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Summary

One of the main objectives of EYE-CLIMA is to support the verification of National Greenhouse Gas
Inventories (NGHGIs) by providing estimates of greenhouse gas emissions based on atmospheric
observations. Emissions estimates can be derived from observations through atmospheric inversions,
and the use of this method to verify NGHGIs has been highlighted in the 2019 refinement of the IPCC
Guidelines. However, the adoption of this type of verification has been hampered by the complexity
of the method, the uncertainties and, hitherto, the limited resolution of the emission estimates.

EYE-CLIMA has a strong focus on improving both the accuracy and resolution of regional inversions.
The accuracy of emissions derived from atmospheric inversions is expected to improve with higher
spatial resolution due to improved resolution of the atmospheric transport, which should enable a
better representation of the observations, as well as improved resolution of the fluxes (together
reducing the model representation error). Moreover, higher spatial resolution will enable the borders
of countries to be more accurately resolved. However, the higher spatial resolution presents several
challenges.

In this context, the main objective of this deliverable is to perform inversions at higher spatial
resolution, specifically 0.2°x0.2° and cover at least the period 2018 to 2023. The inversions at this
resolution will not be extended further back in time than the start of the ICOS atmospheric record (or
for CH., the launch of the TROPOMI instrument onboard the satellite Sentinel 5P) because prior to
the start of these records, the observation coverage over Europe is poorer.

This deliverable presents the final results of the high-resolution (0.2°) regional inversions for CO,,
CH4 and N0 fluxes in Europe. CH4 and N0 inversions cover the period from 2018 to 2023, and CO;
inversion results are shown for the period 2019-2022.

For CHs, the results suggest prior inventories underestimated agricultural and combustion emissions
in parts of northwestern and central Europe, and overestimated emissions in Italy, Romania, and the
UK. Geological emissions were revised strongly downward, highlighting the need for region-specific
parameterizations, while wetland emissions, especially in northern Europe in summer, were also
reduced. Despite these adjustments, seasonal patterns remained realistic, with wetlands still driving
summer CH, peaks. For the EU27+3 countries the six years mean total emissions increased slightly
from 21.3 Tg yr™" (prior) to 21.8 Tg yr™' (posterior), corresponding to a change of +2.3%.
Agricultureand waste CH4 emissions increased by 17.1% and combustion by 1.5%, while geological
(—59.7%) and wetland (—4.8%) emissions declined.

For N,0, the inversion spans the period from 2018 to 2023. The posterior emissions are systematically
higher than the prior, with the emission totals for EU27+3 increasing from 0.75 TgN.O yr~" (prior) to
1.01 TgN.0 yr™* (posterior), consistent with an overall ~34.67% after optimisation. The largest positive
adjustments occur in northwestern Europe, notably across the UK, northern France and Benelux
region, indicating that the prior likely underestimated emissions in these source areas. In contrast,
the inversion suggests reduced emissions over parts of northern Italy and central-eastern Europe,
pointing to potential prior overestimation or redistribution of sources in these regions.

For CO,, the inversions using surface measurements significantly improved the fit between the
simulated and observed CO, mixing ratios. European ecosystems act as a CO; sink as the posterior
estimate of the NEE+F.yc average annual budget for EU27+3 over 2019-2022 is of about -0.78
PgC.yr~". This NEE+F.y estimate is 53% larger than the posterior estimate from surface
measurements at the 0.5° spatial resolution of about -0.36 PgC.yr-" over the period 2019-2022 but
relatively consistent with the satellite-based inversions at the 0.5° spatial resolution.




DELIVERABLE 3.4 | PUBLIC

TABLE OF CONTENTS

DOCUMENT HISTOMY ...ttt e e e e e e e e e e 2
101010 0= Y2 PUPRT 3
L gL oo [F L1 1o o IR PP TS PPPPPPPPTPPN 6
P Y/ (=1 { g ToTe (o] (o e | OO PP U PPPPPPPRPPP 6
2.0, INVErSION frAaMEWOTK .....eeieiiiieeiie ettt ettt ettt st ee e s bt e sbe e e sbeeesbbeesabaeesneeesaseeesneeenans 6
2.2. Atmospheric transSPort MOMEIS.........ueeviiiii i e e e e e e e e e e nnranes 7
2.2, 0 FLEXPART ...ttt ettt ettt ettt et e h e et a et et e b e s bt e be e sat e e be e she e e be e s bt e e beeeheeebeenheeebeenaeeea 7
2.2.2. CHIMERE ...ttt ettt ettt ettt e b e st e e bt e sat e e be e sate e beesheeeabeesbeeeabeesneesabeanneenas 7

K O VA 1 Y7=T =3 o] o I RPN 8
IR o o] o 11 =TT PP TP PSPPSRt 8
3.2, ODBSEIVALIONS neeeieiiiee ettt ettt ettt et e sttt e st e e s b e e s e e e sb et e s be e e s be e e sbe e e s abeee s reeesreeesreeenn 10
3L RESUIES et b e e s be e e s be e e s be e e e bee e s reeesreeesneeenn 11
3.3.1 Comparison of Modelled and observed CHs mixing ratio ........ccccccceeeeeeieeecciiiiiieeeeee e, 11
3.3.2 Spatial distribution of prior and posterior fIUXeS .........cccoeiiecciiiiiiieiee e, 13

i N @ 1V =T 1T 1 PP PP 17
o Y oY LY Y=Y U o T SEPRURS 17
A o 4 o Tl ol [V =T TP TSP UST PR 17
N 0] o111 oV 14 o o LT U SO US PR 18
B4 RESUIES ettt ettt ettt et s ettt e st e e st e e s bt e e st e e e sabe e e s be e e sa b e e e s be e e e abe e e s raeesareeeeareeesanees 20
4.4.1 Modelled and observed atmospheric N2O mole fractions .........cccccovieeeeeeeeieecccccciiiiieeeee, 20
4.4.2. Spatial distribution of prior and posterior emissSioNS ........cccoeeeeecciiiiiiiieeeee e, 23

5. CO2 INVEISIONS .....eiiiiiiiii ettt ettt e ek et e e e ettt e e e e nbe e e e e anbeeeeeanbeeeeeannaeeaeanns 25
5.1 Inverse modelling system and experimental framework..........cccceveeeeiiiecciiiiiieee s 25

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

CO;2 Mole fractions OVEr EUFOPE ........uueiiiiiiiiieee e ettt e e e es et ree e e e e e e e e e e s nbarreaeeeeaaeaeesenas 26
5.1.2 Land bDioSPhEre fIUXES...ccccie ettt e e e e e e s e e e ba e e e e e e e e aaeeeenns 26
5.1.3 Land fluxes from the “lateral” export of carbon from the ecosystems.........cccccvvveeeeeeennnne. 26
5.1.5 FOSSIl @MISSIONS ...eeiieiiiiieiee ettt sttt e st e s b e e sbee e sreeesreeesreeenane 27
5.1.6 Open and coastal 0CEaAN fIUXES.......uuuiiiiiii i e e e e e 27

5.1.7 Prior / Fixed estimate of the boundary conditions and completion of the stratosphere ...27

4

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




DELIVERABLE 3.4 | PUBLIC

5.1.8 Meteorological fOrCiNG ......coe e e e e e e et e e e e e e e e e e e eaa 27

5.2, ODSEIVALIONS ..ttt et st e st e e s bt e e s be e e s be e e s b e e e s beee s reeesreeesreeenn 28
5.2.1. Near-surface in-situ MeasUrEMENTS ......c.ccueiiiiieriiee et etee et et esbee e sreeesreeesreee e 28

DA RESUIES ..ottt sttt et e e st e s bt e e sb e e s be e e s abe e e s be e e s be e e s reeesreeesreeenn 29
5.4.1. Fit to the assimilated 0bSErvations ..........c.cooiiee i e 29
5.4.2. Spatial variability of the annual corrections to the prior terrestrial ecosystem fluxes ...... 30
5.4.3. Seasonal cycle of the EU-27+3 NEE+F uc budget ....cevveeeeeiieeeeeee e 31
5.4.4. Inter-annual variability of the EU27+3 NEE+Fiyc budget.......coocvvviieiiiiiieiiiiiieee e 31

6. Deviations from the Description of ACHON ...........cooiiiiiiiiiiii e 32
400 3T [T E= o o - TP PPRTPRR 32
8. REFEIENCES. ...ttt e et e e e e e e e e e enae e e e aaas 34
5

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




DELIVERABLE 3.4 | PUBLIC

1. Introduction

One of the main objectives in EYE-CLIMA is to address the need for independent verification of National
Greenhouse Gas Inventories (NGHGIs) by developing top-down methods based on atmospheric
inversion (using both satellite remote sensing and ground-based observations) to a level of readiness
where they can be used to determine emissions at national and sub-national scales. Towards this
objective, this deliverable presents results of atmospheric inversions of CO,, CH4 and N0 run at a spatial
resolution of 0.2°%0.2° over Europe, focusing on EU27 countries plus UK, Switzerland and Norway
(EU27+3).

Atmospheric inversions are a valuable method to constrain emission estimates using observations of
atmospheric mixing ratios. 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.

Although the atmospheric inversion methodology is well-established there is still room for substantial
improvements. The spatial resolution of regional inversions prior to EYE-CLIMA was typically around
0.5° (e.g. EUROCOM, VERIFY and RECCAP-2), but improving the resolution should improve the
representation of observations by the atmospheric transport model, and it will improve the resolution of
the fluxes, together this should result in a reduction of the model representation error.

The overall aim of this deliverable is to perform European inversions for CO,, CH4 and N,O for at least
the period 2018 to 2023, i.e., when there are sufficiently dense observations (when observations are
available from ICOS, OCO-2 for CO, and from TROPOMI for CH,).

The inversions are performed using the Community Inversion Framework (CIF) combined with the
FLEXPART or CHIMERE models.

2. Methodology

The Community Inversion Framework (CIF) is an open-source inversion framework and was developed
with the intention of concentrating inversion developments into a community code and to be interfaced
with different atmospheric transport models (Berchet et al., 2021). In EYE-CLIMA, the CIF is interfaced
with two atmospheric transport models, FLEXPART and CHIMERE (see Section 2.2).

For the high-resolution inversions, we use the Community Inversion Framework's (CIF) four-dimensional
variational (4DVAR) optimization approach (Berchet et al., 2021). The inversion algorithm minimizes the
following cost function J(x) with respect to the state vector x:

J(x) = (x = 2,) B (x — x) +5 (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

6
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represents the distance from the prior state x, and second term represents the distance from
observations.

To minimize J(x), the gradient VJ(x) is computed:

V/(x) = B~1(x — xp) + (H'(0)) R™1(H®) — 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 this deliverable, two different atmospheric transport models are used, the Lagrangian Particle
Dispersion Model (LPMD), FLEXPART, and the regional Eulerian model, CHIMERE. These models are
described below.

2.2.1. FLEXPART

FLEXPART models the dispersion and turbulent mixing of gases and aerosols in the atmosphere using
virtual particles (Stohl et al. in 1995; Pisso et al. in 2019). In this deliverable, two versions of FLEXPART
are used, i.e., v10.4 and v11 (released 2024). One of the main differences in v11 is the possibility to
perform the transport calculations on the original grid of the meteorological input fields, which brings
some improvements to the accuracy. In this study, the meteorological reanalysis data from the European
Centre for Medium-Range Weather Forecasts (ECMWF) ERA5S (Hittmeir et al. 2018) is used to drive
FLEXPART. The ERAS data are available at hourly intervals and span 137 vertical layers.

FLEXPART is run to generate source-receptor relationships (SRRs), which describe the relationship
between change in observed mixing ratio and the fluxes. The SRRs are used in the inversion framework
(CIF) to model atmospheric mixing ratios as well as to relate the model-observation differences to a
correction to the prior fluxes.

For each observation, a 10-day backward transport simulation is made using the FLEXPART to produce
the SRRs. These SRRs are saved with a resolution of 0.2°%0.2° for the nested domain over Europe, and
at 2°x2° for the global domain, all of which are stored at hourly intervals. For atmospheric greenhouse
gases like CHs and N.O which have long atmospheric lifetime, a background mixing ratio estimate is
needed, which accounts for the influence on the observation prior to the start of the backward trajectory
calculation. This is determined by coupling the end points of the particle trajectories to 3D initial mixing
ratio fields of the target species, which may be obtained from a global model (Thompson and Stohl,
2014).

2.2.2. CHIMERE

CHIMERE is an Eulerian chemistry-transport model (Menut et al., 2013; Mailler et al., 2017). The specific
configuration, used here for the simulations of CO, concentrations and for the quantification of the
terrestrial ecosystem at the relatively high spatial resolution of 0.2° over Europe, is detailed in Section
5.

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




DELIVERABLE 3.4 | PUBLIC

3. CH4 inversions

This section describes the CIF-FLEXPART CH, inversion configuration for Europe, spanning 11°W to
34°E and 34°N to 72°N, at a spatial resolution of 0.2° x 0.2°, covering the period 2018-2023. The
inversion employs a 4D-Var framework to optimization CH, fluxes estimates from different sectors at
the pixel level. Source-receptor relationships are quantified using the FLEXPART Lagrangian particle
dispersion model, which provides the sensitivity matrix required for the inversion, as detailed in Section
2.

The prior CH, emission estimates were categorized into sectors: Fugitives from fossil fuels (FFF),
Combustion (COM), Agriculture and waste (AGW), Wetlands, freshwater, and soil sinks (WET), Biomass
burning (BBR), Geological (GEO), Termites (TER), and Ocean (OCE). Figure 3.1 displays the spatial
distribution of these fluxes over the inversion domain. All sectors were independently optimized using
predefined prior uncertainties as summarized in Table 1, except for termite and ocean fluxes, which
were kept fixed during the inversion.

For anthropogenic emissions, monthly prior fluxes were obtained from the GAINS v2 inventory for
EU27+3 countries (Deliverable D2.8) and from EDGAR2024 for the rest of the world (hereafter GAINS-
EDGAR). Both GAINS and EDGAR provide data at a spatial resolution of 0.1° % 0.1° and monthly temporal
resolution. Within GAINS v2, the subcategories include:

o Fugitives (FFF): fugitive emissions from fossil fuels (D_Fugitives),

e Combustion (COM): emissions from public power (A_PublicPower), industry (B_Industry), other
stationary combustion (C_OtherStationaryComb), and road transport (F_RoadTransport),

e Agriculture and waste (AGW): emissions from waste (J_Waste), livestock (K_AgriLivestock),
and other agricultural activities (L_AgriOther).

Biomass burning (BBR) emissions were taken from GFAS, covering emissions from open biomass
burning. For wetland and soil fluxes, prior estimates within the European domain were derived from the
JSBACH-HIMMELI ecosystem model (Deliverable D2.3). This model framework combines JSBACH land-
ecosystem model with HIMMELI wetland model to simulate peatland, inundated soil, and mineral soil
emissions, and provides wetland and soil CH, fluxes at a spatial resolution of 0.125° x 0.125° and daily
temporal resolution. Additionally, freshwater fluxes were included following Johnson et al. (2022) for
lakes and Rocher-Ros et al. (2023) for rivers, with global lake totals scaled to 13 Tg yr™", consistent with
the lower-limit estimate of the Global Methane Budget (Saunois et al., 2024). The freshwater fluxes were
originally at a spatial resolution of 0.25° x 0.25° and temporal resolutions of daily (lakes) and monthly
(rivers). Geological fluxes (GEO) were taken from Etiope et al. (2019), representing onshore geological
sources, and scaled globally to 15 Tg yr~* following Saunois et al. (2024). Ocean emissions (OCE) were
based on the climatological dataset of Weber et al. (2019), which accounts for both diffusive and
ebullitive fluxes. Finally, termite emissions (TER) were prescribed from Castaldi (2013) and Saunois et
al. (2024). As with the ocean fluxes, termite emissions were not optimized in the inversion but retained
as fixed prior contributions. Geological, ocean and termite emissions were originally at a spatial
resolution of 1° x 1° and monthly temporal resolution. All data are re-gridded to 0.2° x 0.2° x monthly
resolution for the inversions.

This project has received funding from the European Union’s Horizon Europe
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Table 1. Prior CH, flux categories, source sectors, and inversion settings (optimization resolution, uncertainties, and
correlations). TER and OCE are prescribed but not optimized.

Category Source Sectors Optimization resolutions |Uncertainties Correlations
abbreviations
Spatial Temporal Spatial | Temporal
FFF Fugitives from fossil fuels 0.2°x0.2° | Monthly 15% 100 km ™
CcoM Combustion 0.2°x0.2°| Monthly 51% 100 km 3M
AGW Agriculture and waste 0.2°x0.2° | Monthly 80% 100 km 3M
WET Wetlands, soil sinks and 0.2°x 0.2° Monthly 100% 100 km 1™
freshwater
BBR Biomass burning 0.2°x0.2° | Monthly 50% 50 km ™
GEO Geological 0.2°x0.2°| Monthly 100% 300 km 6M
TER Termites N/A N/A N/A N/A N/A
OCE Ocean N/A N/A N/A N/A N/A

AGW at 0.2x0.2 (2018-2023) BBR at 0.2x0.2 (2018-2023) COM at 0.2x0.2 (2018-2023)

o 100 200 300 400 500 600 700 800 0 1 2 4 0 10 20 30 40 50 60
CHa Flux (mg m=2 month-1) CHa Flux (mg m=2 month-?) CHa Flux (mg m=2 month-?)

FFF at 0.2x0.2 (2018-2023) GEO at 0.2x0.2 (2018-2023) WET at 0.2x0.2 (2018-2023)

20 a0 & & ) E 100 150 200 20
CHa Flux (mg m~-2 month-?) CHa Flux (mg m~-2 month-?) CHa Flux (mg m-2 month-?)

0 00 120 7100 125 150 175 0

OCE at 0.2x0.2 (2018-2023) TRM at 0.2x0.2 (2018-2023)

o 10 20 30 40 0 5 10 15 20
CHa Flux (mg m=2 month-?) CHa Flux (mg m=2 month-?)

Figure 3.1: Annual mean prior methane emissions by source sampled for 2021. Note that the colour-scales of the maps vary.
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Figure 3.2: Overview of daily mean observational methane concentration from 2018 to 2023. White gaps indicate periods
with no data available. The colour bar shows observed CH, concentrations in ppb, with each station represented by its 3-

letter code on the y-axis. The red text indicates the total number of observations for each station over the full study period.

3.2. Observations

The Integrated Carbon Observation System (ICOS) offers a European compilation of atmospheric CH.4
mole fraction time series data. For the inversions, we used the data from ICOS ObsPack v10 (ICOS RI
et al, 2024) and ICOS ATC OBSPACK-Europe-L2-2022 (Apadula et al., 2022). The sites which have more
than 50% of data coverage during the study period are selected. In addition, the sites too close to each
other are limited as those would not provide additional information about the fluxes. The sites that did
not meet those criteria will be later used for validation. These datasets include both quality-controlled
ICOS-labelled and non-labelled datasets. For data density and ICOS labelling see Figure 3.2. In addition
to the ICOS data, pre-ICOS continuous hourly observations at Ochsenkopf, Germany (OXK) are taken
from the VERIFY project (Thompson et al., 2021). The discrete observations at Centro de Investigacion
de la Baja Atmosfera, Spain (CIB) are taken from the NOAA ObsPack GLOBALVIEWplusv7.0 (Schuldt et
al., 2024) and continuous hourly observations from Kumpula, Finland (KMP) from the Finnish
Meteorological Institute (FMI). The CIB data has approximately weekly resolution. The KMP data taken
using similar measurement and calibration methods as other FMI stations, which are part of ICOS. Their
geographical distribution across Europe is depicted in Figure 3.3. In cases where multiple intake heights
were available, such as at the Cabauw station with intake heights at 27, 67, 127, and 207 meters above
ground level, we opted to assimilate data solely from the highest intake height. This approach was taken
to ensure that the assimilated data represent well-mixed conditions and not just very local influences.
We assimilate hourly observations between 14:00 - 16:00 local time for low altitude stations (<= 1000
m.a.s.l) and between 02:00 - 04:00 local time for high-altitude stations (> 1000 m.a.s.).
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EU core simulation, high resolution
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Figure 3.3: Geographic distribution of sites used in data assimilation. Blue dotes refer to mountain stations above (1000
masl) while black dotes are low altitude stations.

3.3 Results

3.3.1 Comparison of Modelled and observed CH4 mixing ratio

Figure 3.4 presents representative time series of CH, concentrations from six assimilated observation
sites: Cabauw (CBW, Netherlands), Ispra (IPR, Italy), Pallas (PAL, Finland), Steinkimmen (STE,
Germany), Plateau Rosa (PRS, Italy), and Centro de Investigacion de la Baja Atmosfera (CIB, Spain). The
observed time series from ObsPack are compared with prior and posterior simulations from the CIF-
FLEXPART inversion, performed at a spatial resolution of 0.2° x 0.2° for the period 2018-2023. Across
all stations, the posterior estimates show a clear improvement in reproducing observed variability
relative to the prior. Posterior simulations more closely track the measured time series, capturing both
baseline concentrations and short-term enhancements linked to regional-scale emissions. The inset
scatterplots quantify these improvements, with posterior estimates consistently showing reduced root
mean square error (RMSE) and bias compared to the prior. At Cabauw, for example, RMSE decreased
from 67.01 ppb in the prior to 38.86 ppb in the posterior, while bias improved from -43.65 ppb to
-13.22 ppb. Similar patterns are observed at Ispra and CIB, where prior simulations systematically
underestimated concentrations, and posterior corrections significantly reduced these mismatches. At
background and high-altitude sites such as Pallas and Plateau Rosa, the adjustments are smaller,
reflecting their role in constraining large-scale background concentrations rather than local emission
plumes.

11

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



DELIVERABLE 3.4 | PUBLIC

Figure 3.5 provides a network-wide statistical evaluation of model performance across all assimilated
sites. Three metrics are shown: (a) bias, (b) RMSE, and (c) correlation coefficient. Posterior bias is
consistently reduced across nearly all stations, with particularly large corrections at Ispra, where the
strong negative prior bias (> -60 ppb) is substantially corrected. RMSE values decrease systematically
across the network, with reductions often exceeding 30%, especially at continental stations influenced
by regional emissions (e.g., Cabauw, Ispra, Steinkimmen). Correlation coefficients between modelled
and observed CH, concentrations also improve notably in the posterior, frequently exceeding 0.8. This
highlights the improved skill of the inversion system in reproducing temporal variability.

Overall, the results demonstrate that the CIF-FLEXPART inversion at 0.2° x 0.2° resolution effectively
assimilates observational constraints, reducing systematic errors and improving the temporal and spatial
representation of CH, across Europe. The improvements in bias, RMSE, and correlation collectively
underscore the robustness of the inversion framework in refining regional methane emission estimates.
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Figure 3.4: Time series of CH4 concentrations sampled at six assimilated stations. Observations from ObsPack (black) are
compared with CIF-FLEXPART inversion results for posterior concentrations (green) and prior concentrations (orange).
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Figure 3.5: Overview of statistical results for assimilated observed concentration and CIF-FLEXPART posterior and prior
simulated concentrations from all stations used in the inversion.

3.3.2 Spatial distribution of prior and posterior fluxes

Figure 3.6 presents the spatial distribution of mean methane (CH,) emissions across Europe over the
period 2018-2023, derived from our CIF-FLEXPART inversion system at a high spatial resolution of 0.2°
x 0.2°. The figure is divided into three panels: the left panel shows the prior emission estimates, the
middle panel displays the posterior estimates, and the right panel illustrates the posterior increment,
defined as the difference between posterior and prior emissions.

The posterior estimates reveal notable regional adjustments compared to the prior. Specifically, CH,
emissions from agricultural and combustion sectors exhibit significant increases over the Netherlands,
Germany, and France, suggesting that prior inventories may have underestimated emissions in these
regions. Conversely, Italy and Romania, show a reduction in posterior emissions, particularly in the
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geological sector, indicating potential overestimation in the prior data and a reduction over northern
United Kingdom in the wetland sector.

Emissions from fossil fuel sources generally show a reduction across most European regions, with
localized increases observed in Belgium, Luxembourg, Eastern Ukraine, and parts of Russia. These
regional enhancements may reflect underreported activities or inventory gaps in the prior data.

Geological emissions show a substantial reduction in Italy and Romania, likely due to inflated prior
estimates influenced by globally scaled geological emission factors. Although the global geological CH,
emissions were scaled to 15 Tg yr™', the results suggest that further refinement is needed, either
through region-specific scaling or hotspot-targeted adjustments rather than applying a uniform scaling
factor. This finding aligns with discrepancies noted in Figure 3.1 and highlights the importance of
spatially adaptive scaling in inversion frameworks.

Wetland emissions show a general reduction over Scandinavian countries, primarily driven by decreased
summer fluxes (June-August), which are not explicitly shown in the figure. This seasonal reduction is
likely due to prior overestimation of summer CH, emissions in northern latitudes.

Aggregated over the EU27+3 countries, the inversion results indicate an overall increase in total
emissions from 21.3 Tg yr™" (prior) to 21.8 Tg yr™' (posterior), corresponding to a change of +2.3%. By
sector, agricultural emissions (AGW) increased from 13.0 to 15.2 Tg yr™" (+17.1%), biomass burning
(BBR) remained essentially unchanged at 0.04 Tg yr™" (0.0%), combustion emissions (COM) slightly
increased from 0.9 to 1 Tg yr™* (+1.5%), fossil fuel emissions (FFF) slightly decreased from 1.08 to 1.07
Tg yr~' (—1%), geological emissions (GEO) dropped markedly from 2.6 to 1.0 Tg yr™* (—59.7%), and
wetland emissions (WET) declined from 3.7 to 3.5 Tg yr™' (—4.8%) (See table 3.4).

Table 3.1 Annual prior and posterior CH, emissions for the EU27+3 countries and their relative posterior increment, defined
as A% (posterior * 100/prior) —100, expressed in percent.

year Total AGW com FOS GEO WET

Prior | Post A% Prior | Post A% Prior | Post | A% | Prior | Post | A% Prior | Post A% Pri Post
or

A%

2018 | 22.2 | 23.2 | 45 13.7 | 16.3 | 19.1 1.0 1.0 1.7 13 12 | -3.2 2.6 13 -50.1 | 3.6 34 | -8.0
2019 | 21.8 | 21.8 | 0.2 135 | 153 | 134 1.0 1.0 14 1.2 12 | -0.8 2.6 1.0 -62.2 | 3.6 34 | 46
2020 | 219 | 211 | -3.5 | 133 | 145 9.2 0.9 1.0 1.0 1.0 1.0 | -0.7 2.6 0.8 -69.2 | 3.9 3.7 | -5.2
2021 | 213 | 213 | 0.2 129 | 14.7 | 13.7 1.0 1.0 1.6 1.0 10 | -1.2 2.6 1.0 -59.8 | 3.7 35 | -5.0
2022 | 20.1 | 219 | 838 12.2 | 155 | 27.2 0.9 09 | 2.0 1.0 10 | -0.8 2.6 11 -57.2 | 34 33 | -1.8
2023 | 20.7 | 215 | 3.7 12.4 | 149 | 20.0 0.8 0.9 1.6 1.0 10 | -0.6 2.6 1.0 -60.0 | 3.8 36 | 44
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Figure 3.6: Mean spatial distribution of CH, fluxes from the CIF-FLEXPART inversion (2018-2023) at 0.2° x 0.2° resolution for
the optimized emissions form the six sectors. Shown are prior (left), posterior (middle), and posterior—prior increments (right).

Figure 3.7 presents the time series of total and sectoral methane (CH,) emissions spatially averaged for
EU27+3 countries for the years 2018 and 2023. The total CH, emissions exhibit a pronounced seasonal
cycle, primarily driven by wetland emissions, which peak during the summer months. In contrast,
emissions from combustion sources have a seasonal cycle that is 6 months out of phase with that of
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wetlands with maxima occurring in winter. Emissions from other sectors do not show a consistent
seasonal pattern.

Posterior estimates reveal that emissions from the agricultural sector consistently exceed prior inventory
values across most years. Conversely, geological emissions are generally lower in the posterior
estimates. Wetland emissions also show reduced values during summer, contributing to a lower total
posterior flux compared to prior estimates, particularly in the summer months. This seasonal reduction
appears to intensify over time.

In 2018, posterior total emissions were markedly above average (23.2 Tg yr™'; z-score = 5.63), driven
largely by greater AGW emissions (16.3 Tg yr™"; z-score = 3.87) and GEO (1.3 Tg yr™"; z-score = 2.85).
Wetland emissions from May to August were adjusted downward from 4.4 Tg yr™" in the prior to 3.9 Tg
yr~" in the posterior, representing a statistically significant negative correction (z-score = —2.61) relative
to other years. These findings are consistent with the 0.5° inversion, which produced a slightly higher
posterior total (23.5 Tg yr™"), along with a weaker AGW contribution (15.5 Tg yr™') and a notably stronger
GEO contribution (2.7 Tg yr™"). This highlights differences in the inferred source partitioning between
the two inversion setups. In 2020, posterior total emissions (21.1 Tg yr™'; z-score = —1.3) were below
the interannual mean, though not significantly so. AGW remained within normal variability (14.5 Tg yr™";
z-score = —1.4), GEO declined significantly (0.8 Tg yr™'; z-score = —2.7), and WET was anomalously
high (3.7 Tg yr™"; z-score = 2.58), driven in part by elevated winter emissions. The 0.5° inversion
produced a slightly lower total (20.2 Tg yr™"), with marginally reduced AGW (14.1 Tg yr™') and WET (3.3
Tg yr™") estimates, while GEO remained essentially unchanged (0.8 Tg yr™).

Total CHa Flux and AGW Component

2018 2019 2020 2021 2022 2023 2024
Months
— Total Prior — AGW Prior BER Prior COM Prior — FFF Prior — GEO Prior WET Prior
+®- Total Post0.2 @ AGW Post0.2 BBR Post0.2 COM Post0.2 ®: FFF Post0.2 ~® GEO Post0.2 ®° WET Post0.2
== Total Post0.5 === AGW Post0.5 BBR Post0.5 COM PostD.5  —=- FFF Post0.5 === GEO Post0.5 WET Post0.5

Figure 3.7: Time series of monthly mean total and sectoral CH, emissions spatially aggregated for the EU27+3 countries for
the period 2018-2023. The results for the 0.5° inversions are also shown (dashed lines).
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4. N,O inversions

This section outlines the configuration used in the CIF-FLEXPART system for inversions of nitrous oxide
(N20) over Europe. The nested domain for N,O inversions spans from 11°W to 35°E in longitude and
34°N to 72°N in latitude, as illustrated in Figure 4.1 below.

4.1 Model set-up

For the N.O inversions, the FLEXPART version 11 (FLEXPART-v11) was modified to simultaneously
output data for two nested domains at spatial resolutions of 0.5° and 0.2°. This enhancement enables a
single model run to provide results at both resolutions, significantly improving computational efficiency.

A variable-resolution grid was defined for the inversion as shown in Figure 4.1. The grid is defined based
on the SRRs and the prior fluxes following the method of Thompson and Stohl (2014). The grid cells in
the domain correspond to aggregates of 1.6°, 0.8°, 0.4°, and 0.2° resolution. Here, grid cells are
aggregated where there is little information provided by the observations about the fluxes. 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 4.1: Variable-resolution grid used in the inversion

4.2. Prior Fluxes

To perform the inversion, we incorporated monthly prior flux estimates from various key sources:
agricultural emissions, other anthropogenic emissions, biomass burning emissions, emissions from
“natural” soils, as well as climatological estimates for ocean emissions. Figure 4.2 illustrates the spatial
distribution of these fluxes over the inversion domain.

The monthly emission data for agriculture and other anthropogenic sources were obtained from the
GAINS model (Greenhouse gas - Air pollution Interactions and Synergies), specifically the dataset
provided in Deliverable D2.8. This data covers the EU27+3 countries.
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e Agricultural emissions include both direct and indirect sources and encompass manure
management.

e Other anthropogenic emissions refer to emissions from transportation, industrial activities, and
waste management.

Prior flux estimates for biomass burning were derived from the GFEDv4.1 dataset (Randerson et al.,
2017). To avoid double-counting, agricultural waste burning was excluded from this dataset, as it is
already accounted for in the GAINS agricultural sector. Emissions from unmanaged (natural) soils were
provided by the O-CN land surface model. These represent the natural background N,O fluxes in the
absence of human activity. Prior oceanic fluxes were based on climatological simulations from the
PlankTOM ocean biogeochemistry model. These represent a seasonal baseline of N,O fluxes between
the ocean and atmosphere.

The prior flux data provides the starting point for the inversion, but the model optimizes the total N,O
flux by combining all sources and adjusting their contributions based on atmospheric observations and
transport modelling.
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Figure 4.2: Annual mean N2O emissions at 0.1°x0.1° resolution for 2019. Note that the scales of the maps vary
4.3 Observations

The N,O observations for Europe were compiled through a collaborative effort between the EYE-CLIMA,
AVENGERS, and PARIS projects. This observational dataset forms a critical component of the inversion
framework by providing constraints on the spatiotemporal distribution of N,O emissions. The dataset
includes measurements from 30 stations across Europe, with valid observations beginning in 2018. The
data sources include InGOS project (pre-ICOS), the ICOS atmospheric network, the World Data Centre
for Greenhouse Gases (WDCGG), and the NOAA discrete (flask) sampling network (Henne et al., 2024).
These data have been compiled and quality-controlled following protocols described in Henne et al.
(2024) and are publicly accessible through the https:/meta.icos-cp.eu/collections/FHIS-w3c_eny9-
NDoR7ddvTX. The geographical distribution of sites across Europe is depicted in Figure 4.3, with
markers colour-coded by altitude. Observational altitudes range from sea level up to approximately 2500
meters above sea level (masl). For sites with multiple sampling heights, only measurements from the
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highest intake level were used. This approach ensures better representation of the free troposphere and
reduces surface-layer influences.

The temporal availability of N,O observations across the 30 monitoring sites is illustrated in Figure 4.4.
This figure presents a heatmap of the number of months with valid data for each site over the inversion
period from 2018 to 2023. Colour coding reflects the number of months with data available per year,
ranging from 0 (no data) to 12 months (full year coverage). Most stations exhibit continuous
observations throughout the inversion period, particularly from 2020 onward. Some stations display
gaps in early years (2018-2019) due to site establishment dates or incomplete data transfer from earlier
networks such as InGOS and pre-ICOS phases.

However, the orography in the meteorological data used in the transport model is only resolved at 0.5°
and thus the altitude of the mountain sites in the model will be lower than in reality. Hence, the particle
release heights in FLEXPART have been adjusted for the mountain sites (defined as > 1000 masl), to be
the mid-point between the actual altitude of the sites and the altitude given by the meteorology,
improving representativeness of atmospheric transport simulations. This treatment ensures a more
physically realistic linkage between surface fluxes and atmospheric observations, particularly in
topographically complex regions.
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Figure 4.3: Geographical distribution of the sites showing also their altitude
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Figure 4.4: Data density in months for each site per year

4.4 Results
4.4.1 Modelled and observed atmospheric N,O mole fractions

Figure 4.5 shows daily time series of observed N,O mole fractions (black dots) and modelled values
based on prior (green) and posterior (red) simulations for selected stations: BSD, HFD, KIT, LIN, and
RGL. The time series spans from 2018 to 2023 (or up to each station’s availability) and highlight the
model's capability to reproduce observed patterns.

Key observations include:

e A positive long-term trend in N,O concentration is evident at most stations, consistent with
ongoing increases in global N,O emissions.

o All stations exhibit a consistent seasonal cycle, with N,O mixing ratios peaking during the spring
and summer months and declining during winter. This seasonality is likely driven by
temperature-dependent biogenic emissions and atmospheric transport.

e After inversion, the posterior mixing ratios more closely follow the observed variability, where
the red line aligns more tightly with the black observational data.

e The posterior simulations better capture episodic enhancements (e.g., local emission spikes),
indicating improved representation of regional-scale emission hotspots that the prior failed to
resolve.
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Figure 4.5: Time series of assimilated N,O concentrations sampled at different stations used in the inversion. Assimilated
measurement (black), CIF-FLEXPART Inversion results for posterior concentration (red), and prior concentration (green)

21

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




DELIVERABLE 3.4 | PUBLIC

Figure 4.6 provides a comparative assessment of model performance before and after inversion across
multiple monitoring stations, based on three key statistical metrics: Root Mean Square Error (RMSE),
bias, and the coefficient of determination (R?).

Top panel shows the Root Mean Square (RMSE) and bias:

e At most monitoring stations, the posterior simulations show a noticeable reduction in RMSE
compared to the prior simulations, indicating an improvement in model accuracy after
assimilation. For example, stations such as CBW, HUN, JUE, and LMP display clear reductions
in error magnitude. However, some sites remain problematic—MHD stands out with the highest
RMSE both before and after adjustment, though posterior assimilation still reduces the error
somewhat.

e Bias (green bars) reflects systematic deviations. The prior simulations often show negative bias
(light green), indicating that the model tends to underestimate observed concentrations.
Posterior simulations (dark green) bring these values much closer to zero, effectively reducing
systematic deviations. Stations such as CIB, HUN, KRE, and LMP exhibit particularly strong
improvements in bias reduction, with posterior values aligning much better with observations.

Overall, posterior simulations consistently improve both error magnitude and systematic bias across the
majority of stations. The magnitude of improvement, however, varies by location. While many stations
benefit substantially, a few sites such as MHD and LMP remain challenging, suggesting that local
conditions—such as unique meteorological dynamics, unaccounted emissions, or observational
uncertainties—may be limiting performance. These stations warrant further targeted investigation to
diagnose the causes of persistent discrepancies.

Bottom panel shows coefficient of determination (R?):

e For most stations, posterior R? values (dark blue) are equal to or higher than the prior R? values,
showing improvement in model performance after updating with data.

e A few stations (e.g., LUT, JUE, KIT, MHD) show more noticeable differences, where the
posterior model significantly outperforms the prior.

e Many stations already had high prior R? values (>0.9), and the posterior adjustment only slightly
improved them.

o Stations with lower prior R? (e.g., LUT, KIT, MHD) benefited most from the posterior correction.

The chart demonstrates that posterior simulations generally provide a better fit to observations across
stations, meaning the data assimilation or Bayesian updating process successfully improved predictive
performance. However, the improvement is station-dependent, with some locations showing more
substantial gains than others.
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Figure 4.6: Statistical analysis of prior and posterior concentrations with observations for 2018-2023

4.4.2. Spatial distribution of prior and posterior emissions

Figure 4.7 compares prior and posterior estimates of mean N,O emissions across Europe over the
period 2018-2023. The left panel displays the prior emission estimates, while the right panel shows the
posterior estimates after atmospheric inversion. The lower panel visualizes the difference between
posterior and prior estimates, highlighting areas where corrections were made.

Overall, emissions increase from 0.75 TgN,O yr=" (prior) to 1.01 TgN.O yr™" (posterior) for
EU27+3, corresponding to an increase of ~34.7% after inversion.

High-emission regions such as the Netherlands, western Germany, northwestern France, and
the UK remain prominent in both prior and posterior estimates. This consistency underscores
the strong and ongoing contribution from areas with intensive agriculture and livestock
farming.

Posterior estimates show substantially lower emissions over northern Italy, suggesting prior
inventories overestimated N,O sources in this region.

The posterior-prior difference map indicates increased emissions in western France, Belgium,
the Netherlands, and parts of Germany, while decreases are evident in Italy. These
adjustments reflect constraints from observational data, particularly in agricultural hotspots.
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Figure 4.7: Mean spatial distribution of N,O estimates from CIF-FLEXPART inversion at a higher resolution of 0.2°x 0.2° from
2018 to 2023: prior (left upper panel), posterior (right upper panel) and posterior increments computed as (posterior — prior)
(lower panel).

Figure 4.8 shows the seasonal and interannual variability of total N,O emissions for EU27+3 countries
between 2018 and 2023, comparing the prior inventory with posterior inversion estimates at 0.2° and
0.5° spatial resolution. Both the prior (brown line) and posterior (green line) emissions exhibit a clear
seasonal cycle, characterized by:

e peaks in late spring to early summer (May-June) linked to fertilizer application and warmer soil
conditions enhancing microbial N,O production.
e Troughs occur in winter, consistent with reduced microbial activity and lower fertilizer use.

Key observations include:

o Posterior estimates consistently exceed prior inventories across most years, revealing
systematic underestimation in bottom-up inventories.

e The two posterior solutions (0.2° and 0.5°) are closely aligned in phase, exhibiting nearly
identical seasonal timing. Differences are primarily in magnitude: the 0.2° inversion generally
shows more pronounced and occasionally higher peaks, reflecting greater sensitivity to short-
term variability, whereas the 0.5° inversion is smoother with slightly attenuated peak amplitudes,
consistent with the effects of spatial aggregation.

e The year 2018 shows a decline in emissions from June to July and lower emissions for July to
August compared to other years, likely due to widespread drought suppressing microbial
production of N,O and, possibly also reduced fertilizer usage.

24

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



DELIVERABLE 3.4 | PUBLIC

The consistent seasonal cycle highlights the climatic control of N,O emissions, while interannual
variability reflects the influence of extreme weather, land management, and crop-fertilizer dynamics.
Posterior estimates provide a more realistic representation of the European N,O budget, emphasizing
the importance of inverse modelling for correcting biases in bottom-up inventories.
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Figure 4.8: Times series of monthly N,O in Tg(N20)/year for the inversion period from 2018 to 2023 for 0.2° and 0.5° spatial
resolution, for the EU-27+UK+Norway+Switerland area.

5. CO; inversions

This section describes the final inversions of the CO. land ecosystem fluxes at a 0.2°%0.2° resolution.
These final inversions cover the period 2019 to 2022. They rely on a configuration of the CIF-CHIMERE
inversion system, following the new protocol for CO, regional inversions established in the frame of
EYE-CLIMA (see the Appendix of D3.2).

The datasets used for these final inversions at the 0.2°x%0.2° resolution, described in the protocol, better
account for different types of fluxes, including fluxes to the atmosphere from fires, from inland waters
and from harvested wood and crops. In particular, harvest fluxes provided by ORCHIDEE now have a
more realistic spatial distribution (see Section 5.1.3). As boundary conditions have a strong impact on
the annual NEE budgets (see D3.1), our inversions also now better account for them and for their
uncertainties. The CO- inversion results have been derived with this new inversion configuration by
assimilating surface observations (mainly from ICOS sites).

This section details the CIF-CHIMERE inversion configuration 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, on the seasonal cycle and on the inter-annual variability of annual NEE
budget for the European Union + UK + Switzerland + Norway (EU-27+3), 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) and in D3.2.

5.1 Inverse modelling system and experimental framework

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 same
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products as in D3.2 have been used for all the needed input data and described in the following sections.
All the data have been here gridded to 0.2° x 0.2°.

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

A European configuration of CHIMERE is used, covering latitudes 32.1-72.9°N and longitudes 14.9°W -
34.9°E with a 0.2°%0.2° horizontal resolution and 29 vertical layers up to 300 hPa. This domain is
presented in Figure 1. This configuration corresponds to a number of grid-cells of 250 (longitude) x 205
(latitude) x 29 (altitude) = 1 486 250, about 10 times higher than the one for the 0.5° configuration in
D3.1 and D3.3 (with about 137 360 grid-cells).

The inversions generally do not take the atmospheric source of CO, from the oxidation of CO into
account, assuming this source is negligible. As the impact of this atmospheric CO source of CO, on the
CO; concentrations and on the CO, land ecosystem fluxes estimated from the inversions is negligible
(MS3), CO, is still considered as a passive tracer at the time scales considered in this study.

Consequently, when using the CHIMERE CTM and its adjoint code, here, only the atmospheric transport
modelling components are used, and the chemistry modelling components are disactivated.

5.1.2 Land biosphere fluxes
Two products are used to derive prior or fixed estimates of the land-biosphere fluxes of CO-.

ORCHIDEE simulation CRUERA-v5 at 0.125° resolution over Europe (35°-73°N and 25°W-45°E) and at
hourly temporal resolution, providing:
e NPP and Rh at 3-hour resolution
e Fuec (land use change fluxes restricted, here in practice, to emissions of carbon due to
deforestation)
e local emissions of the total amount of carbon removed (without spatial displacement in
ORCHIDEE) from the local carbon stocks by wood and crop harvest: Fwooonarvest and Feroprarvest
at annual resolution but spread at 1-hour resolution as a constant flux over the year

GFASV1.2 estimate of net biomass burning emissions at 0.1° resolution, until year 2025:
o Fgg at 1-day resolution

The Fgs fluxes from GFAS are used as a fixed flux component in the inversions.

5.1.3 Land fluxes from the “lateral” export of carbon from the ecosystems

The estimate of land fluxes due to “lateral” export of carbon from the ecosystems are derived using the
last version of the database of Ciais et al. (2021). These estimates are provided globally at 0.083°x0.083°
and 1-year resolution over 1961-2022. The estimates for 2022 have been used to impose the values for
2023. The following selection of fluxes from this database have been used:

e ALLWOODSOURCE (emissions from wood biofuel combustion and other wood products)

e ALLCROPSOURCE (emissions from crop biofuel combustion and other crop products such as
human/animal respiration)

e ALLCROPSINK (estimate of the carbon sink corresponding to the crop harvest)

e ALLWOODSINK (estimate of the carbon sink corresponding to the wood harvest)

e RIVERSINK (transfer from soils to rivers)

e LAKERIVEREMIS (inland water outgassing)
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5.1.4 Prior and fixed estimates of the land fluxes

For the sake of consistency between the sinks and sources associated to these lateral transfers in the
prior estimate of the fluxes, the prior estimate of the NEE from ORCHIDEE is adjusted by adding a linear
scaling of the ORCHIDEE FCROPHARVEST and FWOODHARVEST fields a x (FCROPHARVEST or FWOODHARVEST) with Olcrop and
Owood respectively defined so that the integral of this correction over Europe and the year equals the
differences between the EU27+3 and 1-year scale budget of Fcroprarvest and Fwooowarvest versus the
ALLCROPSINK and ALLWOODSINK estimates from Ciais et al. (2021), implicitly assuming that the
budget from the latter is more accurate. Of note is that there is no sub-annual temporal resolution for
the Feroparvest and Fwoopnarvest fields out of the ORCHIDEE simulations. Therefore, these fluxes are
prescribed as constant fluxes within a year, which thus applies to the adjustment of ORCHIDEE.

The estimates of Fwoobsource (=ALLWOODSOURCE), Fcropsource (=ALLCROPSOURCE), and  Fiakeriver
(=LAKERIVEREMIS+RIVERSINK) are used as a fixed flux components in the inversions. The ORCHIDEE
Feroprarvest  and  Fwoopnarvest from  ORCHIDEE themselves, which are redundant with the
ALLWOODSOURCE and ALLCROPSOURCE but which are assumed to rely on a less accurate estimate
of the harvests, and which ignore the import/export of harvest across the boundaries of Europe, are
discarded.

5.1.5 Fossil emissions

Anthropogenic emissions from EDGARvS are used as recommended by WP2 (MS 2). These are provided
at monthly resolution for the following sectors (the sector codes are given in parentheses): i) Energy
for buildings (BUILDINGS), ii) Fuel exploitation (FUEL_EXPLOITATION), iii) Industrial combustion
(IND_COMBUSTION), iv) Industrial processes (IND_PROCESSES), v) Power industry
(POWER_INDUSTRY), vi) Transport (TRANSPORT) and vii) Waste (WASTE).

EDGARvVS provides separate estimates for CO. emissions from fossil sources (Fco2) versus bio-fuel
sources for the above sectors. The biofuel files include “CO2bio” in the file name and are excluded.
EDGARvS provides weekly and hourly profiles per country and source sector, which should be used to
calculate hourly varying emissions. The estimates for 2021 are used to impose the values for more
recent years.

The Fco2 flux from EDGARVS are used as a fixed flux component in the inversions.

5.1.6 Open and coastal ocean fluxes

The estimate of sea/ocean fluxes within the inversion 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 (Rédenbeck 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. The estimates for 2020 are used
to impose the values for more recent years.

This product is used as a prior estimate of the Focean fluxes in the inversions.

5.1.7 Prior / Fixed estimate of the boundary conditions and completion of the stratosphere

For the estimate of the prior initial, lateral and top boundary conditions, inversions use the CAMS global
greenhouse gas inversion product, v22r1 available up to 2022-12.

5.1.8 Meteorological forcing

The CHIMERE CTM is driven by European Centre for Medium-Range Weather Forecasts (ECMWF)
meteorological forecasts.
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5.2. Observations
5.2.1. Near-surface in-situ measurements

As in D3.2, 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 called “obspack_co2_466_GVeu_v10_20240729” (ICOS RI et al.,
2024).

Following the protocol, 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
12:00-17:00 UTC for low altitude stations (below 1000 masl) and 0:00-6:00 UTC for high altitude stations
(above 1000 masl). When several levels of measurements are available at a given station, the inversions
assimilate the data from the highest level only.

The stations selected for the period 2019-2022 are shown in Figure 5.1. We have excluded the urban
stations HEI (Heidelberg in Germany) and GIF (Gif sur Yvette in France) and some stations which are
challenging to represent with meso-scale atmospheric transport models and/or which provide data over
relatively short time over the entire period (LMU, VAC, GIC, SGC and EEC in Spain) from the dataset.

. >1000m
. < 1000m

Figure 5.1: Domain and location of the observation sites. The colours indicate if the altitude (height above ground +
sampling height) of the station is lower (in red) or higher (in blue) than 1000m.

5.3. The inversion framework

The inversions of CO. land ecosystem fluxes consist here in correcting the "prior" estimate of the sum
of the Net Ecosystem Exchange (NEE) and of the fluxes FLuc of CO due to the Land Use Change (LUC),
being limited here to emissions from deforestation. This prior estimate is corrected to derive “posterior”
estimates with an improved fit between CHIMERE and the surface measurements of CO, mole fractions
or XCO; satellite observations.
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Series of independent 1-month inversions have been performed to provide a posterior estimate of
NEE+F yc from 2019 to 2022.

The inversion optimizes 6-hourly mean NEE+F.yc fluxes at the 0.2°x0.2° resolution of CHIMERE. The
uncertainty covariance matrix associated to the prior estimate of NEE+F.y 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+F ¢ (the prior uncertainty)
are set to ~1 month and 200 km, with no correlation between the four 6-hour windows of the same
day. The inversions also control the ocean fluxes and the initial and lateral boundary conditions (see
Table 4 of the protocol in the Appendix of D3.2).

The observation error covariance matrix characterizing the transport model and CO, measurement 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. The variance of the
observation errors corresponding to individual observations correspond to the Root Sum Square of the
observation error values assigned to characterize the transport model error (see Table 3 of the protocol
in the Appendix of D3.2).

The norm of the gradient of the cost function J is reduced by at least by 90% with the M1QN3 limited-
memory quasi-Newton minimisation algorithm that we use (Gilbert and Lemaréchal, 1989).

5.4.1. 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 surface-based inversions to the prior estimates of the NEE+F ¢
and ocean fluxes and of the boundary conditions is illustrated in Table 5.1 for the month of July, from
2019 to 2022. When taking all the selected hourly observations of the stations into account in the year,
the determinant coefficient R? is increased and the RMSE and the bias (from the prior to the posterior
simulations) misfits between simulated versus measured CO, during the assimilation windows are
always reduced (Table 5.1). Corrections to the NEE+F yc fluxes seem to conduct to a clear improvement
of the fit of simulated mole fractions to the observations. These results raise a good confidence in the
posterior NEE+F yc estimates, whose main characteristics are presented in the following sections.

Table 5.1: 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 selected hourly measurements, for the month of July, from 2019 to 2022.

r RMSE (ppm) Bias (ppm)
July Prior Post rdiff prior post rdiff prior post rdiff
2019 0.20 0.42 +104% 9.15 4.71 -48% 3.40 1.74 -49%

2020 0.09 0.26 +181% | 20.49 5.64 -712% 8.05 -0.45 -94%

2021 0.05 0.13 +140% | 19.04 7.3 -62% 3.92 -3.06 -22%

2022 0.13 0.18 +44% 26.43 6.53 -75% 11.42 0.11 -99%
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5.4.2. Spatial variability of the annual corrections to the prior terrestrial ecosystem fluxes

Figure 5.2 presents maps of the annual corrections provided by the inversions to the adjusted ORCHIDEE
CRUERA prior estimates for NEE+F.yc when assimilating surface measurements from 2019 to 2022.
Contrarily to the inversions using surface measurements at the 0.5° resolution showing positive
corrections (D3.2), the inversions here show strong negative corrections to the prior estimates over
Southern France, northern ltaly, Switzerland, Germany and over Central Europe (i.e., Poland, Czech
Republic, Austria, Slovakia). However, these negative corrections are in better agreement with the
inversions using satellite observations at the 0.5° resolution in D3.2.
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Figure 5.2: Maps of the adjusted ORCHIDEE CRUERA-v5 NEE+F,yc prior estimates and of the annual corrections provided by
the inversions to these priors when assimilating surface measurements, in PgC/year, from 2019 to 2022.
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5.4.3. Seasonal cycle of the EU-27+3 NEE+F.yc budget

Figure 5.3 presents a times series of monthly estimates of the CO, NEE+F.yc from prior and posterior
estimates from surface measurements, from January 2019 to December 2022.

The CO; positive maximum is always in October in the prior estimates. It can be in October (in 2021,
2022) or with a 1-month gap in November (in 2019, 2020) in the posterior estimates from the surface-
based inversions. The maximum of the CO, peak uptake is often identified in May, both in the prior
estimates and in the posterior estimates (except in 2019). Similarly to our NEE flux estimates from the
inversion at 0.5° resolution, our NEE flux estimates are lower than the ones from ORCHIDEE at the end
of summer.

CO2 NEE EU27+3
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0.3 - —— CIF-CHIMERE surface posterior
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Figure 5.3: Times series of monthly estimates of the CO, NEE+FLUC, in PgC/month, from 2015 to 2023, for the EU-27+3 area.
The dashed orange line is for the adjusted ORCHIDEE-CRUERA-v5 prior while the solid green line is for posterior estimates.

5.4.4. Inter-annual variability of the EU27+3 NEE+F,c budget

The posterior estimates of the NEE+F.yc average annual budget for EU27+3 over the period 2019-2022
from the surface measurements at the 0.2° spatial resolution is about -0.78 PgC.yr-".
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These estimates are 53% larger than the posterior estimates from surface measurements at the 0.5°
spatial resolution of about -0.36 PgC.yr-" over the period 2019-2022. However, as seen in Section 5.4.3,
these estimates are relatively consistent with the posterior estimates from satellite observations at the
0.5° spatial resolution of about -0.90 PgC.yr-"over the period 2019-2021.
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Figure 5.4: Times series of annual prior estimates of the CO, NEE+F,yc and posterior estimates from the surface-based
inversions at the 0.2° spatial resolution, in PgC/year, from January 2019 to December 2022 for the EU27+3 area. Posterior
estimates from the surface- and satellite-based inversions at the 0.5° spatial resolution are also shown for comparison.

6. Deviations from the Description of Action

Because of the high computational cost of the CO. inversions at high resolution, these inversions have
only been performed for the 2019-2022 period instead of 2018-2023 as initially planned. The extension
of these inversions to 2018 and 2023 will be achieved in the coming weeks.

7.Conclusions

The CH4 inversion within the CIF-FLEXPART framework for 2018-2023, performed at 0.2° x 0.2°
resolution using a 4D-Var approach with FLEXPART-derived source—receptor relationships, optimized
sector-specific methane fluxes by assimilating in situ observations. Posterior CHs mixing ratios show
improved agreement with observations, with reduced bias and RMSE and higher correlations across all
stations compared to the prior. The posterior fluxes suggest that prior inventories underestimated
agricultural and combustion emissions in parts of northwestern and central Europe, while overestimating
emissions in regions such as Italy, Romania, and the UK. Geological emissions are generally revised
downward, emphasizing the need for region-specific scaling rather than uniform global factors. In
contrast to the 0.5° inversion, geological emissions in this higher-resolution inversion are consistently
corrected downward. Further investigation is needed to determine whether this discrepancy arises from
the change in spatial resolution or from differences in the number of assimilated observation stations.
Wetland emissions also decrease, particularly in northern Europe during summer, indicating prior
overestimation of seasonal CHs release. Seasonal cycles remain consistent, with wetlands driving

summer emission peaks. The total mean emission for the EU27+3 in the years 2018-2023 decrease
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slightly from the prior estimate of 21.3 Tg yr™' to a posterior estimate of 21.8 Tg yr™". However,
substantial sectoral adjustments are evident: agricultural emissions increase by 17.1% (from 13.0 to
15.2 Tg yr™"), geological emissions decline by 59.7% (from 2.6 to 1.0 Tg yr™"), and wetland emissions
decrease by 4.9% (from 3.7 to 3.6 Tg yr™).

N,O inversion using the CIF-FLEXPART inversion framework at 0.2° resolution indicates systematically
higher posterior emissions than the prior, with EU27+3 totals increasing from 0.75 TgN.O yr~" (prior) to
1.01 TgN2O yr™" (posterior), corresponding to an overall increase of ~34.67% after optimisation. The
largest positive adjustments occur in northwestern Europe, notably across the UK, northern France and
Benelux region, indicating that the prior likely underestimated emissions in these source areas. In
contrast, the inversion suggests reduced emissions over parts of northern Italy and central-eastern
Europe, pointing to potential prior overestimation or redistribution of sources in these regions. Model-
data evaluation indicates a clear improvement from prior to posterior. The posterior simulations show
stronger agreement with observed mixing ratios, with consistently high station-wise performance (R?
close to 1 at most sites) and an overall reduction in RMSE alongside bias moving closer to zero at many
stations. Together, these results support a successful inversion, yielding a spatially coherent posterior
emission field and improved reproduction of observed variability, while also implying that the prior
inventory underestimates total European N,O emissions by roughly one-third for the analysed period.

CO; inversions using the CIF-CHIMERE model at the 0.2° spatial resolution to correct prior estimates of
the Net Ecosystem Exchange (NEE) and of the ocean fluxes and of the boundary conditions by
assimilating surface observations show that the model significantly improves the fit between simulated
and observed CO, concentrations, reducing root-mean-square (RMS) errors and biases. The posterior
estimates of the NEE+F.yc average annual budget for EU27+3 over the period 2019-2022 from the
surface measurements at the 0.2° spatial resolution is of about -0.78 PgC.yr-". Contrary to the surface-
based inversions at the 0.5° spatial resolution described in D3.2, the surface-based inversions at the
0.2° spatial resolution indeed result in negative corrections, relatively consistently with the satellite-
based inversions at the 0.5° spatial resolution. Further work seems therefore needed to fully understand
the impact of the spatial resolution on the NEE+F yc posterior estimates.
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