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1 Executive Summary 

This deliverable documents the development and application of 11 national-scale CO2- and/or 
CH4-focused inversion systems targeting the emissions of European countries and the USA, 
carried out within Task 4.4 of the CoCO2 project. The aim of this inverse modelling effort was 
to document the current strategies and capabilities to separately control the anthropogenic 
emissions and biospheric fluxes of CO2 (and, to a lesser extent, CH4) with relatively high-
resolution inversion systems. It also aimed to provide support and guidance for the design of 
national operational systems and the regional-scale setup of the multi-scale inversion system 
for the CO2MVS. The work in this task led to improvements of current inversion systems and 
to the development of new regional inversion capabilities. In particular, the focus on the 
separate control of the CO2 anthropogenic emissions was a major innovation, which is 
important to advance the potential of the regional inverse modelling of CO2 in Europe.  

The participating systems varied in terms of maturity, with some models having been applied 
to CO2 inverse modelling for the first time. The inversions operated at different resolutions 
(between about 0.5° and 10 km) and covered different regions and countries, with the general 
ambition of having at least two models covering the same country. 

The results demonstrate that major challenges are associated with the lack of maturity of some 
of the most recent inverse modelling components: the separate control of the CO2 
anthropogenic emissions, the co-assimilation of co-emitted species, the co-assimilation of 
surface and satellite CO2 observations, and the underlying characterization of the fine-scale 
uncertainties in the inventories of the anthropogenic emissions of CO2 and co-emitted species 
used as prior estimates for the inversions. The set of inversions reveal a lack of constraint on 
the CO2 anthropogenic emissions at the monthly to annual and national scale when using the 
existing in-situ and satellite observations. The co-assimilation of CO and NO2 data does not 
significantly increase this constraint. In parallel, there is a large spread in the estimates of 
biogenic CO2 fluxes (and of the anthropogenic and natural CH4 fluxes) across the different 
systems, or when assimilating surface versus satellite observations. The analysis of the results 
suggests that the use of spatial resolutions finer than 10 km for the transport modelling and 
control of the fluxes is advisable if targeting CO2 anthropogenic emissions. Furthermore, a 
systematic analysis of the inverse modelling components that are responsible for the spread 
of the results across the inversions is recommended. 

2 Introduction 

2.1 Background 

The parties of the Paris Agreement are individual countries, which need to report their 
emission reduction ambitions and their actual emissions on a regular basis. Supporting the 
countries with top-down estimates at the national scale will therefore be a critical component 
of the future CO2MVS. 

Task 4.4 of WP4 supported the development, optimization and testing of national-scale 
inversion systems complementing the global system of ECMWF. The analysis with these 
systems should also provide insights for the configuration of the CO2MVS multi-scale 
inversion system, which will have to tackle the corresponding scales. The advantage of these 
regional systems is that they can run at higher resolution and incorporate more detailed, 
country-specific information. The main goal was thus to evaluate the potential of limited-area 
models to monitor national to regional (in the administrative sense) budgets of anthropogenic 
CO2 and/or CH4 emissions. 
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A total of 11 modelling systems were set up to study the emissions of single countries or 
groups of countries within the limited domain, with the ambition of having at least two systems 
covering the same country. Whenever possible, the simulations followed a common protocol 
specifying the years to be covered (2018 and 2021, and if focusing on 1-month inversions: 
February and July as reference months), the input data to be used (anthropogenic and natural 
fluxes, lateral boundary conditions) and the output to be generated.  

The systems differed in terms of underlying transport model, resolution, coverage, maturity 
(some systems were developed during the project), the type of observations assimilated (in-
situ and/or satellite), and also in the type of inversion approach. Some systems only focused 
on CO2, others on CH4, and some included both. The wide range of systems and approaches 
provides a comprehensive overview of the state-of-the-art in regional inverse emission 
modelling of CO2 (and CH4) in Europe. 

In addition to evaluating the potential of the regional systems, the following goals were 
targeted by a subset of models: 

¶ analyse the sensitivity of inversions to the type of observation network and the usage of 

satellite observations in addition to measurements from ground-based networks 

¶ analyse the use of fossil-fuel-like co-emitted species like NOx and CO to better 

differentiate between anthropogenic and biogenic CO2 fluxes 

¶ investigate the usage of future CO2M observations in synthetic experiments 

¶ contribute to the global stocktake (GST) exercise in WP6 

 
The national-scale inversion systems will be able to contribute to the future CO2MVS either 
by providing independent estimates for selected countries or by integrating the inversion 
strategies or results into the global system of ECMWF. A method for integrating local and 
national estimates into the global system in the form of the assimilation of ensembles of 
inversion results was developed in WP6 (see Deliverable 4.7). 

 

2.2 Scope of this deliverable 

2.2.1 Objectives of this deliverables 

The goal of this deliverable is to document the different regional model systems and the results 
obtained with a specific focus on how well national scale anthropogenic fluxes can be 
estimated. The deliverable summarises the current state-of-the-art, identifies strengths and 
limitations, and provides recommendations towards the future operational system. 

 

2.2.2 Work performed in this deliverable 

Eleven regional inversion systems were set up to perform inverse model simulations with a 
primary focus on six countries in Europe (Germany, France, Netherlands, Poland, Finland and 
UK, even though several systems cover the whole Europe) and for the US following a common 
modelling protocol. For several modelling systems, substantial further developments were 
required before they could be applied to the tasks outlined in the protocol. 

 

2.2.3 Deviations and counter measures 

One planned set of experiments was to perform OSSEs with synthetically generated CO2M 
observations to assess the potential of this future mission in comparison to the existing 
observation networks. In the course of the project, we planned to use the pseudo CO2M data 
to be generated in the frame of Task T5.3. However, since these pseudodata could not be 
provided early enough for the modelling teams to be incorporated, we focused on the analysis 
of inversions with real observations from the current observation network and real satellite 
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observations from OCO-2 in 2018 and, to a lesser extent, in 2021. Furthermore, one OSSE 
was performed with in situ observations in the USA. 

Another set of experiments was planned to assess the potential of using country-specific 
information, such as more detailed emission inventories or additional observations not 
included in operational networks. These experiments could not be performed as planned for 
two reasons: the first reason was that running the standard setup following the protocol was 
already challenging, using up a substantial amount of the available resources. The second 
reason was that the standard simulations indicated a rather poor constraint of anthropogenic 
CO2 emissions, a conclusion that would not have changed by switching to more detailed prior 
inventory. As a countermeasure, some additional tests of the sensitivity of satellite versus 
surface observations and of the sensitivity to the prior estimates of anthropogenic emissions 
and biospheric CO2 fluxes were performed. 

Due to unexpected departures of postdocs, difficulties in replacing them and difficulties in 
hiring new personnel, some of the planned work was substantially delayed. This particularly 
affected the work of VUA, AGH, UEDIN, DLR and CEA, but in the end, all these groups 
contributed to this deliverable, though with some delays, or not to the extent that would have 
been possible otherwise. One of the inversion contributions initially planned in this task was 
in the end limited to model development and a demonstration of its capabilities with a test case 
instead of a setup following the inversion protocol (the CTDAS-WRF inversions by DLR). A 
bug in the new developments of that system affected the results of the VUA contribution, as it 
was discovered too late to rerun. On the other hand, several models were able to run larger 
domains, thereby covering more countries than originally planned.  

When starting the CoCO2 project, there were some expectations that the first inversions in 
T4.4 could feed the CoCO2 report for the first GST in 2023. However, the first robust national 
scale inversion results came too late for this, for the reasons detailed above. Therefore, as an 
alternative, the extension of the European scale derivation of fossil fuel CO2 emissions based 
on the NOx and CO CIF-CHIMERE inversions from the H2020 VERIFY project and extended 
in WP6 of CoCO2 (see Section 3.2) were documented in the CoCO2 report for the GST, and 
a section detailing the plans in WP4 was added to this report (see the CoCO2 Deliverable 
6.5). 

 

3 The National-scale Inversions 

In the following sections, the 11 contributing modelling systems are described, and their 

results are presented in the following order: 
 

¶ the CIF-CHIMERE CO2 inversions by CEA (including analysis of the potential of 

assimilating co-emitted CO and NO2 satellite data), covering France, and assimilating in 

situ and/or OCO-2 satellite data (see Section 3.2) 

¶ the ICON-ART-CTDAS CO2 inversions by Empa, covering Northwest Europe, and 

assimilating in situ and/or OCO-2 satellite data (see Section 3.3) 

¶ the ICON-ART-CTDAS CH4 inversions by Empa, covering all of Europe, and 

assimilating in situ data (see Section 3.3.3) 

¶ the ICON-ART-DWD CH4 inversions by DWD, covering Germany, and assimilating in 
situ data (see Section 3.4) 

¶ the WRF analytical CO2 inversions by AGH, covering Germany and Poland, and 

assimilating in situ data (see Section 3.5) 

¶ the LUMIA CO2 inversions by ULUND, covering all of Europe, and assimilating in situ 

data (see Section 3.6) 

¶ the TRACE CO2 inversion OSSEs by ULUND, covering the contiguous USA, and 

assimilating pseudo in situ data (see Section 3.7) 
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¶ the LOTOS-EUROS CH4 inversions by TNO, covering all of Europe, and assimilating in 

situ data (see Section 3.8) 

¶ the GEOS-Chem CO2 inversions by UEDIN (co-assimilating CO2 and CO data), 

covering all of Europe, and assimilating in situ or OCO-2 satellite data (see Section 3.9) 

¶ the CIF-FLEXPART CH4 inversions by FMI, covering all of Europe, and assimilating in 
situ data (see Section 3.10) 

¶ the WRF-CTDAS model development by DLR and a test case assimilating in situ data 
(see Section 3.11) and preliminary inversions by VUA, covering all of Europe (with a 

zoom over North West Europe), and assimilating in situ data (see Section 3.11.4) 

In an effort to make the contributions more comparable, a modelling protocol for the CO2 
inversions was developed, based largely upon the prior emissions dataset (PED) developed 
in WP2 of the CoCO2 project. To streamline the following descriptions, this protocol is briefly 
described here, such that only deviations from this need to be specified. 

 

3.1 Modelling protocol 

A comprehensive modelling protocol inspired by the TRANSCOM/IG3IS protocol for European 
CH4 inversions was developed for the CO2 inversions and shared with all modelling teams. 
For CH4 inversions, the TRANSCOM/IG3IS protocol was to be followed. 

The main elements of the CO2 modelling protocol can briefly be summarised as follows: 

¶ Target years: 2018 and 2021 

¶ Domain: Left to the individual modelling groups, as different groups were targeting 

different countries. A high-resolution country mask was provided to ensure that national 
aggregation is taking place over common areas. 

¶ Emission inputs (see Table 1) 

¶ In-situ CO2 observations: Primarily ICOS stations, additional stations in Poland UK, no 

strict list, but modellers are required to document exact list of stations. Use time-filtered 

observations 12:00 to 16:00 LT, except mountain sites (00:00-06:00 LT). 

¶ Satellite CO2 observations: OCO-2 ACOS v10r. 

¶ Satellite observations of co-emitted species in case of join assimilation: Current 

operational version of NO2 or CO from TROPOMI, apply quality filters as recommended 
in Product User Guide. 

¶ Boundary conditions: CAMS inversion optimised fields. Although this data set is rather 
coarse in resolution, the biases are small. These were accessed from the CAMS 

Atmospheric Data Store (https://ads.atmosphere.copernicus.eu/cdsapp#!/dataset/cams-

global-greenhouse-gas-inversion?tab=form) 

¶ Meteorological driving data: Use ERA5 whenever possible. 

¶ Uncertainties: No strict rule, but all assumed uncertainties and covariance structures 

must be fully documented. 

¶ State vector: No strict rule, but anthropogenic and biospheric fluxes must be separately 

estimated. 

¶ Output: Gridded fluxes and uncertainties; national totals and uncertainties; mixing ratios 

and uncertainties. 

¶ Documentation: Mandatory list of information points provided to modellers, e.g. name of 
contact person, name and version of inversion system, etc. 

 

 
 

 

https://ads.atmosphere.copernicus.eu/cdsapp#!/dataset/cams-global-greenhouse-gas-inversion?tab=form
https://ads.atmosphere.copernicus.eu/cdsapp#!/dataset/cams-global-greenhouse-gas-inversion?tab=form
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Table 1: CO2 emissions and time factors to be used. 

Category Product Resolution Source Mandatory 

Anthropogenic CO2 TNO 0.01° x 0.05°, annual with time 
factors, over Europe 

PED Yes 

Anthropogenic CO2 EDGAR  0.1°, annual with time factors PED No 

Biogenic CO2  
(GPP & Re) 

VPRM 1-km, hourly, over Europe PED Yes 

Biogenic CO2  

(GPP & Re) 
FLUXCOM 0.5°, hourly, global (for 2018: will 

be higher for 2021) 
PED No 

Ocean fluxes  NEMO-PISCES 0.25 degree PED Yes 

Biomass burning GFAS 0.1°, daily, with emission heights CDS Yes 

Lateral fluxes from Frederic 
Chevallier Gridded maps of displaced carbon 

at 8 km, monthly resolution. 

FC Yes* 

*For the lateral fluxes, the recommendation was to use the source term as a (fixed/flexible) prior, 

but not the sink, so as to avoid double-counting. This should account for e.g. harvest from 

agricultural regions which is later respired elsewhere (e.g. in cities). 

3.2 CIF-CHIMERE for CO2 inversions from in situ and satellite observations 
(CEA) 

This section describes the CIF-CHIMERE CO2 inversion configuration for France, which was 
developed in the framework of task T4.4 of the CoCO2 project. We present the reference 
inversions for the year 2018 and additional one-month sensitivity tests.  

This section also provides some insight on the current potential of the co-assimilation of 
species co-emitted with CO2 during fossil fuel combustion, based on (i) NOx and CO inversion 
results at the scale of France from other projects (the French ANR Argonaut and ADEME-
AQACIA LockôAir projects and Robin Plauchuôs PhD thesis at LSCE) using a CIF-CHIMERE 
inversion configuration compatible with the one used for CO2 inversions, and(ii) the conversion 
of results from European scale NOx and CO inversions using a similar CIF-CHIMERE 
inversion configuration into CO2 emission estimates, initiated in the H2020 VERIFY project 
and extended in the CoCO2 and ESA-World Emission projects, and whose implementation 
and results obtained in 2022 are documented in Deliverables 6.4, 6.5, 6.6 and in the CoCO2 
GST leaflet of CoCO2 WP6. 

Three reference inversions have been conducted to estimate the CO2 anthropogenic and 
terrestrial ecosystem fluxes in France over the year 2018, assimilating the CO2 observations 
(i) from the ICOS network and associated surface stations, (ii) from the satellite instrument 
OCO-2, and (iii) from both. The additional one-month tests of sensitivity have been focused 
on assessing the impact of the choice of the prior estimates of the anthropogenic and biogenic 
fluxes. 

3.2.1 Model description 

The system relies on the coupling between the variational mode of the CIF (Berchet et al., 
2021), the regional chemistry transport model CHIMERE (Menut et al., 2013) and the adjoint 
of this model (Fortems-Cheiney et al., 2021). 



CoCO2 2023  
 

Intercomparison of national-scale inversion systems 18 

3.2.1.1 Transport model 

The configuration of CHIMERE (and of its adjoint code) for France covers the domain: 11°W-
12°E; 39,5°N-54,5°N (cf Figure 1). Its zoomed grid has a 10 km horizontal resolution over 
France, and a 50 km horizontal resolution in the corners of this domain (cf Figure 1). It has 20 
vertical layers, from the surface to 200hPa. The modelling of the CO2 concentrations above 
200 hPa for comparisons to CO2 total column concentrations (XCO2) from satellite instruments 
relies on the global product used for the modelôs CO2 initial and boundary conditions. This 
CHIMERE configuration is driven by the ECMWF / IFS operational meteorological forecasts. 

 

Figure 1: Domain of the CIF-CHIMERE inversions and 1) (left): binning into the CHIMERE 
zoomed grid of the OCO-2 v11 observations during the month of July 2018 2) (right): ground-
based CO2 measurement stations used for the inversions and prior estimate of the CO2 NEE 

from VPRM interpolated on the CHIMERE zoomed grid during the month of July 2018. 

The end of Section 3.2.2 documents some results of NOx and CO inversions using the same 
CHIMERE configuration except that for those inversions, the MELCHIOR-2 chemical scheme 
(with more than 100 reactions; Menut et al., 2013) and its adjoint code are activated for the 
CHIMERE forward and adjoint simulations, since NOx and CO are active species. The end of 
the Section 3.2.2 also recalls some results from Deliverables 6.4, 6.5 and 6.6 in WP6 based 
NOx and CO inversions with a configuration of CHIMERE at 0.5° resolution covering Europe 
(see the details of this configuration in D6.4). 

3.2.1.2 Prior fluxes and assimilated observations 

Various CO2 inversion experiments have been conducted with the CIF-CHIMERE 
configuration using different products for the prior estimates of the surface fluxes, and 
assimilating different observation datasets. This section details the set-up of these different 
experiments. This section also briefly indicates the main components of the NOx and CO 
inversions mentioned in the result section. All the prior fluxes and the global product used to 
impose the boundary conditions are interpolated on the grid of the CHIMERE configuration for 
France and at one-hour resolution. 

Prior fluxes for the reference CO2 configuration 

The reference configuration for the reference inversions relies on the prior estimate of the 
anthropogenic (fossil fuel and biofuel) emissions and terrestrial ecosystem fluxes from the 
TNO inventory (TNO_GHGco_6x6km_v4_0_year2018, at ~6-km resolution, with typical 
injection heights for the different sectors of activity) and the Vegetation Photosynthesis 
Respiration Model (VPRM) simulations (at 1 km resolution) delivered in the frame of WP2 
(Denier van Der Gon et al., 2022) and listed as standard products in the Task T4.4 modelling 
protocol (Section 3.1).  

In all experiments, the prior estimate of the initial and boundary conditions is derived from the 
CAMS global CO2 inversions v20r2 (assimilating surface data) at 2.5° (longitude) x 1.27° 
(latitude) resolution. As explained above, this global inversion product is also used to 
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complement the vertical columns of CO2 above the top boundary of CHIMERE when 
comparing the model to XCO2 observations. However, unlike CHIMEREôs initial and boundary 
conditions fields, this complement to the CO2 partial columns from CHIMERE is not controlled 
by the inversion: it is not considered as a significant source of discrepancy between the 
observed and simulated XCO2. 

The prior estimate of sea/ocean fluxes within the CHIMERE domain is based on a hybrid 
product from the H2020 VERIFY project at 0.125° resolution combining the coastal ocean flux 
estimates from the University of Bergen and a global ocean estimate from MPI-BGC-Jena 
(Rºdenbeck et al., 2014, McGrath et al., 2023). This product differs from the standard product 
of the Task T4.4 modelling protocol. 

Two of the CO2 flux components (for which standard products were proposed in the Task T4.4 
modelling protocol) are ignored in both CHIMERE simulations and CIF-CHIMERE inversions: 
the biomass burning fluxes (assumed to be relatively small in France), and the source 
component of the ñlateral fluxesò associated to human/animal respiration, wood decomposition 
and lake/river emissions. The use of these ñlateral fluxesò appeared to be complicated, in 
particular due to the potential overlapping with the other flux components and due to the need 
to temporally disaggregate these fluxes at an hourly scale.    

Alternative prior anthropogenic and terrestrial ecosystem CO2 fluxes  

For the one-month tests of sensitivity to the prior estimate of the anthropogenic and terrestrial 
ecosystem fluxes, the following three flux products are used: 

¶ the COFFEE anthropogenic emission product combining the maps from EDGAR v4.3 at 

0.1° resolution, the national/annual budgets from BP statistics, and the TNO temporal 
profiles (Steinbach et al., 2011, McGrath et al., 2023; available from ICOS-CP) , as an 

alternative to the TNO WP2 standard product  

¶ an ORCHIDEE simulation at 0.25° resolution of the terrestrial ecosystem fluxes from the 

H2020 VERIFY project (McGrath et al., 2023), as an alternative to the VPRM WP2 

standard product 

¶ a C-TESSEL simulation of the terrestrial ecosystem fluxes from the ECMWF operational 

forecasts, as an alternative to the VPRM WP2 standard product 

 
Prior fluxes for the NOx and CO inversions 

The prior estimates of the NOx and CO anthropogenic emissions in the NOx and CO inversions 
for France briefly mentioned in this report rely on the Inventaire National Spatialisé (INS) 
inventory from the INERIS agency in France. Prior natural NOx and NMVOCs emissions 
estimates are extracted from simulations with the MEGAN model (as in Fortems-Cheiney et 
al., 2023). The prior estimate of the initial and boundary conditions are provided by European 
scale simulations with another configuration of CHIMERE (similar to that of Fortems-Cheiney 
and Broquet, 2022). In the European-scale NOx and CO inversions documented in 
Deliverables 6.4, 6.5 and 6.6, the prior estimate of the NOx and CO anthropogenic emissions 
is given by the TNO TNO-GHGco-v3 inventory (see the details in Deliverable 6.4). 

Observations 

The reference CO2 inversions and the tests of sensitivity to the prior estimate of the fluxes 
assimilate alternatively:  

¶ in situ hourly CO2 observations from ground-based continuous measurement stations in 

France and in its vicinity (mainly from the ICOS network, all accessed from the ICOS 

carbon portal, https://data.icos-cp.eu/portal/, ICOS_ATC_OBSPACK-Europe-L2-2022, cf 
Figure 1). This set of stations does not include peri-urban and urban stations dedicated to 

the monitoring of a specific urban area, and in particular, here, the stations of the 
Parisian CO2 network, which cannot be properly represented with a 10 km resolution 

model. Following the observation selection defined in Broquet et al. (2013) and kept for 

https://data.icos-cp.eu/portal/#%7B%22filterCategories%22%3A%7B%22project%22%3A%5B%22misc%22%5D%2C%22type%22%3A%5B%22co2EmissionInventory%22%5D%2C%22submitter%22%3A%5B%22oCP%22%5D%2C%22level%22%3A%5B3%5D%7D%7D
https://data.icos-cp.eu/portal/#%7B%22filterCategories%22%3A%7B%22project%22%3A%5B%22misc%22%5D%2C%22type%22%3A%5B%22co2EmissionInventory%22%5D%2C%22submitter%22%3A%5B%22oCP%22%5D%2C%22level%22%3A%5B3%5D%7D%7D
http://emissions-air.developpement-durable.gouv.fr/
https://verify.lsce.ipsl.fr/index.php/repository/public-deliverables/wp2-verification-methods-for-fossil-co2-emissions/d2-12-final-re-analysis-of-the-national-scale-co2-anthropogenic-emissions-over-2005-2015
https://verify.lsce.ipsl.fr/index.php/repository/public-deliverables/wp2-verification-methods-for-fossil-co2-emissions/d2-12-final-re-analysis-of-the-national-scale-co2-anthropogenic-emissions-over-2005-2015
https://data.icos-cp.eu/portal/


CoCO2 2023  
 

Intercomparison of national-scale inversion systems 20 

the PYVAR-CHIMERE CO2 NEE inversions in Monteil et al. (2020), observations at low 

altitude stations are assimilated during the afternoon (here 12:00-18:00 UTC) only, and 
observations at high altitude stations are assimilated during the night time (here 0:00-

7:00 UTC) only. When several levels of measurements are available at a given station, 
the inversions assimilate the data from the highest level only. 

¶ relatively high resolution (1.29 km x 2.25 km) satellite XCO2 observations from the OCO-

2 NASA-JPL mission (the v11 dataset, cf Figure 1); all individual observations are 
assimilated and compared to the grid cell of CHIMERE containing the centre of their 

corresponding OCO-2 ground pixel (there is no aggregation of the observations at the 
model resolution), computing the appropriate XCO2 values from the model based on the 

OCO-2 averaging kernels and prior estimates for the retrieval of the XCO2 values  

¶ both of these observation datasets. 

 
For both the in situ and satellite data assimilation, the inversion system accounts for both 
transport model and observation errors. The observation error covariance matrix of the system 
is set up as a diagonal matrix (without spatial or temporal correlation across the observations) 
with the observation error values provided in the observation products, and with values for the 
transport model error for the in situ and satellite CO2 observations respectively taken from 
Broquet et al. (2013) and Potier et al. (2022).  

The NOx and CO inversions over France and for the period 2019-2021 have been conducted 
with the assimilation of the relatively high (3.5 x 5.5 km2 and 7 x 5.5 km2 respectively) 
resolution TROPOMI NO2 tropospheric vertical columns densities (TVCDs, using the 
TROPOMI-PAL product) and TROPOMI CO columns (OFFLv2.4) from the Sentinel-5P 
satellite mission. The European-scale inversions documented in D6.4, D6.5 and D6.6 also 
assimilate satellite data only: the MOPITT ñsurfaceò multispectral MOPITTv8-NIR-TIR CO 
product (for CO inversions), and the OMI OMI-QA4ECV-v1.1 or TROPOMI PALv2.3 NO2 
TVCD products (for the NOx inversions; see the details in Deliverable 6.4). 

3.2.1.3 State vector 

Here, the different inversion experiments consist of either a one-month inversion or a series 
of independent one-month inversions: twelve one-month inversions to cover the full year 2018. 
For each month, the CO2 inversions control separately the anthropogenic, terrestrial 
ecosystem and ocean CO2 fluxes in addition to the model initial and boundary conditions. In 
particular: 

¶ the anthropogenic (fossil fuel and biofuel) emissions are controlled at the scale of 5 

aggregated sectors of activity (public power, industry, other stationary combustion, road 

transport, other) per administrative region (in France) and per country (outside of 
France), and at daily temporal resolution; however, when using the EDGAR-COFFEE 

product as a prior estimate of the anthropogenic emissions in the sensitivity tests, there is 
no sectoral resolution, so that the system controls the total emissions per administrative 

region/country at daily temporal resolution 

¶ the ocean and terrestrial ecosystem fluxes are controlled at the model grid cell (i.e. 10-

km over France) and 6-hour resolution 

 
The setup for the part corresponding to the CO2 natural fluxes in the prior uncertainty 
covariance matrix in the system is derived from that of the PYVAR-CHIMERE CO2 NEE 
inversions in Monteil et al. (2020), albeit with 100-km scale spatial correlations for the 
terrestrial ecosystems (instead of 200-km spatial correlations, since the system operates at 
higher spatial resolution in this case) and some other slight differences. 

The setup for the part corresponding to the CO2 anthropogenic emissions in the prior 
uncertainty covariance matrix assumes a 50% one-sigma uncertainty in the total emissions 
per administrative region and day (i.e. a bit more than 100% 1-sigma uncertainty in the total 
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emissions per large sector of activity, administrative region and day). It ignores spatial 
correlations across the regions, and temporal day-to-day correlations.  

The prior uncertainty in the boundary conditions is characterised by a 500 km horizontal 
correlation scale and by a 2 ppm 1-sigma uncertainty in the total columns in the prior error 
covariance matrix.  

The prior uncertainty covariance matrix does not include any correlation between the different 
main components of the control vector (ocean, terrestrial ecosystem and anthropogenic 
fluxes, and boundary conditions).  

In the NOx and CO inversions for France, the logarithm of the anthropogenic and biogenic 
surface emissions are controlled separately, at the model grid cell (i.e. 10-km over France) 
and at daily resolution. The version of the European-scale NOx and CO inversions 
documented in Deliverables 6.4, 6.5 and 6.6 controlled the anthropogenic and biogenic 
surface emission separately but with a Gaussian uncertainty in the prior estimate of these 
emissions, at 0.5° and daily resolution (the most recent European scale inversions now control 
the logarithm of the emissions as the configuration for France). The daily maps of NOx or CO 
anthropogenic emissions from these European-scale inversions are converted into estimates 
of the fossil fuel CO2 emissions at the national and monthly scale for five large groups of 
sectors of emitting activities. This conversion relies on the sectoral maps of emissions for the 
three species and, implicitly, on the emission ratios between the species for each sector, 
country and month from the TNO inventory used as a prior estimate of the emissions (see 
Deliverable 6.4 for the details). 

3.2.1.4 Period of study 

The reference inversions cover the full year 2018, while the one-month sensitivity tests are 
focused on July 2018, one of the two months of reference for Task 4.4. 

3.2.2 Results 

3.2.2.1 Reference CO2 inversions 

Fit to the assimilated observations 

The reduction of the misfits between the simulation and the assimilated observations due to 
the corrections applied by the reference CO2 inversions to their prior estimate of the fluxes 
and initial/boundary conditions is illustrated in Figure 2 and Figure 3. 

  



CoCO2 2023  
 

Intercomparison of national-scale inversion systems 22 

 

 

 

Figure 2: Timeseries of the hourly values of the CO2 concentrations over the afternoon or night 
time assimilation window for three low-altitude stations (TRN, OPE and OHP) and one high-

altitude station (PDM) over the year 2018: measurements (green dots) and prior (blue) / 
posterior (orange) simulations in the reference inversion assimilating surface data only. 

 

Figure 3: Comparison between the OCO-2 XCO2 observations and the corresponding 
CHIMERE XCO2 simulations in July 2018: averages over the month of the XCO2 values per grid 

cell of the model (observations, prior and posterior simulations, and differences) 

In the inversion assimilating CO2 surface data only, the reduction (from the prior to the 
posterior simulations) of the monthly RMS misfits between hourly simulated vs. measured CO2 
during the assimilation windows from all stations range between 23%-34% in Jan-Mar and 
Aug-Nov, and between 38%-50% in Apr-Jul. The RMS reduction is significantly lower in 
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December (12%). There are both low-altitude and high-altitude stations, stations both in 
France and in neighbouring countries for which the monthly RMS misfit reductions are >50%, 
especially in spring. Similarly, there are both low-altitude and high-altitude stations, and in 
France and in neighbouring countries for which the monthly RMS misfit reductions are <15%, 
especially in winter. The reductions (from the prior to the posterior simulations) of the annual 
RMS misfits between hourly simulated vs. measured CO2 during the assimilation windows 
from individual stations range from only 2 values below 10% i.e. 5% at TOH and 7% at GART, 
in Northern Germany, very close to the domainôs eastern boundary, to a large set of values 
above 30% corresponding to all types of stations (high- and low-altitude, within or outside of 
France).   

In the inversion assimilating OCO-2 observations only, the prior misfits (often large i.e. >1 or 
<-1 ppm) between these observations and the prior simulation are generally decreased by 
much more than 50%, with slight residual posterior misfits close to and often below the level 
of observation error (monthly posterior biases and RMS misfits to OCO-2 are systematically 
smaller than 0.1 ppm and 1.3 ppm respectively). Of note is the limited number of OCO-2 tracks 
for individual months over France illustrated by Figure 3, which helps fitting the available 
observations through the inversion.  

The co-assimilation of surface and satellite observations does not significantly impact the 
posterior fit to the OCO-2 observations, which remains very close to that when assimilating 
OCO-2 observations only in terms of RMS errors (the monthly biases increase significantly 
but remain very low, i.e. <0.1ppm). It has a larger impact on the posterior fit to the surface 
observations with the reduction (from the prior to the posterior simulations) of the monthly 
RMS misfits between hourly simulated vs. measured CO2 during the assimilation windows 
from all stations ranging from 7 to 39% when co-assimilating the satellite observations. This 
indicates some inconsistencies in the information brought by the two datasets, and of the 
larger weight of the satellite data in the corrections applied by the inversion whereas these 
data provide direct information on the fluxes. 

  

Corrections applied to the prior anthropogenic emissions in France 

 

Anthropogenic emissions, Feb 2018, assimilation of surface and OCO-2 observations 

 

Anthropogenic emissions, July 2018, assimilation of surface and OCO-2 observations
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Figure 4: Maps of monthly mean anthropogenic emissions in the modelling domain in 
February (top row) and July (bottom row) 2018 when assimilating both surface and OCO-2 CO2 
observations: prior estimate, posterior estimate and differences (i.e. increments applied by the 

inversions to the prior estimate) 

The most critical pattern from all three reference inversions with respect to the main 
objective of Task 4.4 is the lack of corrections from the inversion to the prior estimate 
of the anthropogenic emissions in France throughout the year, whether assimilating 
surface observation, OCO-2 observations, or both (see Figure 4). Some slight positive or 
negative corrections can be seen for the major French emission hotspots such as the Paris 
urban area and in north-eastern France, but this is very small in terms of relative differences 
to the prior estimate of the emissions. Larger corrections arise in neighbouring countries, 
especially in Germany, but they remain limited in amplitude, and can partially be explained by 
the need to handle residual errors in the background conditions despite the control of the 
boundary conditions. The variations of concentrations across the network of stations or along 
the OCO-2 tracks in the modelling domain is hardly sensitive to the uncertainties in the 
anthropogenic emission estimates whose signal is overwhelmed by that of the uncertainties 
in the terrestrial ecosystem fluxes. The inability to make use of existing peri-urban/urban 
stations dedicated to specific urban areas with the 10-km spatial resolution of the model 
exacerbates it: the sites for the surface stations used in the reference inversions have been 
primarily chosen to monitor natural fluxes, and are located relatively far from large urban and 
industrial areas. The OCO-2 tracks hardly catch major anthropogenic plumes from emission 
hotspots in France, as illustrated by the analysis of plume transects in the OCO-2 and OCO-
3 data in WP6 and Task 4.2 (Chevallier et al., 2022). Finally, the accuracy of the estimates of 
national / annual budgets of the anthropogenic emissions in France from the TNO inventory 
(fed by the French National Inventory Report -NIR- to UNFCCC) may also partially explain the 
lack of corrections for these emissions. 

 

Corrections applied to the prior terrestrial ecosystem fluxes in France 

NEE, Feb 2018, assimilation of surface observations

 

 

NEE, Feb 2018, assimilation of OCO-2 observations
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NEE, Feb 2018, assimilation of surface and OCO-2 observations

 

NEE, July 2018, assimilation of surface observations

 

NEE, July 2018, assimilation of OCO-2 observations

 

NEE, July 2018, assimilation of surface and OCO-2 observations

 

Figure 5: Maps of monthly mean NEE in the modelling domain in February (top 3 rows) and 
July (bottom 3 rows) 2018 when assimilating surface (1st and 4th rows), OCO-2 (2nd and 5th 
rows) and surface and OCO-2 (3rd and 6th rows) CO2 observations: prior estimate, posterior 

estimate and differences (i.e. increments applied by the inversions to the prior estimate) 

 

The terrestrial ecosystem fluxes, and more specifically here, the Net Ecosystem Exchange 
(NEE) was not the primary target of the relatively high-resolution inversion experiments in 
Task 4.4. However, even with the national-scale configuration for France at 10 km resolution 
over the country, it is the surface flux by far the main surface flux components controlled by 
the inversion assimilating observations from the existing surface and OCO-2 observations in 
any area of the country, including the Paris region (see Figure 5). In all three reference 



CoCO2 2023  
 

Intercomparison of national-scale inversion systems 26 

inversions, the typical amplitude of the local corrections to the prior NEE is more than one 
order of magnitude larger than that of the corrections seen for the anthropogenic emissions in 
the Paris area.  

The corrections applied to the prior estimate of the NEE tend to be highly heterogeneous in 
space and time when assimilating the surface network and/or the OCO-2 satellite data as 
illustrated by Figure 5. A critical result is the large differences in terms of sign, spatial patterns, 
and amplitudes between the corrections (increments) from the assimilation of in situ data and 
from the assimilation of OCO-2 data. The lack of consistency between the constraints brought 
by the two datasets is a source of concern for the robustness of the NEE inversions: one can 
hardly assume that these differences are due to the fact that the two observing systems catch 
the signal from different areas, unless one assumes that their footprint would be too narrow to 
support a real national-scale monitoring of the fluxes. The surface networks have been used 
for more than a decade for the regional inversion of NEE (e.g. Broquet et al., 2011) while the 
assimilation of satellite data for such an activity remains relatively recent. Therefore, there is 
more confidence in the results from the assimilation of surface data.  

When assimilating both datasets, the results in winter are dominated by the constraint from 
the surface network, as revealed by the similarity between these results and those when 
assimilating surface data only. This can be explained by the relatively low number of OCO-2 
tracks and valid observations over France in winter when the cloud cover and solar zenith 
angles are higher (see the results for Feb 2018 in Figure 5). However, in spring-summer, there 
is a balance between the constraints from the two datasets, with the local corrections being 
alternatively dominated by one or the other dataset (as revealed by the similarity to the local 
corrections applied when assimilating the datasets separately). Along the main OCO-2 ground 
tracks (e.g. along the Normandy/Northwest - Provence/Southeast diagonal of France in July 
2018, see Figure 5) the corrections are generally dominated by the constraint from the 
satellite, with the significant observation errors associated with the assimilation of these 
satellite data being balanced by the dense observation coverage of OCO-2 along its tracks. In 
a general way, the combination of the two datasets leads to maps of increments that 
significantly differ from those from the assimilation of a single dataset, so that this combination 
results in a complex synthesis. 

Monthly and annual budgets of anthropogenic and terrestrial ecosystem fluxes in 
France 

The resulting monthly and annual budgets of anthropogenic emissions and NEE over France 
in 2018 from the three reference inversions are illustrated in Figure 6 and Table 2. 

 

Assimilation of surface observations
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Assimilation of OCO-2 observations

 

Assimilation of surface and OCO-2 observations

 

Figure 6: Monthly mean budgets of anthropogenic emissions, NEE and total CO2 fluxes in 
France in 2018 when assimilating surface (1st subfigure), OCO-2 (2nd subfigure) and surface 
and OCO-2 (3rd subfigure) CO2 observations: prior and posterior estimates. Note that the 
curves of the prior anthropogenic emissions are hidden by those of the posterior 
anthropogenic emissions (due to their similarity) 

 

Table 2: Annual budgets of NEE and anthropogenic emissions in France in 2018 from the three 
reference inversions, in TgC 

 NEE prior NEE post Anthropogenic 
emission prior 

Anthropogenic 
emission post 

Assim surf -89 -41 102 102 

Assim OCO-2 -89 -83 102 102 

Assim 
surf+OCO-2 

-89 -37 102 102 

 

This figure and table confirm and summarise (i) the lack of correction applied by the reference 
inversions to the prior estimate of the anthropogenic emissions, (ii) the discrepancies between 
the corrections to the prior estimate of the NEE from the assimilation of surface observations 
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and from the assimilation of OCO-2 observations (iii) the complexity of the combination of the 
constraints on the NEE estimates from these two datasets when both are assimilated. 

When assimilating OCO-2 observations only, the balance between positive corrections in 
spring and negative corrections in summer-fall-winter to the prior NEE monthly budgets leads 
to a weak correction of the annual budgets of NEE, and a posterior estimate of a sink of 83 
TgC which stays close to the high prior value of a sink of 89 TgC over France in 2018. The 
resulting seasonal cycle is flattened compared to the prior one. The assimilation of the surface 
data with or without satellite observations tends to lead to positive corrections in fall-winter, 
but also in spring, leading to both a positive shift and a flattening of the seasonal cycle from 
the prior estimate of the NEE, and to an annual sink of 41 to 37 TgC in France, much smaller 
than in the prior estimate of the NEE. Overall, the weight of the surface network appears to be 
larger than that of the satellite observations in the correction of the annual budget of NEE, 
which can be explained by the limited number of satellite tracks and valid observations in 
France.   

 

3.2.2.2 Sensitivity to the prior estimates of the anthropogenic emissions and 
NEE: one-month tests for July 2018 

The list of one-month tests of the sensitivity of the result to the prior fluxes and the 
corresponding prior flux products are given and labelled in Table 3. The labels of these tests 
can correspond to inversions assimilating the surface CO2 observations only, the satellite data 
only, or both datasets (as indicated in the figures or in the text).  

 

Table 3: The one-month CO2 inversion in July 2018: reference inversion and sensitivity tests 

CO2 inversion experiment Prior estimate of the 
anthropogenic emissions 

Prior estimate of the NEE 

Reference TNO VPRM 

A TNO ORCHIDEE 

B TNO C-TESSEL 

C EDGAR-COFFEE VPRM 

D EDGAR-COFFEE ORCHIDEE 

E EDGAR-COFFEE C-TESSEL 
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Anthropogenic emissions, July 2018

 

NEE, July 2018

 

Figure 7: Maps of monthly mean anthropogenic emissions (top 3 rows) and NEE (bottom 3 
rows) in the modelling domain in July 2018 when assimilating surface CO2 observations only: 
prior estimate, posterior estimate and differences (i.e. increments applied by the inversion to 
the prior estimate) for the different tests of sensitivity (see Table 3 and comparisons to Figure 

5 for the reference inversion) 
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Assimilation of surface observations

 

Assimilation of OCO-2 observations 

 

Assimilation of surface and OCO-2 observations 
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Figure 8: Monthly budgets of anthropogenic emissions (denoted FF like fossil fuel but 
containing the biofuel emissions) and NEE in France in July 2018 when assimilating surface 

(1st subfigure), OCO-2 (2nd subfigure) and surface and OCO-2 (3rd subfigure) CO2 
observations: prior and posterior estimates for the different tests of sensitivity (see  Table 3 

and comparisons to Figure 6 for the reference inversions) 

The main conclusions arising from this series of sensitivity tests are illustrated in Figure 7 and 
Figure 8: 

1) There is a lack of correction to the anthropogenic emissions in all cases. Using the EDGAR-
COFFEE product as a prior estimate of the emissions (with a control of the total rather than 
sectoral budgets of the anthropogenic emissions in the administrative regions) does not alter 
this behaviour, even though the corrections are slightly larger when using the EDGAR-
COFFEE product than when using the TNO inventory when assimilating surface observations. 
There is a strong consistency at the national scale between the two inventory products, and 
the higher corrections from the inversion to the EDGAR-COFFEE product than to the TNO 
inventory actually reduce the slight (0.2 TgC for France in July 2018) misfit between these two 
products when assimilating surface observations or both surface and satellite observations. 
As a result, all inversions assimilating the same set of observations have similar posterior 
estimates of the national budgets of anthropogenic emissions in France in July 2018 (6.3-6.4 
TgC when assimilating surface observations only, 6.3-6.6 TgC when assimilating satellite data 
only, and 6.3-6.5 TgC when assimilating both datasets). Such a result could strengthen the 
assumption that the lack of corrections to the anthropogenic emissions in the inversion is due 
to the high accuracy of the prior emission estimates. However, the spatial distribution of these 
emissions is relatively uncertain and differs between the two inventories a priori and a 
posteriori (the distribution of the emissions in the TNO inventory being more diffuse than in 
the EDGAR-COFFEE inventory). Therefore, the convergence of the difference inestimates of 
anthropogenic emissions from 0.2 TgC (prior) to less than 0.1 TgC (posterior) in July 2018 
when assimilating surface data only could simply be fortuitous, especially since the stronger 
corrections to the TNO inventory than to the EDGAR-COFFEE inventory leads to an increase 
in the spread of posterior estimates compared to the prior estimates when assimilating satellite 
data only.   

The results for NEE are not impacted much by the change of prior estimate of the 
anthropogenic emissions, which strengthens the conclusion of the lack of sensitivity to these 
prior emissions. They differ by ~1 TgC in terms of the budget of NEE for France in July 2018 
when using the TNO vs EDGAR-COFFEE inventory as a prior estimate of the anthropogenic 
emissions when assimilating surface observations (see A vs. D, B vs. E and C vs. the 
reference inversions when assimilating surface observations only or both surface and satellite 
observations), which is significantly higher than the differences between the two 
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anthropogenic emission inventories, even though it is relatively small compared to the typical 
NEE budgets obtained with the different inversions (see below). This may reveal some 
sensitivity at some of the surface stations to the local anthropogenic emissions (impacting the 
corrections to the NEE when changing the inventory for the prior anthropogenic emission 
estimate), despite the general lack of sensitivity of the surface network to the uncertainties 
assigned to the anthropogenic emissions in the inversion system. This would relate to the 
limited capability to account for the large uncertainties in the local distribution of the 
anthropogenic emissions when controlling these emissions at regional and not at local scale. 
This may, however, require some precise knowledge of the local uncertainties and of their 
spatial and temporal correlations, which is challenging (Super et al. 2020). The problem is a 
bit more significant when assimilating only the limited amount of available OCO-2 
observations, with differences between the posterior estimates of the NEE at the monthly and 
national scale reaching 2.7 TgC between test cases B and E (i.e. with C-TESSEL outputs as 
the prior estimate of the NEE).      

2) There is a convergence of the estimates of NEE, illustrated by the comparison of the spread 
of posterior estimates of NEE when assimilating a given set of observations (over France in 
July 2018: -10 to -17.6 TgC when assimilating surface data only, -31.9 to -38.3 TgC when 
assimilating satellite data only, and -22.6 to -27.9 TgC when assimilating both datasets) to the 
spread of the prior estimates of the NEE (-6.5 to -26.1 TgC) in this ensemble of experiments. 
While the ensemble of prior NEE maps is heterogeneous, the posterior maps of NEE when 
assimilating surface observations along with satellite data or not all exhibit consistent large-
scale patterns, such as the sinks in northeast France, Brittany, and southwest France, and the 
sources in southern France, the northern Alps and western France. This provides confidence 
in the robustness of the inversions, especially when assimilating surface data. The ensemble 
of posterior maps from the tests assimilating satellite data only are also consistent between 
themselves, but they bear some significant differences locally to those when assimilating 
surface data. Furthermore, the significant residual discrepancies between the posterior 
estimates of the NEE from the different inversions, especially when considering the full 
ensemble of posterior estimates from all the tests assimilating different datasets (with a spread 
of values between -10 to -38.3 TgC for France in July 2018) reveal the limits of the constraint 
from the existing observing system and the corresponding uncertainties in the NEE estimates. 

 

3.2.2.3 Insights on the potential of the co-assimilation of satellite NO2 and CO 
observations from NOx and CO inversions 

The following consists of a brief summary of some of the current conclusions from Robin 
Plauchuôs PhD research at LSCE (in the frame of the French ANR ARGONAUT and ADEME-
AQACIA LockôAir projects) which has not been finalised yet, and from the European-scale 
experiments initiated in the H2020 project VERIFY, extended and documented in CoCO2 WP6 
(D6.4, D6.5, D6.6) and in the ESA World Emission project. 

The analysis of the TROPOMI CO measurements over France does not indicate a sufficient 
sensitivity of the current TROPOMI CO observation products to the anthropogenic emissions 
in the country. The images do not show clear patterns of plumes from the major French urban 
areas. When applying the corresponding averaging kernels to the vertical columns of CO 
simulated by CHIMERE, the resulting simulations of satellite images do not show such spatial 
patterns either, while the model exhibits large plumes of CO near the surface downwind of 
major urban and industrial areas. Consequently, the CIF-CHIMERE CO inversions 
assimilating the TROPOMI CO observations do not apply significant corrections to their prior 
estimate of the CO anthropogenic emissions. Instead, corrections are applied mainly to the 
initial and boundary conditions of the model.  

At European scale, the assimilation of the MOPITT CO surface product, whose sensitivity to 
the signature of the anthropogenic emissions near the surface appear to be larger than that of 
the current TROPOMI CO product over France, but whose spatial resolution is coarser than 
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that of TROPOMI, brings a stronger but still limited constraint for the derivation of the 
anthropogenic emissions, so that the corrections applied by the CO inversions to the prior 
estimate of the emissions from the TNO inventory at the European to national scales is 
moderate (see D6.5, D6.6 and Fortems-Cheiney et al. 2023).  

The NOx inversions for France or at the European scale demonstrate some capabilities to 
control the NOx anthropogenic emissions at national scale based on TROPOMI and even the 
OMI NO2 TVCDs. However, the non-linearity of the chemistry raises computational challenges 
for the iterative scheme of the variational inversion. This and the large observation errors 
associated with the current NO2 data limit the ability to fit these data and the amplitude of the 
corrections to the prior estimate of the emissions (see D6.5). This challenge adds to that of 
the uncertainties in the NOx-to-CO2 anthropogenic emission ratios in the context of the co-
assimilation of NO2 and CO2 observations for the monitoring of the CO2 anthropogenic 
emissions (Fortems-Cheiney and Broquet, 2022, Deliverables 6.4, 6.5 and 6.6). 

The current results, including those from Deliverable 6.5, raise some positive perspectives 
regarding the use of co-emitted species to increase the ability to control the anthropogenic 
CO2 emissions in national scale inversions, starting from the overall consistency between the 
spaceborne observations and simulations of the NO2 and CO concentrations in European 
countries where the anthropogenic emission estimates are relatively accurate. They show that 
the satellite NO2 observations are currently more promising than the satellite CO observations 
over a country like France. However, the detailed analysis of the NOx inversion behaviour and 
results indicate that much developments and work are still needed to refine the NOx inversions 
themselves before tackling the co-assimilation of NO2 and CO2 observations.  

 

3.3 ICON-ART-CTDAS for CO2 and CH4 inversions from in situ and satellite 
observations (Empa) 

3.3.1 Model description for the CO2 inversions 

3.3.1.1 Transport model 

The atmospheric transport model in this inversion system is ICON-ART, which is composed 
of the icosahedral non-hydrostatic weather and climate model ICON and the ART extension 
for the simulation of aerosols and reactive trace gases. ICON is a highly versatile model for 
global and regional weather and climate simulations developed jointly by the German Weather 
Service (DWD) and the Max Planck Institute of Meteorology. Tracers are transported with 
perfect mass conservation by solving the continuity equation of mass for each tracer 
consecutively in the vertical with a finite volume method and in the horizontal direction with a 
simplified flux-form semi-Lagrangian method. Here, ICON-ART was used in a limited area 
configuration with a grid spacing of about 13 km and with meteorological initial and boundary 
conditions obtained from ERA5 reanalyses (Figure 9). 
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Figure 9: ICON-ART simulation domain with a priori anthropogenic CO2 emissions and the 
locations of in-situ CO2 measurement stations used in the inversion. ICON-ART has a semi-
structured grid composed of triangles. The average distance between triangles (resolution) 

was about 13 km. 

 

The ART-model was developed as an extension for ICON at the Karlsruhe Institute of 
Technology (KIT) with the aim of simulating aerosols as well as passive and chemically 
reactive trace gases. The ART module is coupled online with ICON and allows a flexible 
definition of tracers and processes to be included. Since only CO2 was simulated in the present 
study, all chemistry and aerosol processes were switched off and all CO2 tracers were treated 
as fully passive with no feedback on meteorology. 

To simplify and accelerate the treatment of emissions during the simulations, we implemented 
the Online Emissions Module (OEM) into ICON-ART, which was originally developed for the 
regional weather and climate model COSMO (Jähn et al. 2020). OEM allows source-specific 
temporal and vertical emission profiles to be applied online, which greatly reduces I/O during 
the simulation. Furthermore, the Vegetation Photosynthesis and Respiration Model (VPRM) 
was integrated in OEM in order to simulate the exchange of CO2 between the atmosphere and 
the land vegetation online during the simulation, driven by near-surface temperature and 
radiation from ICON and by two satellite indices (enhanced vegetation index EVI and the Land 
Surface Water Index LSWI) from MODIS satellite observations. The standard land cover data 
set used in ICON is GlobCover, which proved to be insufficiently accurate for representing the 
vegetation over Europe. We therefore exchanged the land cover data set with CORINE, which 
is limited to Europe but describes vegetation cover and land use much more accurately than 
the global data set GlobCover. Although not identical, the fluxes computed online in this way 
are largely consistent with the offline VPRM product provided through the modelling protocol 
(e.g. the same set of VPRM parameters was used). 

For inverse modelling, we coupled ICON-ART with the CarbonTracker Data Assimilation Shell 
(CTDAS), which is an Ensemble Kalman Smoother originally developed for the estimation of 
biospheric CO2 fluxes at the global scale (Peters et al., 2005). To couple ICON-ART with 
CTDAS in a robust and efficient way, we made a few adaptations to ICON-ART and the 
simulation setup. CTDAS requires a large ensemble of tracers to be simulated, each ensemble 
member corresponding to one specific perturbation of the state vector, e.g., fluxes and 
boundary conditions (see next section). Instead of generating these perturbed fields offline 
and reading them in during simulation, as is usually done, we extended the OEM module with 
the option to generate the ensemble of perturbed fluxes and boundary conditions and 
corresponding tracers online during the simulation. With this extension, the only input required 
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at the start of a simulation is the ensemble of perturbed scaling factors provided by CTDAS, 
which greatly simplifies and accelerates the simulations. Each scaling factor scales the flux of 
one emission category (one tracer can experience the emissions of multiple categories) in one 
region. The regions can be any combination of grid cells (including individual cells) and are 
defined by a region mask provided as an input for OEM. In order to keep the simulation close 
to the real meteorology, ICON was weakly nudged towards ERA5 meteorology in the whole 
model domain. This was achieved by providing the meteorological forcing data from ERA5 not 
only at the domain boundaries but in the whole model domain and defining a minimum nudging 
strength in the inner parts. Further details of the ICON-ART-CTDAS system and a first 
application to the estimation of European CH4 emissions are presented in Steiner et al. (2023). 
Any results submitted using ICON-ART-CTDAS regarding CH4 come from the results of 
Steiner et al. (2023). In the following, we describe the newly obtained CO2 inversion results in 
detail while the CH4 results are summarised only briefly. 

For the CO2 simulations, the following model setup was used: 

¶ Region: [-8.639°, 17.856°] lon, [40.621°, 58.962°] lat; 21 184 horizontal cells in total; 

effective horizontal resolution is 13.15 km. Extracted from the ICON R6B3 parent grid. 

¶ Meteorological IC/BC: ERA5 (reanalysis-era5-complete, 

https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-
complete?tab=overview). For ICON, we furthermore post-process the soil parameters 

following the script mars4icon that is shipped with ICON. 

¶ Atmospheric IC/BC: CAMS global inversion-optimised greenhouse gases 
(https://ads.atmosphere.copernicus.eu/cdsapp#!/dataset/cams-global-greenhouse-gas-

inversion?tab=overview). The CAMS data were interpolated onto the ERA5 dataset using 
linear interpolation on the log pressure axis vertically and linear interpolation horizontally. 

 

3.3.1.2 Prior fluxes and assimilated observations 

Prior fluxes were chosen according to the protocol. As will be mentioned again later, only the 
first two (anthropogenic and biospheric fluxes) were optimised, the others were fixed. 

¶ Prior anthropogenic emission fluxes: TNO_GHGco_6x6km_v4_0_year2018 inventory 

for the year 2018, with vertical profiles and temporal profiles as specified in the TNO 
dataset. 

¶ Prior biospheric fluxes: computed by VPRM online during the ICON-ART simulation,  

driven by MODIS/Terra surface reflectance imagery version 6.0 (since superseded by 
version 6.1 at https://e4ftl01.cr.usgs.gov/MOLT/MOD09A1.061/), and the CORINE land 

cover dataset at 100 m resolution (https://land.copernicus.eu/en/products/corine-land-
cover/clc2018). The VPRM parameters used are those from Gerbig et al., 

https://meta.icos-cp.eu/objects/JmRwpxQzfbHzwzH26abwt10z. 

¶ Prior forest fire fluxes: Global Fire Emissions (GFAS, 
https://ads.atmosphere.copernicus.eu/cdsapp#!/dataset/cams-global-fire-emissions-

gfas?tab=overview). The data were averaged over the 10-day interval we simulate over. 
Emissions are from the surface only, the temporal profile is constant over time. 

¶ Prior ocean emissions: from Cyril Germineaud at Mercator (as per the protocol). The 

data are averaged over the 10-day simulation interval. Emissions are from the surface 
only, the temporal profile is constant over time. An error was made in our setup, such that 

no negative ocean fluxes were included. Since the contribution of ocean fluxes is very 
small, the impact on our results is expected to be negligible. 

¶ Prior lateral fluxes: from Frederic Chevallier (as per the protocol); computed as: 

allcropsource-biofuelcropsource+allwoodsource-biofuelwoodsource+lakeriveremiss. 
Again, the data were averaged over the 10-day simulation interval. Emissions are from 

the surface only, the temporal profile is constant over time. 
 

In terms of assimilated observations, we optimised the following set of data: 

https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-complete?tab=overview
https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-complete?tab=overview
https://ads.atmosphere.copernicus.eu/cdsapp#!/dataset/cams-global-greenhouse-gas-inversion?tab=overview
https://ads.atmosphere.copernicus.eu/cdsapp#!/dataset/cams-global-greenhouse-gas-inversion?tab=overview
https://e4ftl01.cr.usgs.gov/MOLT/MOD09A1.061/
https://land.copernicus.eu/en/products/corine-land-cover/clc2018
https://land.copernicus.eu/en/products/corine-land-cover/clc2018
https://meta.icos-cp.eu/objects/JmRwpxQzfbHzwzH26abwt10z
https://ads.atmosphere.copernicus.eu/cdsapp#!/dataset/cams-global-fire-emissions-gfas?tab=overview
https://ads.atmosphere.copernicus.eu/cdsapp#!/dataset/cams-global-fire-emissions-gfas?tab=overview
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¶ ICOS ObsPack ground station observations: ICOS_ATC_OBSPACK-2022 

(https://meta.icos-cp.eu/collections/w7dcCpKXsyn-NuVlzXhcX5qN). When multiple inlet 
heights were available (e.g., the Cabauw station has inlets at 27, 67, 127 and 207 metres 

above ground level), only the data from the highest level were assimilated. The exact list 
of stations and the values used for model data mismatch (MDM) are given in Table 4 

below. The MDM is based on a prior run for a full year, then taking 2.5+standard-

deviation-at-the-station in ppm. For a normal ground station, we took the daytime mean 
observation from 12-17 UTC; for a mountain station we took the night time mean 

observations from 0-7 UTC. Furthermore, for a normal ground station, we sampled 
ICON-ART at an altitude corresponding to the inlet height over the model topography 

(which does not necessarily correspond exactly to the inlet height over the true ground 
level); for a mountain station we sampled ICON-ART at the true elevation over sea level. 

¶ OCO-2 total column observations:  OCO2_L2_Lite_FP_11r 

(https://disc.gsfc.nasa.gov/datasets/OCO2_L2_Lite_FP_11r/summary). Only 
observations with ñXCO2_Quality_Flag==0ò were used. Simulated ICON-ART columns 

(to about 25 km altitude) were vertically extended to the top of the atmosphere with 

CAMS data over the highest available pressure level. The model data mismatch was set 
to 2 ppm plus the reported 1-sigma uncertainty of the column-averaged dry air mole 

fraction (typically smaller to 1 ppm).    
 

Horizontal sampling of the ICON-ART data towards the observations was done using an 
inverse-distance-weighting interpolation method. 

Table 4: The ICOS ground station name and inlet height above the ground level in metres (after 
the final underscore), the assigned model data mismatch (MDM), and indication if a station is 

treated as a mountain station (indicated with an X in the column). 

Station Name and inlet height (m) MDM (dry air ppm) Mountain station 

Beromunster_212 8.24  

Bilsdale_248 5.85  

Biscarrosse_47 5.60  

Cabauw_207 8.61  

Carnsore Point_14 4.19  

Ersa_40 4.40  

Gartow_341 6.57  

Heidelberg_30 10.66  

Hohenpeissenberg_131 6.06 X 

Hyltemossa_150 5.49  

Ispra_100 11.61  

Jungfraujoch_5 3.08 X 

Karlsruhe_200 10.05  

Kresin u Pacova_250 5.83  

La Muela_80 5.21  

Laegern-Hochwacht_32 11.56  

Lindenberg_98 7.44  

Lutjewad_60 7.65  

Monte Cimone_8 3.73 X 

Observatoire de Haute Provence_100 6.15  

Observatoire perenne de l'environnement_120 8.89  

Pic du Midi_28 3.22 X 

Plateau Rosa_10 3.32 X 

Puy de Dome_10 5.45 X 

https://meta.icos-cp.eu/collections/w7dcCpKXsyn-NuVlzXhcX5qN
https://disc.gsfc.nasa.gov/datasets/OCO2_L2_Lite_FP_11r/summary
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Ridge Hill_90 7.09  

Saclay_100 8.87  

Schauinsland_12 5.79 X 

Tacolneston_185 6.67  

Torfhaus_147 6.62  

Trainou_180 7.82  

Weybourne_10 6.47  

Zugspitze_3 3.68 X 

 

3.3.1.3 State vector for the CO2 inversions 

We used CTDAS for the inversion, using cycles of 10 days and 2 lags. Each state vector 
element is thus optimised twice, first based on observations in the current 10-day window and 
then based on observations in the next 10-day window. The state vector has size 

ὲ ὲ ὲ ψ ψτ χττ per cycle, where: 

¶ ὲ ςρ ρψτ, that is, we optimised each cell of the ICON-ART simulation. 

¶ ὲ ς, that is, we optimised the anthropogenic fluxes (assuming a prior 

uncertainty of 50%, and a specific length of 200 km assuming exponential decay in the 
covariance matrix) and the net biospheric fluxes consisting of the sum of the respiration 

and the gross photosynthesis production (assuming a prior uncertainty of 100%, and a 

specific length of 300 km assuming exponential decay in the covariance matrix). 

¶ ὲ ς, that is, we optimised each time period of 10 days twice. 

¶ ψ, that is, we had 8 inflow regions controlling the background CO2 concentration as 

taken from CAMS, which were optimised separately (see Steiner et al. (2023) for more 

details), with an assumed prior uncertainty of 1.5% (roughly 6 ppm) and a 25% 
covariance between neighbouring inflow regions. 

 
No correlations between the categories were assumed. 

We applied localization in the inversion, by multiplying the result for each assimilated 
observation with an exponential decay function of 400 km centred on the observation location. 

We generated an ensemble of 180 members for each cycle, with CO2 = ɚanth CO2anth+ɚVPRM 
CO2VPRM+ɚBG CO2BG+ forest fire emissions + ocean emissions + lateral fluxes, where ɚanth and 
ɚVPRM are varying spatially, while ɚBG consists of only 8 values for each of the 8 inflow regions). 

 

3.3.1.4 Period of study 

02/01/2018 ï 27/12/2018 (i.e., January 2, 2018, until December 27, 2018). The first and last 
10-day cycle are only optimised once. Due to the limited resources, no simulations for 2021 
could be conducted. 

 

3.3.2 Results of the CO2 inversions 

Two inversions were carried out, differing in the observations that were assimilated. Inversion 
(1) assimilated only in-situ ICOS stations; inversion (2) assimilated in-situ ICOS stations and 
OCO-2 satellite observations. The results section is split into three subsections. The first 
subsection shows the comparison of inversion 1 to observational data and inversion results 
on the model scale; the second subsection shows similar results for inversion 2; the third 
subsection summarizes the results on a country-scale basis, and discusses the overall results. 
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3.3.2.1 Assimilating ICOS station data only 

Figure 10 shows the timeseries of hourly CO2 dry mole fractions at station óBilsdaleô at 42 m 
altitude (https://meta.icos-cp.eu/objects/lVo3gLCopZerMjEogqkRAns0), subsampled to the 
assimilated times (12-17 UTC for normal stations, 23-5 UTC for mountain stations) for real 
observations, a prior simulation and the posterior simulation (óoptimisedô). This station was 
chosen merely as an example. We can see that the posterior simulation (in black) moves the 
simulated values closer to the observed values compared to the prior. This result is also 
quantified in the error plot below the timeseries, with the root mean square error (RMSE) and 
bias both decreasing, and the Pearson product-moment correlation coefficient (órô) rising.  

Figure 11 summarises the quantitative results now for all ICOS stations in a bar plot. We can 
generally see similar trends as for the Bilsdale 42 m altitude station, with RMSE values 
dropping, biases moving closer to 0, and R-squared (ór2ô) values rising. Exceptions exist for 
the KŚeġ²n u Pacova and La Muela stations which have a more modest increase in their R-
squared scores, but these are stations at the edge (in the Czech Republic and Spain, 
respectively) which suggests that we are dealing with edge artefacts. Figure 12 shows a Taylor 
diagram summarizing the results for all the stations, similarly showing and suggesting an 
improved performance when moving from the prior to posterior simulations. 

Figure 13, Figure 14 and Figure 15 show a map of the yearly average anthropogenic, 

biospheric and background fluxes and associated ‗ values with which the prior fluxes (i.e., the 

state vector elements) are multiplied. It is quite clear to see that the ‗ values are determined 
at the observation station locations and decay away from there, such that the final map of ‗ 
values is something like an interpolated map between the values at various station locations. 

For the background values of  ‗, we note that the mean value is approximately 0.99 which on 
a background of about 400 ppm corresponds to a 4 ppm difference. Indeed, we can see that 
when averaged over a full year, the surface-level of the simulation has changed by about -2 
ppm after optimization compared to the prior simulation run. Clearly, the CAMS product 
(optimised with in situ data) needs to be adjusted further downwards when optimised with the 
in situ data used in our inversion setup. 

https://meta.icos-cp.eu/objects/lVo3gLCopZerMjEogqkRAns0
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Figure 10: Example of simulated timeseries for the station Bilsdale (UK) with ICON-ART, when 
assimilating ICOS data only. Note the discrepancy between simulations and observations in 

early June that is not well captured in the inversions (just right of the 2018-06 line). 
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Figure 11: Inversion results with ICON-ART when assimilating ICOS station data only. Note 
that the full range of ICOS OBSPACK stations in the domain is shown here, at multiple inlet 
heights if applicable, this range is larger than the set of stations used for inverting the data. 

 



CoCO2 2023  
 

Intercomparison of national-scale inversion systems 41 

 

Figure 12: Taylor diagram for the inversion results with ICON-ART assimilating ICOS station 
data only; results improve when moving towards the star on the bottom horizontal axis. Each 

dot represents the performance at an ICOS station for a year of data (i.e., it represents the 
same information as the previous figure). 

 

Figure 13: Full-year inversion results with ICON-ART assimilating ICOS station data only, for 
the anthropogenic component. Black dots on the map correspond to ICOS stations. 
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Figure 14: Full-year inversion results with ICON-ART assimilating ICOS station data only, for 
the biospheric component. Black dots on the map correspond to ICOS stations. 

 

 

Figure 15: Full-year inversion results with ICON-ART assimilating ICOS station data only, for the 
average background component. Inflow regions are denoted following major side - minor half 
side (e.g., óNWô means from the top, on the left half, while óWNô means from the left, on the top 
half). 
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3.3.2.2 Assimilating both ICOS station and OCO-2 data 

Figure 16 shows the timeseries of hourly CO2 dry mole fractions at station óBilsdaleô at 42 m 
altitude (https://meta.icos-cp.eu/objects/lVo3gLCopZerMjEogqkRAns0), subsampled to the 
assimilated times (12-17 UTC for normal stations, 23-5 UTC for mountain stations) for real 
observations, a prior simulation and the posterior simulation (óoptimisedô). We can see that 
posterior simulation (in black) moves the simulated values closer to the observed values 
compared to the prior. This result is also quantified in the error plot below the timeseries, with 
the root mean square error (RMSE) and bias both decreasing, and the Pearson product-
moment correlation coefficient (órô) rising. However, compared to the inversion with only ICOS 
stations, the improvement in RMSE and bias is a lot more modest. Clearly, a positive bias 
remains when moving from prior to posterior data. 

Figure 17 summarises the quantitative results now for all ICOS stations in a bar plot. We can 
generally see similar trends as for Bilsdale, with RMSE values dropping, and R-squared (ór2ô) 
values rising. Exceptions are again the stations KŚeġ²n u Pacova and La Muela, which do not 
improve at all upon doing the inversion in terms of RMSE scores. What is notable, is that 
nearly all stations end up with a considerable positive bias after doing the optimization. This 
is contrary to the inversion with only ICOS stations ï clearly now that ICOS stations and 
satellite data are available, the fit to the ICOS stations is not as good as it was before. The 
results point at systematic differences between the model-observation mismatches when 
comparing the simulations with ground-based and with satellite observations. This could 
originate from systematic differences between satellite and in-situ observations, but it could 
also hint at an incorrect representation of the vertical distribution of CO2 in ICON-ART (which 
is closely linked to the vertical distribution of CO2 in CAMS). Figure 18 shows a Taylor diagram 
summing up the results for all the stations, similarly showing and suggesting an improved 
performance when moving from the prior to posterior simulations; but a lesser improvement 
than was found with the ICOS-stations-only inversion. 

Figure 19 presents one example of a full 10-day cycle of OCO-2 column observations, as 
compared to the prior and posterior simulation runs. Only a very limited number of stripes are 
actually present even for a 10-day cycle. It is clear to see that, prior to the optimization, the 
spread in the simulated values does not correspond well to the spread in the observed 
columns, with a clear positive bias (the simulated column being larger than the observed 
column). After doing the inversion, the posterior is better able to capture the spread in the 
columns, with a clear improvement in performance. Figure 20 repeats this plot for all 10-day 
cycles, to give (1) an overview of the total coverage of OCO-2 data points for a full year and 
to give (2) an idea of the over-all reduced model-data-mismatch which appears to be around 
2 to 2.5 ppm nominally after optimization, which corresponds to the model data mismatch 
defined for the OCO-2 data. Furthermore, the observations drawn in the description of the 
previous figure hold here too: the spread in the error is reduced, and a positive bias is 
eliminated. Figure 21 summarises the misfit of the prior and posterior simulations for all 10-
day periods that were considered. In the violin plots we record the overall distribution of misfits, 
which is typically normally distributed but with a small positive bias in the prior that is moved 
towards zero in the posterior simulations. The average RMSE value and bias over each 10-
day period is reduced; the Pearson product-moment correlation coefficient is increased in all-
but-one cases. We can, moreover, see that the number of observations is not spread evenly 
over the full year ï winter months have considerably less observations, likely due to cloud 
cover and higher solar zenith angles. 

Figure 22, Figure 23, and Figure 24 show a map of the yearly average anthropogenic, 
biospheric and background fluxes and associated ‗ values with which the prior fluxes (i.e., the 
state vector elements) are multiplied. Compared to the inversion with ICOS stations only, the 

map of ‗ values is not like an interpolated map between the values at various ICOS station 
locations. Instead, it does not seem to follow a particular spatial distribution at all. Moreover, 
compared to the ICOS-station-only inversion, the updates for both the anthropogenic and 
biospheric fluxes are considerably larger. For example, in the French Burgundy region, there 

https://meta.icos-cp.eu/objects/lVo3gLCopZerMjEogqkRAns0
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is a net release of CO2 following the online VPRM calculations, whereas in the previous 
inversion there was purely uptake of CO2. And, we see for example that the shipping fluxes 
are now modified where they werenôt before, as we now have access to data over sea. For 

the background values of  ‗, we note that the mean value is approximately 1.00 instead of 
0.99. We can see over a full year average that the surface-level of the simulation has changed 
about -1 ppm after optimization compared to the prior simulation run. Clearly, the CAMS 
product (optimised with in-situ data) needs to be adjusted downwards when optimised with 
our in-situ and satellite data and our inversion set-up; but less so than when using only in-situ 
data. This also explains why a positive bias remains in the bar plot of the in-situ data (Figure 
17), as this inversion simply corrected the background down a bit less than the previous 
inversion. However, we see a lot more variation in the background field in this inversion 
compared to the last one, with larger updates to the scaling factor in every 10-day cycle. 

 

Figure 16: Example of simulated time-series for station Bilsdale (UK) with ICON-ART, when 
assimilating ICOS and OCO-2 data. Note how the satellite data improves the fit between 

simulations and observations in early June compared to the inversion with ICOS data only 
(just right of the 2018-06 line). 
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Figure 17: Inversion results with ICON-ART when assimilating ICOS station and OCO-2 data. 
Note that the full range of ICOS OBSPACK stations in the domain is shown here, at multiple inlet 
heights if applicable, this range is larger than the set of stations used for inverting the data. 
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Figure 18: Taylor diagram for the inversion results with ICON-ART assimilating ICOS and OCO-
2 data; results improve when moving towards the star on the bottom horizontal axis. Each dot 
represents the performance on an ICOS station for a year of data (i.e., it represents the same 

information as the previous figure). 

 

Figure 19: One example of OCO-2 observations made during a complete 10-day cycle starting 
at 2018-05-02, for which observations are compared to ICON-ART prior (left) and optimized 

(right) total CO2 columns. The top set of plots shows the error between simulation and 
observed data, where a good match would correspond to a black drawn pixel. The bottom set 

of plots are scatter plots between the simulated and observed data, where a good match would 
place the point on the dashed black 1:1 line. It is clear that the prior simulated data has a 

positive bias that is largely eliminated after the optimization. 
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Figure 20: All OCO-2 observations made during all 10-day cycles, for which observations are 
compared to ICON-ART prior (left) and optimised (right) total CO2 columns. The top set of plots 
shows the error between simulation and observed data, where a good match would correspond 
to a black dot. The bottom set of plots are scatter plots between the simulated and observed 
data, where a good match would place the point on the dashed black 1:1 line. Every 10-day cycle 
is given a unique colour. It is clear that the prior simulated data has a positive bias and large 
spread, while after optimization the values lie closer to the 1:1 line. 
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Figure 21: OCO-2 misfits collected for each assimilation cycle with ICON-ART given ICOS and 
OCO-2 data (the start of each 10-day cycle is indicated on the horizontal axis). On the top we 
show violin plots of the prior and posterior error, on the other plots we show the RMSE, bias, 
correlation, and number of OCO-2 observations assimilated per cycle. It is clear that the column 
bias is virtually eliminated as a result of the data assimilation. Note how more observations are 
available over the summer months compared to the winter months. Note that, in this figure, the 
correlation coefficient is not related to what we saw for the ICOS stations (which showed the 
temporal correlation for a single station) but simply the correlation over all total columns for the 
assimilated 10-day period. 
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Figure 22: Full-year inversion results with ICON-ART assimilating ICOS station and OCO-2 data, 
for the anthropogenic component. Black dots on the map correspond to ICOS stations. 

 

 

Figure 23: Full-year inversion results with ICON-ART assimilating ICOS station and OCO-2 data, 
for the biospheric component. Black dots on the map correspond to ICOS stations. Note that 
some areas (e.g., the Burgundy region in France) exhibit yearly net positive vegetation fluxes 
after the inversion, unlike the case where we worked with just the ICOS stations. 
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Figure 24: Full-year inversion results with ICON-ART assimilating ICOS station and OCO-2 data, 
for the average background component. Inflow regions are denoted following major side - minor 
half side (e.g., óNWô means from the top, on the left half, while óWNô means from the left, on the 
top half). 

 

3.3.2.3 Gathering country-total results 

After carrying out the inversions with only in-situ ICOS stations and with in-situ ICOS stations 
plus OCO-2 total column observations, we can compute yearly country-scale emissions. 
Those results are given in Table 5 and graphically displayed in the bar plot of Figure 25. The 
country-total emissions are computed by multiplying the prior emissions with the estimated ‗ 

values. The uncertainty for each country-total result is computed through 
В    , where 

ὅ is the posterior covariance matrix of the state vector for lag ὲ, and Ὣ is a vector where each 
element corresponds to the proportion for which each cell belongs to a certain country. 

Table 5: The country-total inversion results with ICON-ART, in Mt CO2/yr. The value after ± is a 
very rough estimate of the uncertainty. ANTH stands for ñanthropogenic emissionsò, while 
NAT stands for ñbiogenicò emissions which are the VPRM computations plus forest fire fluxes, 

lateral fluxes and (positive) ocean fluxes. 

Country Prior ANTH POST ANTH 
ICOS 

POST ANTH 
ICOS+OCO2 

PRIOR NAT POST NAT 
ICOS 

POST NAT 
ICOS+OCO2 

Austria 88.2±7.3 89.6±6.9 104.5±6.6 -77.7±20 -81.8±17.7 -62.5±12.6 

Belgium 109.3±10.6 107±9.7 115.1±7.8 -11.2±10.7 -16.9±7.7 -1.6±6.9 

Croatia 17.5±1.5 17.6±1.5 19.2±1.5 -44±14.3 -42.2±13.4 -15.6±11.4 

Czechia 96±8.4 96.7±7.7 110.9±7.3 -53.3±21.2 -56.8±18.2 -112.5±13.2 

Denmark 44.5±3.8 45±3.5 46±3.6 -15.3±12.5 -23.3±11.5 -14.8±7.9 

France 385.8±20.6 383.2±17.6 390.2±17.0 -452.2±138.6 -537.3±103.3 -268±66.6 

Germany 855±54.2 835.3±46.6 960.1±38.7 -216.3±89.3 -250.4±60.6 -164.3±41.4 

Netherlands 156.6±14.5 152.5±13.0 157.6±10.2 9.6±9.8 4.6±6.8 8.2±6.2 

Slovenia 18.2±1.8 18.4±1.7 19±1.7 -40.7±10.5 -39.3±9.4 -16.9±7.6 

Switzerland 44.2±4.2 44.6±3.3 49.7±3.2 -33.2±9.1 -38.8±6.2 -26.9±4.0 

UK 376.8±27.2 390.1±24.1 353.1±23.0 -140.6±53.8 -187.9±43.6 -188.7±31.6 
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Figure 25: Bar-plot of country-total inversion results using the ICON-ART CTDAS setup, in Mt 
CO2/yr. The lines in black are a rough estimate of the standard deviation. 

3.3.2.4 Discussion 

We note a few points of discussion below. 

¶ The biospheric uptake as modeled here is too strong and does not seem accurate. The 

VPRM formulation implemented online in ICON-ART (in fact any version of VPRM) is not 

made to be neutral on a yearly basis (which is what one would, roughly, expect). Some 
comparisons with other models were performed that also simulate the net ecosystem 

exchange. The performance of the VPRM was rather similar to other models when 
looking at instantaneous or daily flux values (e.g., in comparison with SiB4 fluxes from 

the Carbon Tracker Europe which is close to neutral on a yearly basis by design, 

https://www.icos-cp.eu/data-products/high-resolution-near-real-time-co2-fluxes-over-
europe-carbon-tracker-europe-2017-2023). However, the VPRM fluxes have a small bias 

in the form of too little respiration, and this bias becomes large when summing the 
emissions over a large area and over a full year, leading to a large seeming uptake of 

CO2 where little to none would actually be expected. For example, over a yearly basis 
one can find a difference to a standard VPRM product for Europe (https://www.icos-

cp.eu/data-products/biosphere-atmosphere-exchange-fluxes-co2-vegetation-

photosynthesis-and-respiration) as shown in Figure 26. What is clear is that the VPRM 
line (in blue) has a very similar order of magnitude, but too little respiration both in 

summer and winter days (or, too much gross photosynthetic production). But whereas 
the SiB4 product has a yearly flux over Europe that sums to about -0.0055 PgC/yr, the 

VPRM product has a yearly flux that sums to -1.4871 PgC/yr. Hence, the small 

differences add up to a large number. 

¶ The fact that the VPRM product leads to a large over-estimation of the CO2 uptake is not 

really corrected for by the inversions, although the inversion with the OCO-2 data 
appears to generally lead to less uptake. Still, it appears that (1) the uncertainties set to 

the prior VPRM fluxes are much too conservative, (2) it appears that the standard VPRM 

product is capable of producing realistic instantaneous fluxes but not too realistic yearly 

fluxes, (3) the multiplicative ‗ values on the net ecosystem are not capable of fixing this 

error (as increasing the nighttime respiration would require increasing the ‗ value, but 
this would also increase the daytime photosynthetic production), such that a better way 

https://www.icos-cp.eu/data-products/high-resolution-near-real-time-co2-fluxes-over-europe-carbon-tracker-europe-2017-2023
https://www.icos-cp.eu/data-products/high-resolution-near-real-time-co2-fluxes-over-europe-carbon-tracker-europe-2017-2023
https://www.icos-cp.eu/data-products/biosphere-atmosphere-exchange-fluxes-co2-vegetation-photosynthesis-and-respiration
https://www.icos-cp.eu/data-products/biosphere-atmosphere-exchange-fluxes-co2-vegetation-photosynthesis-and-respiration
https://www.icos-cp.eu/data-products/biosphere-atmosphere-exchange-fluxes-co2-vegetation-photosynthesis-and-respiration
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forward is perhaps to split respiration and photosynthesis parts into separate components 

of the state vector, and (4) perhaps the fact that we mostly have daytime observations 
both in the in-situ and total column data means we are somewhat biased to emissions 

during the afternoon hours, where the photosynthetic part generally dominates. 

¶ In general, we do not observe a ódipoleô-like effect, where updates in the anthropogenic 

and biogenic fluxes are counteracting or compensating for each other ï we generally 

observe that both anthropogenic and biogenic fluxes are moving similar directions, which 
builds some confidence in the system. 

¶ Both inversion results require us to decrease the background CO2 field. As the 
background field comes from the CAMS ñinversion-optimisedò product which was 

optimised with in-situ data, the surprise is that the update to the background field is 

largest in the optimization with only in-situ data. We have not looked into the reasons 
behind this feature in the data. It suggests, however, that there is some inconsistency 

between the OCO-2 and in-situ data. 
 

 

Figure 26: Plot of the daily biospheric carbon (C) flux summed over Europe for days in 2018, 
with the horizontal axis representing the day of the year, comparing ICOS-SiB4 
(https://www.icos-cp.eu/data-products/high-resolution-near-real-time-co2-fluxes-over-europe-
carbon-tracker-europe-2017-2023) to ICOS-VPRM (https://www.icos-cp.eu/data-
products/biosphere-atmosphere-exchange-fluxes-co2-vegetation-photosynthesis-and-
respiration). 

 

3.3.3 Methane inversion description 

In addition to the CO2 inversion described above, we shortly summarise results of a European 
methane (CH4) inversion performed with ICON-ART by (and documented in greater detail in 
Steiner et al., 2023). The inversion was performed in the context of the TransCom modelling 
community intercomparison. Concerning the model domain, the resolution is coarser by a 
factor of two (i.e., an effective grid spacing of about 26 km) which covers the entirety of Europe 
and neighbouring regions, resulting in a total of 21 344 cells, roughly the same as for the CO2 
inversion. The meteorological and atmospheric IC/BC come from the ERA-5 and CAMS 
inversion-optimised products (same as for the CO2 inversion). Two categories are optimised 
separately: anthropogenic and natural fluxes; in addition to that, 8 background components 

https://www.icos-cp.eu/data-products/high-resolution-near-real-time-co2-fluxes-over-europe-carbon-tracker-europe-2017-2023
https://www.icos-cp.eu/data-products/high-resolution-near-real-time-co2-fluxes-over-europe-carbon-tracker-europe-2017-2023
https://www.icos-cp.eu/data-products/biosphere-atmosphere-exchange-fluxes-co2-vegetation-photosynthesis-and-respiration
https://www.icos-cp.eu/data-products/biosphere-atmosphere-exchange-fluxes-co2-vegetation-photosynthesis-and-respiration
https://www.icos-cp.eu/data-products/biosphere-atmosphere-exchange-fluxes-co2-vegetation-photosynthesis-and-respiration
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are optimised for the same 8 inflow regions as for the CO2 inversion. The prior anthropogenic 
fluxes (agriculture, waste, and fossil fuels) come from the EDGAR v6.0 inventory. The natural 
fluxes correspond to peatland and mineral soils, inland water, termites, ocean, biofuels and 
biomass burning and geological emissions. Fluxes are considered constant for each 10-day 
window that is assimilated, and emitted in the lowest model level (0 to 20 m altitude). Like the 
CTDAS set-up for CO2, we consider overlapping cycles of 2 10-day windows. We use 100% 
uncertainty for the fluxes in the prior error covariance matrix, and an exponentially decaying 
correlation length scale of 200 km, and generate the 192 ensemble members for the 
anthropogenic and natural emissions, while using an uncertainty of 0.05% uncertainty for the 
background (corresponding to roughly 1 ppb CH4). The observation stations are ICOS stations 
with the addition of 10 flask sample locations. The model-data mismatch (i.e. the model plus 
observation error) is set to 10 ppb + 30% of the yearly mean signal from the anthropogenic 
and natural emissions (as modelled with ICON-ART). 

The results of the 2018 inversion are shown in Figure 27. The anthropogenic emissions show 
a strong upward correction in northwestern Europe of up to 25 mg/m2/day in the Benelux 
countries, and more moderate upward corrections in northwestern France and southern 
England. In terms of annual means, natural fluxes are corrected downward almost 
everywhere, particularly over Italy (-22%). The national scale inversion results for 2018 are 
shown in Table 6, the results for 2021 are shown in Table 7, and both are plotted in Figure 28. 
The trends for the 2021 inversion are fairly similar to those found for 2018.  The downward 
correction of the natural fluxes in Italy (very pronounced in the 2021 results) is most likely due 
to the very high a priori geological emissions in these regions (it is clearly visible in Figure 27 
that the prior emissions are markedly stronger for Italy and Romania compared to other 
European countries). We refer again to Steiner et al. (2023), where the CTDAS set-up is 
validated with further synthetic tests, and results are presented (also for the years 2008 and 
2013) in greater detail. 

 

Figure 27: Yearly (prior and posterior) CH4 emissions over Europe as derived with ICON-ART 
with ICOS in-situ and flask sampling stations. Figure taken from Steiner et al. (2023). 
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Table 6: The country-total inversion results for 2018 with ICON-ART, in Tg CH4/yr. The value 
after Ñ is a very rough estimate of the uncertainty. ANTH stands for ñanthropogenic 

emissionsò, while NAT stands for natural fluxes. The results are described in more detail in 
Steiner et al. (2023). 

Country Prior ANTH POST ANTH  PRIOR NAT POST NAT 

Austria 0.39±0.05 0.26±0.02 0.09±0.04 0.08±0.03 

Belgium 0.65±0.07 0.71±0.04 0.02±0.01 0.02±0.01 

Bulgaria 0.33±0.05 0.31±0.05 0.09±0.05 0.09±0.05 

Switzerland 0.19±0.03 0.13±0.01 0.05±0.02 0.04±0.02 

Cyprus 0.02±0.01 0.02±0.01 0.00±0.00 0.00±0.00 

Czechia 0.49±0.06 0.35±0.03 0.06±0.03 0.05±0.03 

Germany 2.43±0.24 2.55±0.10 0.22±0.10 0.20±0.09 

Denmark 0.24±0.05 0.15±0.02 0.05±0.04 0.05±0.03 

Estonia 0.10±0.02 0.05±0.01 0.04±0.03 0.04±0.03 

Greece 0.36±0.08 0.31±0.08 0.05±0.05 0.05±0.05 

Spain 1.53±0.20 1.39±0.18 0.03±0.09 0.03±0.09 

Finland 0.65±0.10 0.23±0.03 0.42±0.11 0.31±0.08 

France 2.50±0.27 2.40±0.13 0.17±0.11 0.16±0.10 

Croatia 0.20±0.03 0.15±0.02 0.03±0.02 0.03±0.02 

Hungary 0.31±0.05 0.28±0.04 0.04±0.03 0.04±0.03 

Ireland 0.66±0.09 0.39±0.05 0.08±0.04 0.05±0.03 

Italy 1.35±0.10 1.05±0.05 1.14±0.21 0.84±0.16 

Lithuania 0.15±0.04 0.13±0.03 0.02±0.02 0.02±0.02 

Luxembourg 0.02±0.00 0.02±0.00 0.00±0.00 0.00±0.00 

Latvia 0.08±0.02 0.07±0.02 0.03±0.02 0.03±0.02 

Malta 0.00±0.00 0.00±0.00 0.00±0.00 0.00±0.00 

Netherlands 0.66±0.07 1.01±0.04 0.04±0.02 0.04±0.02 

Poland 2.25±0.22 1.58±0.11 0.26±0.10 0.24±0.09 

Portugal 0.32±0.06 0.31±0.06 0.01±0.03 0.01±0.03 

Romania 0.77±0.07 0.67±0.06 0.85±0.18 0.73±0.16 

Sweden 0.38±0.06 0.13±0.02 0.55±0.14 0.33±0.10 

Slovenia 0.13±0.02 0.08±0.01 0.01±0.01 0.01±0.01 

Slovakia 0.22±0.03 0.15±0.02 0.04±0.02 0.04±0.02 
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United 
Kingdom 

1.49±0.14 1.59±0.08 0.50±0.16 0.40±0.13 

 

Table 7: The country-total inversion results for 2021 with ICON-ART, in Tg CH4/yr. The value 
after Ñ is a very rough estimate of the uncertainty. ANTH stands for ñanthropogenic 

emissionsò, while NAT stands for natural fluxes. The results are described in more detail in 
Steiner et al. (2023). 

Country Prior ANTH POST ANTH  PRIOR NAT POST NAT 

Austria 0.39±0.05 0.28±0.02 0.09±0.04 0.07±0.03 

Belgium 0.65±0.07 0.59±0.03 0.02±0.01 0.02±0.01 

Bulgaria 0.33±0.05 0.25±0.04 0.09±0.05 0.08±0.05 

Switzerland 0.19±0.03 0.17±0.01 0.05±0.02 0.04±0.02 

Cyprus 0.02±0.01 0.02±0.01 0.00±0.00 0.00±0.00 

Czechia 0.49±0.06 0.42±0.03 0.06±0.03 0.05±0.03 

Germany 2.45±0.24 2.44±0.08 0.23±0.10 0.19±0.08 

Denmark 0.24±0.05 0.16±0.02 0.05±0.04 0.04±0.03 

Estonia 0.10±0.02 0.07±0.01 0.05±0.03 0.05±0.03 

Greece 0.36±0.08 0.24±0.06 0.05±0.05 0.04±0.05 

Spain 1.54±0.22 0.95±0.14 0.01±0.08 0.01±0.07 

Finland 0.66±0.09 0.26±0.03 0.43±0.11 0.28±0.08 

France 2.51±0.28 2.10±0.11 0.16±0.10 0.14±0.09 

Croatia 0.21±0.03 0.18±0.02 0.03±0.02 0.03±0.02 

Hungary 0.31±0.05 0.21±0.03 0.04±0.03 0.04±0.03 

Ireland 0.66±0.09 0.60±0.05 0.07±0.04 0.05±0.03 

Italy 1.36±0.10 0.67±0.05 1.14±0.21 0.34±0.11 

Lithuania 0.15±0.04 0.13±0.03 0.02±0.02 0.02±0.02 

Luxembourg 0.02±0.00 0.02±0.00 0.00±0.00 0.00±0.00 

Latvia 0.08±0.02 0.07±0.02 0.03±0.02 0.03±0.02 

Malta 0.00±0.00 0.00±0.00 0.00±0.00 0.00±0.00 

Netherlands 0.67±0.07 0.85±0.03 0.04±0.02 0.04±0.02 

Poland 2.26±0.22 1.24±0.09 0.27±0.10 0.23±0.09 

Portugal 0.32±0.07 0.29±0.06 0.01±0.02 0.01±0.02 

Romania 0.77±0.07 0.61±0.05 0.85±0.18 0.74±0.16 

Sweden 0.39±0.06 0.19±0.03 0.58±0.14 0.32±0.10 
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Slovenia 0.13±0.02 0.08±0.01 0.01±0.01 0.00±0.00 

Slovakia 0.22±0.03 0.06±0.01 0.05±0.02 0.03±0.02 

United 
Kingdom 

1.50±0.15 1.53±0.07 0.48±0.15 0.36±0.12 

 

 

Figure 28: Bar-plot of country-total inversion results using the ICON-ART CTDAS setup, in Tg 
CH4/yr. The results are described in more detail in Steiner et al. (2023). 

 

3.4 ICON-ART-DWD for CH4 inversions from in situ observations (DWD) 

Different aspects of the development of a greenhouse gas (GHG) inversion system at DWD 
have been pushed forward as part of this project. A general concept described in Section 3.4.1 
combines the assimilation of GHG concentrations and the inversion of GHG emissions. This 
concept serves as a guideline on the path towards a flexible GHG inversion system integrated 
into the weather prediction service at DWD. As a special case of this concept, a simplified 
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inversion of the emissions without a simultaneous concentration assimilation has been 
implemented. This test case is described in Section 3.4.3. 

 

3.4.1 Model description 

The modelling of the CH4 concentrations is carried out using the ICON (ICOsahedral Non-
hydrostatic)-ART (Aerosols and Reactive Trace gases) model in the limited area mode. The 
Copernicus Atmosphere Monitoring Service (CAMS) provides the necessary initial and 
boundary concentration fields for the simulation setup. The modelled methane concentrations 
are compared to in-situ observations at the ICOS towers. 

 

3.4.1.1 Transport model 

ICON is the numerical weather prediction model used by DWD. It is developed in collaboration 
with the Max-Planck Institute for Meteorology (MPI-M) and other partners. The ICON model 
solves the fully compressible nonhydrostatic atmospheric equations of motion. 

The discretization of the model equations of ICON is performed on an icosahedral-triangular 
Arakawa-C grid, with a choice of resolutions obtained by successive refinement of a spherical 
icosahedron. The mass points are located in the circumcenter of each triangular cell. To 
optimise runtime efficiency, there is a distinction between so-called fast-physics processes 
(e.g. cloud microphysics, turbulence), which are calculated at every physics time step, and 
slow-physics processes (e.g. radiation), which may be called at longer time steps and provide 
tendencies to the dynamical core that remain constant between two successive calls of the 
parametrization. Fast-physics processes are treated with operator splitting, which means that 
they act on an atmospheric state that has already been updated by the dynamical core, 
horizontal diffusion and the tracer transport scheme. 

A mass conserving transport module ART (Aerosols and Reactive Trace gases) is developed 
in collaboration with KIT Karlsruhe. The tracers in ICON-ART are transported in the same way 
as ICON tracers, ensuring tracer mass continuity, and it predicts the large-scale redistribution 
of tracer in the atmosphere due to air motion. Tracer transport is accounted for in a time-split 
fashion, this means that vertical and horizontal transport is treated separately. 

ICON-ART provides an XML interface which adds a-priori emissions from available point and 
area sources.   While the area emission sources have to be stored as mass flux densities in 
units of kg m-2 s-1 in a specific directory structure, the strength of point sources has the unit of 
kg s-1. The ART XML interface allows for the distinction between different transport types 
(stdchem, stdaero) and properties (chemical, passive, aerosol) of ART tracers. The emission 
datasets for area sources must be provided on the ICON grid. 

While the initial data here denote the state of the atmosphere (meteorological and CH4 
concentration fields) at the start of the model run, the boundary conditions shall denote the 
data in the lateral boundary zone where the model is forced by the meteorological and CH4 
concentration data outside the domain. We used DWD's operational numerical weather 
prediction output as meteorological boundary conditions. 

The CAMS data used for our initial and boundary conditions for CH4 concentrations are 
provided with vertical coordinates on a hybrid sigma-pressure system. Thus, these data need 
to be interpolated horizontally and vertically to the height-based SLEVE coordinate system 
used by ICON. A linear interpolation was used to generate hourly data for boundary conditions 
from the CAMS fields which have a 3h temporal resolution. 

The fields for meteorological parameters are initialised daily by using DWD's operational data. 
The atmospheric CH4 concentrations are initialised with the CAMS data only for the first day 
and then propagated using the ICON-ART Limited Area Mode. 
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To run a simulation setup with hourly output for longer time periods, the Basic Cycling 
environment (BACY) tool is used. 

 

 
Figure 29: Example CH4 concentration output of the ICON-ART forward run in limited area 
mode fed by CAMS boundary conditions and CAMS emissions for the lowest model level. 

  
3.4.1.2 Prior fluxes 

We use anthropogenic greenhouse gas emissions provided by Copernicus/TNO (CAMS-
REG-GHG_v5_1_emissions_year2018.nc). As they are on a different grid, we have to 

preprocess these emissions to use them in the ICON model. They need to be mapped onto 
the ICON triangular grid in a mass-conserving manner. The emissions within a single 
ICON grid cell are summed up and assigned to the latitude and longitude of the ICON 
cell midpoint (see Figure 30). For the results presented here, we considered time-
constant fluxes. 

 

Figure 30: Preprocessing from the TNO grid to the ICON grid conserves mass. 
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3.4.1.3 Assimilated observations 

For the inversion we use hourly in-situ methane concentration observations from 19 ICOS 
stations available from the ICOS-Portal. The stations that provide data for summer 2018 
include ICOS towers with multiple sampling heights and are listed in Table 10. Importantly, 
the selection of 19 stations was made only for a minimal test case as more dataðincluding 
the ICOS obspack stationsðare available and currently being integrated in our inversion 
system. 

 

3.4.2 Data assimilation and inversion concept 

The general framework that is being implemented at DWD is designed as a weakly-coupled 
GHG data assimilation scheme combining meteorology and GHG concentrations. It combines 
the three tasks of (1) describing the current meteorological state of the atmosphere, (2) 
describing GHG concentration fields in the atmosphere, and (3) estimating the GHG fluxes. 
GHG concentrations and fluxes are assimilated jointly, but the meteorological state is treated 
separately (see Figure 31). The ensemble-based approach builds upon the data assimilation 
system used for the numerical weather prediction (NWP) at DWD. 

Each ensemble member in an ICON-ART run consists of both the meteorological and 
concentration/flux fields. For each ensemble member, the output (first guess) is split into two 
parts: the meteorological fields and the part containing the concentrations/fluxes. Each part is 
separately presented as an input to the meteorological and GHG data assimilation systems, 
respectively. Each of these two systems generates a new meteorological and GHG analysis 
ensemble. The ensembles are then merged together (thereby maintaining the previous one-
to-one relationship among the members) to set up the ensemble for the next ICON-ART run. 
This procedure is cyclically repeated. 

 

 

Figure 31: The weakly-coupled GHG data assimilation scheme (here with an illustrative 
ensemble size of five). 

 

3.4.2.1 General data assimilation setup 

We now take a closer look at the blue ñGHG DAò block of Figure 31. In a first implementation, 
the GHG data assimilation system will be based on the OmniVAR with different realisations of 
the B-matrix. Moreover, the OmniVAR is to be extended in such a way that the simultaneous 
treatment of the flux inversion problem is possible. 

The OmniVAR is part of DWDôs Data Assimilation Coding Environment (DACE) and was 
designed for a generic and efficient treatment of the minimization part which is common for 
most variational algorithms for data assimilation: Determine the analysis xa as best state 
approximation by minimising the distance to a first guess xb and the deviation from 
observations y, i.e., 
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with observation operator H, background error covariance matrix B and observation error 
covariance matrix R. Setting the gradient of the expression in brackets to zero, the solution 
can be obtained in two steps (as done for 3DVar and EnVAR): First, solve 

 

for z and then do the post-multiplication 

. 

Moreover, the OmniVAR provides a framework for the whole variational data assimilation 
setup by defining interfaces to other parts of the DACE code and preparing code templates, 
data structures and procedures for the post-multiplication as well. 

 

3.4.2.2 Extensions to GHG data assimilation and flux inversion 

So far, the state vector x for atmospheric data assimilation only contained atmospheric 
variables which were chosen to provide the NWP model with initial values. Of course, these 
initial values should represent the atmospheric state as accurately as possible (being the main 
goal of atmospheric data assimilation). Now, as we are also interested in flux inversions, the 
state vector is extended as described in the following lines. 

We consider a fixed point in time. Let xc denote the concentration of a GHG species in the 
atmosphere and let xe denote the fluxes (e.g. emissions) from the Earthôs surface in some 
bounded domain. We introduce 

 

as state vector (with some natural numbers nc, ne > 1) and observe that its background error 
covariance matrix takes the form 

 

where Bcc and Bee describe the background error covariance matrices for the concentration 
and fluxes, respectively, and Bce = BT

ec describe the covariances between concentrations and 
fluxes mutually. Furthermore, we observe that the fluxes do not have a direct impact on the 
observations, but indirectly via the concentrations built up so far. As a consequence, the 
observation operator takes the form  

 

with 

 

being the linear interpolation operator which maps the species concentration to the pointwise 
spatial locations of the observations; and for the observation error covariance matrix we have 

. 

Now, by substituting the quantities with their vector counterparts, the update equation reads 
























































































































































