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Figure S1. COS mole fraction distribution measured by HIPPO instruments 1-3. The measurements of COS were taken by 3 different

instruments. The last panel represent the averages of all HIPPO fights. The mean and number of measurements of each flight are

shown in legends.



COS biomass flux January COS biomass flux April

80°N 20.0 80°N 20.0
17.5 17.5
40°N 15.07 40°N 15.07
%] %]
125~ 125~
0 ! o !
0 10.0 € 0 10.0 €
75 S 75 S
o £ o £
40°S 5o 5 40°S 5o &
80°S 5'2 80°S é'g
180° 120°W 60°W  0°  60°E 120°E 180° 180° 120°W 60°W  0°  60°E 120°E  180°
80°N 20.0 80°N 20.0
17.5 17.5
40°N 15.0 40°N 1507
12.5 o 12.5 h
0° 0°
10.0 € 10.0 €
75 S 75 S
o £ o £
40°S 5o 5 40°S 5o &
80°S 5'2 80°S é'g
180° 120°W 60°W  0°  60°E 120°E 180° 180° 120°W 60°W  0°  60°E 120°E  180°

Figure S2. Spatial distribution of prior COS biomass burning fluxes for January, April, July, and October. Note that we use an

extended colorbar due to hot spot emissions. The fluxes are averaged over the years 2000-2012.
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Figure S3. Spatial distribution of prior COS biosphere fluxes for January, April, July, and October. The fluxes are averaged over the
years 2000-2012.
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Figure S4. Spatial distribution of the climatological prior ocean fluxes of COS (upper), CS: (middle) and DMS (lower) for January
(left) and July (right) based on Suntharalingam et al. (2008). Colorbars are extended with an arrow indicating that values may exceed

the maximum or minimum value. Fluxes of CS; and DMS are converted to COS using yields of 83% and 0.7 %, respectively.
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Figure S5. Spatial and temporal correlation settings in inversion S,, and the resulting x> metric. (a) shows the comparison to HIPPO
and (b) shows the x? with respect to NOAA surface observations. The inversions were run for the years 2008-2011 and HIPPO
campaigns 1-3 were sampled. The first and last 6 months of inversions were removed to calculate x>. The arrow indicates the

correlation setting selected for all further experiments.
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Figure S6. Optimized emission field of inversion S,, for a spatial correlation length of 20000 km and a temporal correlation length of

12 months. This field differs markedly from the optimized patterns presented in the main text.
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Figure S7. Monthly exchange fluxes related to inversion S,,: (a) prior biosphere (b) anthropogenic COS emissions (c) COS from anthro-
pogenic CS» (d) biomass burning (e) optimized "unknown" emissions. Monthly global fluxes are shown in gray, and the trend is shown in

blue.
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Figure S8. COS mole fraction comparison between MIPAS and TMS on 250 hPa in September to November. (a—e) are TMS prior, and
inversions S, S1, S2, S3, respectively. (f) is captured from figure 11 in (Glatthor et al., 2017). TMS results represent a 2008—-2010 average,
and MIPAS is averaged over 2002-2011. Because TMS5 is systematically lower than MIPAS, 25 pmol mol ™! is added to the TMS results for

a better visual comparison.
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Figure S9. COS mole fraction comparison bwteen MIPAS and TMS5 on 150 hPa in June to August. (a—e) are TMS5 prior, and inversions S.,,
S1, S2, S3, respectively. (f) is captured from figure 12 in (Glatthor et al., 2017). TMS results represent a 2008—2010 average, and MIPAS is
averaged over 2002-2011. Because TM35 is systematically lower than MIPAS, 25 pmol mol ~* is added to the TMS5 results for a better visual

comparison.



—— LEF Standard model

—— LEF CS2 emitted directly as COS T—'
—600- —— MHD Standard 5
n MHD CS2 emitted directly as COS E
g g
£
= =]
s} L [}
£ 500 8
2 3]
Q ]
Q £
o S
400- %)
8 -100- —— LEF Standard minus CS2 emitted directly as COS

—— MHD Standard minus CS2 emitted directly as COS
09-Jan  09-Mar  09-May  09-Jul  09-Sep  09-Nov  10-Jan  ~2009an  09-Mar  09-May  09Jul  09-Sep  09-Nov  10-Jan
COS difference at surface in Jan: CS2 simulated minus CS2 directly emitted as COS80 o COS difference at surface in July: CS2 simulated minus CS2 directly emitted as CO%0 o

8°N| ¢ » 80°N ) -
L = 60.0 N — <SSR 60.0
20N 40.0 . %fg?- 40.0
200 7 . 200 7
° °
0 00 £ ¢ \ 00 £
200 £ NI 200
Q ) Q
40°s 400 40°S > -40.0
-60.0 o . ) -60.0
80°S 80.0 80°S Bl < 80.0
180°  120W  60°W 0° 60°E  120°E  180° 180°  120°'W  60°W 0° 60°E  120°E  180°

Figure S10. Sensitivity test in which CS3 is emitted as COS compared to the standard model: (a) COS mole fractions sampled at two stations
(LEF and MHD) (b) COS difference sampled at two stations (LEF and MHD) (c) COS spatial difference at the surface in January (d) COS

spatial difference at the surface in July. Note that the results are from forward model simulations with prior fluxes in 2008-2010. For clarity,

in panels a and b only results in 2009 are shown.
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(a) COS unknown posterior annual mean: inversion without DMS
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Figure S11. Posterior flux of the NO-DMS inversion and the standard inversion S,: (a) posterior COS flux with DMS emissions added to

the "unknown" flux (b) posterior COS flux from inversion S,,. The inversions have been performed for the year 2008-2010.
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Figure S12. Monthly biosphere flux corrected by scaling with monthly-mean COS mole fractions (green) and the original biosphere
flux calculated with a fixed mole fraction of 500 pmol mol ~* used in the paper (red). The yearly-averaged corrected flux amounts to

-851 Gg a—! compared to 1053 Gg a~ " for the original flux.
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Figure S13. Monthly-mean surface COS mole fractions in pmol mol ! from inversion S, in the year 2018.
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Figure S14. Monthly scaling factors for correcting the original SiB4 prior biosphere flux in the year 2018. The unit-less scaling is

calculated as the monthly-mean surface COS mole fraction from Figure S13 divided by 500 pmol mol ~*.
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Table S1. Prior and posterior fluxes, calculated errors, and error reduction of the different inversions for the 2008-2011 period,
aggregated to global totals. Note that we removed the first and last 6 months from the inversions as spin-up and spin-down periods.
CS: emissions are converted to COS indirect emissions using a conversion factor of 0.83. The correlation lengths for inversions S1-S3

are 4000 km and 12 months.

Flux category Grid-scale error ~ Prior (Gga™') Posterior (Gga~*)  Error Reduction

COS unknown” 100 % 432420.2 436.7£3.8 81.4 %

S.  COS unknown® 100 % 432425.5 436.7£3.5 86.3 %
COS unknown® 100 % 432499.0 443.1£7.3 92.6 %

COS unknown* 100 % 4324284.6 4232452 98.2 %

COS anthropogenic 10 % 157.3+£6.9 154.7+6.7 24 %

COS ocean 50 % 40.6£15.4 -15.7£11.8 23.4 %

S1  COS biosphere 50% —1053.1£165.3 -564.0+20.3 87.8 %
COS biomass 10 % 122.5+£4.6 118.7£4.6 0.2 %

CS; anthropogenic 10 % 190.748.1 189.748.0 2.1 %

CS; ocean 50 % 83.0£10.6 98.7£10.5 0.6 %

S2  COS ocean 50 % 40.6£154 24.9+6.3 59.0 %
CS; ocean 50 % 83.0+10.6 535.8+6.5 38.3 %

S3  COS biosphere 50 % —1053.1£165.3 -613.2+7.1 95.7 %

* Spatial and temporal correlation length: 1000 km and 5.5 months.
b Spatial and temporal correlation length: 1000 km and 12 months.
¢ Spatial and temporal correlation length: 4000 km and 12 months.

4 Spatial and temporal correlation length: 20000 km and 12 months.

Prior and posterior errors of exchange fluxes are aggregated to global totals and averaged in time by the TM5-4DVAR post-
prepossessing (VPP) program, and the statistics are shown in Table S1. The method of error estimation was introduced by
Meirink et al. (2008a, b). Because the inverse model system applied in this study is linear, the posterior errors can be estimated,
as discussed in Meirink et al. (2008b). Error reduction (ER) is defined as:

ER=1- 222t (SD
Oprior

where o,s; denotes the posterior error, and op,yior is the prior error. For inversion S,,, only the unknown source term is

optimized with a prescribed grid-scale error of 100 %. With increasing spatial and temporal error correlations between the

grid-scale prior fluxes, the global prior error increases. As a result, error reductions increase from 81 % (spatial correlation

length 1000 km, temporal correlation lengths 5.5 month) to 98 % (20000 km and 12 months), because posterior errors on

15
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the global budget closure are all in the range 3-8 %. The error reductions depend strongly on the magnitude of the flux and
the error assigned to them. For instance, error reductions for the biosphere fluxes in inversions S1 and S3 are as high as 90
%, which is related to their large magnitude and the large prior error of 50 % assigned to the fluxes. Flux corrections and
error reductions of the other S1 fluxes (anthropogenic, biomass burning) are small, indicating that insufficient observations
are available to optimize these terms. In inversion S2, in which only oceanic sources were optimized, the error reductions are
smaller than for inversions S1 or S3, mostly because ocean fluxes are smaller in magnitude, and give less degrees of freedom
to improve the match with observations, especially over land. Note further that some flux terms are optimized way outside the
prior error range that was assigned to them. Generally, this indicates that structural model errors are present. In the case of

COS, these structural errors are likely related to missing sources and sinks in the COS budget.
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