Supplemental Information

MOPITT Column + fixed OH (Tg/yr) MOPITT Profile + fixed OH (Tg/yr) MOPITT Column + Variable OH (Tg/yr)

Years US | Europe E. China| India |SE. Asia| Global | US | Europe [E. China| India |[SE. Asia| Global | US | Europe [E. China| India |SE. Asia| Global
2003 | 88.1 51.3 | 2159 | 654 25.8 | 654.1 | 79.7 474 12053 | 64.1 25.5 | 6122 | 82.6 504 | 2032 | 61.1 253 | 6275
2004 | 81.5 49.5 | 221.0 | 64.6 26.5 | 652.5 | 76.0 46.0 | 2129 | 647 26.1 | 6173 | 773 48.7 | 211.0 | 599 26.1 | 630.3
2005 | 77.7 46.7 | 2193 | 66.8 26.0 | 640.7 | 73.5 43.6 | 2125 | 657 26.1 | 6113 | 733 459 2098 | 62.5 25.6 | 618.6
2006 | 78.5 45.0 | 2184 | 63.7 259 | 6409 | 72.8 42.1 | 2124 | 64.8 26.1 | 609.0 | 73.7 444 | 208.6 | 58.1 253 | 616.2
2007 | 75.8 443 | 2245 | 66.7 273 | 651.0 | 69.6 40.7 | 212.7 | 659 26.7 | 609.0 | 71.6 433 | 213.1 | 619 26.8 | 625.4
2008 | 70.6 434 2104 | 69.5 26.6 | 6374 | 63.7 39.6 | 196.0 | 66.7 259 | 5875 | 66.3 42.5 197.8 | 643 26.1 | 610.1
2009 | 624 39.7 | 2126 | 753 28.1 | 634.6 | 573 36.5 195.6 | 69.8 27.0 | 580.5 | 59.0 39.3 | 201.6 | 68.7 274 | 610.5
2010 | 61.7 40.2 | 2220 | 72.0 279 |639.0 | 57.6 37.6 199.5 | 69.0 27.8 | 586.4 | 58.7 39.8 | 2135 | 66.4 273 | 617.6
2011 | 629 38.5 | 2163 | 70.7 27.1 | 630.7 | 573 35.5 196.1 | 68.7 27.0 | 577.8 | 59.0 37.9 12069 | 649 26.6 | 607.9
2012 | 65.2 37.5 | 2164 | 81.0 274 | 647.0 | 57.0 33.8 | 1956 | 743 27.1 | 583.7 | 604 364 | 204.6 | 74.8 26.8 | 618.0
2013 | 59.3 36.1 | 203.2 | 75.0 279 | 6189 | 545 334 | 1894 | 71.6 27.6 | 572.0 | 557 36.0 | 193.5 | 68.9 274 | 596.7
2014 | 57.0 349 1933 | 755 27.7 | 6056 | 52.5 32.5 184.1 | 72.4 274 | 5625 | 54.1 348 | 184.1 | 69.7 27.0 | 585.0
2015 | 544 354 | 1824 | 749 27.7 |596.0 | 50.5 327 | 1755 | 713 274 | 5538 | 51.6 348 | 1742 | 69.1 27.1 574.2
2016 | 50.3 34.7 179.9 | 78.1 27.6 | 591.2 | 46.8 32.3 1747 | 714 27.7 |549.0 | 47.2 340 | 1722 | 71.8 27.2 | 569.0
2017 | 504 348 | 1754 | 782 25.8 | 583.6 | 46.6 32.6 | 1754 | 73.0 26.7 | 5499 | 47.1 339 1169.0 | 719 254 | 562.2
2018 | 48.6 35.1 1751 | 794 27.0 | 586.6 | 45.1 32.3 174.6 | 737 27.1 547.8 | 46.0 344 | 167.0 | 735 26.6 | 565.7
2019 | 464 34.1 168.8 | 79.4 275 | 5775 | 437 32.1 169.9 | 74.8 273 | 5446 | 445 33.6 | 1623 | 72.8 27.0 | 5573
2020 | 484 34.5 1652 | 71.8 27.8 | 570.1 | 439 32.0 | 167.8 | 69.6 27.5 | 5379 | 459 33.6 | 1572 | 66.9 269 | 547.6
2021 | 48.2 340 | 149.0 | 775 25.5 | 5533 | 43.8 31.7 | 1585 | 727 26.3 | 5259 | 47.6 339 | 1435 | 724 23.9 | 538.9
2022 | 453 343 146.5 | 79.6 25.0 | 546.1 | 429 32.1 1572 | 73.8 263 | 5254 | 428 332 | 1413 | 74.6 23.8 | 5229

Table S1. Annual total anthropogenic CO emissions from 2003 to 2022, constrained with MOPITT column and profile data driven with the fixed
and variable OH fields. The region definition is shown in Figure Sle.




MOPITT Column + fixed OH (Tg/yr) MOPITT Profile + fixed OH (Tg/yr) MOPITT Column + variable OH (Tg/yr)

Boreal N. Boreal S. SE. Boreal N. Boreal Boreal N. Boreal
Years| America Asia| America Africa Asia| Australia]  Global| America Asia|S. America Africa| SE. Asia| Australia]|  Global| America AsiaS. America Africa| SE. Asia| Australia]  Global
2003 20.6 70.6 42.7 158.6 13.0 16.6 365.6 17.2 79.3 42.1 146.6 14.0 15.5 355.6 18.1 69.2 395 152.9 13.3 16.2 351.2
2004 30.7 19.3 60.8 160.3 26.0 19.3 356.2 30.3 18.1 62.1 144.6 28.5 17.3 3373 28.9 19.8 55.0 155.7 259 18.9 3423
2005 21.7 24.6 63.5 178.3 18.1 8.7 357.8 18.9 22.2 67.1 164.7 19.4 7.8 338.8 20.6 22.1 57.3 171.4 17.8 8.3 338.9
2006 12.4 353 343 149.3 27.3 19.9 319.3 12.0 34.6 339 133.9 40.2 16.6 309.9 11.6 345 31.4 144.0 26.2 18.6 305.7
2007 10.7 27.7 68.6 166.6 15.2 16.7 361.7 10.3 24.2 76.3 148.1 12.8 14.6 3332 10.1 26.6 64.3 159.8 14.7 16.2 346.0

2008 114 41.8 254 175.6 8.5 9.0 3121 10.1 45.0 259 153.8 7.7 79 2855 10.4 41.1 22.8 168.8 8.3 87 298.6
2009 13.5 23.8 132 151.9 444 16.8  309.7 11.6 229 14.3 128.4 46.9 149 2783 13.5 23.1 11.6 148.0 43.4 163  301.0
2010 17.8 29.8 65.7 165.4 13.6 5.0 349.0 17.5 26.4 69.0 148.7 12.0 4.7 3229 16.7 293 58.7 159.0 13.2 49 3320

2011 11.8 353 18.3 1713 14.5 29.0 3125 12.7 30.8 18.8 148.5 16.0 246 279.7 11.1 335 16.6 164.3 14.1 282  298.6
2012 15.1 73.9 35.0 168.2 16.2 282 376.0 13.0 74.5 36.5 148.4 16.9 23.5 3449 12.8 65.3 32.8 160.7 16.0 27.1 3523

2013 22.7 39.6 14.8 170.4 15.4 113 310.9 24.1 354 16.7 147.8 159 9.6 2820 21.0 353 132 164.6 14.8 11.1 295.6
2014 20.5 422 252 156.5 26.8 16.5 330.0 20.0 38.7 23.7 135.9 29.9 143 299.7 19.4 40.7 21.2 146.1 25.8 16.2  310.1
2015 253 40.7 37.1 169.4 34.6 13.0  362.1 27.1 42.5 36.8 149.8 46.0 112 353.0 23.5 39.7 33.7 164.0 344 126 348.7
2016 8.0 56.7 30.1 188.7 13.7 7.8  341.6 9.0 55.8 30.8 167.4 12.9 69 3156 7.5 50.1 259 179.7 134 75 3192
2017 22.8 36.0 40.6 174.8 6.6 16.9 3377 22.8 33.9 383 156.0 6.6 143 308.4 20.9 32.1 343 166.1 6.4 16.1 313.7

2018 26.7 41.2 17.0 171.7 11.8 18.0 3243 30.6 40.9 18.4 1513 13.0 15.1 303.3 223 36.1 15.0 166.3 11.4 17.8  305.0
2019 20.5 58.5 38.0 170.7 26.1 27.0 3799 24.8 55.6 35.0 148.1 29.9 346 3644 17.9 51.0 33.8 164.3 25.6 26.5 3569

2020 1.5 545 49.6 166.8 13.7 8.3 350.0 1.7 53.6 51.7 154.7 11.9 7.8  338.6 9.5 374 36.7 152.1 18.6 153  306.4
2021 79.1 129.1 31.8 177.9 9.9 7.1 477.9 91.9 172.0 31.7 158.7 9.9 6.6 5156 522 102.6 26.7 154.5 17.0 147  401.4
2022 15.4 26.9 36.5 157.8 4.2 6.5 2774 19.0 27.1 38.5 139.9 4.2 6.1 264.1 12.8 31.1 355 147.4 19.3 152 2914

Table S2. Annual total biomass burning CO emissions from 2003 to 2022, constrained with MOPITT column and profile data driven with the
fixed and variable OH fields. The region definition is shown in Figure S1f.
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Fig. S1. (a-d) Mean a priori CO emissions from 2003 to 2022 with unit 10'?> molec/cm?*/sec;
(e-f) Region definitions for (e) anthropogenic and (f) biomass burning sources.
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Fig. S2. Interannual variability of global mean tropospheric OH concentrations (2005-2020)
from the TCR-2 tropospheric chemistry reanalysis.
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Fig. S3. Definition of the ocean boundary conditions. CO abundances over ocean (red grids)
were rewritten using the optimized hourly CO fields from Kalman Filter. The Kalman filter run
is completely independent of the 4-DVAR inversions. There is no feedback of the 4-DVAR
inversion results to the boundary conditions
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Fig. S4. (a-c) difference between modeled and HIPPO-observed CO observations, effect of a
posteriori emissions, derived by abs(COaposteriori — COhircraft) - abs(COapriori — COuircratt); blue (red)
means the a posteriori emissions improves (degrades) the agreement with aircraft
measurements compared to the a priori emissions.(d-f) the same as (a-c), but for ATom -
observed CO observations.



