troposphere. However, it remains
unverified whether this expansion occurs throughout the year, resulting in widespread upward trends
observed by OMI/MLS. A more recent study, Thompson et al. (2021), utilized Southern Hemisphere
Additional Ozonesondes (SHADOZ) data and suggested that the free-tropospheric ozone trends in 1998-
2019 were fainter than those detected by satellite observations and varied greatly from season to season due
to atmospheric dynamics (i.e., expansion or shrink in the tropopause height). An important caveat to
consider is that satellite-based tropospheric ozone concentration can be largely uncertain due to limited
sensitivity of the observed radiance to the optical path of ozone in the lower tropospheric region. Gaudel et



al. (2018) have compiled the tropospheric ozone trends observed by different satellites and retrieval
algorithms and observed that most of them support the upward trends in Asia. However, there is vast
disagreement when it comes to the southern hemisphere. Therefore, there is rather insufficient evidence to
support the strong upward trends detected by OMI/MLS in the southern hemisphere, nor can it be claimed
that MERRA2-GMI has reproduced reasonable trends in that region.

Text S2: Time series of tropospheric NO, columns

Figure S4 shows the long-term records of tropospheric NO2 columns observed by OMI contrasted
with those simulated by the MERRA2-GMI model, both pre- and post-application of the Ol algorithm, over
various areas. Regions undergoing statistically significant upwards trends are in the Middle East, India, and
China. However, the recent reduced NOx emissions in China imposed since 2010-2012 are noticeable in
the OMI time series. Particularly, the prior GMI simulation overestimates the upward trend due to lack of
accounting for the recent emissions reduction. Both the U.S. and Europe have experienced an improvement
in air quality with respect to NO, concentrations. OMI does not indicate any statistically significant changes
in NO over Canada which can be attributed to few OMI samples or increased emissions from the Canadian
oil sands (McLinden et al., 2016) counteracting with improved mobile emissions in cities.

Text S3: Time series of total HCHO columns

Figure S6 shows the long-term time series of HCHO columns derived from OMI, the a priori-, and
the a posteriori-MERRA2-GMI in 2005-2019 over a handful of regions. MERRA2-GMI largely
overestimates summertime HCHO columns in the southeast US and Amazon Basin possibly due to
uncertainties associated with the biogenic emissions. The posterior estimate corrects for the spuriously
positive trends in HCHO over several parts of Amazon Basin not being supported by OMI observations
(De Smedt et al., 2015). The a priori tends to underestimate the upward trends in HCHO over India, but it
has high level of proficiency at capturing those over China and Middle East.

Text S4: The effect of OMI adjustments on XCH4

The temporal and spatial variations in the TOH changes should have non-uniform effects CH4
concentrations given the fact that their emissions are not uniformly distributed. Figure 7 shows column-
averaged mixing ratios of CH4 (XCH,) for the fifteen-year period (2005-2019) resulting from changes in
TOH based on SOMInitro, SOMIform, and SOMInitroform, along with averaged XCH, from Shase. The
comparison of surface CH,4 observations from the US National Oceanic and Atmospheric Administration
(NOAA) surface flasks (https://gml.noaa.gov/ccgg/about.html, last accessed: September 28, 2023) with
simulations derived from Sbase shows a strong degree of correlation (r=0.90) (Figure S9), primarily
attributed to the model’s ability at accurately representing CH4 Seasonal cycles across the globe (Figure S10
and S11). However, the model overestimates global CH4 by 3.3%, potentially due to biases associated with
the bottom-up emissions. When summing CHs emissions in 2008-2017 to compare our bottom-up
emissions to those reported in Saunois et al. (2020), we found our bottom-up emissions to have a global
average of 717 Tgl/yr, which is well within the range of reported values (594-881 Tg/yr). Nonetheless,
Saunois et al. (2020) suggested that the top-down estimates might be lower than the bottom-up emission
inventories, partly explaining our simulations being biased high.

The global reduction in TOH results in an increase in XCH4 across all seasons (Figure S12). The
deviation in changes in XCHpa is relatively consistent across the globe for the same reason. Nonetheless,
XCHjs tends to enhance more significantly over Africa where both CH4 emissions and changes in TOH
(~20%) are relatively large throughout the year. We observe a modest global deviation in changes in XCH4
among seasons from this experiment (0.3 ppbv), with a peak in SON due to the global average XCH, being
0.4% (~7 ppbv) larger compared to the annual mean. Results obtained from SOMIform show a marginal
increase in XCH, over tropics where OMI increments reduced TOH. This suggests that the OMI HCHO
adjustments do not have a major influence on XCH.. SOMInitroform leads to a relatively linear summation
of two previous experiments.

Text S5: The effect of OMI adjustments on XCO

Figure S14 illustrates the effect of adjusted TOH on column-averaged mixing ratios of CO (XCO)

for the fifteen-year period (2005-2019) based on the three experiments in addition to Sanalysis. A
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comprehensive validation of CO concentrations in various domains including at the surface, integrated total
columns, and profiles derived from in-situ and satellite observations, show a good degree of agreement
(r>0.8) with consistent small biases (<10%) (Figure S15-20). The OMI NO; adjustments results in XCO
enhancements due to the reduced TOH. The XCO enhancements are more local than those of XCH, due to
the shorter CO lifetime. The enhancements reach above 10 ppbv in Africa. However, they quickly fade
away in areas where the TOH changes are small. Similarly, the effect of reduced TOH on XCO did not lead
to a noticeable long-term trend. Expectedly, the OMI HCHO adjustments do not lead to noticeable changes
in XCO.
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Figure S1. The relative biases in MERRA2-GMI total ozone columns with respect to OMI total columns
OMTO3 (data obtained from https://disc.gsfc.nasa.gov/datasets/ OMTO3_003/summary).
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Figure S2. The linear trend of total ozone columns from OMTO3 and MERRA2GMI in 2005-2019.
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Figure S3. The global maps of statistically significant linear trends of tropospheric ozone columns observed
by OMI/MLS and simulated by MERRA2-GMI in 2005-2019.
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Figure S4. The long-term series of tropospheric NO, columns derived from OMI, MERRA2-GMI before
and after taking the OI corrections factors into consideration for various regions around the world. The
linear trends are applied along with a seasonal cycle. Statistically significant trends are highlighted by bold
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Figure S6. Same as Figure S4 but for HCHO.
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Figure S7. The linear trends of simulated IWV by our GEOS run. The ENSO effect is not considered in
the trend analysis.
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Figure S8. Same as Figure S7 but the ENSO effect is considered.
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Figure S9. The scatter plot of CH4 concentrations simulated by our GEOS-quickchem model based on
Sanalysis (y-axis) contrasted by those observed by NOAA flasks surface observations (x-axis). The
sampling size is monthly.
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Figure S10. The zonal-averaged CH. concentrations simulated by our GEOS-quickchem model based on
Sanalysis (red curves) and observed by NOAA flasks surface observations from 2005 till 2020.
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Figure S11. The zonal-averaged seasonal pattern of CH4 concentrations simulated by our GEOS-
guickchem model based on Sanalysis (red curves) and observed by NOAA flasks surface observations. All
data from 2005 till 2020 are used to make this plot.
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Figure S12. (first column) simulated XCH, from Sanalysis experiment in different seasons, (second to
fourth columns) the XCH,4 changes due to adjustments made by OMI NO, (SOMInitro), OMI HCHO
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Figure S14. Same as Figure S12 but for XCO.
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Figure S15. Same as Figure S10 but for surface CO.
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Figure S16. Same as Figure S11 but for CO.
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Figure S17. The scatter plot of CO concentrations simulated by our GEOS-quickchem model based on

Sanalysis (y-axis) contrasted by those observed by NOAA flasks surface observations (x-axis). The
sampling size is monthly.
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Figure S18. (top) contour maps of MOPITT total CO columns in 2005-2019, (middle) simulated total CO
columns based on Sanalysis, and (bottom) their differences. The averaging kernels from the retrieval

algorithm have been applied to the model results.
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Figure S19. The zonally-averaged seasonal cycles between Sanalysis CO total columns and those of

MOPITT.
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Figure S20. The zonally-averaged vertical distribution of CO simulated by Sanalysis and retreived by

MOPITT. The averaging kernels are considered.
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Figure S21. The effect of OMI NO; and HCHO adjustments on TOH.
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Figure S22. The semi-normalized response of tropospheric OH to tropospheric water vapor changes based on
ECCOH offline calculations in 2012.
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Figure S23. The semi-normalized response of tropospheric OH to tropospheric 0zone changes based on
ECCOH offline calculations in 2012.



[x 10% cm™]
Figure S24. The semi-normalized response of tropospheric OH to stratospheric column changes based on
ECCOH offline calculations in 2012.
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Figure S25. The comparison of the baseline (Sanalysis) with varying OH drivers (x-axis) against the sum

of five experiments designed to isolate the effect of each OH driver on OH trends (y-axis).



