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Regional scale inversion of NOx emissions using NO2 satellite data in France

Robin Plauchu — Audrey Fortems-Cheiney — Grégoire Broquet — Isabelle Pison —
Antoine Berchet — Elise Potier — Adriana Coman — Gaëlle Dufour
Laboratoire des Sciences du Climat et de l’Environnement - LSCE, CEA-CNRS-UVSQ,
Université Paris-Saclay, IPSL, F-91191 Gif-sur-Yvette, France — Laboratoire des
Sciences du Climat et de l’Environnement - LSCE, CEA-CNRS-UVSQ, Université
Paris-Saclay, IPSL, F-91191 Gif-sur-Yvette, France — Laboratoire des Sciences du
Climat et de l’Environnement - LSCE, CEA-CNRS-UVSQ, Université Paris-Saclay,
IPSL, F-91191 Gif-sur-Yvette, France — Laboratoire des Sciences du Climat et de
l’Environnement - LSCE, CEA-CNRS-UVSQ, Université Paris-Saclay, IPSL, F-91191
Gif-sur-Yvette, France — Laboratoire des Sciences du Climat et de l’Environnement LSCE, CEA-CNRS-UVSQ, Université Paris-Saclay, IPSL, F-91191 Gif-sur-Yvette,
France — Laboratoire des Sciences du Climat et de l’Environnement - LSCE,
CEA-CNRS-UVSQ, Université Paris-Saclay, IPSL, F-91191 Gif-sur-Yvette, France —
Laboratoire Interuniversitaire des Systèmes Atmosphériques - LISA, CNRS, Université
Paris Est Créteil and Université de Paris, IPSL, F-94010 Créteil, France — Laboratoire
Interuniversitaire des Systèmes Atmosphériques - LISA, CNRS, Université Paris Est
Créteil and Université de Paris, IPSL, F-94010 Créteil, France
Contact: Robin Plauchu, robin.plauchu@lsce.ipsl.fr
Since 2018, TROPOMI onboard Sentinel-5P brings images of NO2 tropospheric columns
at an unprecedented high spatial resolution. We attempt at exploiting the potential of this
high resolution information to estimate NOx emissions at national to regional scales based
on atmospheric inversion approaches. The study focuses on France and on the period
2019-2020.
Our analysis is based on the variational mode of the recently developed Community Inversion Framework (CIF), coupled with Europe and France’s configurations of
the CHIMERE regional chemistry transport model (CTM) and its adjoint code. Both
CHIMERE and its adjoint code include the MELCHIOR-2 chemical scheme with more
than 100 reactions (24 for inorganic chemistry). This variational framework allows to
solve high dimensional inversion problems and thus investigate fine-scale patterns in the
concentration and emission fields. It also allows to properly account for the non-linearities
associated with the chemistry.
We present the results from standard inversions of the NOx emissions at 50 to 10 km
and 1-day resolution. Further analysis of the comparisons between the 50 to 10 km resolution CHIMERE simulations, the TROPOMI NO2 observations and the coarser resolution
OMI NO2 QA4ECV retrievals is used to infer the contribution from the high resolution
information and the ability to exploit it. In particular, the analysis reveals the need for
novel inversion approaches to overcome the misfits between the patterns in the modeled
and observed NO2 images due to the chemistry-transport model errors.

4

2

Assessing the importance of super-emitters versus diffuse
oil/gas methane emissions in Algeria
Stijn Naus
SRON Dutch Institute for Space Research
Contact: Stijn Naus, s.naus@sron.nl

Stijn Naus, Joannes D. Maasakkers, Brian Nathan, Sudhanshu Pandey, Ritesh Gautam, Mark Omara, Daniel Zavala-Araiza, Alba Lorente-Delgado, Tobias Borsdorff & Ilse
Aben
An increasing fleet of space-based, Earth-observing instruments provides coverage of
the distribution of the greenhouse gas methane across a range of spatio-temporal scales.
It remains difficult to fully do justice to this range of scales in transport model analyses
that aim to constrain the methane budget. For example, the TROPOMI instrument
provides daily global coverage of methane, but also reveals local methane plumes, related
often to oil and gas activity. A traditional coarse global transport model inversion likely
does not capture the plumes, whereas plume-focused analyses tend to ignore everything
that is not a methane plume. The frequency of TROPOMI plumes detected globally has
highlighted the importance of oil and gas point sources, but it is important to integrate
this information into area emission estimates to assess their relative importance.
In this study, we aim to constrain both super-emitters (which show up as plumes
in TROPOMI) and diffuse emissions for Algeria in 2020. For this, we perform a highresolution WRF-Chem inversion, initially focused on the Hassi Messaoud oil and gas fields,
where TROPOMI plumes are frequently detected. We use the high-resolution (20m)
Sentinel-2 instrument to retrieve precise source locations corresponding to each of the
detected TROPOMI plumes. By including this Sentinel-2 point source information in
the prior for the TROPOMI inversion, along with a standard emission inventory, we can
constrain both components separately, informed by the detail provided by TROPOMI.
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CarbonTracker Statistical Fit, multi-tracer inversion using remote-sensing proxies of NEE

Joram Hooghiem — Wouter Peters — Ingrid Luijkx — Liesbeth Florentie — Auke van
der Woude — Remco de Kok — Anne-Wil van den Berg — Gerbrand Koren — Ivar van
der Velde — John Miller — Aleya Kaushik
Wageningen University and Research — Wageningen University and Research —
Wageningen University and Research — Wageningen University and Research —
Wageningen University and Research — Wageningen University and Research —
Wageningen University and Research — Utrecht University — Vrije Universiteit
Amsterdam — National Oceanic and Atmospheric Administration — National Oceanic
and Atmospheric Administration
Contact: Joram Hooghiem, joram.hooghiem@wur.nl
Questions remain about the response of the biosphere to climate change and climate
variability. These include the fertilization effect and the water use efficiency, both operating on different timescales. The variability in the net ecosystem exchange (NEE) can
be assessed using the ratio of ¹³C to ¹²C, which is sensitive to climate variability, more
specifically to water use efficiency. In principle, the ¹³C/¹²C ratio could thus be used for
the retrieval of information on the variability and trend in the underlying emissions. However, records of the atmospheric ¹³C/¹²C ratio are discontinuous and sparse in space and
time, reducing the confidence in the analysis of the trend and variability. CarbonTracker
Statistical Fit aims to overcome this problem by utilizing correlations with remote sensing
proxies such as NIRv, which have a higher temporal and spacial coverage. This method
allows for the separation of trend and seasonal cycle from the variability. Moreover, the
data assimilation of CO2 and ¹³C/¹²C records in CTSF is a computationally cheap inversion system, allowing to analyse several decades of variability. We aim to present the
first results of our multi-tracer CTSF system and demonstrate its performance against
independent observations as well as the regular CarbonTracker Europe Data assimilation
system.
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A high-resolution process-based radon flux map for Europe: development and uncertainties

Ute Karstens — Ingeborg Levin
ICOS ERIC - Carbon Portal, Lund University — Institut für Umwelphysik, Heidelberg
University
Contact: Ute Karstens, ute.karstens@nateko.lu.se
The natural radioactive noble gas radon is often used as a tracer for atmospheric mixing and assessment of atmospheric transport models. However, the application of radon in
transport models requires a quantitative understanding of the processes governing radon
production and transport in soils and its exhalation rate into the atmospheric boundary
layer. While production of radon in the soil is mainly determined by geological properties
such as soil texture and radium content, the radon exhalation rate is governed by gas
transport in the soil, i.e. molecular diffusion or advection driven by short-term meteorological variations. On a seasonal time scale, soil moisture content appears to be the
main factor determining molecular diffusivity, and assuming steady state conditions may
be sufficient to describe radon exhalation in a process-based radon flux model. On shorter
timescales of hours or days, the steady state assumption is no longer valid, because e.g.
pressure changes can induce non-steady state advection fluxes. However, simulating these
non-steady state processes is not straightforward, since depending on the soil type, only a
small part of the variability in observations can be explained by variations of meteorological parameters, leaving us with very large uncertainties. The impact of different radon
flux model approaches on simulations of atmospheric radon activity concentrations will be
shown using the atmospheric transport model STILT.
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Are negative trends in global CO emissions since 2002
showing signs of stalling?

Chris Wilson — Martyn P. Chipperfield — Richard J. Pope
National Centre for Earth Observation, University of Leeds, Leeds, UK. School of Earth
and Environment, University of Leeds, Leeds, UK. — National Centre for Earth
Observation, University of Leeds, Leeds, UK. School of Earth and Environment,
University of Leeds, Leeds, UK. — National Centre for Earth Observation, University of
Leeds, Leeds, UK. School of Earth and Environment, University of Leeds, Leeds, UK.
Contact: Chris Wilson, c.wilson@leeds.ac.uk
Carbon monoxide (CO) is an air pollutant with a lifetime of ˜2 months in the atmosphere, which leads to the formation of tropospheric ozone (O3 ) and carbon dioxide
(CO2 ). It is also the largest sink of the tropospheric hydroxyl radical (OH), and hence
influences concentrations of methane (CH4 ) and non-methane volatile organic compounds
(NMVOCs). Two major sources of atmospheric CO are from fuel combustion and biomass
burning. This means that observations of atmospheric CO, such as those provided by the
MOPITT instrument onboard the TERRA satellite, can provide valuable information
about these sources.
To quantify global fluxes of CO, we assimilate total column CO MOPITT retrievals
into the inverse version of the TOMCAT model for 2002 – 2020, deriving optimised CO
fluxes for biomass burning and other sources. We analyse global and regional trends of
CO emissions during this multi-decadal period, finding a negative trend (-0.7% yr-1 ) in
CO fluxes globally, albeit with early signs that this trend may have stopped or reversed
since 2018. Regionally, we find robust negative trends in CO flux in the U.S. (-1.8% yr-1 ),
Europe (-1.6% yr-1 ) and China (-1.7% yr-1 ), with signs of increasing fire emissions in the
Amazon basin and central Africa since 2018. We compare our optimised simulated CO
concentrations to total column CO retrievals from IASI, finding consistency between the
model and the two satellite products. We use the derived fluxes to quantify total carbon
biomass burning emissions and relate this to the effect of El Niño on the carbon cycle.
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Towards comprehensive modelling: ICLASS, an Inverse
modelling framework for the Chemistry Land-surface Atmosphere Soil Slab model
Peter Bosman — Maarten Krol
Meteorology and Air Quality Group, Wageningen University, Wageningen, the
Netherlands — Meteorology and Air Quality Group, Wageningen University,
Wageningen, the Netherlands and Institute for Marine and Atmospheric Research,
Utrecht University, Utrecht, The Netherlands
Contact: Peter Bosman, peter.bosman@wur.nl

Exchange of heat, mass and momentum between the land surface and the atmospheric
boundary layer plays an essential role for weather, climate, air quality and biogeochemical
cycles. Modelling the composition and thermodynamic state of the boundary layer in its
full interaction with the land surface is the target of the existing Chemistry Land-surface
Atmosphere Soil Slab model (CLASS). A model like CLASS can be used to fit an extensive
set of observation streams simultaneously. When model results are consistent with a
diverse set of measurements, this gives more confidence that the internal physics are robust
and the model has been adequately parameterised to reliably simulate reality. However, an
important difficulty in the application of a model like CLASS concerns parameter tuning
to obtain a good fit to observations. Some of the available observations may also suffer
from biases, which should be taken into account.
We present ICLASS: a variational Inverse modelling framework for the CLASS model.
This framework can be used to study the atmospheric boundary layer, surface layer or the
exchange of gases, moisture, heat and momentum between the land surface and the lower
atmosphere. The physical model around which the framework is constructed is relatively
simple, yet contains the core physics to simulate the essentials of a well-mixed boundary
layer and of land–atmosphere exchange. The general aim of the framework is to allow to
assimilate various streams of observations (fluxes, mixing ratios at multiple heights, ...)
to estimate model parameters, thereby obtaining a physical model that is consistent with
a diverse set of observations. The framework enables the estimation of information that is
difficult to obtain directly by observations, for example free-tropospheric mixing ratios or
stomatal conductances. Furthermore it allows to estimate possible biases in observations,
for not too complex bias patterns.
Modelling the carbon cycle at ecosystem level is one of the main intended fields of
application. For this, one can assimilate both meteorological and tracer data, and optimise
land-surface parameters, as well as meteorological and CO2 -related parameters. We show
an example application of the framework for a grassland in the Netherlands, were we
assimilated, amongst others, CO2 mixing ratios in the mixed layer and surface layer, and
temperature information. The state variables we optimised were, amongst others, the free
tropospheric lapse rate of CO2 and advection of humidity.
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Effects of point source emission heights in WRF–STILT: a
step towards exploiting nocturnal observations in models

Fabian Maier — Christoph Gerbig — Ingeborg Levin — Ingrid Super — Julia Marshall
— Samuel Hammer
Institut für Umweltphysik, Heidelberg University, INF 229, 69120 Heidelberg, Germany
— Department Biogeochemical Systems, Max Planck Institute for Biogeochemistry,
Hans-Knöll-Straße 10, 07745 Jena, Germany — Institut für Umweltphysik, Heidelberg
University, INF 229, 69120 Heidelberg, Germany — Department of Climate, Air and
Sustainability, TNO, P.O. Box 80015, 3508 TA Utrecht, the Netherlands — Deutsches
Zentrum für Luft- und Raumfahrt (DLR), Institut für Physik der Atmosphäre,
Oberpfaffenhofen, Germany — ICOS Central Radiocarbon Laboratory, Heidelberg
University, Berliner Straße 53, 69120 Heidelberg, Germany
Contact: Fabian Maier, fmaier@iup.uni-heidelberg.de
Atmospheric inversion modelling is a powerful tool to evaluate bottom-up greenhouse
gas (GHG) emission inventories based on atmospheric observations. However, its success
relies on an appropriate representation of atmospheric transport and mixing processes.
Situations with suppressed atmospheric mixing are typically hard to simulate, which is
why nighttime observations are often not used in such modelling frameworks. Further, in
urban areas this also requires that point source emissions and their corresponding plume
rise are well represented in the transport model.
We present a sensitivity analysis conducted with the Stochastic Time Inverted Lagrangian Transport model (STILT), which typically releases the point source emissions
from the surface, thus ignoring their effective emission heights. We use high-resolution
meteorological fields generated with the Weather Research and Forecasting model (WRF)
to run STILT, linked with TNO-based fossil fuel CO2 emissions, in order to simulate ffCO2
concentrations for the urban station Heidelberg (30 m a.g.l.) for the years 2018-2020. The
root-mean square deviation (RMSD) between simulated and 14 C-based observed ffCO2 estimates turns out to be almost twice as large during night than during the afternoon. We
have, therefore, introduced a novel modelling approach, which takes into account the effective emission heights of nearby point sources in the simulations. This approach reduces
the RMSD during night by almost a factor of two, resulting in a similar model performance
during night and day. Consideration of the effective point source emission heights alone
could thus be a first step towards exploiting nighttime observations in models.
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Leveraging Improved Measurement Coverage to Characterize the Evolution of Oil-Production-Related Emissions
around Lake Maracaibo, Venezuela

Brian Nathan — J.D. Maasakkers — Stijn Naus — Ritesh Gautam — Mark Omara —
Daniel Zavala-Araiza — Alba Lorente Delgado — Tobias Borsdorff — Ilse Aben
SRON - Netherlands Institute for Space Research — SRON - Netherlands Institute for
Space Research — SRON - Netherlands Institute for Space Research — EDF:
Environmental Defense Fund — EDF: Environmental Defense Fund — EDF:
Environmental Defense Fund — SRON - Netherlands Institute for Space Research —
SRON - Netherlands Institute for Space Research — SRON - Netherlands Institute for
Space Research
Contact: Brian Nathan, B.Nathan@sron.nl
Since shortly after its launch in October 2017, the TROPOMI instrument has been providing high-accuracy methane total-column observations across the world. TROPOMI’s
daily global coverage allows us to study methane emissions in regions that had previously
been difficult to characterize due to a dearth of measurements. One of these historicallydifficult areas to observe is around Lake Maracaibo, Venezuela, where there is also a
significant amount of oil production. Previous satellite investigations, such as with SCIAMACHY and GOSAT, had observed a methane enhancement and indicated a large underestimate in bottom-up emissions in this region. However, their characterizations had
to proceed with just a few measurements per year, so often had to aggregate long-term
data onto a coarse resolution. Through the use of TROPOMI measurements, we are able
to characterize the region at a higher spatial and temporal resolution to more precisely
identify where the emissions in this region are coming from and how much is being emitted. We use recent bottom-up estimates in conjunction with a high-resolution WRF-Chem
atmospheric transport model simulation to lay the groundwork for a Bayesian inversion
of 2018-2020 TROPOMI data, to estimate annual emissions in the region. We test a
wide ensemble of inversions to ensure our estimates are robust, and we compare against
both historic studies and contemporary GOSAT data to understand how emissions in this
region have been evolving over time.
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High resolution CO2 fluxes from CarbonTracker Europe
in near real-time: CTE-HR

Auke van der Woude — Remco de Kok — Naomi Smith — Ingrid Luijkx — Santiago
Botia — Ute Karstens — Linda Kooijmans — Gerbrand Koren — Harro Meijer —
Gert-Jan Steeneveld — Ida Storm — Ingrid Super — Bert Scheeren — Alex Vermeulen
— Wouter Peters
Wageningen University and Research, University of Groningen — Wageningen University
and Research, ICOS Carbon Portal — Wageningen University and Research —
Wageningen University and Research — MPI for Biochemistry — ICOS ERIC Carbon
Portal — Wageningen University and Research — Utrecht University, Wageningen
University and Research — University of Groningen — Wageningen University and
Research — ICOS ERIC Carbon Portal, Wageningen University and Research — TNO
— University of Groningen — ICOS ERIC Carbon Portal — Wageningen University and
Research, University of Groningen
Contact: Remco de Kok, remco.dekok@wur.nl
We present the CarbonTracker Europe High-Resolution system (CTE-HR v1.0) that
estimates CO2 exchange over Europe at high-resolution (0.1 x 0.2 degree) and in near
real-time (roughly 2 months latency). It includes a novel fossil fuel emission model that
uses easily available statistics on economic activity, energy-use, and weather to generate dynamic time profiles at high spatial and temporal resolution. Hourly net biosphere
exchange calculated by the biosphere model SiB4 is upscaled using the high-resolution
CORINNE land-cover map, and combined with GFAS fire emissions to create Net Ecosystem Exchange (NEE). An ocean flux upscaling based on wind speed and temperature for
Jena CarboScope is included in our product, to enable modeling of atmospheric CO2 mole
fractions over Europe.
CTE-HR fluxes satisfactorily reproduce anomalous events for both the biosphere (i.e
European drought of 2018) and fossil fuel emissions (i.e., COVID-19 lockdown) and thereby
provide insight into variability of the European carbon balance. Its surface fluxes are in
good agreement with ICOS tall-tower CO2 observations, with RMSEs close to those of
the (optimized) fluxes of CarbonTracker Europe. We find that CTE-HR’s higher spatial
resolution is especially beneficial for modelling point sources, such as power plants. Using
local eddy-covariance fluxes from Amsterdam we validate the diurnal cycle on urban fossil
fuel emissions.
CTE-HR fluxes will be updated monthly and are freely available from the ICOS Carbon
Portal, to be used for near real-time monitoring and atmospheric modeling.
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Ensemble-based inverse estimates of European CH4 emissions with ICON

Michael Steiner — Prof. Dr. Brunner Dominik
EMPA – Swiss Federal Laboratories for Material Science and Technology — EMPA –
Swiss Federal Laboratories for Material Science and Technology
Contact: Michael Steiner, michael.steiner@empa.ch
Top-down emission estimation by inverse modelling has great potential to check the
consistency between bottom-up emission inventories and GHG concentrations measured
in the atmosphere. Recently, the interest has grown in applying these methods to estimate emissions of individual countries, since the Paris Agreement requires the signatory
countries to quantify their emissions and monitor progress with respect to their reduction targets. However, top-down emission estimation is still subject to large and poorly
quantified uncertainties due to insufficient coverage of measurements, errors in simulated
atmospheric transport, representation errors, measurement biases, and other factors. In
order to advance the field, it is therefore paramount to reduce these errors as much as possible and to build modelling systems that are able to properly account for the remaining
uncertainties.
Here, we use for the first time the next-generation atmospheric transport model ICONART for inverse modelling of methane (CH4 ) emissions from individual countries (or
groups of countries) in Europe from three different emission sectors with an ensemble
Kalman smoother. ICON-ART can be run from global down to cloud resolving scale and
has superior transport properties including perfect mass conversation. For the purpose of
inverse modelling, ICON-ART was integrated into the CarbonTracker Data Assimilation
Shell (CTDAS) and extended with modules for efficient handling of emissions and online
generation of the ensemble members required for CTDAS and with a nudging scheme to
keep the simulations close to analyzed meteorology. In a first step, the inversion system
was optimized in an idealized setup with synthetically generated observations at the locations of the European in-situ GHG measurement network and the sensitivity towards
different parameters and settings was tested. We show, that the system is well capable of
improving total CH4 emission estimates of European countries and of correcting for potential biases in the background concentrations. We then applied the system to estimate
European CH4 emissions on a national scale using real in-situ observations from ICOS
and other networks for the year 2018.
We paid particular attention to two critical elements affecting the estimates, biases in
background concentrations and transport model uncertainties. Background concentration
biases are represented by eight state vector parameters, which are optimized alongside the
emissions. These parameters represent the background CH4 transported into the model
domain from eight different inflow regions.
The second critical element is the temporally and spatially changing transport error,
which can be a large source of uncertainty but is usually treated in a highly simplified
and parametrized way. Here, we address this problem by introducing a flow-dependent
model-data mismatch through combining the emission flux ensemble with a meteorological
ensemble simulation.
With the new inversion system that can potentially be run at high resolution (a GPU
version is in preparation) with a large number of ensemble members (currently 192), that
is able to constrain a large number of state vector elements (currently 64’032), and that
can account for flow-dependent transport uncertainties, we aim to reduce the uncertainties
of top-down CH4 emission estimates in Europe.
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Development of regional atmospheric inversion system
for estimating terrestrial CO2 flux over Asia
Jeongmin Yun — Sujong Jeong
Seoul National University — Seoul National University
Contact: Jeongmin Yun, yjm921@gmail.com

Asian terrestrial ecosystems have been experiencing rapid warming and land-use changes
in recent decades. As a result, significant changes in the terrestrial carbon cycle are expected in Asia, but notable uncertainties have been reported in estimating the spatiotemporal variations of terrestrial CO2 fluxes over the region. To reduce the uncertainties,
this study developed a nested atmospheric inversion system in Asia using the GEOS-Chem
adjoint model and various atmospheric CO2 measurements. The performance of inversions
assimilating remote sensing (the Orbiting Carbon Observatory; OCO-2 or Greenhous
Gases Observing Satellite; GOSAT) or in-situ observation is evaluated from a series of
observing system simulation experiments for 2018. The nested inversions generally better
represent the spatial distributions of the true terrestrial CO2 flux than the global inversions. The best performance of inversion was obtained when assimilated OCO-2 datasets,
which covered wider areas than other observing systems. The greatest reduction in the
error of biweekly variations of terrestrial CO2 flux was made in South Asia (40%), followed by East Asia (38%) and Southeast Asia (11%). The lack of satellite measurements
during the rainy season was a limiting factor in the inversion performance in the regions.
In the presentation, seasonally varied inversion performance and its relationship with the
observation coverage and the errors of prior flux will be introduced, together.
* This work is supported by the National Research Foundation of Korea(NRF) grant
funded by the Korean government(MSIT)(No. NRF-2021R1I1A1A01057924).
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A view of the European carbon flux landscape through
the lens of the ICOS atmospheric observation network

Ida Storm — Ute Karstens — Claudio D’Onofrio — Alex Vermeulen — Wouter Peters
ICOS ERIC - Carbon Portal, INES, Lund University, Sweden — ICOS ERIC - Carbon
Portal, INES, Lund University, Sweden — ICOS ERIC - Carbon Portal, INES, Lund
University, Sweden — Carbon Portal, INES, Lund University, Sweden — Meteorology
and Air Quality, Wageningen University, Netherlands
Contact: Ida Storm, ida.storm@nateko.lu.se
The Integrated Carbon Observation System (ICOS) network of atmospheric measurement sites produces standardized data on greenhouse gas concentrations at 39 sites in
14 different European countries. The network is continuously expanding and with it our
understanding of the CO2 flux landscape mainly through use of the measurements in regional inversion models. A characterization of the combined influence regions (footprints)
of the current network offers insight to how well it represents different ecosystems and
associated fluxes. We are interested in this for Europe as a whole, and will present various analyses at site, country, and continental level that quantitatively assess the ICOS
network monitoring capacity. Relatively unmonitored areas and ecosystems are identified
and visualized in “monitoring potential maps” which are intended to support network expansion decisions. Relatively well-monitored countries, such as Germany, will show little
monitoring potential when considering Europe as a whole, and therefore we show how for
national network expansion, the analyses can be limited to individual countries (figure
1b). This type of map can also be used to highlight relatively unmonitored areas with relatively high (anthropogenic) emissions, as well as to identify individual sites that uniquely
monitor specific aspects of the European carbon cycle (e.g., coniferous forest fluxes at
Scandinavian sites).
Figure 1. a) Network footprint of current ICOS network b) Monitoring potential map
broad leaf forest Germany
Our tools, accessible at the ICOS Carbon Portal Jupyter service to anyone, make
it possible to analyze any network configuration with existing and/or hypothetical sites.
Furthermore, considerations of hypothetical sites for network expansion decisions can be
supplemented by output from Carbon Portal tools that characterize footprints of individual
sites. A future avenue for these types of analyses will be to support network design within
cities, which will require different datasets and other types of footprints.
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Figure 1. a) Network footprint of current ICOS network b) Monitoring potential map broad
leaf forest Germany
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Introduction of IG3IS project in Korea
Sangwon Joo
Korea Meteorological Administration
Contact: Sangwon Joo, swjoo@korea.kr

With the success of GHG observations and numerical modelling efforts, KMA (Korea
Meteorological Administration) has a strong potential to contribute the WMO IG3IS
(Integrated Global Greenhouse Gas Information System) and can support the national
GHG reduction policy by reducing the uncertainty in the national emission inventory.
Since 1999, KMA has been started to measure the atmospheric CO2 , CH4 , N2 O,
SF6 , and CFCs mole fractions at Anmyeon-do and expanded its network up to 5 stations
including the Lotte world tower (550m agl) in 2022. KMA has operated a state-of-the-art
NWP model, KIM (Korea Integrated Model), in 12-km resolution since 2020 with initial
conditions from the hybrid four-dimensional ensemble variational data assimilation. The
KIM analyses are used as the initial and boundary weather conditions in the inversion
system to depict the atmospheric flow better over the Korean Peninsula.
Main inversion system is developed based on the WRF-Chem/DART (Weather Research and Forecasting coupled with Chemistry/Data Assimilation Research Testbed) with
advanced boundary layer physics (i.e. YSU TKE PBL, YSL surface layer, etc.) and ensemble adjustment Kalman filter. This approach is beneficial at the Korean peninsula
with complex terrain and rapidly changing weather condition. Prior emissions will include
FFDAS for anthropogenic emissions, and Estimating the Circulation and Climate of the
Ocean, Phase II (ECCO2)-Darwin available at an 18-km horizontal grid spacing for ocean
flux. The VPRM (Vegetation Photosynthesis and Respiration Model) is coupled with the
WRF-Chem for terrestrial biosphere flux and its parameters are adjusted with fluxes at the
East Asia. The global Carbon Tracker is used to generate boundary concentration of mole
fraction in WRF-Chem. As an additional inversion system in the INVERSE-KOREA,
GEOS-Chem/FDMB (Goddard Earth Observing System coupled with Chemistry/Finite
Difference Mass Balance) is installed and the results is going to be compared with each
other to understand the uncertainty of the inversion system.
The inversion system is tested for CO2 in 2019 over South Korea and the initial results
are going to be introduced. The future development plan of the inversion system to meet a
near-real-time operation and support the MRV process for GHGs under the framework of
Paris agreement will be presented. In addition, the governance of the National Inventory in
Korea is introduced and our effort to support the inversion results with inventory builders
will be shared.
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Seoul-Tokyo Urban Atmosphere Greenhouse Gas Monitoring from Ground to Space

Hayoung Park — Sujong Jeong — Matthias Max Frey — Astrid Müller — Isamu Morino
— Hiroshi Tanimoto — Hirofumi Ohyama — Koichi Tsukiyama
Seoul National University — Seoul National University — National Institute for
Environmental Studies, Tsukuba, Japan — National Institute for Environmental
Studies, Tsukuba, Japan — National Institute for Environmental Studies, Tsukuba,
Japan — National Institute for Environmental Studies, Tsukuba, Japan — National
Institute for Environmental Studies, Tsukuba, Japan — Tokyo University of Science
Contact: Hayoung Park, pureefresh@snu.ac.kr
In order to achieve carbon neutrality and counter the impacts of climate change, greenhouse gas emissions must be reduced. Urban and industrial areas contain various emission
sources that contribute to the wide dispersion of greenhouse gases as well as impact climate
change. Especially, cities should be monitored regularly to detect emission hotspots and to
assess reduction efforts. Since Korea and Japan declared their commitments to be carbon
neutral by 2050, this has been the first year to diagnose the current status of greenhouse
gases in the urban atmosphere. Our study carried out the Seoul-Tokyo urban atmosphere
greenhouse gas monitoring campaign from February 14-25, 2022. The purpose of this campaign was to measure the concentrations of carbon dioxide, methane, and carbon monoxide
(CO2 , CH4 , and CO) in the urban atmosphere of two megacities – Seoul and Tokyo – using
ground-based FTIR spectrometers, EM27/SUNs, in addition to compare and analyze the
characteristics of wintertime urban greenhouse gases. Moreover, using ground-based stationary measurements, ground-based mobile measurements, aircraft measurements, and
satellite measurements, we attempt to conduct a pilot three-dimensional observation to
obtain prior knowledge for accurate three-dimensional greenhouse gas observations as well
as greenhouse gases plume detection and emission verification in the future.
This research was supported by the R&D Program for Oceans and Polar Regions of the
National Research Foundation (NRF) funded by the Ministry of Science and ICT(NRF2020M1A5A1110493).
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Estimation of methane emissions from urban infrastructures in Seoul, South Korea

Jaewon Joo — Sujong Jeong — Jungmin Park — Dongyeong Chang
Seoul National University — Seoul National University — Seoul National University —
Seoul National University
Contact: Jaewon Joo, jjw3741@gmail.com
Cities, where various urban infrastructures and large populations, contribute about
70% of global Greenhouse Gas (GHG) emissions. To mitigate the GHG emissions in
urban area, the reduction of methane emission has recently drawn attention as one of
major alternative ways. However, the total amount of urban methane emission is poorly
quantified. Here, we suggest the measurement of methane emission in South Korean
capital Seoul using the Seoul National University (SNU) mobile lab and the estimation of
methane emission rate employing the Inverse Gaussian Dispersion model from the complex
infrastructures in Seoul. Our findings show that the majority atmospheric methane in
Seoul is emitted by the old residential area, commercial area, water treatment facilities,
landfills, power plants and sewer networks, and their emission rates are larger than national
GHG inventory or methane emissions such as sewer network and manhole are not counted
in national GHG inventory. Further detailed our research findings will be introduced in
the upcoming TRANSCOM meeting.
This work was supported by Brain Pool Program through the National Research Foundation of Korea (NRF) funded by the Ministry of Science and ICT (No.2019H1D3A1A01101988)
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Developing First Gridded High-resolution Anthropogenic
Carbon Emission Inventory for Seoul
Yeonsoo Kim — Sujong Jeong
Seoul National University — Seoul National University
Contact: Yeonsoo Kim, sooo0128@snu.ac.kr

Carbon dioxide emissions from fossil fuels, known as FFCO2 , is the most significant
driver of the ongoing climate change and given that cities are responsible for more than
70% of global FFCO2 emissions, it is required for cities to establish science-based targets in managing urban FFCO2 emissions. To this end, it is necessary to understand
spatial and temporal patterns of FFCO2 emission across urban areas. In this study, we
developed a high-resolution FFCO2 emission inventory which quantifies the emissions at
an 1km2 and an hourly basis for 2017˜2020 period for Seoul, the capital of South Korea. Proxies or machine learning techniques were applied in pre-processing some activity
data to have finer spatial and/or temporal scales, before applying estimating methods of
the highest tier applicable provided by the Intergovernmental Panel on Climate Change
(IPCC). Estimated FFCO2 emissions were found to be larger than the ones reported by
Seoul Metropolitan Government, but smaller than the ones from Open-Data Inventory for
Anthropogenic Carbon dioxide (ODIAC) dataset. The result of this study can serve as
the basis for policy makers in taking actions for effective reductions on FFCO2 emissions.
This research was supported by the R&D Program for Oceans and Polar Regions of the
National Research Foundation (NRF) funded by the Ministry of Science and ICT(NRF2020M1A5A1110493)
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Using airborne CO2 observations and a mass-indexed
isentropic coordinate to test transport models and improve surface flux estimates

Yuming Jin — Ralph F. Keeling — Britton B. Stephens — Matthew C. Long — Prabir
K. Patra
Scripps Institution of Oceanography — Scripps Institution of Oceanography — National
Center for Atmospheric Research — National Center for Atmospheric Research — Japan
Agency for Marine-Earth Science and Technology
Contact: Yuming Jin, y2jin@ucsd.edu
Deriving surface CO2 fluxes from inverse models requires the correct representation
of large-scale atmospheric transport. Here we present a novel framework based on a
mass-indexed isentropic coordinate (MΘe ) that is useful to evaluate the skill of transport
models and improve surface flux estimates, using airborne CO2 observations and moist
static energy (MSE) budgets. The MΘe coordinate divides the atmosphere into fixedmass units that align with the equivalent potential temperature (Θe ) surface, which is the
preferential mixing surface of long-lived tracers such as CO2 .
We develop two independent constraints on simulated atmospheric transports. One
constraint is based on comparing simulated and observed CO2 gradients across MΘe surfaces. The rationale is that the cross-MΘe transport is critical to establishing large-scale
gradients in CO2 due to the rapid mixing of CO2 along Θe (or MΘe ). The simulated transport can be further expressed as a “cross-MΘe diffusivity” term in kg2 s-1 (ATM-based
diffusivity), where the airmass is a pseudo distance unit. Another constraint can be based
on comparing the ATM-based diffusivity with an independent realization of diffusivity
derived from MSE budgets of reanalyses (MSE-based diffusivity). The MSE-based diffusivity is substantially better defined compared to ATM-based diffusivity because MSE
surfaces are parallel to MΘe surfaces and always increase with MΘe , by definition.
We apply these two constraints to diagnose the skill of transport models in the mid- to
high-latitudes of the Southern Hemisphere. We find that the inversion models generally
underestimate the cross-MΘe gradients during the austral summer (Fig. 1), suggesting too
rapid cross-MΘe transport. Further evidence that most models have too rapid transport is
supported by larger ATM-based diffusivities relative to MSE-based diffusivities (Fig. 1).
We also apply the MΘe coordinate to carry out a coarse inverse model calculation of airsea CO2 fluxes over the Southern Ocean (Fig. 2). The model uses four boxes aligned with
MΘe surfaces coupled with the abovementioned diffusivities, and with fluxes constrained by
airborne CO2 observations. Our results generally agree well with the recent study of Long
et al., 2022, Science, who used the same observations, but we are able to resolve fluxes at
a finer spatial scale and better assess uncertainties in atmospheric transport. We confirm
the validity of this approach using pseudo data and zonal fluxes from inverse models. This
demonstrates that the zonal fluxes over the Southern Ocean can be accurately estimated
using a simple 1-D atmospheric model aligned with MΘe, while also highlighting the critical
role of diffusive transport across MΘe surfaces.
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Estimate of methane emission from the petrochemical
industrial complex detected by TROPOMI
Dong Yeong Chang — Sujong Jeong
Seoul National University — Seoul National University
Contact: Dong Yeong Chang, dongyeongchang@gmail.com

We estimate methane emissions from the petrochemical industrial complex in South
Korea, based on the satellite observation data of the TROPOspheric Monitoring Instrument (TROPOMI). The target area is Daesan which has one of the three largest petrochemical complexes located in South Korea and is used to produce ethylene of 3,925 KTA.
Based on the analysis of meteorological variables observed by the weather centers, the Daesan petrochemical industrial complex is affected by the direction of the main wind. This
is an advantage for plume detection through the calculation of a wind-assigned anomaly.
In the analysis of wind, we used wind direction and velocity provided by the Local Data
Assimilation and Prediction System (LDAPS). The methane observation data is only selected above 0.5 of the qualified flag provided from TROPOMI Level 2 methane column
data (XCH4 ). Based on that, we calculate the amount of the emission from the methane
plume emitted by the petrochemical complex using a dispersion model (i.e., Simple Plume
Model).
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Bayesian inverse estimation of urban carbon emissions
over Seoul
Sojung Sim
Seoul National University
Contact: Sojung Sim, simsj0304@snu.ac.kr

More than 125 countries, including Korea, have declared 2050 carbon neutrality to
cope with climate change. In order to achieve carbon neutrality, it is necessary to accurately estimate urban carbon emissions, which account for more than 70% of global
greenhouse gas emissions. For scientific support, the Megacity CO2 -Seoul Project has
evaluated urban carbon emissions and established a greenhouse gas observation network
for Seoul, one of the largest carbon emitting city in the world. Merging the bottom-up
carbon emission estimates and the top-down method using observation and atmospheric
transport model provides the optimized carbon emissions with high accuracy. To grasp
the optimized urban carbon emissions with high spatiotemporal resolution, we conducted
an atmospheric observation-based high-resolution Bayesian inverse modeling over Seoul
for 2020. In this inverse modeling system, atmospheric CO2 concentration data measured
continuously at three sites, high-resolution emission inventory (prior estimate), and the
WRF-STILT model were used. As a result of verifying urban carbon emissions over Seoul
through the Bayesian inverse model, it was found that the prior emissions were underestimated in western region and overestimated in eastern region than the posterior emissions.
The Bayesian inverse model built as part of Megacity CO2 -Seoul Project is expected to
accurately verify carbon emissions over Seoul and provide objective and scientific basis for
implementing carbon reduction policies.
This work was supported by Korea Environment Industry &Technology Institute (KEITI)
through ”Climate Change R&D Project for New Climate Regime”, funded by Korea Ministry of Environment (MOE) (2022003560006)
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Deriving robust estimates of carbon uptake period metrics based on time series of atmospheric CO2 and analysis
of its interannual variability

Theertha Kariyathan — Wouter Peters — Julia Marshall — Ana Bastos — Markus
Reichstein
Max Planck Institute for Biogeochemistry, Wageningen University and Research —
Wageningen University and Research — Deutsches Zentrum f ur Luft- und Raumfahrt
(DLR), Institut f ur Physik der Atmosph are, Oberpfaffenhofen, Germany — Max Planck
Institute for Biogeochemistry — Max Planck Institute for Biogeochemistry
Contact: Theertha Kariyathan, tkariya@bgc-jena.mpg.de
The changes in the CO2 exchange between the terrestrial ecosystem and the atmosphere can be studied by analyzing the trends in the timing and duration of the carbon
uptake period (time of the year when the CO2 uptake is greater than the CO2 release)
which can be derived from CO2 dry air mole fraction data. In this study we propose
a novel method for estimating the timing (onset and termination) and duration of the
carbon uptake period from the CO2 time-series. The method is based on a threshold of
the first derivative, closely corresponding to the “actual” onset and termination of the
growing season, we refer to this method as the first derivative threshold (FDT) method.
We then quantify the uncertainty in metrics estimation using an ensemble-based approach.
Further, we investigate if the proposed FDT method can better capture the interannual
variability in the carbon uptake period by simulating synthetic time series of atmospheric
mixing ratios with a transport model, using fluxes with known interannual variability of
the carbon uptake period. We perform analysis with varying interannual meteorology and
with fixed meteorology to better understand the link between interannual variability in
the seasonality of surface fluxes and the seasonality of in-situ CO2 measurements. The
reduced uncertainty achieved using the FDT method and analysis of the transport fluxes
provide a better understanding of the CO2 exchange between the terrestrial ecosystem and
the atmosphere.
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AIRS v7 CO coupled with a box model confirms intensification of wildfires in the Northern Hemisphere
Leonid Yurganov
UMBC (retired)
Contact: leonid yurganov, leonid.yurganov@gmail.com

Boreal forest fires in Russia and Canada are important sources of greenhouse gases
carbon dioxide (CO2 ) and methane (CH4 ). Carbon monoxide (CO) is a good proxy for
gaseous emissions from fires. The Atmospheric Infrared Sounder (AIRS) provides a 20years-long CO data set. Estimates of CO emission rates from biomass burning north
of 30° N using a simple two-box model (HNH and LNH) are presented. These results
correlate closely with independently estimated CO emissions from the GFED4 bottom-up
data base. Both detect record high emissions in 2021 throughout two decades, double
the annual emissions comparing to the previous years. There have been a few years with
extreme emissions, but for the rest of the data upward trend with a rate of 3.7 ± 2.3
Tg CO yr-2 (4.4 ± 2.8% per year), was found. Preprint of article under review in RS is
available on-line: https://www.preprints.org/manuscript/202206.007
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A global tracer release experiment to benchmark inverse
emission estimation models

Dominik Brunner
EMPA, Swiss Federal Laboratories for Material Science and Technology, Dübendorf,
Switzerland
Contact: Dominik Brunner, dominik.brunner@empa.ch
Top-down estimation of greenhouse gas (GHG) emissions from atmospheric observations has established itself as a core research activity in atmospheric sciences and is
receiving increasing recognition by policy makers. The method relies on two key ingredients, atmospheric concentration measurements and atmospheric transport models, which
provide the quantitative link between emissions and atmospheric concentrations. Both
elements have seen major advances over the past decades: The number of GHG surface
stations and satellites and the quality of the observations have steadily increased. Similarly, today’s atmospheric transport models run at much higher spatial resolution than 20
years ago and relevant transport processes are described in ever more detail. Nevertheless, it is difficult to assess to which degree the latter advances have improved the model’s
accuracy. In particular, we are lacking methods to quantify systematic transport errors
at regional to continental scales, which are particularly critical as they lead to systematic
biases in estimated emissions. Available diagnostics and model intercomparisons can only
hint at major model deficiencies but are not able to quantify transport errors in a rigorous
way. In order to promote and establish top-down methods as a policy-relevant quality assurance tool, they must be traceable to calibration standards and must come with credible
uncertainty estimates.
In order to develop such a benchmarking capacity, I here advocate for a new long-term
tracer release experiment, where a trace gas would be released at a known rate at multiple
locations worldwide and measured by a network of monitoring sites building on existing
infrastructure. Numerous release experiments have been performed in the past years to
evaluate dispersion models at scales from a few meters to a few kilometers, but the last
large-scale release experiments ETEX and ANATEX date back roughly 30 years. They
have been invaluable to improve the models available at that time, but the experiments
were far too limited to rigorously quantify transport errors models in different seasons,
weather situations and locations. Several previous studies have advocated a new largescale experiment, but the scientific community has failed to generate enough momentum to
make this happen. In 2003, for example, Jöckel et al. proposed a global release experiment
with a tracer similar to methyl chloroform to quantify global OH levels, and in 2021,
Simmonds et al. investigated the suitability of various synthetic gases for a large-scale
release experiment.
Here, I outline the requirements and overall design of an experiment that should provide
a benchmark for regional and global transport models and at the same time can be used
to quantify global OH levels. Furthermore, I outline a new modelling study supporting
the design of such an experiment to answer questions like: What is an optimal lifetime
of the tracer? How much tracer must be released to create enhancements detectable over
several 100 km? How many release sites are required and where should they be placed?
What is the best release strategy (e.g. release frequency)? How accurately can regional
and global transport be quantified? How well can global OH levels be constrained?
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European methane inter-comparison experiment: status
and first results

Sander Houweling — Sourish Basu — Dominik Brunner — Frank-Thomas Koch —
Mark Lunt — Alistar Manning — Antoon Meesters — Shamil Maksyutov — Hong Lin
— Ge Ren — Rajesh Janardanan — Michael Steiner — Rona Thompson — Fenjuan
Wang — Aki Tsuruta
VU/SRON — University of Maryland — EMPA — MPI-BGC — University of
Edinburgh — UK Metoffice — VU — NIES — NIM — NIM — NIES — EMPA —
NILU — NIES — FMI
Contact: Sander Houweling, s.houweling@vu.nl
The European methane inversion inter-comparison is organized as part of IG3IS and
CoCO2 and follows up on the work that was done in the VERIFY project, opening the
experiment to participants outside the VERIFY consortium. The aim is to determine
how well national CH4 emission are constrained by atmospheric data, whether emission
trends can be inferred from long-term measurements and, if so, how well they align with
national inventory reports to the UNFCCC. The inter-comparison covers a large part of
Europe for the observational period of the ICOS tall tower network. Participants are
provided with the measurement data and a package of a priori fluxes and lateral boundary
conditions to be used for regional models. According to the emission inventories, European
emissions went down in the period 2005-2020. The main question we are trying to answer
is whether the inversions confirm this decrease, how it varies between countries, and if the
measurements provide constraints that can be used to improve the emission inventories.
The presentation is meant to provide an overview of the status of the experiments, with
additional submissions still coming in, show a first synthesis of results, and discuss next
steps.
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Emulated Lagrangian particle dispersion model footprints
for greenhouse gas flux inference

Elena Fillola — Raul Santos-Rodriguez — Matt Rigby
Department of Engineering Mathematics, University of Bristol — Department of
Engineering Mathematics, University of Bristol — Atmospheric Chemistry Research
Group, University of Bristol
Contact: Elena Fillola, elena.fillolamayoral@bristol.ac.uk
Lagrangian particle dispersion models (LPDMs) have been used extensively to calculate source-receptor relationships (“footprints”) for use in greenhouse gas (GHG) flux
inversions. However, because a single backward-running model simulation is required for
each data point, LPDMs do not scale well to very large datasets. This makes them unsuitable for use in GHG inversions using high-resolution instruments such as TROPOMI.
Here, we develop a proof-of-concept machine learning emulator for NAME, the Met Office’s LPDM, which outputs footprints for a small region (˜100km x 100km) around an
observation point. The footprint magnitude at each grid cell in the domain is modelled
independently using gradient-boosted regression trees (GBRTs) with meteorological variables as inputs. The emulator is trained for a range of in situ measurement sites from
around the world, using NAME footprints for 2014-2015 sampled every two hours and is
evaluated against “true” hourly footprints from 2016 and 2020. We show that our emulator achieves R2 values between 0.6 and 0.8 for CH4 concentrations simulated at the
measurement sites, when compared to the timeseries generated by NAME. The model can
predict a footprint in around 10 ms, and by only selecting a subset of meteorological inputs
the number of parameters needed to predict a footprint is on the order of hundreds rather
than the millions used by the the 3D simulator. As GBRTs rank the most relevant features
for predicting each cell value, the model sheds light on the input parameters that are most
important for accurate footprint prediction. Our emulator is presented as an example of
the capabilities of machine learning to speed up atmospheric dispersion modelling.
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Estimating fire CO2 emissions with a joint CO/CO2 inversion driven by satellite data (OCO-2, TROPOMI) for
the Amazon in 2019

A. van den Berg — J. J. D. Hooghiem — G. Koren — S. Naus — I. T. Luijkx — M. C.
Krol — W. Peters
Wageningen University (WUR) — Wageningen University (WUR) — Utrecht University
(UU) — Netherlands Institute for Space Research (SRON) — Wageningen University
(WUR) — Wageningen University (WUR), Utrecht University (UU) — Wageningen
University (WUR), Groningen University (RUG)
Contact: Anne-Wil van den Berg, anne-wil.vandenberg@wur.nl
Separation of the natural and anthropogenic contribution to carbon fluxes for a monitoring and verification capacity at spatiotemporal scales relevant for policy, remains an
important challenge. To this end, a global multi-species data assimilation system driven
by satellite data is being developed under the EU’s Copernicus program. In support of this
effort, we report preliminary results on the use of satellite observed carbon dioxide (CO2 )
and carbon monoxide (CO) column data from OCO-2, TROPOMI, and MOPITT to constrain carbon biomass burning emissions. CO is used as tracer of incomplete combustion
in a data assimilation system with coupled CO and CO2 budgets. The data assimilation
setup is based on Carbon Tracker South America (CT-SAM; Luijkx et al., 2015) combined with (offline) atmospheric transport from TM5-MP (Krol et al., 2005; Williams et
al., 2017). CT-SAM uses an ensemble Kalman smoother with fixed-lag window. Here,
we test the impact of different assimilation window lengths (1-day, 3-day, 7-day, 15-day,
30-day) on inversion performance. In addition, we plan to compare inversions with simplified linear chemistry and full chemistry, and, with and without optimised emission ratios.
The runs are performed at a global scale, but analyses focus on a 6-week fire-active period
in the Amazon region in 2019. Further steps will include optimisation of fossil fuel priors and the inclusion of additional constraints from atmospheric nitrogen dioxide (NO2 )
observations through its use as tracer for combustion efficiency.
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Discrepancies in recent methane emission changes inferred from surface versus GOSAT observations

Xin Lin — Marielle Saunois — Didier Hauglustaine — Xin Lan — Michel Ramonet —
Bo Zheng — Philippe Ciais
Laboratoire des Sciences du Climat et de l’Environnement, LSCE/IPSL,
CEA-CNRS-UVSQ, Université Paris-Saclay 91191 Gif-sur-Yvette, France — Laboratoire
des Sciences du Climat et de l’Environnement, LSCE/IPSL, CEA-CNRS-UVSQ,
Université Paris-Saclay 91191 Gif-sur-Yvette, France — Laboratoire des Sciences du
Climat et de l’Environnement, LSCE/IPSL, CEA-CNRS-UVSQ, Université Paris-Saclay
91191 Gif-sur-Yvette, France — US National Oceanic and Atmospheric Administration,
Global Monitoring Laboratory, 325 Broadway, Boulder, CO 80305 USA — Laboratoire
des Sciences du Climat et de l’Environnement, LSCE/IPSL, CEA-CNRS-UVSQ,
Université Paris-Saclay 91191 Gif-sur-Yvette, France — State Environmental Protection
Key Laboratory of Sources and Control of Air Pollution Complex, Beijing 100084, China
— Laboratoire des Sciences du Climat et de l’Environnement, LSCE/IPSL,
CEA-CNRS-UVSQ, Université Paris-Saclay 91191 Gif-sur-Yvette, France
Contact: Xin Lin, xinlin.res@gmail.com
The years 2020 and 2021 had methane (CH4 ) growth rates that are unprecedented
since the 1980s when records of atmospheric CH4 measurements started (15.1 and 18.1
ppb/yr according to NOAA surface networks). These large increases are likely driven by
changes in both sources of CH4 and its atmospheric sinks (mainly the hydroxyl radical
(OH)). In this study we infer changes in methane emissions between 2019 and 2020 using a
CH4 inversion system PYVAR-LMDz-SACS constrained by surface CH4 observations and
GOSAT XCH4 observations separately. Two physical parameterization schemes are also
applied to account for uncertainties in sub-grid-scale transport including deep convection
and boundary layer mixing. Based on prescribed OH fields from a full chemistry model
that simulates 1.5% lower OH in 2020 compared to 2019, the derived changes in methane
emissions range 6.9–30 Tg CH4 /yr. Globally, the net emission increases inferred from
GOSAT XCH4 observations are much larger than those inferred from surface networks,
with differences mainly contributed by Northern tropics where most of the emission increases are found. This could imply extra emission increase signals seen by GOSAT XCH4
compared to surface networks, but could also result from transport errors in models not
resolved yet. We evaluate the posterior CH4 concentrations from different inversions using
independent observations from TCCON networks as well as aircraft and AirCore campaigns to gain insights on the discrepancies.
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CarbonWatchNZ: Regional to National Scale Inverse Modelling of New Zealand’s Carbon Balance

Beata Bukosa — Sara Mikaloff-Fletcher — Gordon Brailsford — Peter Sperlich — Dan
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NIWA, National Institute of Water and Atmospheric Research — NIWA, National
Institute of Water and Atmospheric Research — NIWA, National Institute of Water and
Atmospheric Research — NIWA, National Institute of Water and Atmospheric Research
— NIWA, National Institute of Water and Atmospheric Research — GNS Science —
GNS Science — NIWA, National Institute of Water and Atmospheric Research —
NIWA, National Institute of Water and Atmospheric Research — NIWA, National
Institute of Water and Atmospheric Research — NIWA, National Institute of Water and
Atmospheric Research — NIWA, National Institute of Water and Atmospheric Research
— Manaaki Whenua - Landcare Research — Manaaki Whenua - Landcare Research —
Manaaki Whenua - Landcare Research — NIWA, National Institute of Water and
Atmospheric Research
Contact: Beata Bukosa, beata.bukosa@niwa.co.nz
CarbonWatchNZ utilizes inverse modelling to estimate New Zealand’s carbon uptake
and emissions on a national scale. Our decade long inversion (2011-2020) suggests a
stronger carbon dioxide (CO2 ) uptake relative to previous estimates. The additional sink
appears in regions that are covered by indigenous forests, suggesting a more efficient carbon
uptake capability of these environments. Here, we explore the sensitivity of these results
to assumptions used in our inverse method. We have performed sensitivity tests based on
the main inversion components including the prior flux estimates and their uncertainties
(biosphere, ocean and fossil fuel), transport model, background CO2 values as well the
CO2 diurnal cycle effect.
We find the choice of the prior land fluxes and prior land uncertainties to have the
largest impact on the inversion results. Updating the terrestrial biosphere models increased the land uptake in both the prior and posterior fluxes and reduced the differences
between the two estimates. Using independent CO2 background estimates both increased
and decreased the sink in the optimized fluxes; however, the differences remained within
uncertainties. Our results show low sensitivity to the choice of the ocean and fossil fuel
priors. Updating our transport model to a higher spatial resolution led to differences in
the week to week variability of the fluxes; however, the annual values showed very little
difference.
In our base inversion setup we use monthly prior land fluxes, afternoon surface measurements and time integrated footprints. Using prior land fluxes that exclude the CO2
diurnal variability can potentially lead to biases in the posterior fluxes. To identify the
impact of this setup on our results we have designed an observing system simulation experiment (OSSE). In our OSSE we have created synthetic data from hourly prior land
fluxes and footprints and ran the inversion with the same setup as used in our base inversion. The differences between the prior and posterior values will therefore highlight
potential biases in our setup. The results from the diurnal cycle test point to both underand overestimated posterior fluxes; however, we have not identified a consistent bias in
the resulting fluxes.
Combining the results from all our sensitivity tests point to a persistent net CO2 uptake
for New Zealand in the last decade. Updating the terrestrial biosphere models and using
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prior land flux estimates that are better optimized for New Zealand conditions led to a
better agreement between the prior and posterior values.
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Isotope (δ13C-CH4 , δD-CH4 ) modelling of CH4 using
MIROC4-ACTM

Naveen Chandra — Prabir K Patra — Ryo Fujita — Taku Umezawa — Daisuke Goto —
Shinji Morimoto — Thomas Röckmann
JAMSTEC, Japan — JAMSTEC, Japan — Meteorological Research Institute, Tsukuba,
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Institute of Polar Research,Tachikawa,Japan — 3Graduate School of Science, Tohoku
University, Japan — Utrecht University, Utrecht, The Netherlands
Contact: Naveen Chandra, naveennegi@jamstec.go.jp
An atmospheric inversion is an efficient approach to estimating total CH4 emissions using its atmospheric measurements and atmospheric chemistry transport model (ACTM).
Nevertheless, this approach has limitations in differentiating the emission categories, particularly when emission sources are collocated. The carbon and hydrogen isotope ratios (δ 13 C-CH4 and δD-CH4 ) of CH4 provide additional constraints to discriminate between emission categories. We simulate atmospheric CH4 , δ 13 C-CH4 , and δD-CH4 using MIROC4-ACTM for 1972-2020 to understand the role of different emission sources
on CH4 growth rate variability. Multiple sensitivity simulations are performed for different oxidation fields (Cl and OH), geographical distributions of isotopic signatures of
source categories, and distinct emission scenarios by reviewing recent literature. The
final-choice forward model remarkably reproduces all the phases of CH4 , δ 13 C-CH4 , and
δD-CH4 growth rates for 1985-2020. Significant revisions to EDGARv6.0 emission growth
rates were needed for the oil and gas (ONG) sector for 1972-2020 and the coal mining
sector for 2000-2012. The best fit emission scenarios are found by compiling different
emission inventories and regional emission trends from MIROC4-ACTM inversion. The
sensitivity simulations suggest that EDGARv6’s ONG emissions were ˜50% low before
1990 and about 30% higher around 2015. Further, the δ 13 C-CH4 simulations show an
offset (˜1 ‰) from the observations over most of the observation sites for the globally
invariant fractionation. This offset is reduced by 80% when we apply the spatially explicit
13 C fractionation map of wetland and biomass burning emissions.
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High resolution CO2 simulation over Kanto region in
Japan using WRF-GHG model
Jagat S. H. Bisht — Prabir K. Patra — Masayuki Takigawa — Yugo Kanaya
Research Institute for Global Change, JAMSTEC, Yokohama, 235-0019, Japan —
Research Institute for Global Change, JAMSTEC, Yokohama, 235-0019, Japan —
Research Institute for Global Change, JAMSTEC, Yokohama, 235-0019, Japan —
Research Institute for Global Change, JAMSTEC, Yokohama, 235-0019, Japan
Contact: Jagat Bisht, jagatbisht@jamstec.go.jp

Carbon dioxide (CO2 ) is a very important greenhouse gas (GHG) in the Earth’s atmosphere that have both anthropogenic and natural sources. This study performs highresolution modeling of atmospheric CO2 using Weather Research and Forecasting (WRF)
coupled with GHG modules over the Kanto region in Japan with a 1 km spatial resolution
using a 4-level two-way nested setting starting from a 27-km resolution (i.e., 27 km, 9
km, 3 km, and 1 km). The 1 km run better represents the topographic complexity, synoptic weather condition, and sub-grid scale transport. The model sensitivity experiments
have been performed using different anthropogenic emission inventories for e.g., EA-grid
(Japan, 1 km), EDGAR (0.1 deg), and EDGAR downscaled (0.01 deg). The WRF-GHG
simulation results performed using different inventories have been compared with hourly
in-situ CO2 concentration observations at Kisai, Mt. Dodaira, and Yoyogi over Japan
and found to be in reasonable agreement between model simulations and observations
(correlation coefficient>0.50). The model simulations have been evaluated using basic
statistical measures, such as root mean square error (RMSE), and the mean bias (MB;
simulations - observations). The model simulation using EA-grid (EDGAR) is underestimated by 3 (4) ppm with RMSE 10 (11) ppm at Kisai and overestimated by 1 ppm with
RMSE 5 ppm at Mt. Dodaira, respectively during February. Our analysis found dominance of anthropogenic emissions over natural emissions at these observation sites and
EA-grid emission inventory better capture the observed variabilities in CO2 concentration
compared to EDGAR and EDGAR downscaled anthropogenic emission inventories.
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Assessment of long-term changes in atmospheric CO2
growth rate by integrating model and observations
Chaerin Park — Sujong Jeong
Seoul National University — Seoul National University
Contact: Chaerin Park, crplove@snu.ac.kr

The global CO2 growth rate is determined by reflecting the net effect of emissions and
uptake from anthropogenic and natural carbon sources. Therefore, an evaluation of the
global CO2 growth rate should be preceded to understand the global carbon cycle. This
study attempted to assess the long-term changes in global CO2 growth rate by utilizing
global ground observations of atmospheric CO2 . A total of 47 global observation site data
from 1990 to 2020 provided by GAW were used. The results from the calculated global
CO2 growth rate through ground observation data showed a long-term increasing trend
which is different by latitude. The CO2 growth rate was found to have about three times
more rapid increases in the northern hemisphere than that of the southern hemisphere. In
addition, the increasing trend was the strongest in the middle latitude. The GOES-Chem
model, which considers ocean, terrestrial and ffCO2 flux, was simulated to determine the
cause and contribution of each factor to the increase in CO2 growth rate. More detailed
results will be presented at the conference. Our results of this study are expected to
provide valuable insights to respond to future climate change.
This work was supported by Korea Environment Industry &Technology Institute(KEITI)
through ”Climate Change R&D Project for New ClimateRegime.”, funded by Korea Ministry ofEnvironment(MOE) (2022003560006).
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The Community Inversion Framework: a unified atmospheric inversion platform to support standardized GHG
monitoring systems.
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Constantin — Friedemann Reum — Aki Tsuruta — Arjo Segers — Eldho Elias —
Christoph Gerbig — Saqr Munas
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Contact: Antoine BERCHET, antoine.berchet@lsce.ipsl.fr
Atmospheric inversion approaches will play a critical role in future monitoring systems
for surface greenhouse gas (GHG) fluxes and air quality based on atmospheric observations. In the past decade, the research community has developed various inversion
softwares, mainly using analytical, variational or ensemble Bayesian optimization methods, with various assumptions on uncertainty structures and prior information and with
various atmospheric chemistry-transport models. Each of them can assimilate some or all
of the available observation streams for its spatio-temporal scales, flask samples, in-situ
continuous measurements or satellite observations, and built around one, or at best two,
chemistry-transport models. However, the development of operational systems at local to
global scales, and the use of the GHG flux estimates from such systems to support climate
policies and official emission reporting frameworks will require the use of standardized and
well proven approaches, with robust quality control of the modeling components. This fosters the development of unified, more transparent and modular codes gathering proven
approaches and allowing to quantitatively and consistently assess their relative skills. In
the framework of the European H2020 project VERIFY, we developed a Community Inversion Framework (CIF) to help rationalize development efforts, to leverage the strengths
of individual inversion systems into a comprehensive framework and to support the design
of standardized operational monitoring systems. In particular, the CIF has been developed as a unified platform to drive multiple transport models (CHIMERE, FLEXPART,
LMDZ, TM5, STILT, ICON-ART, WRF-Chem, so far), various inversion methods (variational and ensemble-based inversions), using a large panel of input data (in terms of
observation data-streams, but also for surface fluxes, global fields as boundary conditions
for regional models, etc.). We present the general features of the system, and illustrate its
potential (including enhanced traceability, accessibility and comparability of results) with
real application cases.
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Regional atmospheric inversions of CO2 and
Europe with LUMIA

14

CO2 over

Carlos Gómez-Ortiz — Guillaume Monteil — Ute Karstens — Marko Scholze
Lund University — Lund University — ICOS Carbon Portal — Lund University
Contact: Carlos Gómez-Ortiz, carlos.gomez@nateko.lu.se
Radiocarbon (14 CO2 ) has been widely used as a tracer to separate the natural and
anthropogenic signals in CO2 atmospheric observations to quantify fossil fuel CO2 emissions and improve the estimation of natural fluxes. Due to its half-life time of ˜5730
years, radiocarbon has already decayed in fossil fuels deposited millions of years ago as
organic matter. Radiocarbon is naturally produced in the upper atmosphere. Still, it is
a by-product of nuclear activities such as bomb tests and power generation, affecting its
natural cycle and making disequilibrium fluxes. We are using LUMIA, the Lund University Modular Inversion Algorithm, for performing a series of observation system simulation
experiments (OSSEs) inverting simultaneously atmospheric CO2 and 14 CO2 observations
from the Integrated Carbon Observation System (ICOS) station network across Europe
to optimise the natural fluxes, the isotopic disequilibrium fluxes, and the anthropogenic
fossil fuel emissions. In the OSSEs we apply an inverse model to simulated observations
with assumed uncertainties to evaluate the impact of a potential observing system on the
estimated target quantities, here, the radiocarbon observations on fossil fuel emissions. In
this work, we evaluate the sensitivity of the estimated fossil fuel emissions to constraining/prescribing 14 CO2 related fluxes, to the spatial and temporal distribution of prior
fluxes, and to the sampling strategy. This test setup of the inversion framework will allow
us to perform regional CO2 inversions in LUMIA.
Enter description here.
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Northern high latitudes CH4 fluxes inferred from an atmospheric inverse model using TROPOMI XCH4

Aki Tsuruta — Ella Kivimäki — Hannakaisa Lindqvist — Leif Backman — Janne
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Meteorological Institute, Finland — Centre for Isotope Research, University of
Groningen, the Netherlands — Institute of Environmental Physics (IUP), University of
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Methane (CH4 ) is an important anthropogenic greenhouse gas (GHG) with a global
warming potential 28 times that of carbon dioxide on a 100-year time horizon. Recently,
the number of atmospheric measurements from satellites is rapidly increasing and their
retrieval quality is improving continuously. As those measurements have much higher
spatial coverage compared to the ground-based observations, the potential to better constrain GHG budgets is expected to be high. However, the availability of the satellite data
depends highly on the sunlight and clouds, and therefore, seasonality may not be as well
constrained in regions such as northern high latitudes (NHL). In this study, we examine the
potential of the ESA Sentinel-5 Precursor TROPOMI XCH4 retrievals to constrain CH4
budgets at NHL, using the CarbonTracker-Europe CH4 atmospheric inverse model. Fluxes
are estimated by constraining the model using three sets of observations: 1) TROPOMI
XCH4 retrievals of SRON operational data, 2) TROPOMI XCH4 retrieved based on WFMDOAS algorism, and 3) ground-based observations of surface CH4 from global and regional
networks, e.g. ICOS and NOAA. The fluxes are estimated for 2018, and analysed by comparing between the three setups, and to the ground-based non-assimilated data such as
TCCON retrievals. The estimated NHL wetland CH4 emissions are decreased from the
prior when TROPOMI data are assimilated, especially in summer. The anthropogenic
CH4 emissions also showed decrease from the prior in the TROPOMI inversions during
spring and autumn. The evaluation against non-assimilated data showed that the seasonality driven by the TROPOMI inversions may be associated with the seasonal bias in the
retrievals (Lindqvist et al., IWGGMS-18). For the spatial distributions, little differences
were found in the location of emission hot-spots. The posterior concentrations are compared to independent measurements, such as AirCore, TCCON and GOSAT. The results
indicated both potential and complication of using the TROPOMI data for estimation of
NHL CH4 budgets.
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Analysis of OCO-2 CO2 flux inversion (MIP-2) using
MIROC4-ACTM simulations
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Technology, Pasadena, CA, USA — Department of Environmental Health and
Engineering, Johns Hopkins University, MD, USA — Cooperative Institute for Research
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Institute for Applied Statistical Research, University of Wollongong, Australia — Earth
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Contact: Suman Maity, sumanmaity@jamstec.go.jp
Carbon dioxide (CO2 ) is the major anthropogenically produced greenhouse gas (GHG)
which imparts almost 80% of global warming. A comprehensive understanding of the
global carbon cycle is needed to analyze the change of the climate and to anticipate the
effect of future emission scenarios. Till date, estimations of CO2 emissions and removals by
sink over the globe by the top-down inverse modelling approach, remain unsatisfactory due
to the lack of adequate high-quality observations and due to the uncertainty in atmospheric
transport. Recently, the satellite observations of the total column CO2 mixing ratio have
relaxed the observational limitation and many inverse modelling groups now use them,
for instance within the Orbiting Carbon Observatory 2 Model Intercomparison Project
(OCO2-MIP). The latest OCO2-MIP exercise covered the period 2015-2020 (Bryne et al.,
ESDD, submitted). The Global Carbon Project also uses satellite-driven inversions in its
multi-model ensemble for its annual carbon budget (Friedlingstein et al., ESSD, 2022).
Although large differences between the estimated fluxes remain in the analyses (see, e.g.,
Peiro et al., ACP, 2022), the evaluation with “independent” CO2 data and assimilated
model CO2 fields do not usually always provide clear indications of the model-model flux
differences (see, e.g., Chandra et al., ACP Discuss, 2021).
Here we attempt to disentangle the model-model flux differences from OCO2-MIP
using a single forward model (MIROC4-ACTM). Although various combinations of transport models and data assimilation methods are considered in the OCO2-MIP project,
MIROC4-ACTM was not included in the intercomparison and thus can be considered as
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an “independent” model. OCO2-MIP fluxes are available with three types of inversions
namely IS, LNLG and LNLGIS and each one of them is considered while conducting simulations using MIROC4. Therefore, a total of 16 combinations (15 OCO2-MIP flux sets
and 1 set of MIROC4 fluxes derived from MIROC4-ACTM) are scrutinized here. Various
spatiotemporal features associated with the CO2 distribution such as interhemispheric
gradient of flux and concentration, total flux, growth rates, flux vs. concentration are
systematically analyzed against available surface and satellite datasets viz., TCCON, ObsPack, OCO2 and GOSAT datasets. Simulated results are sampled at the location and
time of the observation before any comparison. As expected, the dependent MIROC4
fluxes lead to closer agreement with observations than when running MIROC4-ACTM
with the independent fluxes.
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Evaluation of methane emissions in the UK 1990 – 2021
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Measurements made over the last decade by the UK Deriving Emissions linked to Climate Change (DECC) network (2012 – 2020) suggest a decline in UK methane emissions
of around 2-3% per year. This change is approximately consistent with the inventory,
a result that builds confidence in the UK’s reporting during this period. However, the
decline reported over the previous two decades (1990 – 2012) cannot be reconciled with
atmospheric data, which do not suggest a substantial change. To determine the reasons for
any similar discrepancies between the UK’s emission reports and top-down estimates that
may occur in the future, new measurement and modelling techniques are being developed
through the Detection and Attribution of Regional Emissions project (DARE-UK). These
include the development of a hierarchical Bayesian inverse method to capture key uncertainties in sector-level emissions estimation, the development of a new high-frequency,
high-precision methane isotopologue (13 CH4 and CH3 D) instrument and the measurement
of in situ ethane. Preliminary results will be presented of top-down sector-level estimates
for agricultural, fossil fuel and waste emissions. The use of a hierarchical Bayesian inversion framework allows us to examine the value of these new measurements, whilst
simultaneously considering uncertainties in co-emission ratios.
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Top-down constraint of the net carbon exchange in tropical South America
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The contribution of vegetation to the South American carbon balance is critical for
un- derstanding the regional dynamics in net carbon exchange. Of particular interest is
the role of the Amazon region as a sink or source of carbon to the atmosphere. Recent
evidence indicates a weakening of the Amazon carbon sink, and when taking fires into
account, the region represents a source of carbon to the atmosphere. In this study we use
a regional atmospheric inversion system together with data from the Amazon Tall Tower
Observatory (ATTO) and airborne profiles of CO2 , to constrain the Net Biome Exchange
(NBE) in tropical South America. At the domain-wide scale we find that the atmospheric
observations can constrain about 65% of the land mass, with uncertainty reductions in
most of the Amazon region, and the adjacent Cerrado and Caatinga biomes. Our regionspecific analysis shows the effect of assimilating the Amazon Tall Tower Observatory CO2
time series on the mean seasonal cycle of NBE for four areas within the Amazon, the
Cerrado and the Caatinga. An emerging sink-source gradient between the Amazon region
(sink) and integrated effect of the Cerrado and Caatinga (source) is found, but the source
is located further east and outside the legal Amazon. We provide an estimate for the
Amazon-wide NBE uptake for the period between 2010-2018. Our estimate agrees with
others in an Amazon-wide negative NBE, yet there is considerable spread amongst topdown approaches for this region. Finally, we highlight the areas with a limited constraint
in our system and conclude that the observational network has to be further expanded for
reducing the remaining uncertainty in top-down inverse approaches.
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Global atmospheric CO2 inversions in RECCAP2 and
GCP
Ingrid Luijkx
Wageningen University
Contact: Ingrid Luijkx, ingrid.luijkx@wur.nl

The annual updates of the Global Carbon Project’s Carbon Budget present the community effort on estimating global carbon emissions and carbon sinks and their long-term
trends. The budget analysis includes a set of global atmospheric CO2 inversions that are
used to estimate latitudinal sinks of CO2 , split into land and ocean sinks. Furthermore,
a larger set of global inversions will be used in the Regional Carbon Cycle and Processes
study (RECCAP2) project to estimate carbon sink on regional level. RECCAP2 aims
to develop robust observation-based estimates of regional greenhouse gas emissions and
sinks by oceans and terrestrial ecosystems, with the goal to contribute to the Global
Stocktake Process in 2023. Preliminary results for these new sets of global GCP and
RECCAP2 CO2 inversions will be shown and discussed at the conference. In the regional chapters of RECCAP2, also regional inversions will be used, but here we focus
on the global inverse systems, as a follow up of the work in the first RECCAP project
by Peylin et al. (2013). The analysis will include the regional distribution of the carbon sinks, its spatial and interannual variability and a comparison to independent CO2
mole fraction observations from the global observational network. Peylin, R.M. Law, K.R.
Gurney, F. Chevallier, A.R. Jacobson, T. Maki, Y. Niwa, P.K. Patra, W. Peters, P.J.
Rayner, C. Rödenbeck, I.T. van der Laan-Luijkx, X. Zhang, Global atmospheric carbon
budget: Results from an ensemble of atmospheric CO2 inversions, Biogeosciences. 10
(2013) 6699–6720. https://doi.org/10.5194/bg-10-6699-2013.
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Simulation of atmospheric COS mixing ratio : Evaluating the impact of transport and emission distribution
on COS tropospheric variability using ground-based, aircraft, and FTIR data
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Contact: Philippe Peylin, peylin@lsce.ipsl.fr

Atmospheric Carbonyl Sulfide (COS) measurements (ground-based, aircraft and FTIR)
are expected to provide new constraints on the terrestrial gross primary productivity
(GPP), through the use atmospheric transport models. In this context, we present a
comparison of atmospheric transport models for COS, within the framework of the Atmospheric Tracer Transport Model Intercomparison Project (TransCom). Seven atmospheric
transport models participated to the experiment and provided simulations of COS mixing
ratios in the troposphere over a 10-year period (2010–2019), using prescribed state of the
art surface fluxes for each component of the atmospheric COS budget (i.e., linked to vegetation, soil, ocean, fire and industry). Since the biosphere is the largest sink of COS, we
tested sink estimates produced by two different biosphere models. The main goals of this
TransCom-COS experiment are (a) to investigate the roles of the transport uncertainty
and emission distribution in simulating the spatio-temporal variability of COS mixing
ratio in the troposphere and (b) to assess the sensitivity of simulated tropospheric COS
mixing ratio to the seasonal variability of the COS terrestrial fluxes. Models were run with
the same prior emissions and without chemistry to isolate differences due to transport.
Two COS flux scenarios were compared: one using a biospheric flux with a monthly time
resolution and one using a biospheric flux with a three-hourly time resolution. In addition, we investigated the sensitivity of the simulated concentrations to different biospheric
fluxes and to indirect oceanic emissions through DSM. The modelled COS mixing ratios
were assessed against observations from in situ surface stations, aircraft and ground based
FTIR stations. Preliminary results indicate that all transport models fail to capture the
surface latitudinal distribution of COS. The COS mixing ratios are underestimated by at
least 50 ppt in the tropics, pointing to a missing tropical source. In contrast, in summer
the mixing ratios are overestimated by at least 50 ppt above 40N, pointing to a likely missing sink in the high northern latitudes during this period. The surface variability of COS
mixing ratios is more sensitive to transport models than to a change in biospheric fluxes.
Regarding the seasonal mean latitudinal profiles, the model spread is greater than 60 ppt
above 40N in boreal summer and in the vicinity of anthropogenic sources. Regarding the
seasonal amplitude, the model spread reaches 50 ppt at 6 sites out of 15, compared to an
observed seasonal amplitude of 100 ppt. All models simulated a too late minimum by 2
to 3 months at northern sites ALT, BRW owing to likely errors in the seasonal cycle in
the ocean emissions. Finally, the temporal resolution of the biospheric fluxes (monthly
versus three-hourly) has a small impact of less than 20 ppt on the mean seasonal cycle at
stations from the NOAA network.
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The OCO2 model intercomparison project (MIP) is a collection of atmospheric inverse
models assimilating OCO2 retrievals of column average CO2 to infer CO2 surface fluxes.
All experiments were done under a controlled protocol, assimilating the same set of atmospheric constraints, and being evaluated against a common set of metrics. Here we will
present the most salient results from the OCO2 MIP.
Traditionally, the added benefit of satellite retrievals has been presented as a greater
reduction in uncertainty in atmospheric inversions. However, the presence of multiple
inverse models here gives us a unique opportunity to compare such “analytical” posterior
uncertainties with the spread between models, the latter being a proxy for model bias that
is hard to account for in any single inversion framework. Such model-to-model differences
include different transport models, driving meteorology, inversion schemes, and prior fluxes
and their errors. We will discuss where such differences dominate the results, versus where
the models converge.
In the OCO2 MIP protocol, we reserved a comprehensive set of otherwise assimilable
data for posterior validation, along with traditionally withheld data sources such as TCCON retrievals. We will summarize how the individual models – and groups of models
– perform against those validation metrics, and what that means for the inferred surface fluxes. We will also discuss if these evaluation metrics can be used to derive “model
weights” for creating a best estimate of CO2 fluxes from the ensemble, as well as other
potential ways of deriving such weights.
Finally, we will highlight a few areas of the world where the assimilation of OCO2
data has yielded conclusions at odds with our understanding of land and ocean fluxes
based solely on in situ CO2 measurements. In cases where independent validation data –
atmospheric or otherwise – are available, we will consider whether such data support the
conclusions derived from OCO2 assimilation.
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The APO Forward model intercomparison experiment
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We are conducting a forward transport model intercomparison based on simulation
of atmospheric potential oxygen (APO) and its components (O2 , CO2 , and N2 ). This
effort is motivated by the potential for APO observations from a series of global airborne
campaigns, as well as a growing network of surface station and shipboard observations, to
quantify hemispheric scale APO fluxes. These fluxes in turn will be used to constrain Earth
system model representations of hemispheric marine productivity and the ocean carbon
cycle. The transport simulations are also intended for use in evaluating seasonal variations
and long-term trends in O2 :CO2 ratios in gradients over the Southern Ocean using shipboard and station measurements. These simulations will also be useful in other studies,
including evaluation of the transport models themselves. This aspect of the study follows
on from the TransCom APO Experiment (T. Blaine, SIO Dissertation, 2005) which found
factor of two differences in simulated APO seasonal amplitude across models transporting
common air-sea fluxes, but lacked vertical profile data with which to evaluate the models.
Such differences, if they still exist in today’s transport models, would also affect CO2
inverse calculations. Airborne APO observations from the HIPPO (2009-2011), ORCAS
(2016), and ATom (2016-2018) campaigns define clear seasonal APO cycles throughout
the troposphere and integrated spatially (see Figure), that can support model evaluation.
A total of 10 international modeling groups have agreed to perform forward simulations
of 10 flux tracers, including air-sea APO fluxes from the Jena APO inversion, air-sea CO2
fluxes from both a pCO2 climatology and CESM, air-sea O2 fluxes from both a dissolved
gas climatology and CESM, air-sea N2 fluxes derived from two different heat flux reanalyses, two fossil fuel CO2 flux products, and one fossil fuel O2 flux product. Predicted
concentrations will be saved matching the observation locations and times for all models,
and optionally as 3D gridded concentrations. As of June 2022, three modeling groups
have completed simulations. We will describe the intercomparison experiment and report
on preliminary results.
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Observed seasonal variations in atmospheric potential oxygen. a, Binned seasonal APO
amplitudes from HIPPO, ORCAS, and ATom with contours showing annual mean potential
temperature. b, Northern extratropical APO curtain averages. Pressure and latitude weighted
averages calculated > 300 hPa and > 20 N, detrended using an STL fit to MLO (2-yr window),
then fit with 2 harmonics and an offset (line). c, Southern extratropical APO curtain averages, as
for (b) but > 20 S.
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In this study, we compare the methane fluxes from atmospheric inverse modelling
system (CTE-CH4 ) to national inventory-based methane budgets for Finland. CTE-CH4
fluxes are constrained by the atmospheric concentration data from six in-situ stations
in Finland (partly ICOS) and S5P/TROPOMI satellite. A priori fluxes from wetlands
are estimated using the JSBACH-HIMMELI and LPX-Bern-DYPTOP ecosystem process
models, and for prior information from other sources such as energy, agriculture and
waste management, data from EDGAR v4-v6, TNO, and additional national data on the
emission distributions is used. Here, emissions were solved in 1 x 1 degree resolution for
Finland, separated into anthropogenic and natural emissions. These posterior emissions
were combined with land use maps and Copernicus Land Water and Wetness data in order
to account for methane emissions from different sources, and link to land use classes used in
inventory reporting. Different priors were used in inversions to take into account variation
in natural emission estimates and gridded anthropogenic emission databases. The impact
of high resolution TROPOMI data to emission estimates was studied for year 2018. The
inversions decreased the largest total (anthropogenic and natural) emission estimates but
also increased the smallest ones suggesting that methane emissions from Finland are in
the range given by current bottom-up estimates. With current inversion set-up it remains
challenging to detect and separate emissions from specific land use categories. However,
results are promising and demonstrate the value of using multiple data sets and approaches
together in preparation for high resolution inversions.
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Several concepts of spaceborne instruments providing high resolution 2D view of CO2
total column concentrations (XCO2 ) have been developed to monitor the CO2 anthropogenic emissions. Those images target mainly the CO2 atmospheric plumes from cities
and large power plants, expecting that their study may quantify the emissions of those
sources. However, there is still a need to assess the sensitivity of the precision of the
emission estimates to the targeted cities and the meteorological conditions.
This presentation details the application of a plume inversion method based on a
gaussian plume model to synthetic images over 31 cities across the world. These images
are simulated with Ocean Land Atmosphere Model (OLAM), a variable-resolution general
circulation model. We diagnose the main drivers of the level of error in the emissions
estimates by classifying the errors as a function of the atmospheric conditions and of the
general patterns of the emissions from the different cities. This classification is supported
by a Decision Tree Regressor. We then apply our method to the complete database of
OCO-3 SAMs and discuss the pertinence of our Decision Tree.
The main separation criteria of the decision tree are the spatial variability of the wind
direction in the PBL and the city emissions, but these parameters do not entirely explain
the variability of the error statistics depending on the cities. The bias and IQR of the
error on the estimate are of 4% and 25% of the emissions for Moscow and 25% and 95% for
Chennai. The application to the database of OCO-3 SAMs also highlights the errors in the
wind re-analysis used to process the XCO2 images, their impact on the emission estimate,
and thus the need to decrease the dependence to such products or for more suitable wind
fields at the local scale.
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