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Summary

One of the main objectives of EYE-CLIMA is to use the atmospheric inversion methodology, which
can be used to estimate the surface-atmosphere fluxes of various greenhouse gases, to verify and
support National Greenhouse Gas Inventories (NGHGISs).

By carrying-out long-term atmospheric inversions of the three most important GHGs, carbon dioxide
(CO,), methane (CH4) and nitrous oxide (N,O) for Europe, EYE-CLIMA aims to support the monitoring
of emissions for European Union countries (EU27) plus the United Kingdom, Switzerland, and Norway
(EU27+3) and provide valuable information for the assessment of emission mitigation policy.

For CO,, only land biosphere fluxes are optimized in the inversions i.e., net ecosystem exchange
(NEE), while for CH4 and N,O fluxes from all sectors are optimized. This report provides details on
inversions performed for CO,, CH4, and N0, and is a precursor to a second report (due in 2025), in
which the inversions will be run from 2005 to at least 2023.

The inversions of CH4 and N,O are at weekly and monthly temporal resolution, respectively, while for
CO,, the inversions have a temporal resolution of monthly with a sub-daily time step of 6 hours to
allow the diurnal cycle in CO; fluxes to also be optimized. These inversions are based on observations
from ground-based sites (e.g., from ICOS, INGOS, GAW, and NOAA networks) with long-term records
for consistency overall years. For CO,, additional inversions were performed using satellite
observations from OCO-2. For the inversions, prior flux information is obtained from Work Package
2, along with other global emission estimates. Inversions are computed with two different inversion
frameworks: the Community Inversion Framework (CIF) combined with CHIMERE and FLEXPART for
CO, and N;O respectively, and CTDAS-TM5 for CHs. The boundary conditions for the regional
simulations are global optimized fields of mixing ratios, choosing the product for each species that
contributes the least error.

The spatial resolution of CO, and N;O fluxes are 0.5°x0.5° and for CH,it is 1°x1°. Presently, CO;
inversions using surface measurements have been performed for the period 2005-2022 while the
inversions using satellite observations have been conducted for the period 2015-2019. For N,O and
CHa, the inversions are performed for the period 2015-2020 and 2016-2021 respectively.

For CH,, the optimized fluxes resulted in a notable improvement in the agreement with the
observations and indicated a 24.6% increase in annual emissions compared to prior estimates, largely
driven by larger anthropogenic sources. Emissions were concentrated in central and southern Europe,
with a strong emission peak in the land biosphere source in late summer and a maximum in the
anthropogenic emissions in August.

For N0, the forward transport model run with the optimized fluxes showed an improved agreement
with the observations compared to using the prior fluxes. The inversion resulted in increased
emissions in the Netherlands, Germany, and the UK, while decreases were observed in parts of France
and Southern Europe. The emissions also displayed a seasonal cycle with a maximum in early
summer. These preliminary inversions also indicate higher emissions in 2019 and 2020 compared to
earlier years.

For CO,, the inversions using surface measurements and OCO-2 satellite observations both
significantly improved the fit between the simulated and observed CO, concentrations. European
ecosystems act as CO; sinks, though there remains variability in the annual estimates of the terrestrial
ecosystem fluxes, mainly due to uncertainties in the atmospheric transport modeling and boundary
conditions. These results highlight the need for further refinement of NEE estimates.




DELIVERABLE 3.1 | PUBLIC

TABLE OF CONTENTS

DOCUMENT HISTOTY ...ttt ettt e e ekt e e e et e e e e e e e e e e e e anneeeenan 2
SUIMIMIBIY ettt ettt e e e e oot e et e e e e e s e bt e e ettt e e e e s s aa kb bbb e et e e e e s e e nnb bbb e e et e e e e eesannnbrnneeeeeeeaaanns 3
A Y[ 1 g ToTe (o] o Te VAN OO T PP PPPPR 6
2.1 INVEISION FraMEWOIK ... .eiiieiietieiieteet ettt st sttt st st s senesnesr e e e enneenneeas 6

0 Y FeTo =Tl [Ty ol T 1 4 o] o -3 PRSPt 7
2.2.1. The Community Inversion Framework (CIF) ......cociieeiiiie ettt e 7
2.2.2. CTE-CHA ..ttt ettt b e b e be e s bt e she e sae e s aeesmeesbe e s heesaeesabesatesmteemeesaeesnnenas 7

T OO T 141 =] 57 0] o O PP PPPPR 7
3.1 Inverse modelling system and experimental framework.........cccoecveeiiiiiiicciie e 8

3.1.1 Configuration of the regional CHIMERE chemistry-transport model for the simulation of

(10 PR o] L=l (=Yoo o I AV gl LU o o 1SS 8
3.1.2 CO2 boundary CONAITIONS ....ccccuiiieeiiiie it eectee et e e e s e e e e sbe e e e s rae e e e sabeeeesnneeas 8
3.2, PrIOF fIUXES ettt ettt st ettt ettt ettt e st e s bt s bt e e bt e e be e e ebte e s b e e s abeeebeeebaeeneeesareenares 8
3.2.1 Prior estimates of the CO; land ecosystem fluXeS.........ceeviiieciiiiieie e 8
3.2.2 Other CO2 SUMACe fIUXES ....coiiiiieieeieeteeeee ettt st st 9
3.3, OBSEIVATIONS ...ttt ettt et sb et st st st sae e be e s ae e st sane s ab e st e neesanenane e 9
3.3.1. Near-surface in-Situ MeaSUIrEMENTS ......c.ceiiiiiiiiiieiie ettt ettt sreesbe e sbeeenee s 9
3.2.2. OCO-2 satellite 0bSErvations ........cceeeieeeiiieiie et s be e e 11
3.4. The iNVersion frameWork ..ot 12
Rt I = o 1= 10 1= | £ PPPPPPPPPPPR 13
3.5.1. Fit to the assimilated ObSErvations ..........cccceerieiiriierieee e 13
3.5.3. Seasonal cycle of the EU27+UK NEE budget .........coooviiiiiriiiiiiiiee et 16
3.5.4. Long-term mean of the annual EU27+UK NEE budget.........cccvvveiiiiicciiiiee e, 17
4. CHa INVEISIONS ...tttk ettt e ettt e st e e e bt e st et e sab et e s e e e naneeennneean 18
I 1 V=T ] T ] Y= AT =SSOSR 18
A.2 PLIOE FIUXES ettt ettt ettt e s bbb e s b e s bt e s b e e s aeesae e smeesmeesbeesbeesanenaeenaee 19
4.3 ODSEIVATIONS c.evieeiee ettt ettt sttt ettt et st e st e e sabe e sbe e e sabeesab e e s abeesabeesabe e e hbeeshbeeaabeesabeesbeeeneenn 19
B RESUIES ..ttt sttt e bt e e he e e s et e sa b e e s be e e re e e nne e e nnee e s aree s reeereean 21
4.4.1 Comparison of modelled and observed atmospheric CHs mole fractions.........ccccccecuveenne. 21
4.4.2 Spatial distribution of prior and posterior emMissioNS........cccccveeveiviieeeciiee e e 21

4

This project has received funding from the European Union’s Horizon Europe
research and innovation programme under grant agreement No 101081395




DELIVERABLE 3.1 | PUBLIC

4.4.3 Annual and monthly emission estimates .......cccuveeeri it 23

5. N2O INMVEISIONS ...ttt ekttt e e e st e e ab e e e sbb e e e e e e e nnn e e e snneeaas 24
5.1 Inversion framework and transport MOdel ..........ooccvviieiiiiiiciieeeecee e e 24
5.4.1 Modelled and observed atmospheric N;O mole fractions........cccceeeecieeivcieeicciee e, 27
5.4.2 Spatial distribution of prior and posterior @misSioNS..........ccccvvieeieiierciiiiieeee e 30

6. Deviations from the Description of ACION ...........ccoovvviiiiie e 31
A ©Xe] 1 [ [V ] (o] o I PP PP PP PPPPPPUPPRRT 31
8. REIBIEINCES. ...ttt e e 33
5

This project has received funding from the European Union’s Horizon Europe
research and innovation programme under grant agreement No 101081395




DELIVERABLE 3.1 | PUBLIC

1. Introduction

To mitigate global warming, the emissions of greenhouse gases (GHGs) need to be reduced. Up to
present, the standard method to monitor GHG emissions has been the use of national greenhouse gas
inventories (NGHGIs), which are typically compiled using activity data and emission factors. However,
NGHGIs contain uncertainties due to uncertainty in the emission factors as well as in the activity data.

One of the main objectives of EYE-CLIMA is to provide independent verification of NGHGIs by developing
top-down methods based on atmospheric inversion to a level of readiness where they can be used to
determine emissions at national and sub-national scales.

This deliverable presents the first atmospheric inversion results for the three main GHGs, carbon dioxide
(CO,), methane (CH.) and nitrous oxide (N.O) for Europe, and is a precursor to the final inversions,
which will be run from 2005 up to at least 2023. This long timeseries of observation-based emissions
estimates will provide valuable information on the trends in the emissions and help support policy
decisions regarding emission mitigation.

Atmospheric inversion is a way to use atmospheric observations, e.g., mixing ratios of GHGs, to estimate
surface-atmosphere fluxes and their uncertainties. The method involves using an atmospheric chemistry
transport model (ACTM) to relate an existing independent estimate of the fluxes (the prior estimate) to
atmospheric mixing ratios and to determine the model-observation error. This error is then used to
update the prior estimate by effectively inverting the transport to relate the difference in mixing ratio to
a difference in flux.

The 0.5°%0.5° resolution inversion used in this deliverable (except for CH,4 for which 1°x1° resolution
has been used) is assumed to be sufficient to reliably estimate the annual country totals for mid to large
European countries, is indeed the typical resolution of inverse systems for estimating GHG budgets at
the European scale. Moreover, due to the sparsity of observations in the 2000s and up to the start of
the ICOS network, it is not possible to reliably constrain the emissions at higher resolution over the
entire target time period. As a primary step towards the long-term inversions (from 2005 to at least
2023), preliminary CO,, CH4 and N;O inversions have been run, which cover a shorter time period, but
provide a good indication of how well the inversions over the whole time period will perform.

2. Methodology

Atmospheric inversions work by relating the difference between prior modelled and observed mixing
ratios to a correction to the prior flux estimate. In other words, the method minimizes the following cost
function J(x) with respect to the state vector x:

J@) =2 (x = x,) "B (x — x) + 2 (H(x) =) TR (H(x) — y) (1)

Here, x represents the state vector of model variables, x, is the initial guess or prior state vector, B
denotes the background error covariance matrix reflecting uncertainties in x, y is the vector of observed
data, H(x) is the observation operator mapping x to the observation space, and R is the observation
error covariance matrix accounting for uncertainties in y. The first term on the right-hand side of Eq. 1
accounts for deviation from the prior state x, and second term represents the observational constraints
on the prior fluxes.

To minimize J(x) in CIF-CHIMERE and CIF-FLEXPART, the gradient VJ(x) is computed as:
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Vj(x) =B~ (x —xp) + H'()RT'(H(x) — y) (2)

The conjugate gradient algorithm (Lanczos, 1950) utilizes VJ(x) to iteratively update x, continuing until
the gradient norm falls below a predefined threshold or a maximum number of iterations is reached. In
CTDAS-TMS, J(x) was minimized using ensemble Kalman filter with 500 ensemble members. (Evensen
2003, Peters et al., 2005).

The Community Inversion Framework (CIF) (Berchet et al. 2021) has been used with the atmospheric
transport models, CHIMERE and FLEXPART, for inversions of CO, and N,O respectively. For CHs, the
atmospheric inversion framework, CarbonTracker Europe - CH4 (CTE-CH4) (Tsuruta et al. 2017) was
used.

2.2.1. The Community Inversion Framework (CIF)

The CIF is an open-source Bayesian inversion framework, which was developed under the previous
Horizon Europe project, VERIFY. The concept of the CIF is to have a community inversion framework
that can be interfaced with multiple atmospheric transport models to enable a consistent inter-
comparison of inversions run with different transport operators (Berchet et al. 2021). The CIF has been
interfaced with the Lagrangian particle dispersion model, FLEXPART, as well as the regional Eulerian
model, CHIMERE, which are used in EYE-CLIMA. Work is also underway to interface CIF with the TM5-
MP model, which is also used.

2.2.2. CTE-CH4

We used the global atmospheric inversion model Carbon Tracker Europe - CHs (CTE-CH,4, Tsuruta et al.,
2017) with TM5 transport model to estimate methane (CH4) emissions in Europe and globally. CTE-CH,4
framework uses the ensemble Kalman filter approach, which readily provides the flux uncertainties
based on the ensemble of flux estimates. CTE-CH,4 estimates CH4 emissions at a 1° x 1° resolution over
Europe at a weekly temporal resolution and optimises anthropogenic and natural emissions separately.
Set-up of the model was close to that applied in e.g. Tenkanen et al. (2023).

3. CO. inversions
This section describes the preliminary inversions of the CO. land ecosystem fluxes in Europe.

The preliminary inversions cover the period 2005 to 2022 and have a 0.5°x0.5° resolution. They rely on
a configuration of the CIF-CHIMERE inversion system and on an input database, which are mostly
inherited from past projects, but which include the use of estimates of the terrestrial ecosystem fluxes
from the first ecosystem model simulations run in the frame of EYE-CLIMA. Different CO, inversion
results have been derived with this inversion configuration by using different CO, terrestrial ecosystem
flux simulations in input, and by assimilating surface (mainly from ICOS sites) or satellite (NASA/JPL
0CO-2) observations.

This section details the 0.5°x0.5° resolution CIF-CHIMERE inversion configuration, the datasets used for
these preliminary inversions experiments and the analysis of the system behaviour and of the resulting
land ecosystem flux estimates. In line with the objective of these inversions, which should provide a
benchmark for further developments and analysis in EYE-CLIMA, the presentation focuses on general
patterns of the spatial variability of the corrections applied to the prior terrestrial ecosystem fluxes from
surface and OCO-2 observations, on the seasonal cycle and on the long-term mean, trends and inter-
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annual variability of annual NEE budget for the European Union + UK area (EU-27+UK), i.e., on the type
of general diagnostics analysed in recent inter-comparisons of European scale inversions (Monteil et al.,
2020, Thompson et al., 2020, McGrath et al., 2023).

The inversion provides estimates of the Net Biome Productivity (NBP). The final land natural flux estimate
from the inversion is mainly complemented by anthropogenic emissions from fossil fuel and by ocean
fluxes (even though also by anthropogenic emissions from biofuel combustion), which are not optimised
by the inversions, in the transport model when fitting the CO, atmospheric observations. Furthermore,
it derives NBP by correcting a prior estimate of the land ecosystem fluxes given by NBP from ecosystem
model simulations. However, following the traditional labelling in atmospheric inversions, and since the
characterization of the uncertainty in this prior estimate is derived from information about the
heterotrophic respiration and from studies comparing ecosystem models to ecosystem flux eddy
covariance measurements, we will call it Net Ecosystem Exchange (NEE). The main problem for labelling
the fluxes derived by the inversions is the ambiguity raised by ignoring fluxes to the atmosphere from
inland waters and from harvested wood and crops. McGrath et al., (2023) removed such fluxes from
the inversion results for comparisons to ecosystem model simulation of the net CO, ecosystem fluxes.
Those components will be explicitly accounted for in the future series of reference inversions in D3.2
due in M28 to remove such an ambiguity.

The inversion system relies on the coupling between the variational mode of the Community Inversion
Framework (CIF, Berchet et al., 2021), the regional chemistry transport model CHIMERE (Menut et al.,
2013; Mailler et al., 2017) and the adjoint of this model (Fortems-Cheiney et al., 2021b). The specific
configuration used here for the inversion of the CO, land ecosystem fluxes in Europe is very close to
that developed in the frame of the H2020 VERIFY project and documented in McGrath et al. (2023).

3.1.1 Configuration of the regional CHIMERE chemistry-transport model for the simulation of
CO, mole fractions over Europe

At the time scales considered in this study CO, is considered as a passive tracer. Consequently, when
using the CHIMERE CTM and its adjoint code, here, only the atmospheric transport modeling
components are used, and the chemistry modeling components are disactivated. The CHIMERE domain
for Europe covers latitudes 31.75-73.75°N and longitudes 15.25°W -34.75°E with a 0.5°x0.5° horizontal
resolution and 17 vertical layers up to 200 hPa. Meteorological forcing for CHIMERE is generated using
operational forecasts from the Integrated Forecasting System (IFS) of the European Centre for Medium
Range Weather Forecasting (ECMWF).

3.1.2 CO, boundary conditions

Initial, lateral and top conditions for CO, concentrations at the boundaries of the model and at the
simulations initial times are generated from the latest Copernicus Atmospheric Monitoring Service
(CAMS) global CO; inversions (v22r1) assimilating surface data (Chevallier et al., 2005; Chevallier et al.,
2010). This global inversion product is also used to complement the vertical columns of CO, above the
top boundary of CHIMERE when comparing the model to XCO, observations.

Different tests have been performed with or without controlling the initial and lateral conditions.

3.2.1 Prior estimates of the CO; land ecosystem fluxes

The principle of the inversion is to correct a priori estimates of the net land ecosystem flux maps later
referred as “prior" fluxes. Here, two different alternative prior estimates have been used, both coming
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from simulations with the ORCHIDEE terrestrial ecosystem flux model (Krinner et al., 2005). These two
simulations differ in terms of atmospheric forcing:

- the "CRUJRA" prior NBP, from a global ORCHIDEE simulation, provided at a 0.5° resolution from
2005 to 2022 in the framework of the TRENDY model-intercomparison project (Sitch et al., 2015;
Friedlingstein et al., 2022)

- the "CRUERA" prior NBP, from a European scale simulation run from 2005 to 2022 in the frame of
the EYE-CLIMA project, with a dedicated forcing at the spatial resolution of 0.125°. This prior is
described in the Deliverable D2.3 of the EYECLIMA project.

These two priors can present local differences (Figure 3.1) but provide similar seasonal cycles (Figure
3.7) and similar annual budgets (Figure 3.8).

We have aggregated these prior fluxes at the 0.5°x0.5° horizontal resolution of the CHIMERE grid.
3.2.2 Other CO; surface fluxes

The other component of CO; fluxes from ocean and anthropogenic activities are fixed throughout the
inversion. We have aggregated these fluxes at the 0.5°x 0.5° horizontal resolution of the CHIMERE grid.

The anthropogenic fossil fuel and biofuel CO, emissions (Gerbig and Koch, 2023) are derived from the
spatial distribution of the Emissions Database for Global Atmospheric Research EDGAR-v4.3 inventory
(Janssens-Maenhout et al., 2019), on national and annual budgets from the BP (British Petroleum)
statistics 2023, and on temporal profiles at hourly resolution derived from the TNO-MACC inventories,
following the COFFEE approach (Steinbach et al., 2011). The data is provided from 2005 to 2022 at
0.1°x0.1°horizontal resolution and hourly temporal resolution. For the Deliverable D3.2 at month M28,
inversions will be performed with anthropogenic emissions from the EDGARv8 inventory, as
recommended by WP2.

The estimate of sea/ocean fluxes within the CHIMERE domain is based on a hybrid product combining
the coastal ocean flux estimates from the University of Bergen and a global ocean estimate from MPI-
BGC-Jena (Rddenbeck et al., 2014; McGrath et al., 2023). The data is provided from 2005 to 2020 at a
0.125°x0.125° horizontal resolution and at daily temporal resolution.

Some CO; flux components are ignored in both these CHIMERE simulations and preliminary CIF-
CHIMERE inversions: the biomass burning fluxes, and the fluxes associated to human/animal respiration,
wood decomposition and lake/river outgassing. As stated above, these fluxes should be handled in a
suitable way in the future series of reference inversions in D3.2.

All assimilated observations correspond to dry air mole fractions of CO..

3.3.1. Near-surface in-situ measurements

The inversion assimilates measurements of CO, mole fraction from the European Obspack compilation
of atmospheric carbon dioxide data from ICOS and non-ICOS European ground based continuous
measurement stations for the period 1972-2022 called “obspackco2466GLOBALVIEWplusv8.02023-03-
30” (ICOS Rl et al., 2023). ICOS-labelled stations have provided CO, data since 2015. The database also
includes measurements from non-labelled sites for the full period of inversion. However, before 2015,
the data coverage is relatively sparse (Figure 3.2). Following usual observation selection strategies
(Broquet et al., 2013, Monteil et al., 2020) the inversion assimilates 1-hour averages of the measured
CO, mole fractions during the time windows 12:00-18:00 UTC for low altitude stations (below 1000
masl) and 0:00-7:00 UTC for high altitude stations (above 1000 masl). When several levels of
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Figure 3.1: NBP annual gridded budgets from a) the CRUJRA and b) the CRUERA ORCHIDEE priors in PgC/year. c)

Relative differences between the CRUJRA and the CRUERA ORCHIDEE priors in %, for 2005.
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measurements are available at a given station, the inversions assimilate the data from the highest level
only.

3.2.2. OCO-2 satellite observations

The inversion alternatively assimilates the relatively high-resolution satellite total column CO, mole
fraction (XCO,) observations from the 0CO-2 NASA-JPL mission (the v11 dataset). The OCO-2 satellite
carries high-resolution spectrometers that return high-precision measurements of reflected sunlight
received within the CO, and O, bands in the short-wave infrared spectrum (Crisp et al., 2012) and flies
on a 705 km sun-synchronous orbit with a 16-day (233 orbits) ground track repeat cycle. The nominal
footprint of the 0CO-2 ground pixels is 1.29 x 2.25 km? (across x along track) at nadir, with a cross-
track swath width of about 10 km. We only consider “good” retrievals as identified by the XCO, quality
flag of the product.

Although the biases in OCO-2 over the ocean acquired in glint mode have been substantially reduced
since the initial version 7 (O'Dell et al., 2018), Chevallier et al. (2019) claimed that the assimilation of
0CO0-2 ocean observations still produced unrealistic results in their global atmospheric inversions. They
are therefore not considered in this study. After this selection, all individual observations are assimilated
and compared to their corresponding horizontal grid-cells in CHIMERE (i.e. to the CHIMERE CO, vertical
column in this horizontal grid cell), defined for a given observation as that containing the centre of the
ground projection of the 0CO-2 pixel at the observation time: there is no aggregation of the observations
at the model resolution. The average number of observations per month in the model 0.5° resolution
grid cells in 2015 is shown in Figure 3.3., illustrating the higher coverage over Southern Europe than in
Northern Europe during the whole period of observation.

25

ppm

Figure 3.3: Average number of OCO-2 observations per month, in the model 0.5° resolution grid cells, in 2015.

As described in Section 3.1.2, the CAMS global CO; inversions are used to complement the vertical
columns of CO, above the top boundary of CHIMERE when comparing the model to XCO, observations.
To make suitable comparisons between simulations and satellite observations, the vertical profiles of
CO, mole fraction in the corresponding atmospheric columns of the model simulations are first
interpolated on the satellite CO. retrieval levels (with a vertical mass-conserving interpolation on
pressure levels). Then, the appropriate simulated XCO, values are computed using both the OCO-2
averaging kernels and prior estimates provided in the OCO-2 retrieval product. As an example, the
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a) 0COo2 b) CHIMERE PRIOR c) BIAS PRIOR

ppm

Figure 3.4: Comparison between the OCO-2 XCO, observations and the corresponding CHIMERE XCOZ2 simulations in
2015: averages over the year of the XCO, values per grid cell of the model (observations, prior and posterior simulations,
and differences), in ppm.

average of the OCO-2 observations for the year 2015 is presented in Figure 3.4a while the average of
the simulated XCO, values corresponding to these observations are presented in Figure 3.4b.

3.4. The inversion framework

The inversions of CO, NEE estimates consist in correcting the "prior" estimate of these fluxes (taken as
the NBP from the ORCHIDEE simulations, see Section 3.1.3) to derive a “posterior” estimate with an
improved fit between CHIMERE and the surface measurements of CO, mole fractions or XCO; satellite
observations. Series of independent 13-month inversions have been performed to provide a posterior
estimate of NEE since 2005 when using the surface measurements or since 2015 when using the
satellite data. These 13-month inversions target individual years y, beginning on December 15th of the
year y-1 and ending on January 15th of the year y+1 (to account for the lag-time between observations
and the fluxes which impacted them, and for the temporal correlations of the prior uncertainties (see
below), which connects observations at a given time to fluxes few weeks before or after), and we retain
their results over the period January 1st to December 31st only when combining all results into time
series of flux maps.

The inversion optimizes 6-hourly mean NEE fluxes at the 0.5°%0.5° resolution of CHIMERE. The
uncertainty covariance matrix associated to the prior estimate of NEE is specified using the ORCHIDEE
heterotrophic respiration, similarly to what is classically done in CO, inversions over Europe (Broquet et
al., 2011; Monteil et al., 2020). Following the diagnostics of Kountouris et al. (2015), the temporal and
spatial correlation scales for the uncertainty in the prior NEE (the prior uncertainty) are set to ~1 month
and 200 km, with no correlation between the four 6-hour windows of the same day. Different tests have
been performed with or without controlling the model initial and lateral boundary conditions.

The observation error covariance matrix characterizing the transport model, CO, measurement and XCO,
retrieval errors is set-up to be diagonal, ignoring the correlations between errors for different hourly
averages of the CO, measurements (which has been justified by the analysis of Broquet et al., 2011), or
between errors for different XCO, observations. The variance of the observation errors corresponding
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to individual observations correspond to the Root Sum Square of the observation error values provided
in the observation products and of values assigned to characterize the transport model error.

About 12 iterations are needed to reduce the norm of the gradient of the cost function J by 95% with
the M1QN3 limited-memory quasi-Newton minimisation algorithm that we use (Gilbert and Lemaréchal,
1989).

3.4.1. Experiments

The different inversions performed in this study are presented in Table 3.1. Inversions using surface
measurements without and with controlling the boundary conditions have been respectively performed
for the period 2005-2019 and 2005-2022. The inversions using satellite observations have been
conducted for the period 2015-2019.

3.5.1. Fit to the assimilated observations

The reduction of the misfits between the simulation and the assimilated observations due to the
corrections applied by the CIF-CHIMERE inversions to their prior estimate of the NEE is illustrated in
Figure 3.4, in Figure 3.5 and in Table 3.2. Figure 3.5 presents time series of the monthly average of the
CO, mole fractions for one low-altitude station (OPE, located in north-eastern France) and one high-
altitude station (JFJ, located in Switzerland) over the year 2015. The two inversions "CRUJRA surface"
and "CRUERA surface" lead to a similar improvement of the fit to the assimilated surface observations
(Figure 3.5). As an illustration, when taking the hourly observations of all the stations into account, the
reduction (from the prior to the posterior simulations) of the monthly RMS misfits between simulated
versus measured hourly CO. during the assimilation windows is about 49%, 51% and 48%, respectively
for the "CRUJRA surface", "CRUERA surface" and “CRUERA surface inibc” inversions, in July 2015 (Table
3.2). The reduction of the bias between simulated versus measured CO, reaches about 90%, 89% and
92% respectively, in July 2015 (Table 3.2).

Table 3.1: Description of the inversions performed in this study.

Control of the initial

Name Period NEE Prior inventory | Observations and lateral

conditions
CRUJRA surface 2005-2019 ORCHIDEE CRUJRA surface No
CRUJRA 0CO-2 2015-2019 ORCHIDEE CRUJRA 0C0-2 No
CRUERA surface 2005-2019 ORCHIDEE CRUERA surface No
CRUERA 0CO-2 2015-2019 ORCHIDEE CRUERA 0C0-2 No
CRUE?rﬁbi”rface 2005-2022 | ORCHIDEE CRUERA surface Yes
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Figure 3.5: Time series of monthly averages of the CO, mole fraction corresponding the assimilated observations from one
low-altitude station (OPE, top) and one high-altitude station (JFJ, bottom) over the year 2015: measurements (grey dots) and
prior (green)/posterior (orange) simulations in the inversions assimilating surface data. The CHIMERE simulations and
inversions use the ORCHIDEE CRUJRA (left) or the ORCHIDEE CRUERA NEE prior (right).

Table 3.2: Statistics on the performance of the CHIMERE CTM compared to assimilated mole fraction
measurements, before and after the inversions. Mean prior, posterior and relative difference (RDiff) of
determinant coefficient (R?), Root mean squared error (RMSE) and bias, considering all the surface
stations available in July 2015.

Inversion R? RMSE (ppm) Bias (ppm)
prior post rdiff prior post rdiff prior post rdiff
CRUJRA 0.37 0.55 0.48 6.12 3.02 -0.49 4.29 0.41 -0.90
surface
CRUERA 0.38 0.52 0.36 6.19 3.18 -0.51 4.54 0.5 -0.89
surface
CRUERA
surface 0.38 0.55 0.44 6.19 2.99 -0.48 4.54 0.35 -0.92
inibc
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3.5.2. Spatial variability of the annual corrections applied to the prior terrestrial ecosystem fluxes
from surface and OCO-2 observations

Figure 3.6. presents maps of the annual corrections provided by the inversions to the ORCHIDEE
CRUERA prior estimates when assimilating surface and OCO-2 observations from 2015 to 2019. A
common pattern from the inversions assimilating surface observations is positive corrections over
Switzerland, southern Germany and over Poland. The positive increments over Switzerland, and
southern Germany seem to be mainly due the underestimation of the CO, mole fractions in the prior
CHIMERE simulations compared to the surface measurements at the BRM station in winter and spring.
The inversions using OCO-2 satellite data as observations only present annual negative correction to the
prior estimates.

CRUERA prior CRUERA surface posterior -prior CRUERA surface inibc posterior -prior CRUERA OCO2 posterior - prior
10°W ) 10°E  20°E 0°F 10°W y 10°E  20°E C 10°W  ( 10°E 2

0 0°F

0.00100
0.00075
0.00050
H 0.00025
H 0.00000
H —0.00025
-0.00050
-0.00075

PgClyear

-0.00100

ol

S

CRUERA OCO2 posterior - prior

0 0°E

0.00100
0.00075
0.00050
H 0.00025
H 0.00000

PgClyear

H —0.00025
-0.00050
-0.00075

-0.00100

S

CRUERA prior CRUERA surface posterior -prior CRUERA surface inibc posterior -priol
10°W 0 10°E  20°E  30°E 10°W 0 10°E 20°E  3(

0.00100
0.00075
0.00050
H 0.00025
H 0.00000

PgClyear

H —0.00025
H -0.00050
-0.00075

-0.00100

-1

CRUERA surface inibc posterior -priol
10°W 0 10°E  20°E 3

0.00100
0.00075
0.00050
H 0.00025
H 0.00000

PgClyear

H —0.00025
H -0.00050
-0.00075

-0.00100

-1

CRUERA surface inibc posterior -priol
10°W 0 10°E  20°E 3

0,001
4bdb7
0.0005
6.0002
00000
~0.00
78909

~-0.000

0.00100
0.00075
0.00050

0.001 0.001
40db7, z 0.0007
0.0005
60002
0.0000
20009
78909
-0.000

0.0005!
0.0002]
0.0000f

H 0.00025
H 0.00000

PgClyear

-0.000y
-0.000)
~0.000)

H —0.00025
H —0.00050
-0.00075

-0.001 —0.001! -0.001! -0.00100

Figure 3.6: Maps of the ORCHIDEE CRUERA prior estimates and of the annual corrections provided by the inversions to these
priors when assimilating surface or OCO-2 observations, in PgC/year, from 2015 (top) to 2019 (bottom).
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3.5.3. Seasonal cycle of the EU27+UK NEE budget

Figure 3.7 presents times series of monthly estimates of the CO, NEE from prior and posterior estimates
from surface and satellite observations, from January 2015 to December 2019 for the European Union
(EU27) + UK area. In terms of magnitude of the fluxes, all the inversions increase the CO, uptake in
spring and contrarily decrease the CO, emissions in autumn and winter compared to the ORCHIDEE
prior estimates.

Similar seasonal cycles are obtained from the different inversions, all of which shift the CO, maximum
to later in the year compared with the ORCHIDEE priors. The priors both present a CO; positive maximum
in October (excepted in 2015 where the positive maximum occurs in November) while the posterior
estimates from surface inversions indeed rather often show the CO, positive maximum in November
(even in December in 2017). A similar 1-month gap is generally found with the inversions assimilating
satellite data (Figure 3.7).

The prior and the posterior estimates from the OCO-2 observations agree for identifying the CO, peak
uptake in May (excepted in 2015 where the peak uptake occurs in April for the ORCHIDEE prior). This
timing is not confirmed by the surface inversions, showing the CO, peak uptake in June (Figure 3.7).

The NEE alternates between being a neutral flux and a positive net CO, source between July and February
in the ORCHIDEE priors while the corresponding period often occurs between September and
February/March in the posterior estimates from surface and OCO-2 inversions. This high positive NEE
found by ORCHIDEE at the end of the summer (>0.10 PgC per month in August and September) was
already contradicted in Monteil et al. (2020), the median of the ensemble of inversions from their study
estimating the NEE at ~0.04 Pg C per month in these two months. In our estimates from surface and
0CO-2 inversions, the NEE is often >-0.10 PgC for these two months.
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Figure 3.7: Times series of monthly estimates of the CO2 NEE, in PgC/month, from January 2015 to December 2019, for the
EU-27+UK area. Dashed green and orange lines are respectively for the CRUJRA and CRUERA priors while solid lines are for
posterior estimates.
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3.5.4. Long-term mean of the annual EU27+UK NEE budget

From prior estimations of about -0.2 PgC.yr~", the posterior estimates of the NEE average annual budget
for EU27+UK over the period 2005-2019 from the surface inversions without controlling boundary
conditions is of about -0.90 PgC.yr~". We find posterior estimates of the NEE average annual budget for
EU27+UK over the period 2006-2015 of about -0.82 PgC.yr~" and -0.78 PgC.yr~", respectively, for the
"CRUJRA surface" and the "CRUERA surface" inversions. Our system therefore finds the European
ecosystems to be on average a sink of CO, to the atmosphere over our simulation period, consistently
with recent studies (Monteil et al., 2020; Chevallier, 2021; Petrescu et al., 2021; Munassar et al., 2022;
McGrath et al., 2023).

These estimates are not exactly comparable with the estimates of Petrescu et al. (2021) and McGrath
et al., (2023), subtracting the emissions from inland waters (rivers, lakes and reservoirs) and, in the
second case, emissions due to crop and wood consumption, from the inversion results. However, the
net sinks of -0.82 PgC.yr~" and -0.78 PgC.yr~" for the EU27+UK area found from surface inversions
without controlling boundary conditions for the period 2006-2015 are strongly higher than the ones
estimated respectively by the EUROCOM (annual mean of -0.13 PgC) and by the CarboscopeReg (annual
mean of -0.38 PgC) ensembles of inversions in Petrescu et al. (2021). Our surface inversion estimates
also show a trend towards more negative fluxes between 2010 and 2015 (Figure 3.8), which is not seen
in other inversion results (e.g., from the EUROCOM-v2020 and GCP-v2021 ensembles in McGrath et al.,
2023). Then, the sink no longer increases and even slightly decrease between 2015 and 2019 at the EU-
27+UK scale (Figure 3.8), similarly with the global inversions using surface measurements of Chevallier
et al. (2021).

The large range of variability of inversion results in previous studies (e.g., in the EUROCOM ensemble
estimates in Monteil et al. (2020) demonstrates that there is still a very significant uncertainty in the
estimates from surface inversions. The variability seen from the inversion estimates can be explained
by uncertainties inherent to the limitations of the observation network, especially before 2006. It is
however interesting to note that satellite observations provide estimates of the CO, sink relatively
consistent with the estimates from our surface-observation inversions (Figure 3.8).

This variability seen from the inversion estimates can also be explained by uncertainties in the
atmospheric transport modeling and boundary conditions (Petrescu et al., 2021; McGrath et al., 2023).
Our results between 2015 and 2019, from surface inversions that do not control the boundary
conditions, showing a decrease of the CO, NEE sink similarly with the global inversions from surface
measurements of Chevallier et al. (2021) used here for the generation of the initial, lateral and top
conditions for CO, concentrations, indeed suggest that these boundary conditions could be responsible
for the trend in our inversions. Preliminary tests with inversions controlling the boundary conditions
seem to confirm their strong impact on the annual NEE budgets (Figure 3.8): these boundary conditions
should be controlled in the future series of inversions in D3.2 due in M28.

Other additional analyses are also needed to examine the factors controlling the CO, NEE budgets (e.g.,
impact of the resolution, impact of the prior fluxes, impact of the prescribed anthropogenic emissions).
In this context, inversions at the relatively high-resolution of 0.2° are performed and analyzed in D3.3.
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Figure 3.8: Times series of annual prior and posterior estimates of the CO, from the surface inversion, in PgC/year, from 2005
to December 2022 for the EU27+UK area.

4. CH, inversions

For this first deliverable, we used the atmospheric inversion model CarbonTracker Europe - CH4 (CTE-
CH,) (Tsuruta et al. 2017) to estimate methane (CH4) emissions in Europe. The test was carried out with
an established system, because the implementation of TM5-MP to the CIF system was still under
development. In addition, we wanted to test how the use of CIF instead of CarbonTracker Europe - CH,,
which uses CTDAS (van der Laan-Luijkx et al. 2017), affects the inversion model results, meaning we
need to have results from both systems using, for example, the same priors. Thus, a test with CTE-CH,4
was found to be justified. The inversion run extended from 2016 until the end of 2021.

4.1. Inversion settings

In this task, we used the global atmospheric inversion model CTE-CH, to estimate CH, emissions at a
1°x1° resolution over the high northern latitudes and at a weekly temporal resolution using in situ
measurements of atmospheric CH4 concentrations. The system consists of prior flux maps for different
emission sources, the atmospheric chemistry transport model TM5 (Krol et al. 2005), and an ensemble
Kalman filter data assimilation scheme (Peters et al. 2005) with an ensemble size of 500 and a 5-week
lag. TM5 is run at a global horizontal resolution of 4°x6° (latitude x longitude) with a 1°%1° zoom and a
2°x3° intermediate zoom around the 1°x1° zoom grid over Europe (see Tsuruta et al. 2019). TM5 is
driven by 3-hourly ECMWF ERA5 meteorological data (Hersbach et al. 2020). Vertically, TM5 has 25
hybrid sigma pressure levels from the surface to the top of the atmosphere. The monthly atmospheric
sink due to photochemical reactions with OH is based on Houweling et al. (2014) and Cl and O(1D) are
based on the atmospheric chemistry general circulation model ECHAM5/MESSy1 (Joeckei et al. 2006,
Kangasaho et al. 2022). The inversion model did not account for annual variations in atmospheric sinks
and did not optimise atmospheric sinks.

We simultaneously optimised anthropogenic and natural fluxes at a resolution of 1°x1° over Canada, the
USA, Europe and Russia, and regionally elsewhere (see e.g. Tenkanen et al. 2023). The prior
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uncertainties for the anthropogenic and natural fluxes were set to 80% for land fluxes and 20% for ocean
fluxes and assumed to be uncorrelated. Our covariance matrix B is computed as B=D"-C-D (Meirink et
al., 2008) where the diagonal flux uncertainty D assumed to be 80% of the prior flux over land and 20%
over ocean and C is a non-diagonal element that declines exponentially with distance x between grid
cells as exp(—x%/I?). The observational uncertainties R encompass both measurement uncertainty and
the error in modeling the mixing ratios and ranged from 4.5 to 75 ppb for global sites and from 15 to
75 ppb for European sites. The spatial correlation was defined by an exponential decay (Peters et al.
2005), with a correlation length of 100 km between the 1°x1° grid-based optimisation domains, 500 km
over other land domains and 900 km over ocean domains.

We used the same prior CH, emissions as was used in CIF-FLEXPART CH, inversions at 0.2° (D3.3).
Monthly data were used for anthropogenic, biospheric and fire prior emissions, and climatological values
were used for oceanic, geological and termite prior emissions. For anthropogenic emissions, a
combination of GAINS (from WP2) and EDAGR v8 was used. GAINS covered the EU27 countries along
with the UK, Norway and Switzerland. Emissions from regions not covered by GAINS were taken from
EDGAR v8. As biospheric prior emissions, estimates from JSBACH-HIMMELI (WP2) were used. Similar
to anthropogenic emissions, JSBACH-HIMMELI only covered the European domain, so its estimates
were combined with estimates from another process-based model, LPX-Bern DYPTOP v1.4 (Lienert et
al. 2018, Saunois et al. 2024). These biosphere emissions aggregate emissions from peat, inundated
soils and net mineral soil emissions. Emission estimates for fire emissions were obtained from
GFEDv4.1s (van der Werf et al. 2017), excluding agricultural waste burning emissions as these were
already included in our anthropogenic prior emissions. For ocean emissions, we used climatological
estimates from Weber et al. (2019). Geological emissions were taken from Etiope et al. (2019) and
downscaled globally to 23 Tg (best value estimated by IPCC AR6 WG1 report), following the inversion
model protocol of the Global Methane Budget (Saunois et al. 2024). Finally, emissions from termites
were based on the results of Saunois et al. (2020). All prior emissions were converted to the 1°x1°
resolution.

We used observations from a global in situ measurement network, including the ICOS dataset, NOAA
GLOBALVIEWplus ObsPack v4.0 dataset (Shuldt et al. 2021) and observations from the National Institute
for Environmental Studies (JR-STATION: Japan-Russia Siberian Tall Tower Inland Observation Network,
Ver1.2 (Sasakawa et al. 2010)) and the Finnish Meteorological Institute (Tsuruta et al. 2019). The data
included weekly discrete air samples as well as hourly continuous measurements. The data were filtered
according to the quality flags of the data providers. Only data points representing well-mixed conditions
were used: the hourly continuous observations were preprocessed to daily averages by averaging from
12 to 4 pm local time, except for the high mountain sites, from which averages were taken from 0 to 4
am local time, similar to Tsuruta et al. (2017). Observational uncertainty, also known as model-data
mismatch, was defined for each site based on site characteristics and measurement accuracy adapted
from previous studies (Tsuruta et al. 2017, 2019, Bruhwiler et al. 2014) and also reflected the ability of
the model to predict atmospheric concentrations. In the European domain, there were 34 sites
(observations in Fig. 4.1 and locations in Fig. 4.2) and globally 126 stations in 2016-2021. Some sites
had both continuous and discontinuous measurements.
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Figure 4.1: Daily averaged CH4; mole fraction observations (ppb) in European measurement stations in 2016-2019. The
stations are ordered by their latitudes, the northernmost at the top and the southernmost at the bottom).

Figure 4.2: Geographical distribution of sites used in the data assimilation.
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4.4. Results

Here, we discuss the results from the European domain. The domain boundary was defined to align with
the estimates from JSBACH-HIMMELI: longitude ranging from 12°W to 37°E and latitude ranging from
35°N to 73°N.

4.4.1 Comparison of modelled and observed atmospheric CH4 mole fractions

We compared the observed CH, mole fractions used in the inversion with the modelled mole fractions
before (prior) and after (posterior) the optimisation. We calculated the linear correlation coefficient (R),
coefficient of determination (R?), root mean square error (RMSE) and bias between the observation and
modelled values. The statistics for each European site are shown in Fig. 4.3 and averages in Table 4.1.
As seen from the figure and the table, the agreement before the optimisation varied between the sites
but after the optimisation, the agreement between the observed and modelled mole fractions were good.
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Figure 4.3: Overview of statistical results for assimilated observed mole fractions and CTE-CH,4 posterior and prior simulated
concentrations from all stations used in the inversion: RMSE and bias (upper panel), and correlation (lower panel).

Table 4.1: Statistics on the performance of the CTE-CHs; compared to assimilated mole fraction
measurements, before (prior) and after (post) the inversions. Mean prior, posterior and relative
difference (RDiff) of coefficient of determination (R?), Root mean squared error (RMSE) and bias,
considering all the surface stations used.

Inversion R? RMSE (ppb) Bias (ppb)
prior post rdiff prior post rdiff prior post rdiff

CTE-CH4

0.43 0.77 0.76 50.69 17.24 -0.66 | -33.09 | -4.20 -0.88
surface

4.4.2 Spatial distribution of prior and posterior emissions

Figure 4.4 shows the average annual biospheric, anthropogenic and total CH4 emissions from 2016-
2021 at 1°x1° resolution. The sum of the other emissions (fire, ocean, geological and termites) are

21

This project has received funding from the European Union’s Horizon Europe
research and innovation programme under grant agreement No 101081395




DELIVERABLE 3.1 | PUBLIC

shown in Fig. 4.5 (plots of the prior emissions by source type are shown in the deliverable D3.3). Prior
and posterior emissions are shown as well as their difference (posterior minus prior). Most of the
biospheric CH, emissions were estimated to occur in northern Europe, Ireland, the UK and ltaly. The
inversion increased biospheric emissions most in northern Finland. Elsewhere the changes were smaller.

Anthropogenic CH4 emissions were mostly concentrated in Western and Southern Europe, with several
hotspots in Germany, the Netherlands, the UK and France, and single hotspots in Poland and Italy. The
inversion mostly increased emissions in the areas with the highest sources, except in Italy where
emissions decreased. Italy had high geological emissions, which were not optimised. The increase was
especially prominent in the Netherlands, Germany, France, the UK, Poland and the Czech Republic.

As anthropogenic emissions were about ten times higher than biospheric emissions in the European
domain, the spatial distribution of total CH4 emissions follows that of anthropogenic emissions.
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Figure 4.4: Annual average CH4 estimates from CTE-CH,4 inversion at the resolution of 1°x1° from 2016-2021: prior (left panel),
posterior (middle panel) and posterior increments computed as (posterior — prior) (right panel). The top row shows the
biospheric, the middle anthropogenic and the bottom the total CH, emission estimates. Note that biospheric CH; emission
figures have colour bars with different ranges than the rest of the figures.
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Figure 4.5: Annual average CH, estimates of fire, ocean, geological and termites from 2016-2021.
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4.4.3 Annual and monthly emission estimates

The timeseries of the annual CH4 emissions in the EU27 including the UK, Norway and Switzerland are
shown in Fig. 4.6. Both the biospheric and anthropogenic prior and posterior emissions are shown along
with the total emissions. The ten-fold difference between the biospheric and anthropogenic emissions
is evident, though, the inversion increased both the biospheric and anthropogenic CH, emissions. The
average annual biospheric emissions (JSBACH (WP2)) were 1.32 Tg/yr (in Tg(CH.4) here and hereafter)
while the posterior emissions were 1.52 Tg/yr. The anthropogenic prior emissions (GAINS (WP2)) were
15.00 Tg/yr and the posterior emissions were 19.92 Tg/yr. The total CH4 emissions were increased from
20.82 Tglyr to 25.94 Tglyr. Fire, ocean, geological and termites CH, emissions were together 4.5 Tg/yr.

The GAINS (WP2) emission estimates decreased slightly from 2016 to 2021 but the inversion increased
the emissions especially in 2020 and 2021 so that the posterior anthropogenic emissions were larger in
2021 than in 2016. In addition, the increase from the biospheric prior to posterior emissions were
relatively high in 2020 and in 2021.

Figure 4.7 shows the monthly CH4 emissions from the same region. The optimisation increased the
amplitude of the seasonal cycle for both biospheric and anthropogenic CH, emissions. In the
anthropogenic prior there was no clear maximum, but in the anthropogenic posterior the maximum was
found to be in August. The minimum was consistent between the prior and posterior emissions, although
there was more variability in the posterior emissions.

Biospheric CH4 emissions showed a clear seasonal cycle. The minimum of prior and posterior emissions
was in good agreement, with emissions close to zero during the winter months. The maximum was
shifted one or two months later: in the prior (JSBACH (WP2)) the maximum was in July or June, but in
the posterior the maximum was in August or July. In addition, emissions in spring were decreased
compared to the prior, but emissions in late summer and autumn were increased.
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Figure 4.6: Times series of annual estimates of CHg, in Tg(CH4)/yr, from 2016 to 2021, for the EU-
27+UK+Norway+Switerland area. Prior (dashed lines) and optimised (solid lines) CH, emissions are shown for biospheric,
anthropogenic and total CH,. Emissions of other sources (fire, oceanic, geological and termite) which were taken as their
priors, are shown with the pink line.
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Figure 4.7: Times series of monthly estimates of CH,, in Tg(CH4)/month, from January 2016 to December 2021, for the EU-
27+UK+Norway+Switerland area. Prior (dashed lines) and optimised (solid lines) CH, emissions are shown for biospheric,
anthropogenic and total CH,. Emissions of other sources (fire, oceanic, geological and termite) which were taken as their
priors, are shown with the pink line.

5. N20 inversions
This section describes the CIF-FLEXPART configuration for N,O inversions over Europe.

5.1 Inversion framework and transport model

In this task, we used the Community Inversion Framework combined with the Lagrangian particle
dispersion model, FLEXPART v11 (CIF-FLEXPART) to estimate N,O emissions at a 0.5° x 0.5° resolution
over the Europe using ground-based measurements of atmospheric N,O mole fractions. N,O emissions
are estimated in this deliverable for the period from 2015 to 2020.

Since in Lagrangian models the transport computations can be reversed in time, this allows the Jacobian
matrix describing the relationship between the change in an observed mixing ratio to the fluxes to be
derived - the so-called source-receptor relationship (SRR). As such, Lagrangian models are said to be
self-adjoint. The CIF is coupled to the SRRs calculated by prior runs of FLEXPART, which allow both
mixing ratios to be simulated as well as the inversion to be performed. The FLEXPART SRRs are
calculated globally with a horizontal resolution of 2°x2° and for a nested domain at 0.5°x0.5° resolution
over Europe. FLEXPART is driven using hourly ECMWF ERA5 meteorological data at 0.5°%0.5° resolution.

The prior uncertainties were set to 50%. The spatial correlation was defined with a correlation length of
200 km over other land domains and 1000 km over ocean domains.

A variable-resolution grid was defined for the inversion as shown in Fig. 5.1, which is based on the total
SRRs, and coarser resolution is used where there is little information provided by the observations about
the fluxes. The grid cells in the domain correspond to 2°, 1° and 0.5° resolution. Using an aggregated
grid has the advantage of reducing the dimension of the inversion problem, thus reducing the
computation time and memory required, while avoiding introducing aggregation error.
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Figure 5.1: Variable-resolution grid used in the inversion

5.1 Prior Fluxes

To generate comprehensive N,O emission estimates, we incorporate monthly data from major source
categories: agriculture, other anthropogenic emissions, biomass burning, natural soils, as well as
climatological estimates for ocean emissions. Our monthly prior flux data for agriculture and other
anthropogenic emissions is sourced from GAINS (from WP2) for EU27 plus United Kingdom, Norway,
and Switzerland (EU27+3). Agriculture emissions include livestock and indirect emissions. Other
anthropogenic emissions from GAINS include transport, industrial and waste emissions. Monthly prior
estimates for biomass burning emissions are obtained from GFEDv4.1 (Randerson et al., 2017),
excluding agricultural waste burning as it is encompassed in our agriculture emission estimates. Natural
emissions were taken from the O-CN GCP, which is the fluxes from unmanaged (“natural”) soils. We
utilize climatological estimates of ocean emissions from PlankTOM model for ocean prior flux. N-O
emissions from different sources used in the inversion are shown in Figure 5.2. However, the inversion
optimises the total emissions combined from all the sources.
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Figure 5.2: Annual mean N,O emissions. Note that the scales of the maps vary.

5.3 Observations

Ocean flux - PlankTom

10 ({kghm-2hr-1])

A new harmonized N,O observation dataset was compiled for Europe as a collaborative effort between
EYE-CLIMA and the Horizon Europe projects, AVENGERS and PARIS. In the inversion, we assimilate data
from 19 sites that have valid observations from 2005. Most of the sites have reported data up to at least
2023. The data sources are from the previous European project, InGOS (pre-ICOS), the European
network, ICOS, other sites obtained from the World Data Centre for Greenhouse Gases (WDCGG), and

the NOAA network (Henne et al,

2024, https:/meta.icos-cp.eu/collections/FHIS-w3c eny9-

NDoR7ddvTX). The geographical distribution of sites across Europe is depicted in Figure 5.3 and data
density for the inversion period is shown in Figure 5.4. In cases where multiple intake heights were
available, such as at the Hohenpeissenberg (HPB) station with intake heights at 131 and 5 meters above
ground level, we opted to assimilate data solely from the highest intake height. This approach ensured
that the assimilated data represented the uppermost atmospheric layer. We assimilate hourly

observations for all the sites.
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Figure 5.3: Geographical distribution of sites indicating also their altitude
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The altitude of observation sites vary from sea level to as high as ~2500 masl. However, in the
meteorological data used to drive FLEXPART, the orography is only resolved at 0.5° and thus does not
capture the true height for the mountain sites (defined here as sites >1000 masl). Hence, the particle
release heights in FLEXPART have been adjusted to best represent these sites considering the difference
between the true altitude and the altitude in the model orography. Figure 5.4 shows for each site how
many months of data are available for a given year for the whole inversion period (2018-2023).
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Figure 5.4: Data density in months for each site per year

5.4 Results

5.4.1 Modelled and observed atmospheric N.O mole fractions

Figure 5.5 show the comparison of daily observed and modelled mole fractions for a few example sites.
As expected, after the inversion the modelled mole fractions exhibit an improved alignment with the
observations. The mole fractions show a seasonal cycle with an increasing trend from 2015 to 2020.
Figure 5.6 shows the statistical analysis of mole fractions across different stations, show casing the
predictive performance of models before and after updates. Most stations show relatively high
correlation. There are noticeable improvements in some stations from prior to posterior simulations,
such as "HFD" and "GIF", where the posterior correlation is significantly better. A few stations, like "PUY"
and "RGL", show almost no difference between prior and posterior values. The RMSE values for the
posterior simulations (red bars) are generally lower than those for the prior simulations (blue bars)
across most stations. The Bias values for the posterior simulations (purple bars) are also lower
compared to the prior simulations (green bars) at many stations. This reduction in bias suggests that
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the systematic errors in the model predictions have been minimized, leading to more reliable results.
The consistent decrease in both RMSE and Bias across multiple stations demonstrates the effectiveness

of the model updates.
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Figure 5.5: Time series of assimilated N,O mole fractions sampled at different stations used in the inversion. Assimilated
measurement (blue), CIF-FLEXPART inversion results a posteriori (green), and a priori (red).
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5.4.2 Spatial distribution of prior and posterior emissions

Figure 5.7 shows the spatial distribution of mean N,O emissions across Europe from 2015 to 2020,
revealing regions where significant corrections have been made. Compared to the prior estimates, there
are some differences in the intensity and distribution of emissions. Some areas show higher emissions
(such as parts of the Netherlands and Germany), while others show reductions. Notable differences are
observed in Central and Western Europe. For example, the Netherlands, parts of Germany, and the UK
show increases (pink), while parts of France, Switzerland, and Southern Europe show decreases (green).
The increase in the emissions relative to the prior in the Netherlands and the UK could be related to
agricultural activities.

Figure 5.8 shows the monthly variations in the total annual emissions from 2015-2020. Both the prior
and posterior emissions display a clear seasonal cycle, with peaks in emissions typically occurring during
early summer (from May to June) and troughs during the winter months. This suggests that N,O
emissions are higher in warmer months and lower in colder months. The total posterior emissions are
lower than the prior for all years. Although the seasonal cycle is regular each year, there is some
interannual variability in the amplitude, in particular, in 2020, where the posterior emissions peak is the
highest of all years.

Prior N20 emissions Posterior N20 emissions
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Figure 5.7: Annual mean N,O estimates from CIF-FLEXPART inversion at the resolution of 0.5°x0.5° from 2015 to 2020: prior
(left panel), posterior (middle panel) and posterior increments computed as (posterior — prior) (bottom panel) shown as
area fluxes.
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Figure 5.8: Times series of monthly N,O in Tg(N,O)/year for the inversion period from 2015 to 2020, for the EU-
27+UK+Norway+Switerland area.

6. Deviations from the Description of Action

Task 3.1 aims to perform inversions of CO,, CHs and N,O over Europe from 2005 to at least 2023.
Presently, the inversions are performed from 2005 to 2022 for CO,, from 2016 to 2022 for CH4, and
from 2015 to 2020 for N,O. Remaining years of inversions will be completed for the final fluxes in D3.2
due at M28. The CH, inversions for this deliverable were run at 1.0° instead of the planned 0.5°, because
the development of the model that had been planned to use in this task, i.e., the TM5-MP model with

0.5° resolution, has stalled.

7. Conclusion

Carbon dioxide, methane and nitrous oxide European budgets have been produced using different
inversion frameworks. CO, inversions using the CIF-CHIMERE model to correct prior estimates of the
Net Ecosystem Exchange (NEE) by assimilating surface and OCO-2 satellite observations show that the
model significantly improves the fit between simulated and observed CO, concentrations, reducing root-
mean-square (RMS) errors and biases, with reductions of up to 51% and 92%, respectively, for surface
data in July 2015. Inversions generally result in positive corrections in regions like Switzerland and
Germany, while satellite-based inversions apply more negative corrections, particularly in Central and
Eastern Europe. Seasonally, both surface and satellite inversions show an increased CO, uptake in spring
and decreased emissions in autumn and winter compared to the prior estimates. European ecosystems
act as CO; sinks, though there remains variability due to uncertainties in atmospheric transport modeling
and boundary conditions. Future analyses are recommended to further refine the NEE estimates and

understand the factors influencing CO, budgets.

For CH,, inversion shows that post-optimization results showed improved alignment compared to prior.
Performance metrics (R?, RMSE, and bias) indicated a significant improvement post-optimization (e.qg.,
RZincreased from 0.43 to 0.77). Spatial maps of CH, emissions showing that most biospheric emissions
occurred in northern Europe, while anthropogenic emissions concentrated in central and southern
regions, especially Germany, the Netherlands, the UK, and France. The inversion increased emissions
in high-source areas, notably in northern Europe and certain central regions, except Italy. Total annual
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CH,4 emissions increased from 20.82 Tg/year (prior) to 25.94 Tg/year (posterior), driven by higher
anthropogenic (from 15.00 Tg/year to 19.92 Tg/year) and biospheric emissions (from 1.32 Tg/year to
1.52 Tgl/year). Monthly emissions showed a stronger seasonal cycle, with biospheric emissions peaking
in late summer and anthropogenic emissions showing a new August maximum after inversion.

N.O inversions from 2015 to 2020 show an improvement in the fluxes after inversion. Posterior mixing
ratios compare better with the observations than prior. Also, the statistical analysis shows an
improvement in the flux estimation by reducing the uncertainly. Along with the seasonal cycle, there is
an increasing trend of N,O emissions can be seen from 2015 to 2020. Compared to the prior estimates,
there are some differences in the intensity and distribution of emissions. Some areas show higher
concentrations (such as parts of the Netherlands and Germany), while others show reductions. Notable
differences are observed in Central and Western Europe. For example, the Netherlands, parts of
Germany, and the UK show increases, while parts of France, Switzerland, and Southern Europe show
decreases. Monthly emissions show a clear seasonal cycle and an increasing trend from 2018.
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