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Abstract We present a comparison of atmospheric transport models that simulate carbonyl sulfide (COS).
This is part II of the ongoing Atmospheric Transport Model Inter-comparison Project (TransCom—COS).
Differently from part I, we focus on seven model intercomparison by transporting two recent COS inversions

of NOAA surface data within TM5-4DVAR and LMDz models. The main goals of TransCom-COS part II are
(a) to compare the COS simulations using the two sets of optimized fluxes with simulations that use a control
scenario (part I) and (b) to evaluate the simulated tropospheric COS abundance with aircraft-based observations
from various sources. The output of the seven transport models are grouped in terms of their vertical mixing
strength: strong and weak mixing. The results indicate that all transport models capture the meridional
distribution of COS at the surface well. Model simulations generally match the aircraft campaigns HIAPER
Pole-To-Pole Observations (HIPPO) and Atmospheric Tomography Mission (ATom). Comparisons to HIPPO
and ATom demonstrate a gap between observed and modeled COS over the Pacific Ocean at 0—40°N, indicating
a potential missing source in the free troposphere. The effects of seasonal continental COS uptake by the
biosphere, observed on HIPPO and ATom over oceans, is well reproduced by the simulations. We found that the
strength of the vertical mixing within the column as represented in the various atmospheric transport models
explains much of the model to model differences. We also found that weak-mixing models transporting the
optimized flux derived from the strong-mixing TM5 model show a too strong seasonal cycle at high latitudes.

Plain Language Summary Carbonyl sulfide (COS) is a significant sulfur-containing trace gas

in the atmosphere, which makes it important for studying climate change. One of the reasons it is worth
investigating is because plants take up COS in a similar way as CO, during photosynthesis. However, the
atmospheric sources and sinks of COS are not well understood. To address this knowledge gap, we evaluated
the state-of-the-art optimized surface COS fluxes from the inverse models TM5-4DVAR and LMDz, and then
seven atmospheric transport models were used to simulate COS mole fractions by transporting the optimized
fluxes under the TransCom-COS protocol. The results showed good agreement between the simulated COS and
COS observations on independent platforms. The study also revealed that COS drawdown due to plant uptake
can be observed over Pacific and Atlantic Oceans. However, discrepancies between the model simulations and
observations were mainly found in free troposphere, emphasizing the need for further investigation into COS
chemistry and model transport differences. These findings provide important reference for further investigation
of COS global distribution and budget analysis.

MA ET AL.

1 of 25


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-4076-5740
https://orcid.org/0000-0002-9516-7633
https://orcid.org/0000-0001-5700-9389
https://orcid.org/0000-0002-7600-9816
https://orcid.org/0000-0001-6011-6249
https://orcid.org/0000-0003-0733-9392
https://orcid.org/0000-0001-5530-7104
https://orcid.org/0000-0002-6803-4149
https://orcid.org/0000-0002-3587-837X
https://orcid.org/0000-0001-8494-0697
https://orcid.org/0000-0001-8539-5133
https://orcid.org/0000-0002-9396-0400
https://orcid.org/0000-0002-0740-4927
https://orcid.org/0000-0003-3847-5346
https://orcid.org/0000-0002-3506-2477
https://doi.org/10.1029/2023JD039198
https://doi.org/10.1029/2023JD039198
https://doi.org/10.1029/2023JD039198
https://doi.org/10.1029/2023JD039198
https://doi.org/10.1029/2023JD039198

V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Atmospheres

10.1029/2023JD039198

Funding acquisition: Philippe Peylin,
Maarten C. Krol

Investigation: Jin Ma, Prabir Patra,
Maarten C. Krol

Methodology: Jin Ma, Marine Remaud,

Philippe Peylin, Maarten C. Krol
Project Administration: Maarten C.
Krol

Software: Jin Ma, Marine Remaud,
Prabir Patra, Yosuke Niwa, Christian
Rodenbeck, Mike Cartwright, Jeremy
J. Harrison, Martyn P. Chipperfield,
Richard J. Pope, Christopher Wilson,
Maarten C. Krol

Supervision: Philippe Peylin, Maarten
C. Krol

Validation: Jin Ma, Marine Remaud,
Prabir Patra, Sauveur Belviso
Visualization: Jin Ma

Writing - original draft: Jin Ma
Writing — review & editing: Jin Ma,
Marine Remaud, Prabir Patra, Christian
Rodenbeck, Mike Cartwright, Jeremy
J. Harrison, Martyn P. Chipperfield,
Richard J. Pope, Christopher Wilson,
Sauveur Belviso, Stephen A. Montzka,
Isaac Vimont, Fred Moore, Elliot L.
Atlas, Maarten C. Krol

1. Introduction

Carbonyl sulfide (COS) is a stable sulfur-containing trace gas in the Earth's atmosphere, contributing to the strat-
osphere sulfur aerosol formation during volcanic quiescent periods (Briihl et al., 2012; Crutzen, 1976; Notholt
et al., 2003; Turco et al., 1980). COS is a long-lived trace gas with an average mole fraction about 500 pmol mol~!
(Montzka et al., 2007). The largest sink of COS is uptake by the terrestrial ecosystems and therefore COS can
potentially be used as a proxy for Gross Primary Productivity (GPP) (Campbell et al., 2008; Launois et al., 2015;
Montzka et al., 2007; Remaud et al., 2022; Whelan et al., 2018; Wohlfahrt et al., 2012).

COS is emitted directly to the atmosphere through multiple sources globally, for example, anthropogenic emissions
(Campbell et al., 2015; Zumkehr et al., 2018), oceanic emissions (Kettle et al., 2002; Lennartz et al., 2017, 2019)
and biomass burning (Notholt et al., 2003; Stinecipher et al., 2019). COS is absorbed by plants through stomata,
like CO,, but without a respiration flux (Montzka et al., 2007; Protoschill-Krebs et al., 1996; Stimler et al., 2012;
Sun et al., 2022; Wohlfahrt et al., 2012). Although the biosphere is generally a sink of COS, soils can also
become a source and emit COS to the atmosphere over wetlands and over agricultural areas in summer (Whelan
et al., 2013, 2016). Some plants also emit COS under specific conditions (Belviso et al., 2022a). In the strat-
osphere, COS undergoes photolysis under high levels of ultra-violet radiation above the ozone layer. The
magnitude, spatial and temporal variability of COS sources and sinks remain to some extent uncertain (Whelan
et al., 2018). The chemical sink of COS by OH removal and photolysis is about 140 GgS a~! (Ma et al., 2021).
Recently, hydroperoxymethyl thioformate (HPMTF) was identified as a potential COS precursor from DMS
oxidation (Novak et al., 2021; Veres et al., 2020), but there remains large uncertainty in the contribution to COS
production due to the sensitivity to multiphase cloud chemistry (Jernigan et al., 2022). COS in the atmosphere
shows relatively small inter-annual variability, implying that the sources and sinks are almost balanced in terms
of the global budget (Montzka et al., 2007). Recent studies, however, indicate that the COS mole fractions show
a declining trend from 2015 to 2020 (Belviso et al., 2022b; Hannigan et al., 2022; Serio et al., 2023).

Recent atmospheric inversion studies on COS using in situ measurements demonstrate that the global budget of
COS can be closed by optimizing the sources and sinks of COS. Several inverse studies have been conducted. A
regional inversion was used to study the biosphere uptake over North America (Hu et al., 2021). On the global
scale, two inverse modeling studies have been conducted, one based on the TM5-4DVAR system (Ma et al., 2021)
and the other on the LMDz model (Remaud et al., 2022). These two inversion studies agree on underestimated
sources (or overestimated sinks) in tropical regions, consistent with earlier modeling studies (Berry et al., 2013;
Suntharalingam et al., 2008). Also, both inversions reproduced independent data from the HIAPER Pole-To-Pole
Observations (HIPPO) campaigns to some extent, but pointed out the importance of atmospheric transport to
infer the surface fluxes and the need for further analysis of the impact of transport uncertainties on the COS
budget. In a first paper (Part I, Remaud et al., 2023a), a COS intercomparison was carried out based on a set of
reference surface fluxes for all processes (i.e., non-optimized fluxes); the results pointed out some shortcomings
in the COS global budget that need to be resolved. In this Part II, we extend the analysis by evaluating model
simulations that use two versions of the optimized COS fluxes with available independent data, mostly obtained
from aircraft platforms.

We used a similar approach as in Part I, based on a protocol defined to compare different transport models with
the same set of fluxes, and usually referred as a “TransCom” inter-comparison exercise. Several “TransCom”
protocols were used in the past; they have been very useful to investigate the diversion of atmospheric transport
models through rigorous inter-comparisons. For example, an earlier TransCom-CH, study investigated the roles of
surface emissions, transport and chemical loss in simulating the global methane distribution (Patra et al., 2011). A
previous TransCom Age of Air (TransCom-AoA) study using six global models highlighted that the inter-model
differences are still significant and require further investigation (Krol et al., 2018). Differences may be caused
by resolved transport (advection, use of reanalysis data, nudging) or parameterized transport (convection, bound-
ary layer mixing, and resolution) (Bisht et al., 2021). In the accompanying Part I paper, Remaud et al. (2023a)
showed that the differences in the vertical mixing implemented in the various participating atmospheric transport
models (ATMs) were largely responsible for the inter-model differences. Part I also highlighted two groups
of models: strong versus weak vertical mixing. The motivation of part II is to quantify the model spread in
term of vertical mixing using more realistic fluxes (optimized). Linked to that, we expect that the optimized
fluxes of TM5-4DVAR show a better performance when propagated in strong-mixing models. Likewise, the
LMDz-optimized fluxes are expected to compare better to observations when propagated in weak mixing models.
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The motivation of this study is three-fold:

1. Comparison of the surface fluxes from the TM5-4DVAR and LMDz inverse modeling systems.

2. Evaluation transport of the model-derived fluxes against various COS measurement data: ground-based and
aircraft COS observation, some of which were used to derive the optimized fluxes.

3. Quantification of the impact of the transport uncertainties on the simulation of COS mixing ratios using the
optimized COS fluxes.

The paper is organized as follows: first we introduce the participating models, measurements and inter-model
comparison protocol in Section 2. The results are presented in Section 3, validations against aircraft observations
in Sections 3.2 and 3.3. Finally, the improvements and limitations are discussed in Section 4 and conclusions with
recommendations are presented in Section 5.

2. Transport Model, COS Fluxes and Measurements and Protocol
2.1. Participating Models and Output

We used seven atmospheric transport models: TM5, TM3, TOMCAT, LMDz, MIROC4, NICAMS and NICAM6.
The main features of each transport model, that is, the horizontal and vertical resolution, meteorological drivers,
and sub-grid scale physical parameterizations are given in Appendix Table Al. All models used meteorolog-
ical fields from weather forecast analysis (e.g., ERAS) either by interpolating or by nudging toward fields of
horizontal winds and temperature (e.g., LMDz). The participating models are not entirely independent. TM5
and TM3 are in the same family since they share similar physics and numerical schemes, but TM3 operates
on a coarser resolution compared to TM5. TOMCAT is an offline 3D chemistry transport model, parameter-
ized with the boundary layer scheme of Louis (1979) and Prather advection scheme (Prather, 1986). MIROC4,
NICAMS, NICAMS6 use the same JRA-5 meteorological driver fields. MIROC4 has been further modified since
Arakawa and Schubert (1974). Specifically, there is a new threshold on the closure based on relative humid-
ity (Patra et al., 2018). NICAMS and NICAMG6 applied updated physical schemes for convection (Chikira &
Sugiyama, 2010), boundary layer mixing (the Mellor-Yamada scheme (Nakanishi & Niino, 2004)), and advection
(Niwa et al., 2011). LMDz uses a mass flux scheme for vertical mixing representing the thermals for shallow
convection and the Emanuel (1991) scheme for deep convection. The similarities and differences amongst the
seven ATMs are expected to influence the model-to-model spread and their performance in simulating the spatial
and temporal distributions of the COS mole fractions. To effectively evaluate the model-to-model differences, the
models are organized in two groups based on vertical mixing strength from the multi-model average. As shown
in Figures S1 and S2 in Supporting Information S1, TM5 and TOMCAT produce similar COS distributions in
February and August, respectively, with stronger mixing of COS in the tropics and on the NH. The other ATMs
(MIROC4, NICAMS, NICAM6 and LMDz) show similar COS distributions, however, vertical concentration
gradients are generally stronger because these models are characterized by weaker vertical mixing. TM3 did not
provide 3D model output and is assumed to be in the strong mixing group, because the vertical transport param-
eterization is similar to TMS. The impact of the vertical mixing on the seasonal cycle is known as the seasonal
rectifier effect (Denning et al., 1995) and is shown in the case of COS on Figure 4 in Remaud et al. (2023a).

We focus our analysis on the comparison between the strong mixing (SM) and weak mixing (WM) model groups.
Note that the fluxes were optimized with one model from the SM group (TMS5), and one model from the WM
group (LMDz).

2.2. Prescribed COS Flux Components

Details about the TM5 and LMDz inversions are given in Table 1. TM5-4DVAR optimized a so-called “unknown”
source to close the global budget of COS, and LMDz used an analytical inversion technique to optimize anthro-
pogenic, oceanic, and biomass burning sources and ecosystem uptake using NOAA surface measurements. Ma
et al. (2021) optimized the unknown emissions at the grid scale using an error correlation length approach to limit
the degrees of freedom. In contrast, Remaud et al. (2022) divided the globe into big regions. The optimized fluxes
generated by TM5-4DVAR and LMDz were first interpolated to a common resolution of 1° X 1°, assuring mass
conservation. These COS fluxes are presented in Table 2 and are provided as inputs to each ATM on a monthly
temporal resolution. The ATMs then simulated the atmospheric COS concentration (3D) following the transport
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;gzls’iiill)tion of the Two Atmospheric Inverse Systems That Produced the Optimized Carbonyl Sulfide (COS) Surface Fluxes, TM5-OPT and LMDz-OPT

Inverse model TMS5-4DVAR LMDz

Tracers COS, CS, and DMS COS and CO,

Hori. Res 6 x4 3.75 x 1.875

Vert. Res 25n 39

Prior sources Anthropogenic (Zumkehr et al., 2018) Anthropogenic (Zumkehr et al., 2018)
Ocean (Kettle et al., 2002; Suntharalingam et al., 2008) Ocean (Lennartz et al., 2017, 2021)
Biomass Burning (Ma et al., 2021) Biomass Burning (Stinecipher et al., 2019)
= CO, flux

Prior sinks SiB4 biosphere flux (Kooijmans et al., 2021) ORCHIDEE biosphere flux (Maignan

etal., 2021)

OH oxidation OH oxidation

Data assimilation

Period

Reference

Stratosphere photolysis -

COS measurements at 14 NOAA surface stations COS measurements at 15 NOAA surface stations
— CO, NOAA surface network

2010-2018 2008-2019

Ma et al. (2021) Remaud et al. (2022)

Note. nj denotes hybrid sigma-pressure coordinates.

of COS surface fluxes. For a comparison to the results with the optimized fluxes, we also present results from the
control scenario described in part I (Remaud et al., 2023a). Relying on the linearity of the atmospheric transport,
each flux of the control scenario was transported separately by all participating models, after which the contri-
butions were added.

Figure 1 shows the multi-annual mean of the two optimized fluxes, indicating mainly the anthropogenic sources as
hot spots and the main sinks over regions dominated by vegetation, for example, large parts of Northern Hemisphere,
the Amazon, and parts of Indonesia and Africa. We also notice that the fluxes obtained with TMS show larger
spatial gradients compared to those obtained with LMDz consistent with the fact that TMS and LMDz are fast and
slow vertical mixing models, respectively (see Section 2.1). Figure 2 shows that the OPT-TMS5 fluxes have a larger

erl:vl:rizbed Carbonyl Sulfide Optimized Surface Fluxes Used as Model Input
Net flux Source Sink Net flux Source Sink

Period OPT-TM5S OPT-LMDz

2010 42.6 (5.0) 849.2 —806.6 15.1 (2.0) 751.3 —736.2
2011 9.0 (1.1) 836.4 —827.4 11.1 (1.5) 746.5 -735.4
2012 67.8 (7.7) 882.8 —814.9 14.9 (2.0) 762.1 —747.2
2013 —13.8 (-1.7) 818.9 —832.7 —6.8 (—0.9) 747.8 —754.6
2014 62.1 (7.1) 875.9 —813.8 12.1 (1.6) 753.0 —740.9
2015 232 (2.8) 826.1 —802.9 36.6 (4.8) 757.1 —720.5
2016 65.3 (7.5) 865.0 —799.7 —26.8 (=3.7) 716.4 —743.2
2017 —46.2 (-5.9) 787.9 —834.1 -7.3 (-1.0) 718.6 —725.8
2018 —18.7 (-2.3) 804.0 —822.6 -8.1(-1.1) 707.9 —715.9
Average 21.3 (2.5) 838.5 —817.2 4.5 (0.6) 740.1 —735.5

Note. Mean magnitudes of different types of fluxes are given for the period 2010-2018. Note that the fluxes are mapped to
a fine resolution on 1° X 1° as transport input for all models. The flux unit is GgS a~!, and the deviation in parenthesis is the
ratio of net flux over source in %.
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(a) OPT-TM5 multiyear mean COS flux

Figure 1. Averaged (2010-2018) optimized surface fluxes that are used as model input: TM5 (left) and LMDz (right). The
surface fluxes are augmented with vertically integrated troposphere chemistry (for both models) and stratospheric removal
(only for TMS).

seasonal cycle compared to the OPT-LMDz fluxes over higher latitudes (a and b) and globally (c and d). Note also
that the horizontal resolution of OPT-TMS fluxes is coarser, since optimization was performed on 6° X 4° resolution,
whereas optimization in LMDz was performed on 3.75° X 1.875° resolution. The corresponding difference of the
two optimized fluxes is shown in Figure S3 in Supporting Information S1. In general, the optimized fluxes agree on
(prescribed) anthropogenic hot spot emissions and (optimized) uptake patterns. As will be shown, both fluxes lead to
a much better agreement to the available observations compared to the control scenario (Remaud et al., 2023a), as a
result of the optimization process during which NOAA surface observations were assimilated.

Since atmospheric chemistry was not taken into account, the optimized fluxes were adapted to include the chem-
ical loss as an extra sink to the global budgets of COS. The stratospheric and tropospheric sinks (—144 GgS a~!
in total) of TMS were projected on the surface and added to the fluxes from Ma et al. (2021) to obtain a balanced
atmospheric COS budget. The LMDz optimization did not account for (small) stratospheric loss and only the
tropospheric loss by OH oxidation (—100 GgS a~!) was projected on the surface. The average annual budget of
the OPT-TMS fluxes is 21.3 GgS a~!, which represents a deviation from the net total source of about 2.5%. The
corresponding LMDz fluxes (Remaud et al., 2022) have an annual budget of 4.5 GgS a~!, which represent a
deviation from the net total source of 0.6%. On the top of these mean budgets both inversions show year to year
budget variations.

(b) OPT-LMDZ multiyear mean COS flux

75

50

25

Latitude
o

=25

=50

=75

4 4
751
= I E—
_* 2 7 f——— 2 :
—_—
) 25 S 7]
[}

D S D
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(c) OPT-TMS5 flux seasonal amplitude

T T T
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(d) OPT-LMDZ flux seasonal amplitude
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Figure 2. Surface fluxes OPT-TM5 and OPT-LMDz (a, b) and seasonal variability in the total global net flux (c, d). The fluxes are multi-year and longitudinal
averaged over the years 2010-2018. The x-axis represents month and y-axis latitude in (a) and (b). The difference between the fluxes is presented in Figure S3 in

Supporting Information S1.
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2.3. Measurements and Data Sampling
2.3.1. Surface Measurements

We compare results to the NOAA Global Monitoring Laboratory COS measurements, which were used in the two
inversions (Table 1) during 2010-2018 & 2019 at 14 sites. Further information is given in Appendix Table B1. The
COS observations have been collected at multiple surface sites around the world as paired flasks one to five times a
month since 2000 and have then been analyzed with gas chromatography and mass spectrometer detection. The COS
measurements have been kept for this study only if the difference between the pair flasks was less than 6.3 pmol mol .
These data are an extension of the measurements first published in Montzka et al. (2007) and are regularly updated
at https://gml.noaa.gov/hats/gases/OCS.html. In addition, we used measurements from the French sampling site
Gif-sur-Yvette (GIF) (48.71°N, 2.15°E), located about 20 km to the south west of Paris, where hourly COS measure-
ments have been collected about 7 m above ground level since August 2014 (Belviso et al., 2020, 2023). The NOAA
stations are shown in Figure 3 as red crosses. We also compare model results to observations from the NOAA Global
Greenhouse Gas Reference Network's (GGGRN) Aircraft Program (Sweeney et al., 2015), which primarily provides
vertical profiles (Figure 3, top-left corner). Note that the LMDz inversion also used additional surface measurement
from Weizmann Institute of Science (WIS at the Arava Institute, Ketura, Israel, 29.96°N, 35.06°E, 151 m a.s.1.).

2.3.2. HIPPO, ATom and NOAA Aircraft Observations

The HIPPO (S. C. Wofsy, 2011) and Atmospheric Tomography Mission (ATom, Thompson et al., 2022; S.
Wofsy et al., 2021) provide the first vertically-resolved global scale observations of various trace gases during
short-term deployments covering multiple seasons and are valuable for model evaluation. Thus, to evaluate the
simulated latitudinal distribution of COS within the free troposphere, we used aircraft measurements from these
two observation programs.

HIPPO consisted of five aircraft transects, during which multiple trace gases, including COS, were sampled
in the troposphere over the Western Pacific. We use three of the campaigns that took place in 2010 and 2011:
HIPPO3 (March—April 2010), HIPPO4 (June 2011) and HIPPOS5 (August 2011). The HIPPO measurements
were made from flask and in-situ measurements, and were made by scientists from NOAA and the University of
Miami (S. C. Wofsy, 2011). COS measurements from NOAA during HIPPO (and ATom) were made on the same
instruments that were analyzing samples from their ongoing surface and aircraft programs, thus avoiding any

60°E 120°E 180°W 120°W 60°W 0°

60°N

30°N

o

Ceaws ® B

0°

30°S

60°S

HIPPO-3 HIPPO-5 ATOM-2 o ATOM-3 ATOM-4  + NOAA
HIPPO-4 < ATOM-1

Figure 3. Geographical locations of the NOAA ground-based observations (red crosses), the HTAPER Pole-To-Pole
Observations (HIPPO) and Atmospheric Tomography Mission (ATom) campaign tracks for different flights, and the ongoing
NOAA aircraft measurement program (primarily vertical profiling; purple circles). The NOAA aircraft measurement
locations over North America are shown in the top left inset panel.
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calibration inconsistency issues. Furthermore, COS measurements from the University of Miami were scaled to
be consistent with the NOAA aircraft measurements obtained as part of the HIPPO project.

During ATom (S. Wofsy et al., 2018), scientists measured gases, aerosols, and radical species on four global
circuits during four seasons from 2016 to 2018 with instruments onboard the NASA DC-8 research aircraft and also
collected flasks for subsequent analysis at NOAA: ATom1 (August—September 2016), ATom?2 (January—February
2017), ATom3 (September—October 2017) and ATom4 (April-May 2018). Each flight started from California, flew
north to the western Arctic, south to the South Pacific, east to the Atlantic, north to Greenland, and returned to Cali-
fornia across central North America. The HIPPO and ATom aircraft flight tracks are shown in Figure 3 as colored
dots. In the following analysis in Sections 3.2 and 3.3, the HIPPO and ATom data were averaged vertically below
2 km to represent the boundary layer, and between 2 and 8 km to represent the free troposphere.

To further evaluate the impact of transport on the vertical distribution of COS, we compared model results to 2010—
2011 NOAA aircraft platform observations located at 13 sites over North America, listed in Appendix Table B1. The
upper altitude that was typically reached was 8 km. This NOAA aircraft platform data set was already evaluated in
other studies (Hu et al., 2021; Ma et al., 2021; Remaud et al., 2022, 2023a). Note that TOMCAT did not provide the
requested model output for the HIPPO, ATom and the NOAA aircraft platforms. As a result, the strong mixing models
are represented only by TMS and TM3 in the comparison to HIPPO, ATom and NOAA aircraft observations.

2.4. Post-Processing of the Simulations and Measurements

In this analysis we focus on the annual mean and the mean seasonal cycle. To this end, the surface data were processed
using the CCGVU curve fitting procedure developed by the (Carbon Cycle Group of the Earth System Research
Laboratory [CCG/ESRL]) at NOAA, USA (Thoning et al., 1989). The CCGVU procedure is fully described and freely
available at http://www.esrl.noaa.gov/gmd/ccgg/mbl/crvfit/crvfit.html. The procedure estimates a smooth function by
fitting the time series to a first-order polynomial equation for the growth rate combined with a two-harmonic function
for the annual cycle. The seasonal cycle and annual gradient were extracted from the smooth function. In addition,
outliers were discarded if their values exceed 3 times the standard deviation of the residual time series.

To directly compare model simulations and observations, the models were processed by removing the impact of
the yearly budget deviations from Table 2 and the addition of 485 pmol mol~!, which is representative for the
global mean COS mole fraction in 2000-2020 (Montzka et al., 2007; Serio et al., 2023). The multi-year positive
trend of the two optimized fluxes that was removed amounted to 4.6 and 1.0 pmol mol~' a~!, respectively, by
assuming that the budget deviation is homogeneously distributed over the whole atmosphere. In this way, the
simulated COS abundances were set to the reference of the NOAA surface network. A detailed example of this
adjustment procedure at each station is provided in Figures S4-S6 in Text S1 in Supporting Information S1.

2.5. Evaluation Metrics

In this paper, root mean square error (RMSE), error weighted squared error (EWSE) and Pearson correlation
coefficient are used to quantify the performance of the model (groups). RMSE and EWSE are defined as:

2
RMSE = Z(”"T_o‘) (1)

1 (m; — 0,)’
EWSE = — Z = )

where m; is the modeled sample, o, is the measured sample, N is the number of samples, and o, is the measure-
ment error. o, represents the variation in the measurements over time or space, and is from either inter-annual or
intra-period variability. If the monthly mean is analyzed, then o, refers to intra-period variability within a given
month. The unit of RMSE is pmol mol~!, and EWSE is unitless. Note that RMSE and EWSE are defined for
a single model transporting one flux. To calculate the RMSE of model groups, the quadratic mean was taken.
To calculate the EWSE of model groups, the arithmetic mean was taken. To calculate the statistics of the mean
seasonal cycle, the time series were first processed by the CCGVU software to remove the trend and outliers, after
which the RMSE and EWSE were calculated for each model.
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The Pearson correlation coefficient is defined as:

Pmo = M s (3)

Om0o

where p is Pearson correlation coefficient, Cov is the covariance of modeled and observed samples, and ¢,, and ¢, are
the standard deviation of modeled and observed samples over certain average (e.g., averaged in latitudinal bins), respec-
tively. The calculation of Pearson correlation coefficient is performed using the Python module Scipy version 1.7.3.

3. Results
3.1. Impact of Different Transport Models: Using Optimized Flux Scenarios
3.1.1. Comparison With the NOAA Surface Network

We first compare the model simulations to the NOAA surface network in February and August in Figure 4. This
figure can be compared to Figure 3 in Remaud et al. (2023a). To highlight the model differences, the models
are grouped into SM and WM models, and the single model results are presented in Figure S7 in Supporting
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Figure 4. Comparison of the meridional variations of the carbonyl sulfide (COS) abundance simulated by the weak mixing
(WM) and strong mixing (SM) model groups using the optimized surface fluxes with the surface observations only (black) in
February and August. The error bars represent the variation among the WM and SM models, and the gray bar represents the
RMSE of the measurements at each station. For visualization, the locations of KUM, NWR, and SUM are shifted by —2°N,
—2°N, 2°N, respectively. The WM and SM groups are slightly shifted horizontally to avoid overlap.
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Information S1. The general feature is that all the models with both fluxes capture the meridional gradient rela-
tively well, but overestimate the mole fraction at the GIF station. In the Northern Hemisphere (NH), the prom-
inent drawdown over North America observed at HFM and LEF in August is well reproduced by the models.
This suggests that the optimized fluxes are representative of the net surface flux over North America. An excep-
tion is GIF, a French observational site which was, unlike the NOAA surface data, not assimilated to derive
both optimized fluxes. The (coarse) grid cell in which GIF is sampled in the models has a high positive flux
value, monthly mean about 3.6 + 6.9 pmol m? s~! and 14.5 + 5.5 pmol m? s~! from OPT-TM5 and OPT-LMDz
fluxes, respectively, which leads to too high mole fractions of simulated COS. This is due to a misplacement
of the anthropogenic hot-spot in the Zumkehr et al. (2018) inventory, recently confirmed by studies of Belviso
et al. (2020) and Remaud et al. (2022). Belviso et al. (2023) showed that the COS anthropogenic emissions have
been overestimated in France. However, the large model spread at GIF results from a combination of the vicinity
of the anthropogenic source and the different model resolutions (X. Lin et al., 2018). In the Southern Hemisphere
(SH) the NOAA observations show a rather flat distribution, and the optimized fluxes reproduce this feature as
well. At stations in the SH, the OPT-TMS flux leads to a higher COS abundance than the OPT-LMDz flux, but
at stations in the NH, the difference is more scattered, possibly caused by large regional differences in the flux
distributions. Most deviations are at high latitudes when WM models propagate the OPT-TMS5 flux (purple). This
issue will be discussed later in Section 4.

The multi-year averaged seasonal cycles are compared to observations in Figure 5 (differences are plotted in
Figure S8 in Supporting Information S1). The seasonal cycles show generally good agreement amongst model
simulations and NOAA observations in the SH and at oceanic stations, specifically at the stations SPO, PSA,
CGO, and SMO. These stations are mainly influenced by the optimized ocean fluxes, and have a relatively small
seasonal cycle. In the NH, the continental seasonality shows larger seasonal amplitudes with the OPT-TMS5
fluxes, compared to the simulations with the OPT-LMDz fluxes given the model spread. The observed seasonal
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Figure 5. Mean seasonal cycle of the carbonyl sulfide (COS) abundance simulated by the weak mixing (WM) and strong mixing (SM) model groups using the
optimized fluxes. The COS mole fractions from measurements and models are decomposed with the standard software CCGVU to remove the inter-annual and synoptic
variability. The seasonal cycle is averaged over the years 2010-2018. The black line represents the observed COS seasonal cycle with the standard deviation derived
from the decomposed measurements within the particular month. The stations are ordered from SH to NH. The errors of the SM group are shown as shading, and those
of the WM group are shown as error-bars. These errors represent the model spread.
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Table 3

Statistics of the Simulation of the Seasonal Cycle at Selected NOAA Stations

Station Flux Model group RMSE (EWSE)  Corr
PSA Ctl SM 27.2(1.7) 0.88
WM 49.9 (14.3) 0.84

OPT-TM5 SM 8.8 (2.3) 0.93

WM 21.6 (6.0) 0.91

OPT-LMDz SM 6.6 (1.7) 0.93

WM 12.3 (3.4) 0.91

THD Ctl SM 13.9 (0.9) 0.93
WM 13.2 (0.9) 0.93

OPT-TM5 SM 13.6 (1.0) 0.88

WM 14.9 (1.1) 0.86

OPT-LMDz SM 14.1 (1.0) 0.90

WM 154 (1.1) 0.85

HFM Ctl SM 26.1 (3.0) 0.91
WM 18.3 (2.2) 0.93

OPT-TM5 SM 6.9 (0.6) 0.98

WM 9.0 (1.0) 0.99

OPT-LMDz SM 19.5 (2.2) 0.99

WM 14.7 (1.6) 1.00

BRW Ctl SM 32.6 (4.0) 0.48
WM 44.8 (5.3) 0.35

OPT-TM5 SM 9.1 (1.1) 0.97

WM 20.8 (2.5) 0.94

OPT-LMDz SM 10.4 (1.3) 0.95

WM 4.3 (0.5) 0.99

ALT Ctl SM 33.6 (3.7) 0.42
WM 37.3 (4.0) 0.39

OPT-TM5 SM 11.7 (1.3) 0.96

WM 22.7 (2.7) 0.94

OPT-LMDz SM 11.7 (1.3) 0.95

WM 9.9 (1.0) 0.95

Note. Results for the optimized fluxes and the control flux are reported
as mean seasonal root mean square error (RMSE) (pmol mol~!), mean
seasonal error weighted squared error (EWSE) (in parentheses), and Pearson
correlation. The data corresponds to Figure 5. Details on calculation of
RMSE and EWSE are given in Section 2.5.

cycle seems generally closer to the simulations using the OPT-LMDz fluxes,
which is likely caused by the large seasonality in the OPT-TMS5 flux. Inspect-
ing the performance of the WM and SM model groups, large differences are
observed at PSA, SUM and ALT, that is, stations in the two polar regions.
Besides, SUM is a high-altitude sites whereas BRW and ALT are not. In
general, WM models using the OPT-TMS5 fluxes overestimate the seasonal
cycle. This is explained by the fact that the fluxes were optimized by the
strong mixing TMS5, resulting in large seasonal cycle in the optimized flux.
Propagation of these fluxes in WM models hence leads to overestimated
seasonal cycles, specifically at higher latitudes where mixing and fluxes
change strongly with the season.

To assess the performance of the model groups in simulating the seasonal
cycle, the statistics of the model groups transporting the optimized fluxes are
presented in Table 3. As reference, we also show the results of the control
simulation that were presented in Remaud et al. (2023a). Five stations (PSA,
THD, HFM, BRW, and ALT) are presented showing high RMSE values in
Figure 5. In general, the seasonal cycles are well reproduced by the optimized
fluxes (correlation in between 0.85 and 1.0), and using the optimized fluxes
leads to large improvements compared to the control scenario. One exception
is THD, where the performance of the control scenario was already good.
At PSA, the errors between observations and model group simulations are
largest in local summer (see Figure 5), and WM models show larger RMSE
values compared to SM models. At PSA, BRW and ALT, we again notice that
using the OPT-TMS5 fluxes in WM models leads to large RMSE and EWSE
values. At HFM, BRW and ALT, WM transporting OPT-LMDz flux perform
better. At NOAA stations, model results support the hypothesis that OPT-TMS5
fluxes show a better performance when propagated in SM models. Likewise,
OPT-LMDz fluxes perform better when propagated in WM models.

3.1.2. Mid-Troposphere Seasonal Variations

The ongoing surface observations discussed in the previous section were used
to optimize the fluxes. In this section, independent data from the ongoing
aircraft measurements (mostly over North America [NA]) are used to evaluate
the fluxes and models. These data were not assimilated in the inversions, so
they can provide insights in the quality of the optimized fluxes using a model
ensemble (Ma et al., 2021; Remaud et al., 2022). The vertical gradient in the
NOAA aircraft observations (averaged over 2010-2011), grouped by season
over NA and Alaska, is presented in Figure 6, similar to the gradients shown
in Figure 6 of Montzka et al. (2007) for a different set of years and sites.
Results from the individual models are presented in Figure S9 in Text S3 in
Supporting Information S1.

In general, the vertical gradients are well reproduced by the models prop-
agating the optimized fluxes. This is in stark contrast with the control flux
scenario. This mismatch was attributed to an overestimated oceanic source
at high latitudes and an underestimated biosphere sink at high latitudes

(Remaud et al., 2023a). The good agreement between the observations and the models reflects that, at high

latitudes, the optimized fluxes have more biosphere uptake and less ocean emissions compared to the control

fluxes. Over NA during DJF, the observed vertical gradient is about —15 pmol mol~!, similar to the mean of

the WM and SM models. Note, however, that the model spread can reach 100 pmol mol~! in JJA, pointing to

differences in vertical mixing, also within the SM and WM groups. Over the course of the year, the vertical

gradient in the observations grows, which is to some extent reproduced by the models with a slight exception for

the autumn (SON) over NA where the models still have a too low gradient. As expected, the vertical gradient is

more prominent for the WM models.
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Figure 6. Seasonal mean observed and simulated carbonyl sulfide (COS) vertical gradient between 1 and 4 km averaged for NOAA aircraft observations. The data
are grouped into the North American continent (left panel) and Alaska (right panel). The monthly COS gradients are calculated by averaging the differences in
COS abundances between 1 and 4 km over all the vertical profiles. The gray shading represents the spread in the observations averaged in 3 months. The number of
observations in each season on 1 and 4 km are marked.

3.2. Evaluation With HIPPO Aircraft Data

We use a subset of the HIPPO results from the multi-seasonal aircraft campaigns to evaluate the optimized fluxes
as they have not been used in the data assimilation process. HIPPO campaigns 1-2 are not used because model
simulations start from 2010, while the HIPPO 1-2 data were collected in 2009. Two aspects are considered in the
evaluation: (a) the meridional gradient and (b) the vertical distribution of the COS abundance. Figure 7 shows
the meridional distributions over the Pacific Ocean. We averaged the observations over 20° latitude bins and in
the vertical in two bins: the boundary layer (below 2 km), and the free troposphere (2—-8 km).

The prominent feature of simulations compared with HIPPO is that the two fluxes underestimate the observa-
tions, specifically over tropical regions in the free troposphere. This bias may be due to our simple model correc-
tion procedure (Text S1 in Supporting Information S1) or unresolved sources. In the lowest 2 km, the simulations
capture the meridional variations well, while there is a larger gap between HIPPO and simulations in the free
troposphere, most prominent in the latitude range 0—40°N. This is more significant during the HIPPO4 campaign
across the east Pacific Ocean, which will be further discussed in Section 4. The results for the individual models
are discussed in Text S4 in Supporting Information S1.

The model performance is quantified in Table 4. We calculate how well the models reproduce the latitudinal
gradients by correlating modeled and observed mole fraction against latitude. Models using the optimized fluxes
show significantly improved correlation with HIPPO measurements for all three campaigns, with a significantly
reduced RMSE. Correlations are in the range 0.78-0.93, 0.82-0.95, and 0.92-0.99 for HIPPO3, HIPPO4, and
HIPPOS, respectively. For the RMSE, HIPPO3, HIPPO4, and HIPPOS show deviations of 15-27, 18-30, and
18-41 pmol mol~!, respectively. One outlier is the WM model group using the OPT-TMS5 fluxes, showing a
RMSE of 41 pmol mol~', again due to incompatibility of the flux and vertical mixing at high northern latitudes
as shown in Figure 7. Results for the individual models are presented in Figure S10 in Supporting Information S1,
and results for the control scenario are shown in Figure S17 in Text S5 in Supporting Information S1.

To further compare to HIPPO observations, the data are separated over continents and the Pacific Ocean and
mean vertical profiles were calculated. Figure 8 shows the vertical profiles of HIPPO and the simulations. Results
of the individual models are shown in Figure S11 in Text S4 in Supporting Information S1. Consistent with
Figure 7, the simulations are generally lower than the HIPPO observations, and simulations using the OPT-TM5
fluxes are closer to HIPPO compared to simulations using the OPT-LMDz fluxes. Although the simulations are
lower than HIPPO measurements, they generally stay within 1-¢ of the HIPPO measurements.
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Figure 7. Carbonyl sulfide (COS) meridional gradient of HIAPER Pole-To-Pole Observations (HIPPO) flights 3—5 and model simulations. The model groups and
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binned HIPPO data.

3.3. Evaluation With ATom Aircraft Data

In this section, we use ATom aircraft data to evaluate the model simulations. The ATom data were collected in
four different campaigns, across mainly the Atlantic and Pacific oceans. We evaluate the fluxes and model group
performance separately over the Atlantic and Pacific oceans and also assess the impact of nearby continents.

Figure 9 shows the COS meridional gradient over the Atlantic Ocean (results of the individual models are shown
in Figure S12 in Supporting Information S1). In the lowest 2 km over the Atlantic Ocean, the meridional gradients
observed by ATom are reasonably well reproduced by the models. ATom2 observed a drawdown of COS over
the Atlantic in the SH, mostly above 2 km. These observations are probably impacted by uptake of the Amazon
forest, which is consistent with a recent model study of Stinecipher et al. (2022) showing a depression over the
Atlantic that peaks in January in both the GEOS-chem model and in MIPAS satellite data (their Figure 2 and
Figure S4 in Supporting Information S1). The models used in this study reproduce this feature well. ATom3
(September—October 2017) also observed a drawdown of COS over the Atlantic in the NH during late boreal
summer, likely caused by the uptake of the NH biosphere. ATom4 shows a COS enhancement in the low latitude
NH, mostly below 2 km, which is not well reproduced by the models. In general, however, both fluxes simu-
late the observed meridional gradients well. Due to the less strong seasonal variations, the gradients calculated
with the OPT-LMDz fluxes are somewhat flatter compared to the simulations with OPT-TMS5 fluxes. Again, for
ATom3, there is a strong difference between the WM model group and the SM model group at high latitudes
below 2 km. WM models transporting the OPT-TMS5 flux show the largest COS drawdown.

Figure 10 compares the COS meridional gradients over the Pacific Ocean (results for individual models are
presented in Figure S13 in Supporting Information S1). Generally, all ATom flights are again well simulated by
the models. In contrast to the Atlantic, ATom2 does not show a strong drawdown over the SH Pacific, a feature
that is well reproduced by the models. ATom3 shows a strong drawdown below 2 km toward high latitudes over
the Pacific, and this drawdown is not observed in the free troposphere. Here, models underestimate the COS mole
fractions observed by ATom3 in the free troposphere.
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Table 4

Statistics Between Model Groups Transporting Fluxes (Optimized and
Control Fluxes) and HIPPO Data Along Latitude as Shown in Figure 7

Campaign Flux Model group  Altitude  Correlation (i;i)
HIPPO#3  CTL SM BL 0.18 25.8
FT 0.48 28.1
WM BL 0.15 24.9
FT 0.43 30.5
OPT-TM5 SM BL 0.78 15.1
FT 0.85 15.6
WM BL 0.80 15.1
FT 0.81 18.9
OPT-LMDz SM BL 0.93 26.4
FT 0.93 24.8
WM BL 0.86 26.5
FT 0.86 27.0
HIPPO#4  CTL SM BL 0.06 57.6
FT 0.52 47.7
WM BL 0.01 62.6
FT 0.52 47.6
OPT-TM5 SM BL 0.82 18.9
FT 0.89 21.3
WM BL 0.95 18.4
FT 0.91 23.6
OPT-LMDz SM BL 0.82 24.5
FT 0.94 29.1
WM BL 0.92 24
FT 0.95 30.4
HIPPO#5 CTL SM BL -0.72 70.8
FT —-0.56 53.2
WM BL —-0.77 79.2
FT -0.60 52.9
OPT-TM5 SM BL 0.93 24.6
FT 0.95 18.5
WM BL 0.95 414
FT 0.93 19.6
OPT-LMDz SM BL 0.96 19.3
FT 0.94 18.5
WM BL 0.99 24.3
FT 0.92 18.2

Note. Root mean square error and Pearson correlation are reported. The
HIAPER Pole-To-Pole Observations (HIPPO) observations are aggregated in
the layer below 2 km (BL) and free troposphere (FT, 2-8 km).

The performance of the model groups is evaluated against ATom in Table 5,
separated into the Atlantic and Pacific regions. The performance of the
models using the control scenario fluxes is also included. We calculate how
well the models reproduce the latitudinal gradients by correlating modeled
and observed mole fraction against latitude. The results using the optimized
fluxes generally reach a high correlation and much lower RMSE, showing
improvements over the control scenario. In addition, the correlation of the
optimized cases are usually close to 1.0, but there are exceptions, especially
in free troposphere. For instance, for ATom1 over the Atlantic, WM models
with both fluxes show correlations of 0.32 and 0.57, drastically lower than
0.99 and 0.95 in the boundary layer. For ATom3 over the Pacific, WM
models show correlations of —0.4 and 0.28, while correlations of 0.99 are
seen in the boundary layer. These low and sometimes negative correlations
are mostly caused by the small variations of the COS mole fractions averaged
as latitudinal bins (20°). The lower simulated COS in the NH free tropo-
sphere during ATom3 will be further discussed in Section 4. Overall, there is
no model group or flux showing clearly better statistics than the others. The
ATom results using the control scenario is shown in Figures S18 and S19 in
Supporting Information S1 and further described in Text S5 in Supporting
Information S1.

The vertical distribution of the model simulations is compared to ATom
data in Figures 11 and 12 (results for individual models are presented in
Figures S14 and S15 from Text S4 in Supporting Information S1). In the
lower troposphere, below 8 km, ATom data and model simulations are in
good agreement and model-to-model spread is rather small. In the upper
troposphere above 8 km, the model-data comparison shows good perfor-
mance for ATom flights 1-3. ATom4, however, shows a drastic decline of
the COS abundance over the Atlantic above 8 km, and all models fail to
capture this decrease. An analysis of the COS vertical distribution over 30°
latitudinal bins indicates that this COS decline mainly occurs over high lati-
tudes in both hemispheres, as shown in Figure S16 in Text S4 in Supporting
Information S1. This decline is likely associated with the influence of the
stratosphere, which has lower COS abundance (Briihl et al., 2012; Glatthor
et al., 2017). Since the models do not simulate stratospheric COS removal,
this feature is not present in the simulations. For ATom4, around 2 km, the
models do not capture the enhanced COS over the Pacific that was observed
during April-May 2018.

4. Discussion

In this section, we discuss the main findings and potential improvements of
this model intercomparison.

First of all, we find that models with optimized COS fluxes capture the
available observations in the atmosphere generally quite well, both in the
boundary layer and in the free troposphere. This agreement with observa-
tions is in sharp contrast with the control scenario, discussed in the accom-
panying paper (Remaud et al., 2023a), and shows that the flux optimization
process generally leads to better comparison to observations, including with
measurements that were not used in the optimization process. The optimized
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Figure 8. Carbonyl sulfide (COS) Vertical gradient of HIAPER Pole-To-Pole Observations (HIPPO) measurements against model groups over the oceans. The data are

averaged over layers of 1.25 km.

fluxes of TM5-4DVAR and LMDz are generally in good agreement, with a slightly stronger seasonal cycle in the
OPT-TMS fluxes. This can be explained by the fact that TMS is in the group of the “strongly-mixing” models,
which implies that larger flux adjustments are required to obtain agreement with the assimilated NOAA surface

measurements.
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Figure 9. Meridional gradient of ATom flights 1-4 and over the Atlantic Ocean. The model groups and observations are separated into observations below 2 km and in
the free troposphere between 2 and 8 km, and averaged in each 20° latitudinal bin. The gray shading represents the standard deviation of ATom data for each flight and

vertical region.
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Figure 10. Same as Figure 9 but over the Pacific Ocean.

The net source of the OPT-TMS5 fluxes (838.5 GgS a™') is 13.3% higher than that of OPT-LMDz (740.1 GgS a™!),
see Table 1. Also, it is worth noting that the TM5-4DVAR inversion assimilated COS measurements from 14 NOAA
surface stations, while the LMDz inversion assimilated COS and CO, from 15 NOAA surface stations adding WIS.
Interestingly, a similar budget difference of CO, inversion was also found based on the comparison of GEOS-Chem
and TM5-4DVAR (Schuh et al., 2019, 2022). Later, Schuh and Jacobson (2023) analyzed the systematic large-scale
patterns in column integrated CO, concentration (XCO,) differences associated with transport of the two models, and
found that the XCO, differences were primarily caused by differences in the parameterization of convective mixing.

Near the surface, the strength of the modeled vertical mixing simulated at the NOAA aircraft sites is controlled
by the sub-grid scale parameterization. Specifically, TM3, TOMCAT, and TMS5 as strong-mixing models use
a similar boundary layer scheme (Louis, 1979) and ECMWF-based convective fluxes (Krol et al., 2018). The
weak-mixing models share a similar Mellor-Yamada boundary layer scheme (Mellor & Yamada, 1974, 1982;
Nakanishi & Niino, 2004). The station-based vertical gradients are compared to the NOAA aircraft platform in
Figure S9 in Text S3 in Supporting Information S1. Over Alaska, the SM models agree better with the observed
vertical gradients. WM models generally simulated too large vertical COS vertical gradients during JJA and SON,
and this effect is reinforced by using the OPT-TMS5 fluxes. Note, however, that the model spread is large. The
smaller vertical gradients for strong-mixing models can be explained by the faster vertical mixing in the boundary
layer, as pointed out in a SF, validation study by Peters et al. (2004). Classifying models into certain groups, that
is, strong or weak mixing, is an appropriate way to evaluate the model performance as the main driver of the model
spread is the strength of the vertical mixing, and to give an insight into the impacts of transport errors on the opti-
mized fluxes. Also, the classification into weak and strong mixing models is somewhat arbitrary, because seasonal
mixing patterns are also influenced by seasonal patterns in the chemistry and surface fluxes. However, it should be
noted that quantifying the models' mixing is not straightforward and needs careful consideration in further studies.

In the free troposphere, the models using optimized fluxes show a significantly improved match to HIPPO and
ATom data compared to simulations using the control flux scenario, see also Text S5 in Supporting Informa-
tion S1. One point of discussion is the underestimation of the modeled COS, mostly in the free troposphere over
the NH and tropics (HIPPO4, HIPPOS, see Figure 7, ATom1 and ATom4 Atlantic, see Figure 9, ATom3 and
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ATom4 Pacific, see Figure 10). These underestimates mostly occur in the NH summer. We speculate that the
mismatches are caused by missing sources in the free troposphere. Recent findings on oxidation pathways of
DMS revealed a new stable intermediate, hydroperoxy-methyl-thioformate (HPMTF). HPMTF can potentially
be oxidized to produce COS in the troposphere (Fung et al., 2022; Veres et al., 2020; Wu et al., 2015). However,
taking into account the large solubility of HPMTF strongly reduces the conversion of DMS to COS, even below
the yield of 0.7% (Barnes et al., 1994) that is currently used in COS emission inventories (Jernigan et al., 2022; Ma
et al., 2021). Possibilities of in-cloud production of COS from dissolved HPMTF are still rather speculative, but

;th’;;is of Model Groups Using Different Fluxes (CTL, OPT-TM5, OPT-LMDz)
Flux Model group Altitude Campaign Correlation Std (ppt) Campaign Correlation RMSE (ppt)
CTL SM BL ATom#1 Atlantic —-0.08 72.1 ATom#1 Pacific 0.91 82.5
FT 0.34 74.8 0.95 87.3
WM BL —-0.07 71.7 0.9 84.1
FT 0.38 73.5 0.96 87.1
OPT-TMS SM BL 0.98 11.5 0.96 4.5
FT 0.16 17.4 0.86 11.7
WM BL 0.99 9.4 0.95 4.7
FT 0.32 16.1 0.79 13.8
OPT-LMDz SM BL 0.96 13.6 1 14.4
FT 0.48 21.5 0.92 23.7
WM BL 0.95 13.9 0.99 16.2
FT 0.57 19.2 0.94 22.9
CTL SM BL ATom#2 Atlantic 0.88 61.8 ATom#2 Pacific -0.23 61.5
FT 0.87 70.6 0.02 68.8
WM BL 0.92 58.3 —0.06 57.6
FT 0.86 74 0.1 71.3
OPT-TMS SM BL 0.86 5.8 0.73 8.7
FT 0.97 6.2 0.63 7.5
WM BL 0.85 4.8 0.78 11.9
FT 0.94 10.6 0.56 11.2
OPT-LMDz SM BL 0.89 17.9 0.86 16.6
FT 0.99 17.9 0.9 16.6
WM BL 0.46 18 0.89 17
FT 0.96 19.6 0.8 18.2
CTL SM BL ATom#3 Atlantic —0.88 59.8 ATom#3 Pacific —0.92 73.9
FT —-0.79 66.3 0.89 73.3
WM BL -0.91 59.8 —0.94 75.6
FT —0.82 67.9 0.86 73.2
OPT-TM5 SM BL 0.95 8 0.98 6.5
FT 0.97 6.6 -0.37 13.4
WM BL 0.97 13.6 0.99 15.5
FT 0.96 9.1 -0.4 16.4
OPT-LMDz SM BL 0.94 11.6 0.99 7.1
FT 0.79 11.8 0.87 16
WM BL 0.97 8.1 0.99 8.6
FT 0.81 13.2 0.28 17.3
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Table 5
Continued
Flux Model group Altitude Campaign Correlation Std (ppt) Campaign Correlation RMSE (ppt)
CTL SM BL ATom#4 Atlantic 0.64 61.8 ATom#4 Pacific 0.91 61.3
FT 0.79 65 0.84 62.8
WM BL 0.57 59.6 0.91 60.1
FT 0.69 64.6 0.87 62
OPT-TM5 SM BL 0.78 18 0.9 13.2
FT 0.71 16.7 0.91 10.9
WM BL 0.77 17.2 0.93 13.6
FT 0.62 17.3 0.96 10.2
OPT-LMDz SM BL 0.57 29.3 0.93 19.5
FT 0.51 232 0.9 18.4
WM BL 0.59 26.2 0.97 16.5
FT 0.35 22.8 0.95 16.6

Note. Root mean square error (pmol mol~!) and Pearson correlation are reported for the different ATom campaigns. The ATom observations are aggregated in the layer
below 2 km (BL) and the free troposphere (FT, 2—8 km).

cannot be excluded. Another possible candidate for the COS underestimates in the free troposphere could be unac-
counted COS or CS, emissions from Asia. Ma et al. (2021) discussed the ambiguity of the CS, lifetime according
to different rate constants of its oxidation in the atmosphere and the potential impact on COS production. The
delayed formation of COS from CS, that is emitted by oceans and anthropogenic activities could potentially
explain some of the low COS bias in the free troposphere. Further investigation on these possibilities is required.

There are several shortcomings in this work. First of all, the COS chemistry in the troposphere and strato-
sphere was not explicitly included in the models, but projected to the surface to keep the modeling protocol
relatively simple and the COS budget closed. However, in reality COS is depleted in the stratosphere, and
entrainment of stratospheric air may result in lower COS mole fractions, as observed in ATom4 over the
Atlantic (Figure 10). A more realistic approach would be to treat the COS chemistry as a 3-dimensional loss

ATOM#1 [Aug 2016] ATOM#2 [Jan-Feb 2017] ATOM#3 [Sep-Oct 2017] ATOM#4 [Apr-May 2018]
gl d 1

3

10 A

Altitude[km]

450 500 550 600 450 550 600 450 500 550 600 450 500 550 600
COS[pmol mol~1] COS[pmol mol~1] COS[pmol mol~1] COS[pmol mol~1]

—e— obs —e— SM&OPT-TM5 —e— SM&OPT-LMDZ --®- WM&OPT-TM5 --8- WM&OPT-LMDZ

Figure 11. The vertical Atmospheric Tomography Mission (ATom) profiles averaged over 1.25 km thick layers and the different model groups over the Pacific Ocean.
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Figure 12. Same as Figure 11, but over the Atlantic Ocean.

field. Second, another limitation of this work is that the ATMs started from a zero COS initial state, which
made direct comparisons against COS measurements challenging. We solved this by correcting the models
for budget imbalances (Table 2) and adding 485 pmol mol~!. This adjusts the model simulations to the NOAA
surface network as reference, yet the procedure is based on the assumption that the COS abundance does not
change over time in the troposphere. The issue is alleviated by applying the standard CCGVU software to
filter out inter-annual and synoptic signals. Thus comparing the modeled seasonal cycles to observed cycles
is likely reliable. However, this correction procedure may partially explain the offsets between the models
with HIPPO and ATom observations. Third, COS uptake by the biosphere is treated by using a prescribed
flux. In reality, COS uptake is a first-order uptake process (Berry et al., 2013; Ma et al., 2021). Treating the
biosphere uptake as a first-order process would complicate the intercomparison, but could be pursued in
future studies.

Finally, it would be instructive to compare the results also to the Fourier-transform infrared spectros-
copy (FTIR) network (Hannigan et al., 2022; Wang et al., 2016) and satellite observations, that is, MIPAS
(Glatthor et al., 2017; Ma et al., 2021; Remaud et al., 2022), TES (Kuai et al., 2014, 2015; Ma et al., 2021)
and ACE-FTS observations (Kloss et al., 2019; Yousefi et al., 2019). However, applying the averaging
kernel without decaying profiles in the stratosphere hampers a straightforward evaluation of the current
model results.

5. Conclusions and Recommendations

In this paper, we presented results of the inter-model comparison TransCom-COS. In this Part I we focused on
the optimized COS fluxes that are propagated in seven ATMs starting from the same initial state. We grouped
the model results based on two sets of optimized fluxes (OPT-TMS5 and OPT-LMDz), and on the strength of the
vertical mixing in the models. Specifically, we identified weak mixing models (WM, including LMDz) and
strong mixing models (SM, including TMS5). Main findings are:
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. COS fluxes optimized with the TM5-4DVAR and LMDz inversion systems are in good agreement in terms

of spatial distribution, global budgets and temporal variability. However, TM5-optimized fluxes show a
larger seasonal cycle compared to the LMDz fluxes, likely caused by the different strength of the vertical
mixing.

The comparison across model simulations and NOAA surface data shows good agreement in annual mean merid-
ional gradients. Seasonal cycles at stations show more discrepancies, mainly at high latitude measurement stations.
Specifically, WM models that used the OPT-TMS5 fluxes simulated too large seasonal cycles at high-latitudes.
The comparison across model simulations to NOAA vertical observations over North America shows that all
models (using optimized fluxes) simulate reliable COS drawdowns. Over the North American continent, all
the models captured the observed COS vertical gradient well. Over Alaska, WM models tend to overestimate
the observed vertical gradients.

Model simulations are generally consistent with HIPPO and ATom observations, and capture observed COS
drawdown effects caused by uptake of COS by the biosphere from the NH continent over the Pacific and from
the Amazon over the Atlantic Ocean.

Consistent with findings reported in Ma et al. (2021), simulations tend to underestimate COS in the free trop-
osphere in the tropics and in the NH. This could point to a missing chemical COS source.

This paper clearly shows that the current optimized fluxes are well able to reproduce the main features of the

observed global distribution of COS and its seasonal cycle. To further improve and refine our knowledge on the

COS budget we present the following recommendations for future research.

1.

More elaborate data assimilation and model evaluation methods would be helpful. These methods could make
use of FTIR and satellite data to further constrain the sources and sinks of COS. Recent studies have used
MIPAS satellite data to constrain GPP over the Amazon region (Ma et al., 2023; Stinecipher et al., 2022).
Hannigan et al. (2022) recently presented the extensive COS FTIR Network linked to the Detection of Atmos-
pheric Composition Change (NDACC) network, which could enable a more comprehensive model evaluation
and offers possibilities for data assimilation in the future.

In general, COS inversion studies are still limited by a lack of COS observations, and more measurement data
could advance understanding. Areas of particular interest are some unique and large ecosystems that currently
are poorly characterized, such as the Amazon rain forest and data-void regions like Asia.

The underestimated COS mole fractions in the free troposphere require an explanation. Enhanced COS
production from DMS oxidation can be a candidate, that is, through the HPMTF intermediate, but this
requires further study.

The TransCom-COS protocol can be further improved by providing ATMs with a standard initial state and 3D
fields of COS related chemistry, for example, tropospheric oxidation and stratospheric photolysis.

To better quantify the differences between strong or weak mixing models, as outlined by Krol et al. (2018),
using a tracer of Age of Air (AoA) could be considered. Another tracer is ?2Radon to be used to determine
the strength of the vertical mixing because of its short lifetime (Remaud et al., 2018).

Appendix A: TransCom-COS Participant Model Descriptions

See Table Al.

MA ET AL.

19 of 25



"JYS1oY OINAWO0AT ) UO PAseq SAILUIPIOOD [EIN)IIA SUIMO[[OJ-UTBIIS) SAJOUIP ,Z PUB ‘SaJeUIPIO0d arnssaid-ewS1s priqAy sejouap U “a1op

10.1029/2023JD039198

Atmospheres

QWAYDS T [9A]

(I102) Te 10 BMIN (#007) OUIIN pue IystueeN (0107) rweA13ng (pu3 SS-V [ WoIj sputm
pue (L007) eINIA  *(¥L61) BPEWEL pUE IO[[D]A NNAIN pue eIy (L107) Te 10 eMIN *Z0¥ [BIPAYESOOT) Wy 71 [ [E)UOZIIOY pIeMo) SUISPIN  9INVIIN
QUIAYDS T [9A]
(1T07) T8 19 eMIN (¥00T) OUTIN pU® IYSTUBYEN] (0107) pureArsng (pui3 SS-V[ woxy sputm
pue (L007) eINIA  :(¥L61) BpeWeX puk JO[[ON NNAIN pue BINIYD (L107) Te 190 BMIN *Z0% [BIPAYESOI) U €77 [e3uozLIoY premo) SuispnN  SINVIIN
saepdn s (8Tx87) Se-vf
(9661) Pooy ‘(L61) 1qnUdS uoneouny woJy a1njeroduwrd) pue spuim
pue urg 'f-'s (2861) BpEWEX PUE IO[[AN pUE BMEYETY (8107) 'Te 10 enRd g9 [endads zy L [e)uoZIIOY pIemo) SUISpNN  $DOUIN
WUV JF WLINUIY JH
WOIJ saxn[J (ury 09 01 WOIJ 9OUITIAAIP ‘AIOT)I0A
(9861) Toypeld (6L61) SO SSBW dATI00AUOD)  (9007) PreyIeddiyy  aoeyms) Log 8T X8T ‘amssard ooeyImSs oY) YIM ped1od  LVOWNOL
(I1861) 1oUI] pue
:vwwsm HQEOLOm mmﬁuz
uonoApe sado[g (6L61) SO (6861) @pa1L (€£007) uuewoy g SX+t WOIJ SP[a1} 90BLINS PUB-03II ENL
(1861) JouIo] pue (1661) SuUd0IAl pue Se[sioH WU IH
[[ossny :9wWayos :Surxtw aroydsodon va1 WwoJJ soxn[J WU YT
UorndaApe momoﬁm R@Bm: SO UMEUQE QJeJINS IeaN SSBUW 9ATIOAUOD) AmOONv Te 19 [oy tmN TXT WO SPI3LJ 9deJINS pue-0313JN SINLL
(6661) pnesuswry (¥1020) T2 12
pUE UIPINOH pue (#L61) epewrex unayo0y (8102) Te 19 G-V ¥d wolj spuim
ABQQC JO97 URA UEN HOE@E nvo:m::n_.:d vEOw :mam ":m@: E:Cmam GSNEOM t@m mhm X mmwé QHEONCOQ GHNBOH MCMMUSZ ZAN'1T
QUIAYDS UOTIOAPY QwIdYos Surxiw Jgd QUIAYDS UOIIOAUOD) QOURIRJY SuONN[OSAX (e2139p K30[0109)9IN [opowx
[eonIoA apmISuo] X apmney) j1odsuery,

SUOTINJOSAI [BJUOZIIOH

Journal of Geophysical Research

~1
AGU

ADVANCING EARTH
AND SPACE SCIENCES

&pni§ sy T w1 S]opoJ woDSUDLL 2yl Jo (sautayos [po1skyg pun Uonnjosay |pIUO2LIOF ‘UON]OSIY [PINLIA ‘(801010212 ‘1apOJN 1L0dsun.L]) uoyvuLiofu KLipwung

A4 CLAN

20 of 25

MA ET AL.



A7oN |
NI
ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Atmospheres

10.1029/2023JD039198

Table B1

Information of Observational Platforms:

Appendix B: TransCom-COS Observational Platform Descriptions

See Table B1.

NOAA Surface Network, NOAA Aircraft, HIPPO and ATom

Ground elevation

Observation Code Location Year Latitude  Longitude (m a.s.l.)

NOAA surface stations CGO Cape Grim, Australia 2010-2018 & 2019 40.4S 144.6W 164
SMO American Samoa 2010-2018 & 2019 14.2S 170.6W 77
MLO Mauna Loa, United States 2010-2018 & 2019 19.5N 155.6W 3,397
KUM Cape Kumukahi, United States 2010-2018 & 2019 19.5N 154.8W 3
NWR Niwot Ridge, United States 2010-2018 & 2019 40.0N 105.5W 3,475
LEF Wisconsin, United States 2010-2018 & 2019 459N 90.3W 868
HFM Harvard Forest, United States 2010-2018 & 2019 42.5N 722W 340
BRW Barrow, United States 2010-2018 & 2019 71.3N 155.6W 8
ALT Alert, Canada 2010-2018 & 2019 82.5N 62.3W 195
THD Trinidad Head, United States 2010-2018 & 2019 41.0N 124.1W 120
MHD Mace Head, Ireland 2010-2018 & 2019 53.3N 9.9W 18
PSA Palmer Station, Antarctica, United States 2010-2018 & 2019 64.8S 64.1W 10
SPO South Pole, Antarctica, United States 2010-2018 & 2019 90.0S 24.8W 2,810
SUM Summit, Greenland 2010-2018 & 2019 72.6N 38.4W 3,200

NOAA Aircraft ACG Alaska Coast Guard 2010-2011 577N 152.5W 6
BNE Beaver Crossing, Nebraska 2010-2011 40.8N 97.2W 466
CAR Briggsdale, Colorado 2010-2011 40.6N 104.3W 1,488
CMA Offshore Cape May, New Jersey 20102011 38.8N 74.3W 0
ESP Estevan Point, British Columbia 2010-2011 49.4N 126.5W 7
ETL East Trout Lake, Saskatchewan 20102011 54.4N 104.9W 493
HIL Homer, Illinois 2010-2011 40.1N 87.9W 202
LEF Park Falls, Wisconsin 2010-2011 459N 90.3W 472
NHA Offshore Portsmouth, New Hampshire (Isles of Shoals) ~ 2010-2011 43.0N 70.6W 0
PFA Poker Flat, Alaska 2010-2011 64.9N 148.8W 210
TGC Offshore Corpus Christi, Texas 2010-2011 27N 96.9W 0
THD Trinidad Head, California 2010-2011 41.1N 124.2W 107
WBI ‘West Branch, Iowa 2010-2011 41.7N 91.4W 242

HIPPO Flight 3-5  Across North American Continent and Pacific Ocean 2010-2011

ATom Flight 1-4  Across Pacific, Atlantic and South Ocean 20162018

Note. Only the stations and time period used in this work are listed.

Data Availability Statement

The COS mole fraction time series at station GIF from 2014 to 2019 are described in Belviso et al. (2020).
The COS mole fraction time series at station WIS are provided by Dan Yakir. COS measurements from
GIF and WIS sites are calibrated on the same scale as the NOAA observations. The LMDz model is avail-
able from http://svn.lmd.jussieu.fr/LMDz/LMDz6/ under the CeCILL v2 free software license. The source
codes of NICAM-TM are included in the package of the parent model NICAM, which can be obtained upon
request under the general terms and conditions (http://nicam.jp/hiki/?Research+Collaborations). The source
code of MIROC4-ACTM is described in Patra et al. (2022). The sources codes of TM3 and TMS5 are availa-
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