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Abstract. Quantification of land surface—atmosphere fluxes of carbon dioxide (CO,) and their trends and un-
certainties is essential for monitoring progress of the EU274-UK bloc as it strives to meet ambitious targets de-
termined by both international agreements and internal regulation. This study provides a consolidated synthesis
of fossil sources (CO; fossil) and natural (including formally managed ecosystems) sources and sinks over land
(CO2 land) using bottom-up (BU) and top-down (TD) approaches for the European Union and United Kingdom
(EU274UK), updating earlier syntheses (Petrescu et al., 2020, 2021). Given the wide scope of the work and the
variety of approaches involved, this study aims to answer essential questions identified in the previous synthe-
ses and understand the differences between datasets, particularly for poorly characterized fluxes from managed
and unmanaged ecosystems. The work integrates updated emission inventory data, process-based model results,
data-driven categorical model results, and inverse modeling estimates, extending the previous period 1990-2018
to the year 2020 to the extent possible. BU and TD products are compared with the European national green-
house gas inventory (NGHGI) reported by parties including the year 2019 under the United Nations Framework
Convention on Climate Change (UNFCCC). The uncertainties of the EU274+-UK NGHGI were evaluated using
the standard deviation reported by the EU member states following the guidelines of the Intergovernmental Panel
on Climate Change (IPCC) and harmonized by gap-filling procedures. Variation in estimates produced with other
methods, such as atmospheric inversion models (TD) or spatially disaggregated inventory datasets (BU), origi-
nate from within-model uncertainty related to parameterization as well as structural differences between models.
By comparing the NGHGI with other approaches, key sources of differences between estimates arise primarily
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in activities. System boundaries and emission categories create differences in CO; fossil datasets, while different
land use definitions for reporting emissions from land use, land use change, and forestry (LULUCF) activities
result in differences for CO; land. The latter has important consequences for atmospheric inversions, leading to
inversions reporting stronger sinks in vegetation and soils than are reported by the NGHGI.

For CO; fossil emissions, after harmonizing estimates based on common activities and selecting the most
recent year available for all datasets, the UNFCCC NGHGI for the EU27+4UK accounts for 926 + 13 Tg Cyr~!,
while eight other BU sources report a mean value of 948 [937,961] TgCyr‘1 (25th, 75th percentiles). The
sole top-down inversion of fossil emissions currently available accounts for 875 Tg C in this same year, a value
outside the uncertainty of both the NGHGI and bottom-up ensemble estimates and for which uncertainty es-
timates are not currently available. For the net CO; land fluxes, during the most recent 5-year period includ-
ing the NGHGI estimates, the NGHGI accounted for —91 +32TgCyr~!, while six other BU approaches re-
ported a mean sink of —62 [—117, —49] TgCyr~!, and a 15-member ensemble of dynamic global vegetation
models (DGVMs) reported —69 [—152, —5] Tg Cyr~!. The 5-year mean of three TD regional ensembles com-
bined with one non-ensemble inversion of —73 Tg C yr~! has a slightly smaller spread (0th—100th percentiles of
[—135,4+45] TgCyr1), and it was calculated after removing net land—atmosphere CO, fluxes caused by lateral
transport of carbon (crop trade, wood trade, river transport, and net uptake from inland water bodies), result-
ing in increased agreement with the NGHGI and bottom-up approaches. Results at the category level (Forest
Land, Cropland, Grassland) generally show good agreement between the NGHGI and category-specific models,
but results for DGVMs are mixed. Overall, for both CO, fossil and net CO, land fluxes, we find that current
independent approaches are consistent with the NGHGI at the scale of the EU27+4-UK. We conclude that CO;
emissions from fossil sources have decreased over the past 30 years in the EU27+4-UK, while land fluxes are
relatively stable: positive or negative trends larger (smaller) than 0.07 (—0.61) Tg C yr—2 can be ruled out for the
NGHGI. In addition, a gap on the order of 1000 Tg C yr~! between CO, fossil emissions and net CO, uptake
by the land exists regardless of the type of approach (NGHGI, TD, BU), falling well outside all available esti-
mates of uncertainties. However, uncertainties in top-down approaches to estimate CO, fossil emissions remain
uncharacterized and are likely substantial, in addition to known uncertainties in top-down estimates of the land
fluxes. The data used to plot the figures are available at https://doi.org/10.5281/zenodo.8148461 (McGrath et al.,
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2023).

1 Introduction

Atmospheric mole fractions of greenhouse gasses (GHGs)
reflect a balance between emissions from both human activ-
ities and natural sources and removals by the terrestrial bio-
sphere, oceans, and atmospheric oxidation. Increasing lev-
els of GHGs in the atmosphere due to human activities
have been the major driver of climate change since the pre-
industrial period (IPCC, 2021). In 2020, GHG mole fractions
reached record highs, with globally averaged mole fractions
of 413.2 ppm (parts per million) for carbon dioxide (CO3),
representing 149 % of the pre-industrial level (WMO, 2021).
The rise in CO, mole fractions in recent decades is caused
primarily by CO, emissions from fossil sources. Globally,
fossil emissions in 2020 (excluding the cement carbona-
tion sink) totaled 95004500 TgCyr~!, with expectations
to rise in 2021 as the world recovered from the first year
of the Covid-19 pandemic (Friedlingstein et al., 2022). In
contrast, global net CO; emissions from land use and land
use change (LULUC, primarily deforestation; see glossary
in Table Al for more details), estimated from bookkeeping
models and dynamic global vegetation models (DGVMs),
were estimated to have a small decreasing trend over the

https://doi.org/10.5194/essd-15-4295-2023

past 2 decades, albeit with low confidence, and a value in
the year 2020 of 900 +700 Tg Cyr~! (Friedlingstein et al.,
2022). This decrease, however, is almost an order of magni-
tude less than the growth in fossil emissions over the same
period; therefore, the total fossil and net LULUC flux has
still increased.

As all countries in the EU27+UK are Annex I Parties’'
to the United Nations Framework Convention on Climate
Change (UNFCCC), they prepare and report national GHG
inventories (NGHGIs) on an annual basis. These invento-
ries contain annual time series of each country’s GHG emis-
sions from the 1990 base year? until 2 years before the year

! Annex I Parties include the industrialized countries that were
members of the OECD (Organization for Economic Cooperation
and Development) in 1992 plus countries with economies in transi-
tion (the EIT Parties), including the Russian Federation, the Baltic
states, and several central and eastern European states (UNFCCC,
https://unfccc.int/parties-observers, last access: February 2022).

ZFor most Annex I Parties, the historical base year is 1990.
However, parties included in Annex I with an economy in transi-
tion during the early 1990s (EIT Parties) were allowed to choose
1 year up to a few years before 1990 as reference because of a
non-representative collapse during the breakup of the Soviet Union.
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of reporting and were originally set to track progress to-
wards their reduction targets under the Kyoto Protocol (UN-
FCCC, 1997). Annex I NGHGIs are reported according to
Decision 24/CP.19 of the UNFCCC Conference of the Par-
ties (COP), which states that the national inventories shall
be compiled using the methodologies provided in the 2006
IPCC Guidelines for National Greenhouse Gas Inventories
(IPCC, 2006). The 2006 Intergovernmental Panel on Climate
Change (IPCC) guidelines provide methodological guidance
for estimating emissions for well-defined sectors using na-
tional activity and available emission factors. Decision trees
indicate the appropriate level of methodological sophistica-
tion (“tiered methods”) based on the absolute contribution of
the sector to the national GHG balance and the country’s na-
tional circumstances (availability and resolution of national
activity data and emission factors). Generally, Tier 1 meth-
ods are based on global or regional default emission fac-
tors that can be used with aggregated activity data, while
Tier 2 methods rely on country-specific factors and/or activ-
ity data at a higher category resolution. Tier 3 methods are
based on more detailed process-level modeling or in some
cases facility-level emission observations. Annex I Parties
are furthermore required to estimate and report uncertainties
in emissions (95 % confidence interval), following the 2006
IPCC guidelines using, as a minimum requirement, the Gaus-
sian error propagation method (approach 1). Annex I Parties
are furthermore encouraged to use Monte Carlo methods (ap-
proach 2) or a hybrid approach. Additional information on
the NGHGIs can be found in Appendix A2.

In addition to the NGHGISs, other research groups and in-
ternational institutions produce independent estimates of na-
tional GHG emissions with two approaches: atmospheric in-
versions (top-down, TD) and GHG inventories based on the
same principle as NGHGIs but using slightly different meth-
ods (tiers), activity data, and/or emission factors (bottom-
up, BU). The current work has a strong focus on the EU27
and therefore sits within the context of recent legislation
passed by the European Parliament concerning commitments
for the land use, land use change, and forestry (LULUCF)
sector to achieve the objectives of the Paris Agreement and
the reduction target for the union (EU, 2018a, and the pro-
posed amendments, EU, 2021a). This legislation requires
that, “Member States shall ensure that their accounts and
other data provided under this Regulation are accurate, com-
plete, consistent, comparable, and transparent”. The TD and
BU methods discussed below include the most up-to-date
publicly available spatially explicit information, which can
help provide a quality check and increase public confidence
in NGHGIs.

The work presented in this paper covers dozens of dis-
tinct datasets and models, in addition to the individual coun-
try submissions to the UNFCCC of the EU member states

For the EU274-UK, this includes Bulgaria (1988), Hungary (1985—
1987), Poland (1988), Romania (1989), and Slovenia (1986).
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and the UK. As Annex I Parties, the NGHGIs of the EU
member states and the UK are consistent with the general
guidance laid out in IPCC (2006) yet still differ in specific
approaches, models, and parameters, in addition to defini-
tional differences in the underlying system boundaries and
activity datasets. For the land-based sector, member states
are only required to report terrestrial biospheric fluxes from
managed lands instead of distinguishing between direct and
indirect human-induced and natural effects on carbon fluxes
for all ecosystems (Grassi et al., 2018a, 2022). This “man-
aged land proxy” avoids having to quantify, for example, in-
creased carbon uptake in remote Forest Land due to reac-
tive nitrogen emissions from both natural soils and human-
applied synthetic fertilizers. A comprehensive investigation
of detailed differences between all datasets is beyond the
scope of this paper, though systematic analyses have been
previously made for specific sectors (e.g., AFOLU,? Petrescu
et al., 2020; previous synthesis to this work, Petrescu et al.,
2021; FAOSTAT versus UNFCCC NGHGIs, Tubiello et al.,
2021, and Grassi et al., 2022; UNFCCC versus bookkeeping
models, Grassi et al., 2023; and UNFCCC versus inversions,
Deng et al., 2021) and by the Global Carbon Project CO,
syntheses (e.g., Friedlingstein et al., 2022).

Every year (time t) the Global Carbon Project (GCP) in
its global carbon budget (GCB) quantifies large-scale CO;
budgets up to the previous year (¢ — 1), bringing in infor-
mation from global to wide latitude bands, including vari-
ous observation-based flux estimates from BU and TD ap-
proaches (Friedlingstein et al., 2022). The current paper,
given the focus on a single region (Europe) with extensive
data coverage, dives into more detail than the GCB, includ-
ing category-specific models related to LULUCF (e.g., For-
est Land, Grassland, Cropland) and making heavy use of the
EU27+UK NGHGI in an effort to advance a trust-building
process by mutual understanding developed though compar-
ison of both approaches. Compared to Petrescu et al. (2021),
the current work updates datasets, methods, and uncertain-
ties.

BU observation-based approaches used in the GCB rely
heavily on statistical data combined with Tier 1 and Tier 2
approaches. In the current work, focusing on a region that
is well covered with data and models (EU27+UK), BU also
refers to Tier 3 process-based models (see Sect. 2). At re-
gional and country scales, systematic and regular comparison
of these observation-based CO, flux estimates with reported
fluxes under the UNFCCC is more difficult. Continuing our
previous efforts within the European project VERIFY (VER-
IFY, 2022), the current study compares observation-based
flux estimates of BU versus TD approaches and compares
them with NGHGIs for the EU27+UK bloc and five sub-

3We refer here to AFOLU as defined by the IPCC ARS: agri-
culture, forestry, and other land use. For further details on the dif-
ferences between AFOLU, LULUCF, and LULUC, please see the
glossary in Table Al.
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regions. VERIFY also provides, as a first attempt, similar
comparisons for all European countries (VERIFY Synthesis
Plots, 2022). The methodological and scientific challenges
to compare these different estimates have been partly inves-
tigated before (Pongratz et al., 2021; Grassi et al., 2018a, for
LULUCF,; Andrew, 2020, for fossil sectors), but such com-
parisons were not done in a systematic and comprehensive
way, including both fossil and land-based CO» fluxes, before
Petrescu et al. (2021).

As the study by Petrescu et al. (2021) is the most com-
prehensive comparison of the NGHGIs and research datasets
(including both TD and BU approaches) for the EU27+4-UK
to date, the focus of the current paper is on improvement
of estimates in the most recent version in comparison with
the previous one, including changes in the uncertainty esti-
mates and identification of the knowledge gaps and added
value for policymaking. Official NGHGI emissions are com-
pared with research datasets, including necessary harmoniza-
tion of the latter on total emissions to ensure consistency.
Differences and inconsistencies between emission estimates
were analyzed, and recommendations were made towards fu-
ture evaluation of NGHGI data. It is important to remem-
ber that, while NGHGIs include uncertainty estimates, the
“uncertainty analysis should be seen, first and foremost, as
a means to help prioritize national efforts to reduce the un-
certainty of inventories in the future and guide decisions on
methodological choice” (Vol. 1, Chap. 3, IPCC, 2006) and
were therefore not developed to enable comparisons between
countries or other datasets. In addition, individual spatially
disaggregated research emission datasets often lack quantifi-
cation of uncertainty. Here, we focus on the mean value and
various percentiles (Oth, 25th, 75th, 100th) of different re-
search products of the same type to get a first estimate of un-
certainty (see Sect. 2). Not all models/inventories provided
an update for v2021; therefore, for the non-updated datasets,
the previously published time series are shown.

The dataset assembled in this paper (McGrath et al., 2023)
provides annual values of carbon dioxide emissions and sinks
in fossil and LULUCEF sectors for the EU274-UK across a
range of data products based on different methodologies.
This enables, for example, researchers to produce datasets
based on new methods and also provides a source of evalua-
tion in the form of a best-estimate range of values. Decision-
makers may also find the results useful for targeting miti-
gation efforts in the EU274UK by providing a more com-
plete subsectorial breakdown. While NGHGIs already pro-
vide detailed data-based disaggregation based on activities,
the dataset here adds additional constraints from independent
data and models used outside of the inventory community. In
addition, this paper outlines a methodology by which users
of country-level CO;, emission data can compare datasets
against NGHGISs and identify where agreement occurs for the
right (and wrong) reasons.

Section 3.1 highlights the extreme difference between cur-
rent fossil emissions and uptake by the land surface. Sec-
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tion 3.2 looks at an ensemble of bottom-up estimates of fossil
CO; emissions, in addition to a preliminary inversion using
atmospheric NO, observations as a constraint. Section 3.3.2
and 3.3.3 show that better agreement between the NGHGI
and other models occurs when the models are driven strongly
be category-specific data in forestry, grasslands, and crop-
lands, as opposed to more generalized models created to cou-
ple to atmospheric models in global climate projections. Sec-
tion 3.3.4 highlights the challenges currently facing the com-
parison of atmospheric inversion models with NGHGIs while
simultaneously showing improvement by accounting for net
emissions for lateral transfer of carbon between countries.
Section 3.4 provides more discussion around uncertainties in
both top-down and bottom-up estimates.

A list of acronyms and terminology is provided in Ta-
ble Al for easy reference.

2 CO5 data sources and estimation approaches

The CO; emissions and removals in the EU274+UK esti-
mated by inversions and anthropogenic emission inventories
resolved at the source category level were analyzed. At the
time of this work, data of CO; fossil emissions and CO;
land* emissions and removals (Tables 1 and 2) covered the
period from 1990 to 2020, with some of the data only avail-
able for shorter time periods. Since then, some datasets have
been updated to include 2021, but not all, and we made the
decision to stay with the original time window for simplicity.
The estimates are available both from peer-reviewed litera-
ture and from new research results from the VERIFY project.
BU results are compared to NGHGIs reported in 2021 (which
contain the time series for 1990-2019). Data sources are
summarized in Tables 1 and 2 with the detailed description of
all products provided in Appendix A2—-A4. In Appendix A2,
the harmonized methodology for calculation of uncertainties

4The IPCC Good Practice Guidance (GPG) for Land Use,
Land-Use Change and Forestry (IPCC, 2003) describes a uni-
form structure for reporting emissions and removals of greenhouse
gasses. This format for reporting can be seen as “land based”: all
land in the country must be identified as having remained in one
of six categories since a previous survey or as having changed to
a different (identified) category in that period. According to the
IPCC Special Report on Climate Change and Land, “land covers
the terrestrial portion of the biosphere that comprises the natural
resources (soil, near-surface air, vegetation and other biota, and wa-
ter), the ecological processes, topography, and human settlements
and infrastructure that operate within that system”. Some commu-
nities prefer “biogenic” to describe these fluxes, while others find
this confusing as fluxes from unmanaged forests, for example, are
biogenic but not included in inventories reported to the UNFCCC.
As this comparison is central to our work, we decided that “land” as
defined by the IPCC was a good compromise. However, we avoid
the word “natural” as much as possible, under the assumption that
almost all terrestrial ecosystems are significantly impacted by hu-
mans in the current era.
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submitted by member states to the UNFCCC in their national
inventory reports (NIRs) is explained. This includes the same
95 % confidence interval as is typically reported but involved
an extensive gap-filling to cover more categories and more
years than available in Petrescu et al. (2021), which limited
uncertainty estimation to a single year.

BU anthropogenic CO; fossil estimates include global in-
ventory datasets such as the Emissions Database for Global
Atmospheric Research (EDGAR v6.0.), Statistical Review
of World Energy by BP, the Carbon Dioxide Informa-
tion Analysis Center (CDIAC), the Global Carbon Project
(GCP), the Energy Information Administration’s (EIA) “In-
ternational” dataset, and the International Energy Agency
(IEA) (see Table 1). These datasets are all described in de-
tail by Andrew (2020). CO;, land emission estimates are
derived from BU biogeochemical models (e.g., DGVMs,
bookkeeping models; see Table 2). TD approaches include
both high-spatial-resolution regional inversions (CarboScop-
eReg (CSR), EUROCOM (Monteil et al., 2020), inversions
based on the CIF-CHIMERE system (Berchet et al., 2021),
and LUMIA) and coarser-spatial-resolution global inversions
(GCP 2021: Friedlingstein et al., 2022). Most of the inver-
sions were carried out for CO; land emissions, with only a
single inversion for CO; fossil emissions (CIF-CHIMERE).
Note that CIF-CHIMERE provides estimates for both CO,
land and CO; fossil from separate simulations. These esti-
mates are described in Sect. 2.3.

The sign of the fluxes is defined from an atmospheric per-
spective: positive values represent a net source to the atmo-
sphere and negative values a net removal from the atmo-
sphere. As an overview of potential uncertainty sources, Ta-
ble C1 presents the use of emission factor (EF) data, activ-
ity data (AD), and (whenever available) uncertainty methods
used for all CO; land data sources in this study, in addition to
more details on each model in Appendix A. The referenced
data used for figure replicability purposes are available for
download (McGrath et al., 2023). Upon request, the codes
necessary to plot the figures in the same style and layout can
be provided. The focus is on the EU274-UK emissions. In
the VERIFY project, an additional web tool was developed
which allows for the selection and display of all plots shown
in this paper, not only for the EU member states and UK but
also for a total of 79 countries and groups of countries in Eu-
rope (Table A2, Appendix A). The data are free of cost and
can be accessed upon registration (VERIFY Synthesis Plots,
2022). An overview of the datasets, including contact infor-
mation, is provided in Table C1.

For the sake of harmonization, we report the mean values
of all ensembles. For small sample sizes (e.g., the regional in-
versions of CSR with four members), the literature does not
give a clear indication on whether the mean or the median is
preferred; a preference for one or the other depends on what
one wishes to demonstrate. While the mean and median con-
verge in the case of independent randomly distributed data,
the median downplays data skewness. We display the mean
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for all ensembles. As the number of datasets in some ensem-
bles is small (less than five), we display the minimum and
maximum annual values for every year (i.e., the Oth/100th
percentiles) to give an idea of the spread. For ensembles with
more than 10 members (i.e., TRENDY), we show the mean
and the Oth/100th percentiles along with the 25th/75th per-
centiles in the figures. This combination demonstrates “more
likely” and “possible” behavior; as only one ensemble has
both bars, displaying them does not overwhelm the reader
much more than the standard graphs, and we find the added
information to be worth the trade-off. In the text, we re-
port the mean and Oth/100th percentiles for small ensembles
and mean along with the 25th/75th for larger ensembles. We
make every effort to limit the number of significant figures as
a function of the error bars. In some cases (e.g., asymmetric
error bars which overlap zero), we retain an extra significant
figure to improve readability.

The current work extends Petrescu et al. (2021) by up-
dating the included datasets (both increasing the number of
years covered and in some cases updating the model ver-
sions), adding datasets, and highlighting changes in terms of
mean annual emissions and trends. For clarity, the data from
Petrescu et al. (2021) are labeled as v2019, while the latest
results are labeled v2021.

2.1 COy anthropogenic emissions from the NGHGI

The UNFCCC NGHGTI (2021) estimates for the period 1990
to year t — 2 (2019), collected for the EU27 and UK, are the
basis for this dataset. For historical reasons, a few EU coun-
tries provide data for a different base year than 1990 (see
footnote 2 above), yet it should be noted that regardless of the
base year all countries of the EU274UK bloc are obliged to
report estimates for the period 1990 to year ¢ — 2. The Annex
I Parties to the UNFCCC are required to report annual GHG
inventories that include a NIR, with qualitative information
on data and methods and a common reporting format (CRF)
set of tables that provide quantitative information on GHG
emissions by category. This annually updated dataset in-
cludes anthropogenic emissions and removals. For the land-
based sector, the managed land proxy is used as a way to
report only anthropogenic fluxes (Grassi et al., 2018a, 2022).
This proxy allows member states to report all fluxes coming
from land designed as “managed” without trying to disentan-
gle their natural and anthropogenic origins. Spatially explicit
maps of managed lands are not currently available, even for
the relatively data-rich region of the European Union and
United Kingdom. However, most of the European Union is
classified by the member states as managed land; current es-
timates from available country-aggregated data indicate only
5 % of land in the EU is unmanaged, including some Forest
Land, Grassland, and Wetlands. Figure B1 shows the annual
NGHGI (2021) anthropogenic CO; time series disaggregated
by sector in order to provide context.
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2.2 (O, fossil emissions

CO; fossil emissions occur when fossil carbon compounds
are broken down via combustion or other non-combustive
industrial processes. Most of these fossil compounds are in
the form of fossil fuels, such as coal, oil, and natural gas.
Another source category of fossil CO, emissions is fossil
carbonates, such as calcium carbonate and magnesium car-
bonate, which are used in industrial processes. Because CO,
fossil emissions are largely connected with energy, which is
a closely tracked commodity group of high economic impor-
tance, there is a wealth of underlying data that can be used
for estimating emissions. However, differences in collection,
treatment, interpretation, and inclusion of various factors —
such as carbon contents and fractions of the fuel’s carbon
that is oxidized — lead to methodological differences (Ap-
pendix A3), resulting in differences in emissions between
datasets (Andrew, 2020). The datasets are also not fully in-
dependent, as discussed in Sect. 2.4. Atmospheric inversions
for emissions of fossil CO; are not as established as their
bottom-up counterparts (Brophy et al., 2019). The main rea-
son is that the types of atmospheric measurements suitable
for fossil CO, atmospheric inversions have not yet been
widely deployed (Ciais et al., 2015). One of the rare inver-
sions is presented below.

In this analysis, the inventory-based bottom-up CO, fos-
sil emission estimates are separated and presented per fuel
type and reported for the last year when all data products
are available (2017). This updates Andrew (2020) and Pe-
trescu et al. (2021), which both report the year 2014. In order
to provide a quasi-independent estimate of fossil emissions
assimilating satellite observations of the atmosphere subject
to current capabilities of atmospheric inversions, the CIF-
CHIMERE model was used to produce a fossil fuel CO;
emission estimate for the year 2017. CIF-CHIMERE is a
coupling between the variational mode of the Community
Inversion Framework (CIF) platform developed in the VER-
IFY project (Berchet et al., 2021), the CHIMERE chemi-
cal transport model (Menut et al., 2013), and the adjoint of
this model (Fortems-Cheiney et al., 2021). To overcome the
lack of CO, observation networks suitable for the monitor-
ing of fossil CO, emissions at national scale, this inversion
is based on the assimilation of satellite NO, data, which are
representative of NO, emissions, as NO, is co-emitted with
CO» during fossil fuel combustion. The uncertainties in the
anthropogenic activities underlying the fossil fuel combus-
tion are shared by both CO, and co-emitted species. There-
fore, in principle, information from co-emitted species such
as NO, and CO can be used to decrease the uncertainties
in fossil fuel CO, emissions. Recent top-down inversions of
anthropogenic CO; emissions from Europe indicate that un-
certainties using satellite measurements of NO;, are much
lower than for co-emitted CO when deriving fossil CO,
emissions (Konovalov et al., 2016). Therefore, results shown
below only incorporate NO, and not CO observations. The
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CHIMERE model includes a full chemistry scheme to en-
able linkage of observations of atmospheric NO, mole frac-
tions to surface NO, emissions. While the spatial and tempo-
ral coverage of the NO; observations is large, there are many
factors that contribute to uncertainty in fossil fuel emission
activity data, including the uncertainties in NO, emission
factors and thus the ratio of NO, to CO;, emissions. There-
fore, the influence of using NO» observations in determining
fossil CO, emissions is subject to uncertainties which have
not been characterized appropriately yet in the framework of
VERIFY. Here, this conversion relies heavily on the emis-
sion ratios per country, month, and large sector of activity
from the TNO-GHGco-v3 inventory (Dellaert et al., 2021),
which has been partly developed in VERIFY and which is
based on the most recent UNECE-CLRTAP> and UNFCCC
official country reporting, respectively, for air pollutants and
greenhouse gasses. The detailed descriptions of each of the
data products are found in Appendix A3.

2.3 COs land fluxes

Data products from BU and TD CO; land fluxes including
CO; emissions and removals from land use, land use change,
and forestry (LULUCEF) activities are summarized in Table 2.
All models and approaches produce an estimate of the net
carbon flux from the land surface including uptake through
photosynthesis and emission through respiration and/or dis-
turbances. The details may vary significantly between ap-
proaches, however. Attempts are made where possible to har-
monize input data and compare results which roughly corre-
spond to similar categories included in the NGHGI. Further
details are described throughout the rest of this article. As
with CO; fossil fluxes, the primary distinctions are between
the NGHGI, other bottom-up approaches, and top-down ap-
proaches. The situation becomes more complicated for CO,
land fluxes due to the inclusion of approaches which only
address a single land use category (e.g., Forest Land).

For the analysis at category level, the CO; net emissions
from the LULUCEF sector that are primarily considered in this
synthesis are from three land use categories® (Forest Land,
Cropland, and Grassland), each split into a land category re-
maining in the same land category’ or a land category con-

SUNECE (UN Economic Commission for Europe) Conven-
tion on Long-Range Transboundary Air Pollution; https://unece.
org/environmental-policy- 1/air (last access: 2 September 2023).

6According to 2006 IPCC guidelines, the LULUCF sector in-
cludes six management categories (Forest Land, Cropland, Grass-
land, Wetlands, Settlements and Other land). We have written land
use categories with a capital letter at the start in order to empha-
size that we are talking about land types as defined and reported
by the countries (which vary from country to country) and not
some generic scientific definition of what constitutes, for example,
a grassland.

7According to 2006 IPCC guidelines, land converted to a new
category should be reported in a “Convert” category for N years
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Table 1. Data sources for the anthropogenic CO; fossil emissions included in this study, all updated from Petrescu et al. (2021).

Anthropogenic fossil CO,

Data/model name Contact/lab  Species/period Reference/metadata
UNFCCC NGHGI UNFCCC Anthropogenic fossil CO, IPCC (2006);
(2021) 1990-2019 UNFCCC NIRs/CRFs;
https://unfccc.int/reports (last access: 2 September 2023)
(UNFCCC, 2022a, b)
Compilation of multi- CICERO CO, fossil country totals and EDGAR v6.0,
ple CO, fossil emis- split by fuel type; https://edgar.jrc.ec.europa.eu/ (last access: 2 September 2023);
sion data sources (An- 1990-2020 (or last available BP 2021 report (BP, 2018);
drew, 2020): EDGAR, year) EIA,
BP, EIA, https://www.eia.gov/beta/international/data/browser/views/partials/
CDIAC, IEA, sources.html (EIA, 2022);
GCP, CEDS, CDIAC,
PRIMAP https://energy.appstate.edu/CDIAC (last access: 10 November 2022)
(Gilfillan and Marland, 2021);
IEA, http://www.iea.org (last access: November 2022);
CEDS,
https://doi.org/10.5281/zenodo.4741285 (O’Rourke et al., 2021);
GCB2021,
(Friedlingstein et al., 2022);
PRIMAP-hist v2.4.2 (Giitschow et al., 2021)
https://doi.org/10.5281/zenodo.3638137 (Giitschow et al., 2020)
Fossil fuel COy inver- LSCE Inverse fossil fuel CO, emis- Fortems-Cheiney et al. (2021);
sions sions Fortems-Cheiney and Broquet (2021)

2005-2020

verted to another category. The NGHGI is the only result dis-
cussed here which makes use of this transition period, but the
distinction is important so as to inform which NGHGI cate-
gories to use in the comparison. Wetlands, Settlements, Other
land, and Harvested wood products (i.e., HWP) categories
are included in the discussion on total LULUCEF activities in
Sect. 3.3.1 and 3.3.4. Not all the categories reported to the
UNFCCC are present in FAOSTAT or other models. Some
models are category specific (e.g., Forest Land), while other
models include a larger subset of the six UNFCCC categories
(e.g., DGVMs which simulate Forest Land, Grassland, and
Cropland). The notations FL, CL and GL are used to indi-
cate total emissions and removals from the respective Forest
Land, Cropland, and Grassland land use categories (i.e., the
remaining plus conversions to these categories). The nota-
tions “FL-FL”, “CL-CL”, and “GL-GL” are used to indicate
emissions and removals from respective forest, cropland, and
grassland areas which have remained in the same category
from year to year or in the case of NGHGI lands that have
not undergone conversion within the aforementioned transi-

and then moved to a “Remain” category, unless a further change
occurs. Converted land refers to CO, emissions from conversions
to and from all six categories that occurred in the previous N years.
By default, N is equal to 20, although the guidelines recognize that
longer times may be necessary in temperate and boreal environ-
ments for the dead biomass and soil carbon pools to reach the new
equilibrium. Member states have the freedom to select a length of
time appropriate to their own circumstances.
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tion period (e.g., t — 20). Uncertainties for FL, CL, and GL
are reported as percentages by the European Union, and we
use them directly. An uncertainty greater than 100 % implies
that either a sink or a source is possible.

The results from category-specific models reporting car-
bon fluxes for FL-FL (EFISCEN-Space and CBM), CL, and
GL (EPIC-IIASA and ECOSSE) are presented separately
from the models and datasets including multiple land use
categories and simulating land use changes: FAOSTAT (ver-
sion 2021), the DGVM ensemble TRENDY v10 (Friedling-
stein et al., 2022; Le Quéré et al., 2009), the ORCHIDEE
and CABLE-POP DGVMs forced by high-resolution mete-
orological data as part of the VERIFY project, and the two
bookkeeping approaches of H&N (Houghton and Nassikas,
2017) and BLUE (bookkeeping of land use emissions; Han-
sis et al., 2015). BLUE includes two simulations with dif-
ferent land use forcing: one made for the VERIFY H2020
project (BLUE-vVERIFY) and one for GCB2021 (BLUE-
vGCB) (Friedlingstein et al., 2022). For CL and GL, both
the EPIC-ITASA and ECOSSE category-specific models re-
ported updates, although ECOSSE only updated results for
GL. Processes included in all the products are summarized
in Appendix A2—-A4 and Table C2.

The two updated inverse model ensembles presented are
the GCB2021 for the period 2010-2020 (Friedlingstein et
al., 2022) and EUROCOM for the period 2009-2018 (Mon-
teil et al., 2020; Thompson et al., 2020). The GCB inver-
sions are global and include CarbonTracker Europe (CTE:
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van der Laan-Luijkx et al., 2017), CAMS (Chevallier et al.,
2005), Jena CarboScope (Rodenbeck, 2005), NISMON-CO,
(Niwa et al., 2017), CMS-Flux (Liu et al., 2021), and UoE
(Feng et al., 2016). The EUROCOM inversions are regional,
with a domain limited to Europe and higher spatial resolu-
tion atmospheric transport models, with four inversions cov-
ering the entire period 2009-2018 as analyzed in Thomp-
son et al. (2020). All inversions provide net ecosystem ex-
change (NEE) fluxes. These inversions make use of more
than 30 atmospheric observing stations within Europe, in-
cluding flask data and continuous observations, and work
at typically higher spatial resolution than the global inver-
sion models (Table 2). The prior anthropogenic emissions
provided for all regional inversions reported here (i.e., EU-
ROCOM, EUROCOM drought 2018, VERIFY CSR, VER-
IFY CIF-CHIMERE, and VERIFY LUMIA) are all based on
EDGAR v4.3, BP statistics, and TNO datasets by generat-
ing spatial and temporal distributions through the COFFEE
approach (Steinbach et al., 2011). Small differences exist be-
tween exact versions used by the different groups. The prior
anthropogenic emissions for the GCB global inversions,
GridFEDv2021, and v2022 are also based on EDGARv4.3.2
(Janssens-Maenhout et al., 2019). Differences in fossil fuel
emissions for the regional inversions only exist for the years
2019 and 2020, and they only concern the temporal variation
within the year not the annual totals per pixel (or country).
Therefore, differences in the prior anthropogenic emissions
are not expected to explain the large differences seen between
the different regional biogenic inversions nor between the re-
gional and global biogenic inversions, but efforts should be
continued to harmonize them to the greatest extent possible
in future intercomparisons.

Additional inversions for Europe from three regional-scale
inversion systems are analyzed. Two of these systems are part
of the EUROCOM ensemble, but new runs were carried out
for the VERIFY project. The CarboScopeRegional (CSR)
inversion system has performed additional runs for VER-
IFY for the years 2006-2020 with multiple ensemble mem-
bers differing by biogenic prior fluxes and assimilated ob-
servations. The results are plotted separately to illustrate two
points: (1) the CSR simulations for VERIFY are not identical
to those submitted to EUROCOM (VERIFY runs from CSR
included several sites that started shortly before the end of the
EUROCOM inversion period), and (2) the CSR model was
used in four distinct runs in VERIFY. Note that the ensem-
ble members differ from previous years (the spatial correla-
tion length is kept constant this year, while more prior fluxes
are used). By presenting CSR separate from the EUROCOM
results, one can get an idea of the uncertainty due to vari-
ous model parameters in one inversion system with one sin-
gle transport model. The LUMIA inversion system submitted
four simulation results to the VERIFY project, based on the
setup developed for the 2018 Drought Task Force project (la-
beled here as EUROCOM; Thompson et al., 2020), but with a
refined definition of both prior and observation uncertainties.
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Also, for the years 2019-2020, the transport models (FLEX-
PART and TMS) were driven by ERAS meteorological data,
whereas for previous years ERA-Interim data were used. The
four different variants include one reference simulation and
three simulations which change spatial correlation lengths,
the number of observation sites, and the magnitude of un-
certainties in the boundary conditions. As one of the variants
is only available for 2019-2020 (changing the uncertainties
in the boundary conditions), this variant was dropped from
the results and only the remaining three simulations are pre-
sented, covering the period 2006-2020.

An inversion of the NEE over 2005-2020 from the CIF-
CHIMERE variational inversion system is also analyzed. The
configuration of this inversion is close to that of the PYVAR-
CHIMERE NEE inversions in the EUROCOM ensembles
and follows the general principles of Broquet et al. (2013).
However, it uses distinct inputs, which play a critical role in
the inversion, such as a more recent ORCHIDEE simulation
as prior estimate of the NEE and a more recent CAMS global
inversion to impose the regional CO, boundary conditions.

All of the bottom-up models in this work require external
forcing datasets. In the context of the VERIFY project (VER-
IFY, 2022), an effort was made to provide a single, harmo-
nized version of several kinds of data (meteorological, land
use/land cover, and nitrogen deposition) on a high-resolution
grid over Europe. These datasets were then made available to
all of the modeling groups to use in their simulations. Such a
practice is common in model intercomparison projects. How-
ever, as the models in Table 2 are not all the same type, data
harmonization presented more of a challenge in this work as
not all models use the same inputs. All of the datasets de-
scribed in Appendix A5 were used by at least one modeling
group in this work.

2.4 Independence of estimates

As pointed out by Andrew (2020), bottom-up fossil CO,
emission datasets are not entirely independent, since they
largely rely on activity data reported by national agencies.
However, there is some variation here, particularly in traded
energy products where, for example, activity data may be
sourced from either the exporter or the importer according to
some determination of reporting reliability. However, beyond
the underlying activity data, other choices do vary between
datasets: emission factors, which specific products lead to
emissions, and how the activity data are used to estimate the
amount of energy product that is consumed, among others.
Some examples of differences include the following: CDIAC
avoids using reported energy consumption and relies on es-
timating apparent consumption from the major energy flows,
CEDS initially used a very different estimate for emissions
from international shipping, EDGAR and IEA use a Tier 1
approach with default emission factors, and PRIMAP-hist
and GCP use officially reported emissions based on higher-
tier methods and country-specific emission factors for se-
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Table 2. Data sources for the land CO, emissions included in this study. Details are found in Appendix A4. The time steps 1Y, 1M, 1W, and
3H refer to the availability of the data: “1 year”, “1 month”, “1 week”, and “3 h”, respectively. An overview of the datasets, including contact
information, is provided in Table C1.

NGHGI net CO; land flux

Data source Contact/lab Variables, References Status compared to
period (time step), Petrescu et al. (2021)
resolution

UNFCCC Member state inventory LULUCF net CO, IPCC (2006) Updated

NGHGI (2021)  agencies; emissions/removals,?. UNFCCC CRFs (UNFCCC 2022a, b)

annual, gap-filled un-
certainties provided by
the EU GHG inventory
team

1990-2019 (1Y),
country level

Inventory and model estimates of net CO; land flux

ORCHIDEE LSCE CO, fluxes from all Ducoudré et al. (1993) Updated — significant
ecosystems reported as  Viovy (1996) model revisions
net biome productiv- Polcher et al. (1998)
ity (NBP),> 1990-2020  Krinner et al. (2005)
(BH),
0.125° x 0.125°
CABLE-POP Western Sydney Uni- CO; fluxes (NBP). Haverd et al. (2018) New
versity Model includes N
cycling,
1990-2020 (1M),
0.125° x 0.125°
TRENDY v10 Met Office UK CO; fluxes (NBP), Friedlingstein et al. (2022; Table 4) Updated — significant
15 models (all except differences in ensemble
ISAM), members
1990-2020 (3H-1M),
0.125° x 0.125°
CO;, emissions ULB Average C fluxes from Lauerwald et al. (2015) Not updated
from inland wa- rivers, lakes, and reser-  Hastie et al. (2019)
ters voirs, with lateral C Raymond et al. (2013)
transfer from soils,
1990-2018 (-),
0.1° x 0.1°
CBM EC-JRC CO;, fluxes (NBP) as Kurz et al. (2009) Updated
historical ~ 2000-2015  Pilli et al. (2022)
and extrapolation for
2017-2020 (1Y),
country level
ECOSSE University of Aberdeen = CO; fluxes (NBP) from  Bradbury et al. (1993) Updates only for croplands
croplands and grass- Coleman and Jenkinson (1996) — significant differences
land ecosystems. Jenkinson and Rayner (1977),
Crops: 1990-2020 Jenkinson et al. (1987)
(1Y), Smith et al. (1996, 2010a, b)
Grass: 1990-2018
1Y),
0.125° x 0.125°
EFISCEN- WUR CO; fluxes (NBP): sin-  Verkerk et al. (2016) Updates for 15 countries
Space gle average value for 5-  Schelhaas et al. (2017, 2022)

year periods, replicated
on a yearly time axis,
0.125° x 0.125°

Nabuurs et al. (2018)
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Inventory and model estimates of net CO; land flux

Data source Contact/lab Variables, References Status compared to
period (time step), Petrescu et al. (2021)
resolution

EPIC-IIASA ITASA CO, fluxes (NBP) from  Balkovic et al. (2013, 2018, 2020) Updated for croplands;
cropland, Izaurralde et al. (2006) new estimates for
1991-2020 (1M), Williams (1990) grasslands
0.125° x 0.125°

BLUE-vVERIFY and Ludwig-Maximilians- CO, fluxes from land Hansis et al. (2015) Updated

BLUE-vGCB Universitit Miinchen use change, Ganzenmiiller et al. (2022) — VERIFY
VERIFY: 1990-2019 Friedlingstein et al. (2022) — GCB
1Y),

GCB: 1990-2020
1Y),
0.25° x 0.25°

H&N Woodwell Climate Re- CO; fluxes from land Houghton and Nassikas (2017) Updated

search Center use change,
1990-2020 (1Y),
country level

FAO FAOSTAT CO, emissions/re-  FAO (2021) Updated — significant
moval from LULUCF Federici et al. (2015) differences for FL
processes, Tubiello et al. (2021)

1990-2020 (1Y),
country level

CO, atmospheric inversion estimates

CSR inversions for
VERIFY

MPI for Biochemistry,
Jena

Total CO, inverse flux
(NBP),¢

2006-2020 (3H),

0.5° x 0.5°

Kountouris et al. (2018a, b)

Updated — significant
differences

LUMIA

Lund University
(INES)

Total CO, inverse flux
(NBP),°

2006-2020 (1W),

0.25° x 0.25°

Monteil and Scholze (2021)

New

CIF-CHIMERE

LSCE

Total CO, inverse flux
(NBP),¢

2005-2020 (3H),

0.5° x 0.5°

Berchet et al. (2021)
Broquet et al. (2013)

New

GCB2021 global inver-
sions (CTE,

GCB

Total CO, inverse flux
(NBP),

Friedlingstein et al. (2022)
Van der Laan-Luijkx et al. (2017)

Updated — significant
differences in ensemble

CAMS, CarboScope, six inversions Chevallier et al. (2005) members
NISMON-CO,, UoE, 2010-2020 (various) Rodenbeck et al. (2005)
CMS-Flux) Niwa et al. (2017)

Feng et al. (2016)

Liu et al. (2021)
EUROCOM regional LSCE, Lund Univer- Total CO, inverse flux  Monteil et al. (2020) Updated (also replaced
inversions (CSR, sity, MPI Jena, NILU (NBP),© Thompson et al. (2020) CSR with the mean of
LUMIA, PYVAR) three inversions the four runs submitted

2009-2018 (3H-1M)

to VERIFY). FLEXIN-
VERT and NAME are
not included (Fig. AS)

4 Member states use a mix of gain—loss and stock-change reporting methods (Table 6.12 in EU NIR, 2021). The net flux from a given country can thus be based on either stock changes or flux
changes.  The definition of NBP various from model to model. Most models include harvest but not necessarily other disturbances. Please refer to Table C2 for more details. ¢ The net carbon flux
from regional inversions over land is the residual after fixing fossil CO;, emissions and CO; fluxes from biomass burning. In other words, any flux not included in those two categories is reflected in
the net flux from the inversions. Biomass burning is prescribed in two of the EUROCOM models (LUMIA and FLEXINVERT+; see Monteil et al., 2020, and Thompson et al., 2020) and ignored (i.e.,
assumed negligible in Europe) for the others.
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lected countries. Further, the emission sources covered can
vary widely between datasets, with the IEA usually limited
to emissions from energy products, while EDGAR, for exam-
ple, attempts to include all fossil CO, sources. With this lack
of full independence between dataset sources and methods,
the uncertainty ranges should be interpreted with caution.

In addition to fossil bottom-up methods, the question of
dataset independence can be applied to bottom-up invento-
ries of the land fluxes, as well as both bottom-up and top-
down models. The issue is perhaps less relevant for model
results which, despite sharing input data (as done here to fa-
cilitate intercomparison) and “genetics” (i.e., model develop-
ment history), create independence through choices of model
structure, parameterization, and statistical solvers. This ques-
tion has been addressed elsewhere for land surface models
(e.g., Prentice et al., 2015). For inventories, the NGHGI and
FAOSTAT share some data (e.g., Tubiello et al., 2021, for
the case of Forest Land, and Conchedda and Tubiello, 2020,
for drained organic soils in Grassland and Cropland). How-
ever, the model approaches can be quite different, with FAO-
STAT limited to Tier 1 (applicable to every country in the
world based on available statistics) and the NGHGISs, in par-
ticular in Europe, using more Tier 2 (regional and country-
specific emission factors) and Tier 3 (process-based models)
approaches, depending on the country and the specific pool.
For example, 21 member states in the European Union re-
port changes of organic carbon stored in mineral soils on For-
est Land using a Tier 1 method, while only two (Malta and
Cyprus) use a Tier 1 method for estimates of carbon stored
in living biomass on Forest Land (EU NIR, 2021).

In this work, the uncertainties for the NGHGI were cal-
culated with assumptions of correlation based on the ex-
act method applied by the country. As detailed in the Ap-
pendix A2 (“NGHGTI uncertainties™), subsector values across
countries are assumed to be correlated for all countries apply-
ing a Tier 1 approach as they share default emission factors.
The uncertainties calculated for the NGHGI fossil and LU-
LUCEF fluxes, therefore, more accurately reflect spatial de-
pendence between the inventories of each member state.

3 Results and discussion

3.1 Overall NGHGI reported anthropogenic CO» fluxes

In 2019, the UNFCCC NGHGI (2021) net CO, flux esti-
mates for EU27+UK accounted for 820 Tg C from all sec-
tors (including LULUCF) and 900 & 10 Tg C excluding LU-
LUCEF (Fig. B1), corresponding to a net sink of LULUCF
of —74 £30TgC, where the uncertainties are 95 % CI cal-
culated in accordance with the gap-filling methods of Ap-
pendix A2 and propagated to the sector level through Gaus-
sian quadrature. In 2019, a few large economies accounted
for the majority of EU27+UK emissions, with Germany, the
UK, Italy, and France representing 53 % of the total CO,
emissions (excluding LULUCF). For the LULUCF sector,
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the countries reporting the largest CO, sinks in 2019 were
Italy, Spain, Sweden, and France, accounting for 56 % of
the overall EU27+UK sink. Only a few countries (Czech
Republic, the Netherlands, Ireland, and Denmark) reported
a net LULUCEF source in 2019. Some countries, like Por-
tugal, report sources in some years due to wildfires, with
sinks in other years. The NGHGI shows minimal interannual
variability (IAV) in the LULUCEF sector (Fig. B2), largely
due to methodology. For example, emissions and removals
from Forest Land are typically based on forest statistics and
surveys that are only completed every 5-10 years (see, for
example, the national inventory reports and references cited
therein of France, Germany, and Sweden). The largest con-
tributors to interannual variability in the EU NGHGI forestry
fluxes are fires and windstorms (EU NIR, 2021). Conse-
quently, the 2019 values are indicative of longer-term aver-
ages.

CO, fossil emissions reported by member states are dom-
inated by the Energy sector (energy combustion and fugi-
tives; see “Sector” in Table Al), representing 92 % of the
total EU274+UK CO; emissions (excluding LULUCF) or
895 Tg C in 2019. The industrial processes and product use
(IPPU) sector contributes 7.6 % or 68 Tg C (21 Tg C of which
is cement production). CO, emissions reported as part of
the agriculture sector cover only liming and urea applica-
tion, UNFCCC categories 3G and 3H.® respectively. To-
gether with waste, in 2019 the emissions from agriculture
represent 0.4 % of the total UNFCCC CO, emissions in the
EU274-UK.

An overview of all CO, fossil and land datasets in this
work (Fig. 1) leads to a series of conclusions: (1) regard-
less of the method used (NGHGI, bottom-up models, top-
down models), the time series of annual fluxes from fossil
CO; emissions rest at almost 1 order of magnitude higher
than removals from CO; uptake/removal by the land surface
and well outside uncertainty estimates (Fig. la—c); (2) un-
certainties are much higher in the LULUCF estimates than
in the fossil CO; estimates, regardless of if one represents
uncertainty by internal random error (i.e., the NGHGI totals
in Fig. 1a and the subsector LULUCF fluxes in Fig. 1d) or
ensemble spread (i.e., bottom-up models in Fig. 1b and the
subsector LULUCF fluxes in Fig. le); (3) interannual vari-
ability (IAV) is much more present in non-NGHGI LULUCF
datasets (colored lines in Fig. 1b, c, e) than in NGHGI LU-
LUCEF datasets (Fig. 1a, d) or any of the fossil datasets (black
lines in all subplots). As datasets are not fully independent,
the uncertainties in Fig. 1 need to be interpreted with caution.

The overall message that fossil CO, emissions exceed the
land sink (Fig. 1a—c) is the same as found in the Global Car-
bon Budget 2022 (Friedlingstein et al., 2022), although the

83G and 3H refer to UNFCCC category activities, as reported
by the standardized common reporting format (CRF) tables, which
contain CO, emissions from agricultural activities: liming and urea
applications.
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difference is larger in the EU274-UK. Contrary to the GCB,
however, fossil CO, emissions in the EU274+UK have de-
creased over the past 3 decades. Again, this finding is sup-
ported by the NGHGI, bottom-up models, and a single atmo-
spheric inversion. By applying a Monte Carlo analysis and
taking each point to be normally distributed around the mean
with a width 20 equal to the given 95 % CI, we realized 1000
linear regressions of the NGHGI across the 1990-2019 pe-
riod. From this, we fit a normal distribution to the slopes,
and we can rule out trends greater than 0.07 or less than
—0.61 Tg C yr~? with 95 % confidence. Therefore, any trend
over these 30 years is likely less than 1 % of the net carbon
uptake, with the vast majority of that occurring in forests.
While the latter conclusion is clear in the NGHGI (Fig. 1d),
very large spreads among bottom-up categorical models lead
to more uncertainty (bottom center).

The difference in uncertainty between the estimates of fos-
sil CO; emissions and CO; uptake/removal by the land sur-
face is also striking. Eight bottom-up models produce a mean
25-75th percentile spread of 24 TgCyr~! across the over-
lapping time series (center top, gray shading). On the other
hand, four models estimating Grassland emissions/removals
produce an error bar that covers the bottom part of the graph
and masks any apparent trend (bottom center, light green
shading). A similar conclusion can be drawn from top-down
estimates of LULUCEF fluxes (top right, blue shading). Addi-
tional work on reducing the uncertainty of LULUCF fluxes
in the EU274-UK is highly welcome.

Several caveats remain with this overall synthesis. First,
the time series were combined rather naively in Fig. 1 by
taking the mean of annual time series for each dataset dis-
cussed below. This leads to, for example, the 15-member
TRENDY ensemble being given identical weight as the OR-
CHIDEE high-resolution simulation over Europe. This was
done to weigh more heavily the regional approaches under
the assumption that higher-resolution simulations and more
region-specific input data will lead to more accurate results.
While the latter assumption appears reasonable, the first as-
sumption can be disputed. Finer resolution leads to models
being exposed to values of input variables (e.g., temperature,
rainfall) outside the parameterization range, which may re-
sult in unexpected behavior. Process representation can also
change with spatial scale. Constant tree mortality, for ex-
ample, is often used in models at coarse resolution, while
abrupt tree mortality (stand-replacing disturbances) may bet-
ter describe stand-level dynamics. Second, only a single top-
down result for fossil CO, emissions is currently available,
preventing an estimate of the uncertainty for this approach.
Third, categorical models were combined by disregarding
distinctions between those models estimating “Remain” and
“Total” fluxes, where Total indicates all land of a particular
type (e.g., Forest Land) regardless of the length of time it
has been this type, i.e., Total is the sum of all Remain and
Convert (see Table Al). These points are discussed in more
detail in the following sections. However, addressing these
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points is highly unlikely to alter the overall conclusions in
this section.

3.2 CO» fossil emissions

The inventory-based fossil CO, estimates from nine data
sources (and some subsets) are presented as time series (1990
to the last available year) based on Andrew (2020) with the
objective to explore differences between datasets and visu-
alize trends (Fig. 2). Because the emissions source coverage
(also called the “system boundary”) of datasets varies, com-
paring total emissions from these datasets is not a like-for-
like comparison. Therefore, some harmonization of system
boundaries prior to comparison is needed. This harmoniza-
tion relies on specifying the system boundary of each dataset
and, where possible, removing emission sources to produce a
near-common system boundary. For example, IEA does not
include any carbonates; thus, carbonates were removed from
all emissions datasets that include them. UNFCCC (CRFs)
Energy+IPPU, CDIAC, CEDS, PRIMAP, and GCP include
the Energy sector plus all fossil fuels in IPPU; EIA, EDGAR,
and BP include some fossil fuels in IPPU; and EIA and BP
include bunker fuels as well. UNFCCC CRFs include Energy
total and Energy combustion. Further details on how datasets
are harmonized are provided by Andrew (2020). Because of
differing levels of detail provided by datasets, it is not possi-
ble to do this perfectly, but the approximate harmonization
gives something closer to a like-for-like comparison, with
the legend in Fig. 2 indicating the most significant remain-
ing differences. The pre-harmonization curves are shown in
Appendix A3 (Fig. Al) for reference.

Given the remaining differences in system boundaries af-
ter harmonization, most datasets agree well (Andrew, 2020).
In response to inconsistencies identified in this work, the EIA
recently corrected some double counting of emissions from
liquid fuels and has revised its estimates of total emissions
down about 10 % for the EU27+UK (US Energy Information
Agency, personal communication, February 2022). For com-
parison, applying a similar harmonization procedure to the
UNFCCC NGHGTI and retaining only Fuel combustion (1A),
Fugitive emissions (1B), Chemical industry (2B), Metal in-
dustry (2C), Non-energy products from fuels and solvent
use (2D), and Other (2H) (see “Subsector” in Table Al) re-
sults in emissions of 930+ 10 TgCyr~! for the year 2017,
where the uncertainty was propagated through quadrature us-
ing the gap-filled uncertainties described in this work and
taking the total sector uncertainty if the category uncertainty
was not available. This mean value falls within the 25th—
75th percentiles of the eight other harmonized BU sources
([884,928] TgCyr’l). Across the overlapping time series,
the mean value of the 25th—75th percentile is 24 Tg Cyr~!,
with a Oth—100th percentile of 100 TgC yr~!.

The sole available inversion for CO; fossil fluxes is pro-
duced by the CIF-CHIMERE model, shown in Figs. 1c and
B3 (for a single year). The inversion yields plausible fossil
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Figure 1. A synthesis of all the CO; net fluxes shown in this work for the EU27+UK. The estimates are divided by approach: NGHGI
estimates (a, d), bottom-up methods (b, e), and top-down methods (c). Panels (d) and (e) include a breakdown of the (bottom-up) LULUCF
flux into three of the dominant components: FL, GL, and CL. Such a breakdown is not provided for NGHGI CO, fossil as partitioning of
bottom-up CO, fossil datasets corresponding to UNFCCC NGHGI categories is not currently available. The NGHGI UNFCCC uncertainty is
calculated for submission year 2021 as the relative error of the NGHGI value, computed with the 95 % confidence interval method gap-filled
and provided for every year of the time series, except for FL, GL, and CL, which are taken directly from the EU NIR (2021). Shaded areas
for the other estimates represent the Oth—100th percentiles for groups with fewer than seven members and the 25th—75th percentile for groups
with seven or more members. Ensembles (e.g., TRENDY v10) are included in the above only for their mean values to avoid more heavily
weighting the ensembles compared to the other datasets.
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Figure 2. Comparison of the EU274-UK fossil CO, emissions from multiple inventory datasets with system boundaries harmonized as much
as possible. Harmonization is limited by the disaggregated information presented by each dataset. CDIAC does not report emissions prior to
1992 for former Soviet Union countries. CRF: UNFCCC NGHGI from the common reporting format tables. The pre-harmonization figure
is shown in Fig. Al.
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emission estimates, although it is below NGHGI estimates
including both Energy and IPPU (Figs. la, c, B3) as well
as the ensemble of nine bottom-up inventories. Uncertain-
ties of the CIF-CHIMERE inversion estimate have not yet
been quantified; however, they are likely largely driven by
large uncertainties in the input data. The satellite observa-
tions of NO; have large uncertainties, which partly explains
the small departure from the prior fluxes during the opti-
mization. Emission ratios between NO, and CO; are also
uncertain (those from the prior are currently used). The atmo-
spheric chemistry surrounding both production and destruc-
tion of NO; is another major source of uncertainty. The inver-
sion reports total fossil CO; emissions calculated from NO,
fossil fuel combustion emissions. However, in principle, the
derivation of CO; emissions from the NO, inversions should
be restricted to derivation of fossil fuel CO, emissions based
on the fossil fuel CO, / NO, ratio from the TNO inventory,
since there is no process linking the other fossil CO, emis-
sions to the NO, fossil fuel emissions. Future inversions co-
assimilating CO; data will have to make a clearer distinction
in the processing of fossil fuel and other anthropogenic emis-
sions in order to exploit the joint fossil fuel signals in CO;
and NO» observations. Finally, it is important to note that the
inversion results are not fully independent of the bottom-up
methods, as the prior estimates and CO, / NO, emission ra-
tios are based on TNO gridded products. However, part of the
lack of departure from the prior can also be attributed to the
general consistency between the prior and the observations,
which raise optimistic perspectives for the co-assimilation of
co-emitted species with the data from future CO, networks
dedicated to anthropogenic emissions.

3.3 COsy land fluxes

This section updates the benchmark data collection of CO,
emissions and removals from the LULUCF sector in the
EU27+UK previously published in Petrescu et al. (2020,
2021), expanding on the scope of those studies by adding ad-
ditional datasets and years. The following graphs occasion-
ally show large differences compared to previously reported
values. This may happen when the model has undergone sub-
stantial changes since the work of Petrescu et al. (2021), such
as the case with ORCHIDEE and the addition of a dynamic
nitrogen cycle coupled to the carbon cycle. Such cases are
both identified in the text as appropriate as well as in Table 2.
The countries analyzed in this study use country-specific ac-
tivity data and emission factors for the most important land
use categories and pools (EU NIR, 2022; UK NIR, 2022).
However, several gaps still exist, mainly in non-forest lands
and non-biomass pools (e.g., soil carbon in Forest Land min-
eral soils and dead organic matter on Cropland and Grass-
land; for more details, see Table 6.6 in EU NIR, 2021). In
addition, since NGHGISs largely rely on periodic forest inven-
tories (carried out every 5 to 10 years) for the most important
land use (Forest Land), the net CO, LULUCEF flux often does
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not capture the most recent changes nor the full interannual
variability.

While the net LULUCF CO, flux was relatively sta-
ble from 1990 to 2016, staying mostly between —80 to
—95Tg Cyr~!, in the past 3 years the sink has weakened to
around —70 Tg C yr~! in 2020 (dotted black line in Fig. B2,
Appendix B1; Raul Abad-Vifias, personal communication,
2022). This weakening occurred mostly in Forest Land, due
to a combination of increased natural disturbances, forest ag-
ing, and increased wood demand (Nabuurs et al., 2013; EU
NIR, 2022). Natural disturbances, including fires (especially
in the southern Mediterranean), windthrows, droughts, and
insect infestations (especially in central and northern Euro-
pean countries), have increased in recent years (e.g., Seidl et
al., 2014), which explains most of the interannual variability
of the NGHGI. Forest aging affects the net sink both through
the forest growth (net increment) — which tends to level off
or decline after a certain age — and the harvest, because a
greater area of forest reaches forest maturity (Grassi et al.,
2018b). Although the exact increase in total harvest in Eu-
rope in recent years is still subject to debate (Ceccherini et
al., 2020; Palahi et al., 2021), demand for fuelwood at least
has increased (Camia et al., 2020). The impacts of aging on
mortality, another process which affects the net sink through
reduced production and increased respiration, are less clear
(e.g., Gray et al., 2016; Senf et al., 2018).

Net carbon uptake as seen by the atmosphere may occur
on either managed or unmanaged land and results from the
balance of processes such as photosynthesis, respiration, and
disturbances (e.g., fire, pests, harvest). As discussed by Pe-
trescu et al. (2020), the fluxes reported in NGHGIs relate
to emissions and removals from direct LULUCF activities
(clearing of vegetation for agricultural purposes, regrowth af-
ter agricultural abandonment, wood harvesting, and recovery
after harvest, and management) but also indirect CO, fluxes
due to processes such as responses to environmental drivers
on managed land (e.g., long-term changes in CO», air tem-
perature, and water availability). Additional CO; fluxes oc-
cur on unmanaged land, but the fraction of unmanaged land
in the European Union is only around 5 % and divided be-
tween Forest Land, Grassland, and Wetlands. According to
Table 4.1 in the EU27 and UK NIR (2022) CRF, almost
all land (~ 95 %) in the EU27+4UK is considered managed.
France and Greece report some unmanaged Forest Land
(1.1 % and 16.6 %, respectively). Hungary and Malta report
unmanaged Grassland of 33 % and 100 %, respectively; and
Nordic and Baltic countries plus Ireland, Slovakia, and Ro-
mania report sometimes quite large (up to 100 %) unmanaged
Wetlands.

The indirect CO;, fluxes on managed and unmanaged
land due to changing climate, increasing atmospheric carbon
dioxide mole fractions, and nitrogen deposition are part of
the (natural) land sink in the definition used in IPCC assess-
ment reports and the Global Carbon Project’s annual global
carbon budget (Friedlingstein et al., 2022), while the direct
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LULUCEF fluxes are termed “net land use change flux”, as
discussed by Grassi et al. (2018a, 2021, 2022), Petrescu et
al. (2020, 2021b), and Pongratz et al. (2021). Results should
thus be interpreted with caution due to these definitional
differences, but as most of the land in Europe is managed
and the indirect effects are small, the definitional differences
should be modest compared to other sources of uncertainty
(Petrescu et al., 2020). Other relatively recent studies have al-
ready analyzed the European land carbon budget using GHG
budgets from fluxes, inventories, and inversions (Luyssaert et
al., 2012) as well as from forest inventories (Pilli et al., 2017;
Nabuurs et al., 2018).

3.3.1 Estimates of CO» land fluxes from bottom-up
approaches

In this section we present annual total net CO; land emis-
sions between 1990-2020, i.e., induced by both LULUCF
and natural processes (e.g., environmental changes) from
category-specific models as well as from models that sim-
ulate multiple land cover/land use categories. The definitions
of the categories may differ from the IPCC definitions of LU-
LUCEF (e.g., FL, CL, GL) where, according to IPCC (2006)
guidelines, to become accountable in the NGHGI under “re-
maining” categories, a land use type must be in that category
for at least N years (where N is the length of the transition
period; 20 years by default). In an effort to create the most
accurate comparison possible in terms of categories and pro-
cesses included, total Forest Land (FL) has been divided up
into Forest Land Remaining Forest Land (FL-FL) and land
converted to Forest Land (X-FL), while only total Grassland
(GL) and Cropland (CL) are reported. This is largely due to
the non-forest categorical models explored here only consid-
ering net land use change, which prevents separating out the
“converted” component.

3.3.2 Bottom-up estimates of CO» from Forest Land

Fluxes from Forest Land which remain in this category (FL-
FL) are shown in Fig. 3 (top). These fluxes were simu-
lated with ecosystem models (CBM and EFISCEN-Space,
described in more detail in the Appendices) and countries’
official inventory statistics reported to the UNFCCC. The re-
sults show that the differences between models are system-
atic, with CBM having slightly weaker sinks than EFISCEN-
Space. CBM updated its historical data (1990-2015) and
presents new NBP estimates based on extrapolation of his-
torical time series (see Appendix A4) for 2017-2020 (CBM-
sim). Both CBM and EFISCEN-Space use national forest in-
ventory (NFI) data as the main source of input to describe the
current structure and composition of European forests. NFIs
are also the main source of input data for most countries in
the EU27+UK for NGHGIs (EU NIR, 2021), including data
for carbon stock changes in various pools as well as the esti-
mation of forest areas. Given that EFISCEN-Space does not
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cover all countries in the EU27+UK (Austria, Bulgaria, Den-
mark, Hungary, Lithuania, Portugal, and Slovenia are miss-
ing), the results were scaled by 1,/0.74 to account for the fact
that the available countries comprise around 74 % of the for-
est NBP for the EU274-UK, according to previous EFISCEN
results (Petrescu et al., 2021). As noted above, EU regula-
tions are driving member states to report spatially explicit
NGHGIs. Unlike the original EFISCEN, EFISCEN-Space is
a spatially explicit model, in addition to being able to sim-
ulate a wider variety of stand structures, species mixtures
and management options. Note that EFISCEN-Space reports
only a single mean value for forest fluxes from 2005-2020;
the annually varying value shown in Fig. 3 (top) arises from
scaling by annually varying forest areas.

The bottom panel in Fig. 3 presents CO; land estimates for
total Forest Land (FL, including both Remain and Convert
classes). For the total Forest Land, the results were simulated
with an ecosystem model (ORCHIDEE) and a global dataset
(FAOSTAT) as it is not possible for these two approaches to
separate out the “Remain” and “Convert” land use category.
This obstacle arises due to the use of net land use/land cover
information which does not include detailed information on
the nature of the conversions. Consequently, Fig. 3 (bottom)
compares flux estimates to those on all Forest Land from the
countries’ official inventory statistics (NGHGI, 2021).

The top and bottom panels in Fig. 3 are not directly compa-
rable due to different quantities being displayed (FL-FL vs.
FL). For the NGHGI, the value in the bottom panel is sim-
ply the value from the top panel with the addition of emis-
sions/removals on land converted to Forest Land within the
past 20 years. The sink gets stronger by around 20 Tg C yr~!
when considering FL, which is to be expected as abandon-
ment of Cropland or Grassland and subsequent regrowth of
forest results in a net uptake of carbon due to storage in
woody biomass. The UNFCCC NGHGTI uncertainty of CO;
estimates from Forest Land across the EU27+UK, computed
with the error propagation method (95 % confidence inter-
val; see IPCC, 20006), is 13.5 % for the year 2019 (EU NIR,
2021). This percentage is applied across all years for both FL
and FL-FL, and in year 2019 it translates into an uncertainty
of 12 Tg C for FL-FL.

Differences within the top panel of Fig. 3 are small,
perhaps because all three approaches (NGHGI, CBM,
EFISCEN-Space) rely heavily on forest inventory statistics.
The same can be said for FAOSTAT FL fluxes in the bottom
panel of Fig. 3. Among all the data plotted on the two graphs,
ORCHIDEE stands out. Despite site-level evaluation (e.g.,
Vuichard et al., 2019), the vegetation classes in ORCHIDEE
are fairly broad (e.g., temperate needleleaf evergreen) and
parameterized to reproduce global fluxes, which means OR-
CHIDEE may be less suitable for regional simulations with-
out further adjustments. As trends in forest carbon strongly
result from management, the lack of explicit management in
this version of ORCHIDEE also likely contributes, given the
importance of management across Europe.
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EU27+UK : Net bottom-up CO;land fluxes from Forest land remaining forest land (FL-FL)
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Figure 3. Net CO; land flux from Forest Land Remaining Forest Land (FL-FL, a) and total Forest Land (FL, b) for the EU274-UK. Means

are given for 2005-2019 (a) and 1990-2019 (b) on the right side

of both plots. CBM FL-FL historical estimates include 25 EU and UK

countries (excluding Cyprus and Malta), in addition to new estimates for 2017-2020 (red crosses). EFISCEN-Space results have been scaled
up from available countries as described in the text. FAOSTAT data do not include Romanian inventory estimates. The relative error on the

UNFCCC value represents the UNFCCC NGHGI (2021) member

state (MS)-reported uncertainty with no gap-filling, defined here as the

95 % confidence interval (CI) (EU NIR, 2021). The fluxes follow the atmospheric convention, where negative values represent a sink, while

positive values represent a source.

Romanian estimates for FL in FAOSTAT (Fig. 3, bottom)
have been removed due to a reporting inconsistency, which
had not yet been corrected at the time of this analysis. In
general, FAOSTAT results match well the NGHGI results,
despite differences in models and even occasionally underly-
ing data reported by countries to both organizations (Tubiello
et al., 2021). ORCHIDEE was updated to include a dynamic
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nitrogen cycle coupled to the carbon cycle in this work. As
shown in Appendix A4, the coupled nitrogen cycle results in
a stronger sink, even if identical forcing is used. ORCHIDEE
shows a higher interannual variability in carbon fluxes for
forests than the NGHGI in Fig. 3 (bottom) because it incor-
porates meteorological data at sub-monthly timescales, while
methods based on forest inventories are generally updated
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only every few years (e.g., 5 years for FRA), which results
in a more climatological perspective. ORCHIDEE results in-
dicate that climatic perturbations and extreme events (multi-
month droughts, in particular) can have significant impacts
on the net carbon fluxes depending on their timing in rela-
tion to the growing season. Flux tower measurements show
that carbon sink strength in a European forest may weaken
by 50 % during a summer drought, i.e., a loss of 15 % of net
carbon uptake over the course of the year (Ciais et al., 2005).
This is also to some extent supported by dendrometer data,
although such data vary greatly among sites and tree species,
which obscures a significant net effect (Scharnweber et al.,
2020). It should also be noted that dendrometer data measure
carbon stored in individual trees, while the NBP reported in
figures in this paper includes respiratory fluxes from litter
and soil. The variability of the weather affects the carbon dy-
namics of all components of the ecosystems (hence NBP),
which, for instance, impacts on carbon assimilation rates,
length of the growing season, dynamics of respiration rates,
and allocation of the carbon in the plant (cf. Figs. 1 and 2 in
Reichstein et al., 2013, and Bastos et al., 2020b).

3.3.3 Bottom-up estimates of CO» from Cropland and
Grassland

Cropland (CL, UNFCCC subsector 4B) and Grassland (GL,
UNFCCC sector 4C) include net CO, emissions from or re-
movals by soil organic carbon (SOC) under “Remain” and
“Convert” categories, and they are shown in the top and
bottom panels of Fig. 4, respectively, for the EU27+4+UK
along with four other approaches: one bottom-up inventory
(FAOSTAT), two category-specific models (EPIC-IIASA,
ECOSSE), and one DGVM (ORCHIDEE). The previous
synthesis of Petrescu et al. (2021) compared models against
NGHGI results for CL-CL and GL-GL. For the current work,
we compare against the total Cropland (CL) and Grassland
(GL) values. The reason for this is that FAOSTAT, ECOSSE,
EPIC-IIASA, and ORCHIDEE all use land use/land cover
maps generated by approach 1 in IPCC (2006), which only
records the total amount of land in a category for each year;
information on transitions between categories is unknown.
Therefore, it is not possible to separate out “Remain” and
“Convert” categories.

For CL during the common period (1990-2019), OR-
CHIDEE simulates a mean sink of —26TgCyr~!, while
ECOSSE, EPIC-ITASA, and FAOSTAT all simulate mean
sources of 21, 10, and 16 TgCyr~!, respectively. With
the exception of ORCHIDEE, all models are in line with
the NGHGI results (224 14TgCyr~!). The sink in OR-
CHIDEE arises from the soil, as no simulated biomass in
croplands remains from year to year; carbon is assimilated
into biomass growth during the growing season, after which
the biomass dies, is partitioned between litter and harvest
(50 % to each), or either decays or vaporizes. In other words,
no woody or perennial crops are simulated. Given more fa-
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vorable growing conditions due to climatic changes and CO,
fertilization, increased litter leads to more carbon entering
the soil in ORCHIDEE in recent decades, which is driving
the calculated CL sink observed in the model.

In the NGHGI, the reported source for the EU27+UK
is mostly attributed to emissions from Cropland on organic
soils? in the northern part of Europe where CO, is emitted
due to carbon oxidation from tillage activities and drainage
of peat. In general, annual crops are assumed to be in carbon
balance: any carbon assimilated during the year is respired
in the same location. Woody crops (e.g., apple or olive or-
chards), however, are an exception, and Cropland on min-
eral soils uptake carbon in both France and Spain. Roma-
nia reports a strong sink on Cropland due to the inclusion
of some forest plantations. Overall, emissions from organic
soils on land converted to cropland dominate, however. De-
spite accounting for only 9 % of total Cropland area in the
EU27+4UK, they are responsible for 73 % of Cropland emis-
sions (EU NIR, 2021). The fact that FAOSTAT values are
similar to the UNFCCC values points to the primary role of
drained organic soils, as this is the only flux included for the
FAOSTAT dataset in Fig. 4. Finland and Sweden are of par-
ticular importance, as they together account for more than
half of the total area of organic soil in Europe. Organic soils
are an important source of emissions when they are under
management practices that disturb the organic matter stored
in the soil. In general, the NGHGI emissions from these soils
are reported using country-specific values when they rep-
resent an important source within the total budget of GHG
emissions.

ORCHIDEE also shows a much larger year-to-year varia-
tion than EPIC-ITASA and ECOSSE. This is unlikely to be
caused by model time steps (EPIC-IIASA and ECOSSE at
daily, ORCHIDEE at half-hourly) as both EPIC-ITASA and
ECOSSE use minimum and maximum temperatures during
the course of the day as input not simply the mean daily
temperature. Therefore, all three models should see similar
extremes, and crop vegetation may simply be more sensi-
tive to meteorological forcing in ORCHIDEE. FAOSTAT and
NGHGIs are mostly insensitive to interannual variability as
the estimations are mainly based on statistical data for sur-
faces/activities and emission factors that do not vary with
changing environmental conditions.

Both ECOSSE and EPIC show a striking improvement in
agreement with the NGHGI between V2019 (Fig. B5, top)
and the current work (Fig. BS, bottom). For ECOSSE, this
is the result of improved data, in particular around residue
management using the external tool MIAMI and more realis-

9The 2006 IPCC guidelines largely follow the definition of His-
tosols by the Food and Agriculture Organization (FAO) but have
omitted the thickness criterion from the FAO definition to allow
for often historically determined, country-specific definitions of or-
ganic soils (see Annex 3A.5, Chap. 3, Vol. 4 of IPCC, 2006, and
Chap. 1, Sect. 1.2 (Note 3) of IPCC, 2014).
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tic fertilizer data (Mueller et al., 2012). For EPIC, the shifts
in net CO, fluxes in the current EPIC results stem from the
updated soil organic carbon and nitrogen module (Balkovi¢
et al., 2020) and updates in meteorological forcing. Firstly,
the updated soil module resulted in higher heterotrophic res-
piration across many EU regions. Besides attributing more
carbon to the soil surface emissions, enhanced respiration
leads to higher net primary production (NPP) and yields in
regions with low fertilization rates as more nitrogen as is re-
leased from the soil organic matter (SOM) pool. Secondly, al-
tered solar radiation and air temperature data affected the full
range of carbon variables in EPIC, including NPP, harvested
biomass, heterotrophic respiration, and leached carbon.

ORCHIDEE, EPIC-ITASA, and ECOSSE have previously
been compared to measurements of net carbon fluxes and
soil organic carbon changes at the site level (e.g., Balkovic¢
et al., 2020; Chen et al., 2019; Zhang et al., 2018; Vuichard
et al., 2019). Further comparison is outside the scope of this
work, given site heterogeneities and the challenges in upscal-
ing such data to a regional level as presented here. We note
that this version of ORCHIDEE only includes management
implicitly, which makes direct comparison to specific sites
less informative.

Differences between mean values may also arise from defi-
nitions for each land type, which vary between member states
(see Tables 6.18 and 6.22 for Cropland and Grassland, re-
spectively, in EU NIR, 2021). Woody and annual crops are
included in NGHGI Cropland, although annual crops are
generally assumed to be in carbon balance and thus to not
contribute to the net flux. This also means that no spatial dis-
placement of emissions (“lateral fluxes”) due to crop trade
are taken into account. Grassland includes rangeland and
pastureland which is not classified as Cropland. Urban green
spaces, on the other hand, are often included in the Settle-
ments category (EU NIR, 2021), which is not explicitly sim-
ulated by any bottom-up model reported here.

For Grassland, the NGHGI reports a slightly posi-
tive net flux over 1990-2019, although with a much
larger uncertainty than for either Forest Land or Cropland
(4+13 TgCyr~!). While increased uncertainty compared to
Forest Land emissions is understandable given the empha-
sis on collecting accurate forestry statistics due to their eco-
nomic importance, the increased uncertainty in Grassland
compared to Cropland is more puzzling. Uncertainty esti-
mates for the EU274+UK come from a synthesis of estimates
for each of the 28 member states and are applied to each
year individually based on the data provided for a single year
(2019). The apparent drastic change in uncertainty from 1990
to 2019 is due to the emissions getting much closer to zero
(i.e., 7.8 Tgin 1990 compared to 0.5 Tg in 2019), which itself
is due primarily to changes in the way Grassland is treated in
the United Kingdom, Bulgaria, and Sweden (EU NIR, 2021).
Additional analysis will be needed to elucidate this issue.

In addition to the NGHGI, updated results for GL are
available for ORCHIDEE (using a coupled C-N cycle) and
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FAOSTAT. For the first time, EPIC-IIASA contributed es-
timates for Grassland fluxes using five different grassland
types and simulating carbon export due to herbivores (see
Appendix A4 for more details). Both of these models exhibit
a strong sink in Grassland. For ORCHIDEE, this is likely due
to the same reasons as the sink in croplands: more suitable
growing conditions due to climate change, CO, fertilization,
and nitrogen deposition leading to increased inputs into the
soil which are not lost during tillage due to the lack of explicit
management in the version reported here. For EPIC-IIASA,
this results from manure left on site and incorporated into the
soil. A Tier 1 IPCC approach, used in both the FAOSTAT in-
ventory and many NGHGIs in the EU274-UK, assumes no
changes in either living or dead biomass pools on Grassland.
In addition, it only considers organic soils which have been
drained for grazing, and it only considers mineral soils which
have undergone a change in management. This greatly re-
duces or eliminates mechanisms which promote sinks in OR-
CHIDEE and EPIC-ITIASA. On the other hand, FAOSTAT re-
ports a slight source in Grasslands, in line with the NGHGI.
This is because, as is the case for Cropland, FAOSTAT data
only consider emissions from drained organic soils. As incor-
poration of manure in EPIC-ITASA changes grasslands from
a net source to a net sink, consideration of CO; from manure
input in other inventories may have a similar effect.

3.3.4 Total bottom-up and top-down LULUCF CO»
estimates

This section analyzes CO; emissions and sinks for the LU-
LUCEF sector, including NGHGI categories (from Fig. B4)
and a suite of different bottom-up and top-down approaches.
This comparison is challenging due to differences in terms
of activities covered in the different estimates, as well as
differences in terminology (see, for example, Petrescu et
al., 2020, Fig. 12, and Petrescu et al., 2021, Sect. 3.3.4).
Given the differences noted in those references, the compar-
ison in this section should be considered a rough overview
that highlights both important aspects of the carbon cycle
and questions that need to be addressed in the future. Go-
ing towards a more specific comparison of only net land
use change (LUC) fluxes would require additional consid-
erations. In GCP’s annual global carbon budget, the net LUC
term is estimated by global DGVMs as the difference be-
tween a run with and a run without land use change (i.e.,
the S3 and S2 simulations from TRENDY, respectively) and
by bookkeeping models (Friedlingstein et al., 2022). Such
an estimate is given in Fig. 13 in Petrescu et al. (2020) for
Forest Land. However, even taking S3—-S2 does not permit
an apples-to-apples comparison between DGVMs, bottom-
up inventories, and bookkeeping models. In particular, ques-
tions remain about net vs. gross land use change, managed
vs. unmanaged land, and emissions from wood harvest. In
addition, UNFCCC “convert” emissions (i.e., emissions re-
sulting from land that has been converted from one type to

Earth Syst. Sci. Data, 15, 4295-4370, 2023



4314

M. J. McGrath et al.: The consolidated European synthesis of CO» emissions

EU27+UK : Net bottom-up COzland fluxes from total Cropland (CL)
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Figure 4. Net CO; land flux from total Cropland (a) and total Grassland (b) estimates for the EU27+4UK. Total Cropland (CL) data come
from the UNFCCC NGHGI (2021) submissions; ORCHIDEE, ECOSSE, and EPIC-ITASA process-based models; and the FAOSTAT inven-
tory. Total Grassland (GL) data come from the same sources, with the caveat that ECOSSE has not been updated and is therefore identical
to Petrescu et al. (2021). Values on the far right in both plots indicate the mean of 1990-2019. The relative error on the UNFCCC value
represents the UNFCCC NGHGI (2021) MS-reported uncertainty with no gap filling (EU NIR, 2021). The fluxes follow the atmospheric
convention, where negative values represent a sink, while positive values represent a source.

another) are reported within 20 years following conversion
in the “convert” category (biomass losses are typically re-
ported in the year of conversion, while net changes in soil
organic carbon are reported during the entire conversion pe-
riod). FAOSTAT, DGVMs, and bookkeeping models usually
only include “convert” fluxes from the year following con-
version, although bookkeeping models and DGVMs which
deal with gross transitions may be able to include this transi-
tion period more easily.

Earth Syst. Sci. Data, 15, 4295-4370, 2023

Figure 5 (top) shows CO, fluxes from the NGHGI LU-
LUCEF sector compared to all other comparable bottom-up
(BU) estimates in this work: high-resolution S3 simulations
for both ORCHIDEE and CABLE-POP, the median of 15 S3
simulations from the TRENDYv10 DGVM ensemble, three
bookkeeping models, and FAOSTAT. As mentioned above,
taking the difference of the TRENDY S2 and S3 simula-
tions does not permit a fully consistent comparison between
DGVMs, bottom-up inventories, and bookkeeping models
for LULUCF fluxes, and for simplicity we simply report
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EU274+UK : Net bottom-up CO;land fluxes from land use, land use change, and forestry (LULUCF)
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Figure 5. Net CO; fluxes from total LULUCF activities in the EU27+4-UK from bottom-up (a) and top-down (b) methods compared to the
UNFCCC NGHGI (2021). The bottom-up methods include BLUE-vVERIFY, BLUE-vGCB, H&N (GCB2021), DGVMs (TRENDY v10),
and FAO (2021), as well as ORCHIDEE and CABLE-POP with high-spatial-resolution (0.125°) meteorological forcing (both models are
also part of the TRENDY ensemble at 0.5°). The spread of the gray bars represents the individual model data for the DGVMs. Top-down
inversion results are the global GCB2021 ensemble, as well as several regional inversions: the EUROCOM ensemble, the CarboScopeReg
model with multiple variants, the LUMIA model with multiple variants, and CIF-CHIMERE. The colored area represents the min/max of
top-down model ensemble estimates. Emissions due to lateral fluxes of carbon through rivers, crop trade, and wood trade are removed from
the top-down estimates. The mean values of the time series for the overlapping periods of 1990-2019 (a) and 2010-2018 (b) are shown on
the right. The UNFCCC estimate includes all categories (Remain and Convert), as well as HWP. The relative error of the UNFCCC values
represent the UNFCCC NGHGI (2021) member-state-reported uncertainty computed with the error propagation method (95 % confidence
interval), gap-filled, and provided for each year of the time series. The fluxes follow the atmospheric convention, where negative values
represent a sink, while positive values represent a source.
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S3 NBP from DGVMs in Fig. 5. Further research is needed
in order to establish which approach (S3-S2, or simply S3)
leads to the most consistent comparison. For the overlapping
period 1990-2019, the means of two out of the three book-
keeping models (BLUE-vGCB (—61 TgCyr~!) and BLUE-
VVERIFY (—43TgCyr~!, using the Hilda+ land use forc-
ing)) along with the mean of FAOSTAT (without Roma-
nian forestry fluxes) (—93 TgCyr~!) fall within the 95 %
confidence interval of the UNFCCC NGHGI estimate of
—86433TgCyr~!. Only H&N rests apart with a stronger
sink (—142 Tg C yr~!), although it is difficult to say how dif-
ferent it is from the NGHGI without uncertainty estimates.

Bookkeeping models like BLUE and H&N always regrow
biomass at the same rate. In the bookkeeping approaches
used here, regrowth curves are representative for present-day
conditions and kept the same throughout history, which is the
same approach used in the global carbon budget. NGHGIs,
on the other hand, include legacy effects from changing en-
vironmental conditions, in particular in soil pools. Recent
work by Grassi et al. (2023) demonstrates that including
the sink associated with varying human-induced indirect ef-
fects (as estimated by the S2 simulations from the TRENDY
DGVM ensemble) into results by bookkeeping models can
largely reconcile estimates of net global LULUCF fluxes be-
tween the NGHGIs and bookkeeping models. At the level
of the EU27+4+UK, the inclusion of this sink results in an
overcompensation; the bookkeeping models estimate a net
sink of —56 TgCyr~! compared to the NGHGI estimate of
—88 TgCyr~!, while the bookkeeping models plus DGVMs
result in —112 Tg Cyr~!. However, both of these estimates
fall inside the NGHGI uncertainty range in Fig. 5.

The primary difference between the NGHGI and DGVMs
is the interannual variability, with only a small differ-
ence in the means even if there is a substantial amount
of spread with the DGVMs: —86+33TgCyr~! and —81
[—172,—20] TgCyr~! for the NGHGI and DGVMs, re-
spectively, where the range for the DGVMs indicates the
25th—75th percentile of the models in the ensemble. The
UNFCCC LULUCEF estimates contain CO;, emissions from
all land use categories and HWP, where a simple analysis
shows that for the EU27+UK almost 90 % of the gross flux
arises from only six categories (Table A4). DGVMs cur-
rently explicitly include more of these categories than the
other methods (Table C2), which may help explain the close-
ness between the mean values. ORCHIDEE and CABLE-
POP provide a nice test case of the impact of high-spatial-
resolution forcing on net carbon fluxes in the EU27+4UK,
as they are present in both the TRENDY ensemble (0.5°)
as well as the VERIFY results (0.125°). Using 1o of the
mean annual net CO; flux as a measure of the IAV, CABLE-
POP indeed shows a much higher TAV at high resolution
(=404 142 and —92 +214 Tg Cyr~! for TRENDY and this
work across 1990-2019), while the results for ORCHIDEE
are almost identical between the two resolutions. More anal-
ysis is therefore required to confirm the relationship between
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spatial resolution and interannual variability in DGVMs for
the EU27+UK.

The differences between bookkeeping models and UN-
FCCC and FAOSTAT are discussed in detail elsewhere and
focus on the inclusion of unmanaged land in bookkeep-
ing models but not FAOSTAT and UNFCCC methodolo-
gies (Petrescu et al., 2020; Grassi et al., 2018a, 2022). OR-
CHIDEE, CABLE-POP, and the TRENDY v10 ensemble
means show much higher interannual variability as they sim-
ulate subannual responses of carbon fluxes to climate, while
the climate responses of inventories and bookkeeping mod-
els are averaged over multiple years. A comparison includ-
ing categorical-specific models (e.g., ECOSSE, EFISCEN-
Space, EPIC-IIASA, CBM) where multiple model results are
harmonized and aggregated to produce a “total” LULUCF
flux comparable to DGVMs and bookkeeping models would
be insightful; however, such a comparison requires extensive
analysis which is beyond the scope of the current work.

The bottom panel in Fig. 5 highlights the range of
estimates from global and regional atmospheric inver-
sions (GCB2021, EUROCOM, CSR, LUMIA, and CIF-
CHIMERE; see Table 2 and Appendix A4 for more details)
against bottom-up total annual EU274UK CO; land emis-
sions/removals from the UNFCCC NGHGI (2021). Notice
that unlike other studies (e.g., Deng et al., 2022), we have not
applied a managed-land mask to the inversions or bottom-
up models in order to be compatible with the managed land
proxy in the NGHGIs. The reasons for this are twofold. One,
most of the land in the European Union is managed, as noted
above. Second, no such mask currently exists, even for the
relatively data-rich EU. A managed land mask created solely
based on non-intact forests (e.g., Deng et al., 2022) neglects
that Grassland and Wetlands contribute significantly to un-
managed areas in the EU. Including fluxes from the 5 % of
unmanaged land in the EU is unlikely to change any con-
clusions in this work given the uncertainties in the LULUCF
methods presented here. As soon as a reasonably accurate
managed land mask is available, however, it should be used.

One significant change between this work and Petrescu et
al. (2021) is the removal of emissions and sinks from inver-
sion results due to lateral transport of carbon from crop trade,
wood trade, and inland waters. Bottom-up methods (includ-
ing all the NGHGISs for European countries) do not consider
emissions and removal of atmospheric CO; due to lateral
transport of biomass carbon, while inversions calculate ge-
ographically resolved net land—atmosphere CO, fluxes with-
out regard to the original location of photosynthetic assimi-
lation. Some lateral transport of soil organic carbon may be
taken into account by measuring stock changes, but given the
mix of stock-change and gain—loss methods used in NGHGIs
in the EU and the presence of methods ranging from Tier 1
to Tier 3, exactly how much is far from trivial to determine.

Net emissions from lateral transport of carbon (“lateral
fluxes”) were prepared generally following the approach de-
scribed by Ciais et al. (2021), where crop and wood prod-
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uct fluxes are derived from country-level trade statistics com-
piled by the FAO. Inland water emissions and riverine export
of terrestrial carbon use spatially explicit climatological data
and a statistical model combined with estimates of gas trans-
fer velocities. A more complete description is given in Ap-
pendix A4. This adjustment accounts for a combined mean
of —140TgCyr~! over the 2010-2018 common period of
the inversions and has been applied using Eq. (1) in Deng
et al. (2022) (without a managed land mask) to all top-down
fluxes reported here unless indicated otherwise.

Uncertainties for net emissions of CO; due to lateral trans-
port of carbon are not yet available. However, FAO and IEA
statistics form the basis of calculated fluxes due to wood and
crop trade. FAO estimates an uncertainty of 50 % on carbon
emissions and removals from forested land (Tubiello et al.,
2021). Even if uncertainties in trade fluxes are not available,
50 % therefore works as a first-order approximation given the
similarities between the two fluxes (i.e., a well-tracked value
multiplied by an uncertain emission factor). Uncertainties in
net carbon uptake by rivers and lakes are estimated to also
be on the order of 50 % due to the fact that these fluxes can
only be calculated based on budget closure including esti-
mates of river exports to the coast, emissions of carbon from
the water surface to the atmosphere, and burial of carbon in
aquatic sediments (Battin et al., 2023). Combined, this re-
sults in an uncertainty of around 70 Tg C yr~! for the lateral
fluxes, which is on the same order as the ensemble spread for
the regional inversions as shown in Fig. 5, though still lower
than that of the global inversions.

Flux estimates from inversion methods for CO; land show
much more variability than the NGHGI, both on the inter-
annual scale, as well as for any given year (Fig. 5, bottom).
The mean values from 2010-2018 show good agreement but
with an order of magnitude more variability in the inversions:
—884+60TgCyr~! for EUROCOM and —80+ 6 TgCyr~!
for the NGHGI, where the uncertainty here is the stan-
dard deviation of the annual mean values for each. For
any given year, the spread between the inversions is also
much greater (170470TgCyr~! for EUROCOM versus
63 +3TgCyr~! for the NGHGI, which represents the mean
and standard deviation of the 0—100th percentiles for the in-
versions and the 95 % CI for the NGHGI). This large spread
per year can be linked to uncertainty in atmospheric transport
modeling, inversion methods and assumptions, and to limi-
tations of the observation system. Furthermore, the EURO-
COM inversions were designed for the European geographi-
cal domain (which is larger than the EU274UK) and are still
being developed in particular to better constrain the latitudi-
nal and longitudinal boundary conditions.

The annual mean (overlapping period 2010-2018) of the
EUROCOM v2021 inversions (—80 [—175, —4]TgC yr_l)
is the closest inversion estimate to the time series mean of
the NGHGI estimates (—88 & 31 Tg Cyr~!), where the error
bars for the inversion indicate the [Oth, 100th] percentiles due
to the small size of the ensembles. The ensemble of all re-
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gional inversions is consistent with the NGHGI estimates, as-
suming the spread of the inverse model results is an accurate
proxy of the structural uncertainties. The impact of the net
emissions of lateral fluxes due to wood trade, crop trade, and
rivers is clear: without factoring in their contribution of the
approximately —140 Tg C yr~!, the sink from regional inver-
sions, in particular, would be much stronger than even the
strongest estimate of the NGHGI (i.e., the lower boundary on
the green bar in Fig. 5). The mean of the global GCP2021 in-
versions (—50 [—320, +122] TgC yr~!) and regional inver-
sions, CSR (—46 [—126,+47] TgC yr_l) and LUMIA (—65
[-97,-27]TgC yr’l), show a lower absolute value but re-
port larger interannual variability (min/max). The new CIF-
CHIMERE product has a mean of —99 Tg C yr~!, showing a
trend towards more negative fluxes since 2010, which is not
seen in other models and is still under investigation.

The comparison of past and current versions of the inver-
sions shows changes in specific top-down models (Fig. BS).
A reduction in the spread of the estimates is noted over the
two past versions of CSR, resulting in a small source in
the most recent estimates. The CSRv2021 (bottom-plot) pre-
dicts in 2018 (last common year of both versions) a small
source of 19 [—64,4-100] Tg Cyr~! compared to the previ-
ous CSRv2019 which simulated a very strong sink of —253
[—280, —194] Tg Cyr~!. This smaller source appears more
in line with more positive fluxes expected in years of extreme
drought (e.g., 2018 in northern Europe, even if this did not
impact the whole EU274-UK; Toreti et al., 2019).

As can be seen in Fig. 5 (bottom), there is also
improved agreement between the EUROCOM ensemble
and the NGHGI, including a greatly reduced IAV com-
pared to the previous version. The small EUROCOM en-
semble mean sink for the 2009-2015 period of —1.9
[—335,4322] TgCyr~! (top panel) strengthened to —93
[—187,—15]TgC yr_1 in the v2021 version (bottom panel).
The UNFCCC total LULUCF mean is —92 +33 TgCyr~!
for the same time period. The IAV of EUROCOM was dra-
matically reduced by removing the FLEXINVERT model
from the v2021 ensemble as a clear outlier of annual means
due to a slightly shifted seasonal cycle (Appendix A4).

Despite an apparent trend in the mean of the new
GCB2021 inversions towards a source near 2017, the spread
of the models precludes significance; following 1000 real-
izations of a Monte Carlo analysis assuming the min—max
ensemble spread represents 3o in a normal distribution, the
only period of at least 4 consecutive years for which the 95 %
confidence interval of the trend comes close to excluding
zero is 2015-2018 (26 & 28 Tg C yr—2). The large variability
and high sink observed in the upper plot of Fig. 5 (bottom)
shifted to a source in 2019 (21 [—185,4+226] TgC yr’l) due
to the extreme climatic response of the TD models to the
drought year, which can also be observed in the BU simula-
tions (e.g., TRENDY v10, ORCHIDEE, and CABLE-POP in
the top panel of Fig. 5). Out of the GCB2021 models, CAMS
was the model responsible for the strongest sink in the en-
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semble during most years (data not shown), which may be
partly due to changes in the stations assimilated.

3.4 Uncertainties in top-down and bottom-up estimates

Uncertainties are essential for complete comparisons be-
tween models and approaches. This section summarizes the
main sources of uncertainty estimates interwoven throughout
the above text. We also provide a comparison of available un-
certainties between the previous synthesis (V2019) and the
current synthesis (V2021) for both bottom-up and top-down
methods. Finally, we give an overview of two important ad-
vances in uncertainty estimation included in this work (one
for the NGHGI, and one for top-down approaches), referring
the interested reader to Appendix A4 for more information.

Several sources of uncertainty arise from the synthesis of
bottom-up (BU) inventories and models of carbon fluxes,
which can be summarized as the following: (a) differences
due to input data and structural/parametric uncertainty of
models (Houghton et al., 2012) and (b) differences in def-
initions (Pongratz et al., 2014; Grassi et al., 2018b, 2022;
Petrescu et al., 2020, 2021). Posterior uncertainties in top-
down (TD) estimates mostly come from the following: (1) er-
rors in the modeled atmospheric transport; (2) aggregation
errors, i.e., errors arising from the way the flux variables are
discretized in space and time and error correlations in time;
(3) errors in the background mole fractions, in particular for
regional inversions; and (4) incomplete information from the
observations and hence the dependence on the prior fluxes.
The multi-model ensemble approach is being used as a proxy
for estimation of systematic error. Calculation of random er-
ror is generally difficult when using the most common in-
verse model flux optimization approaches.

Figure 6 summarizes the quantifiable uncertainties in
this work, compared to previous results from Petrescu et
al. (2021). With the exception of the NGHGI, all the other
uncertainties are calculated from ensembles of simulations
using either (1) multiple models of the same general type
(either using model-specific inputs or attempting to harmo-
nize inputs as much as possible, e.g., TRENDY) or (2) mul-
tiple simulations with the same model, varying input pa-
rameters and/or forcing data (e.g., CarboScopeRegional, LU-
MIA). As a complete characterization of model uncertainty
involves exploring the full parameter, input data, and model
structure space, none of the uncertainties reported here can
be considered complete, but they represent best estimates
given realistic constraints of resources and knowledge. The
uncertainties represent the mean of overlapping periods for
the previous V2019 (overlapping period: 2006-2015) ver-
sus the current V2021 (2010-2018). In general, the dif-
ferences in mean behaviors between the two versions falls
within uncertainty estimates. Note, however, that this graph
can hide certain behaviors. For example, the similarity in
the means for ORCHIDEE-VERIFY for both periods (—129
and —131 TgCyr~! for V2019 and V2021, respectively) is
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likely a coincidence, given the wide fluctuation of annual val-
ues and the differences in the multi-decennial means seen in
Fig. 5.

Figure 6 shows notable reductions in the spread of two
ensembles: EUROCOM and CSR. Both of these are re-
gional ensembles. In addition, the CSR results show a weaker
sink in the current V2021 version compared to the previ-
ous V2019 version. As noted in Appendix A4, the change
for CSR is explained by the inclusion of a corrected obser-
vation dataset for an isolated station in southeastern Europe
which heavily influenced the regional results. The reduction
in the spread of the EUROCOM ensemble results from the
exclusion of a single member which produces annual flux re-
sults that are clear outliers compared to the remaining three
members. More details of this analysis can be found in Ap-
pendix A4. The remaining ensembles retain similar model
spread compared to the previous versions.

Three advances in uncertainty estimation were made in
this study, involving all three classes of models: NGHGI,
bottom-up, and top-down models. In Petrescu et al. (2021b),
percentage uncertainties for the NGHGI (2019) LULUCF
sector and land use categories were taken from reported un-
certainties of the EU member states and UK that are used
for compiling the national inventory reports (NIRs) of the
EU27+4+UK bloc, as well as the aggregate uncertainties for
the block reported in the EU NIRs. Uncertainty estimates
were only given for a single year and were also partially in-
complete due to missing uncertainty estimates for some sec-
tors/subsectors of some countries. For the current work, we
use values compiled by the EU inventory team involving a
recently developed procedure to harmonize and gap-fill un-
certainties reported by the member states at the sector level
(see EU NIR, 2021). Error correlations are accounted for, in
addition to year-to-year variations in subsectoral contribu-
tions to the overall uncertainty. Extensive details are found
in Appendix A2 and permit estimates of uncertainty on an
annual basis, as opposed to the single value used in the pre-
vious synthesis. Note, however, that this procedure was not
applied to subsectoral categories (FL, CL, or GL), for which
values were taken directly from EU NIR (2021) and applied
across the whole time series. Synthesis plots created for indi-
vidual countries and reported on the VERIFY website (VER-
IFY Synthesis Plots, 2022) take percentages directly from the
respective country’s NIR.

The second advance relates to the impact of forcing data
on bottom-up models, in particular DGVMs. Figure A3 (Ap-
pendix A4) shows how the ORCHIDEE model responds to
both changes in meteorological forcing (for ORCHIDEE)
and nitrogen forcing (for ORCHIDEE-N) over the past sev-
eral decades. The impact of both is relatively small compared
to interannual variability. This is likely due to at least two
reasons. The first reason is that meteorological forcing used
in this work has been realigned to the CRU observational
dataset at 0.5° and monthly resolution, thus removing large-
scale and long-term differences between the original mete-
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Figure 6. Mean annual values of overlapping time periods (2006-2015) from Petrescu et al. (2021b) (transparent boxes and light gray lines)
and new means for the 2010-2018 period from the current study (Fig. 5, Sect. 3.3.4). The boxes with hatching and colored boxes depict the
“old” and “new” values for ensembles of multiple models, with the top and bottom of the boxes corresponding to minimum and maximum
mean values of the overlapping period. For non-ensemble models (e.g., CIF-CHIMERE, FAOSTAT), the mean of the old and new overlapping
periods are given by dotted gray and dashed black lines, respectively. The NGHGI UNFCCC uncertainty is calculated for submission year
2021 as the relative error of the NGHGI value, computed with the 95 % confidence interval method gap-filled and provided for every year of
the time series. Inversions for both V2019 and V2021 have been corrected for net emissions of CO; from lateral transport of carbon using
identical datasets to enable a fair comparison. The fluxes follow the atmospheric convention, where negative values represent a sink, while

positive values represent a source.

orological datasets. In addition, extensive spin-up and tran-
sient simulations are run for ORCHIDEE before reaching the
point at which the forcing changes (1981 for the meteorolog-
ical forcing, and 1995 for the nitrogen forcing). Such lengthy
simulations enable woody biomass and soil carbon pools to
develop a significant amount of inertia in response to addi-
tional changes. Greater differences may be seen for models
where modified forcing data cover the entire length of the
preproduction simulation steps.

The final advance relates to uncertainty characterization in
the regional inversion model CSR following the methodol-
ogy of Chevallier et al. (2007). Spatially explicit estimates
of the uncertainty reduction achieved from the flux optimiza-
tion were prepared through a Monte Carlo approach using
an ensemble of 40 members. The uncertainty reduction is
then calculated based on the ratio of the prior errors and
the posterior spread of the ensemble members, using a for-
mula such that 0 indicates no reduction and 1 indicates a
complete elimination of uncertainty. A preliminary analy-
sis showed that a considerable reduction may be achieved
through the inclusion of more observation stations, although
additional work is needed. For the moment, these maps only
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reflect random uncertainties, and systematic uncertainties re-
main poorly characterized. More information can be found
in Appendix A4.

4 Data availability

Annual time series for the EU27+UK used in the
creation of the figures in this work for V2019
and V2021 are publicly available for download at
https://doi.org/10.5281/zenodo.8148461 (McGrath et
al., 2023). This excludes CO; fossil data for the IEA, which
is subject to license restrictions. Most sector-level data
from IEA are available for a fee, although some high-level
emissions data can be accessed free of charge. The data
are reachable with one click (without the need for entering
a login or password) and downloadable with a second
click, consistent with the two-click access principle for data
published in ESSD (Carlson and Oda, 2018). The data and
the DOI number are subject to future updates and only refer
to this version of the paper. In addition, figures and annual
time series for the EU27+UK as well as other countries

Earth Syst. Sci. Data, 15, 4295-4370, 2023


https://doi.org/10.5281/zenodo.8148461

4320

and regions are available from VERIFY Synthesis Plots
(2022) as well as a number of gridded data files submitted
to the VERIFY project listed in Table C1. Access to the
data files requires free registration to obtain a username
and password. Alternatively, interested users are invited to
contact the persons listed in Table C1 to request gridded data
files directly from them. We do not provide access to data
already made freely available elsewhere, as we prefer users
to use mechanisms put in place by the original providers so
that they are able to ensure their continued funding for their
work.

5 Summary and concluding remarks

This work represents an update to the Petrescu et al. (2021)
European CO; synthesis paper, presenting and investigating
differences between the UNFCCC NGHGI, BU data-based
inventories, both coarse- and high-resolution process-based
BU models, and TD approaches represented by both global
and regional inversions. Datasets used in the previous work
have been updated by extending the temporal coverage and
updating the models and data behind the calculations. In ad-
dition, several new models to expand the number of inde-
pendent approaches compared have been added. Additional
efforts have been made to improve uncertainty characteriza-
tion in two approaches, along with a first attempt to present
as many datasets as possible in a clear single figure to draw
overarching conclusions.

CO» fossil emissions dominate the anthropogenic CO;
flux in the EU27+UK, regardless of the approach employed
and irrespective of uncertainties, although the datasets are
not fully independent, which complicates uncertainty estima-
tion. Fossil CO; emissions are more straightforward to esti-
mate than ecosystem fluxes due to extensive data collection
around fuel production and trade, assuming that fuel statis-
tics and accurate emission factors are available. A suite of
eight BU methods for fossil CO, emissions are within the
uncertainty of the NGHGI when methods are harmonized to
include similar categories. The remaining differences can of-
ten be attributed to definitions, assumptions about activity
data or emission factors, and the allocation of fuel types to
different sectors (see Sect. 3.2 and Fig. B3). The one avail-
able TD method, a regional European inversion system (CIF-
CHIMERE) using an NO, proxy to determine CO, fossil
emissions, shows broad agreement with the BU estimates.
However, this initial TD inversion is not yet capable of distin-
guishing the minor differences between the various BU esti-
mates and does not yet quantify uncertainties, unlike, for ex-
ample, Basu et al. (2020), which presents fossil fuel combus-
tion and cement production emission including uncertainty
estimates for the United States. However, a substantial de-
crease in the level of uncertainty of the inverse modeling
system is expected in the short term with the large-scale
deployment of observation networks dedicated to detect-
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ing fossil fuel emissions (e.g., launch of the CO,M!? satel-
lite mission in 2025). In the short-term, the CoCO2 project
(CoC02,2022) aims to advance the methodology around co-
assimilation of existing CO; satellite data (from the Orbiting
Carbon Observatory (OCO)-2/3 instruments) and to provide
new analysis of the CO / FFCO; and NO, / FFCO; ratios in
order to significantly decrease uncertainty in the fossil CO,
estimates.

The CO; land fluxes belong to the LULUCEF sector, which
is one of the most uncertain sectors in UNFCCC reporting.
The IPCC guidelines prescribe methodologies that are used
to estimate the CO; fluxes in the NGHGI but grant countries
significant freedom to adopt methods appropriate to their na-
tional circumstances. Even in the European Union, member
states use a wide variety of stock-change and gain—loss meth-
ods ranging from Tier 1 to Tier 3, depending on the spe-
cific LULUCEF flux being estimated (EU NIR, 2021). When
analyzing the different estimates from multiple BU sources
(inventories and models), similar sources of uncertainties
are observed such as the following: (a) differences due to
input data and structural/parametric uncertainty of models
(Houghton et al., 2012; Pongratz et al., 2021) and (b) dif-
ferences in definitions (Pongratz et al., 2014; Grassi et al.,
2018b; Petrescu et al., 2020, 2021; Grassi et al., 2022). Re-
ducing uncertainties in LULUCEF estimates is needed, given
the increasing importance of the sector to EU climate pol-
icy over the next decades. In contrast to the previous 2020
climate and energy package, the LULUCF sector will now
formally contribute to the binding emission reduction tar-
gets of the union’s 2030 climate and energy framework (EU,
2018a, b). Furthermore, the European Climate Law explicitly
states that LULUCEF, together with all sectors of the econ-
omy, should contribute to achieving climate neutrality within
the union by 2050 (EU, 2021b).

The LULUCF sector in NGHGIs is composed of six
land use categories. Of these, Forest Land provides the
most important contribution to the net CO, land flux in the
EU27+UK, followed by Cropland and Grassland. HWP and
“Land converted to settlements” also have non-negligible
contributions, and changes in HWP strongly influence varia-
tions in decennial mean net LULUCEF fluxes for the region.
Of these, all except “Land converted to settlements” are rep-
resented in general ecosystem models, while Forest Land,
Cropland, and Grassland are simulated by category-specific
process-based and data-driven models. Top-down inversions
are capable of simulating net CO, fluxes to the atmosphere
but cannot yet attribute them between different categories.

Differences in the detailed category-specific and inversion
model results (Figs. 3-5) often come from choices in the sim-
ulation setup and the type of model used: bookkeeping mod-
els, process-based DGVMs, inventory-based statistical meth-

1OCOZM: Copernicus Anthropogenic Carbon Dioxide Monitor-
ing; https://esamultimedia.esa.int/docs/EarthObservation/CO2M_
MRD_v3.0_20201001_Issued.pdf (last access: 16 September 2023)
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ods, or atmospheric inversions. Results also differ based on
whether fluxes are attributed to LULUCF emissions due to
the cause or location of occurrence. For example, indirect
fluxes resulting from long-term changes in growing condi-
tions, such as CO,, air temperature, and water availability
on managed land, are included in NGHGIs and FAOSTAT.
Additional sink capacity compared to pre-industrial condi-
tions (also called the “amplification effect”, e.g., Gasser and
Ciais, 2013) occurs on Forest Land in process-based models
(e.g., ORCHIDEE or TRENDY DGVMs) due to improved
growing conditions resulting from CO, fertilization, climate
change, and anthropogenic nitrogen deposition, while this is
not included in bookkeeping models which use the same re-
growth curves for pre-industrial and modern times. The use
of gross land use changes fluxes (e.g., in the NGHGI, book-
keeping models, and CABLE-POP) as opposed to net fluxes
also likely plays an important role. We found that adjust-
ing top-down models by emissions/removals resulting from
later transport of carbon through trade and the inland wa-
ter network improves the agreement with the NGHGI of the
EU27+UK (Fig. 5, compared to Petrescu et al., 2021).
Observation-based BU estimates of LULUCF provide
large year-to-year flux variability (Figs. 3—4, in particular for
DGVMs like ORCHIDEE, CABLE-POP, and the TRENDY
ensemble), contrary to the NGHGI, primarily due to the ef-
fect of varying meteorology. In particular, the duration and
intensity of the summer growing season can vary signifi-
cantly between years (e.g., Bastos et al., 2020a; Thompson et
al., 2020). In the framework of periodic NGHGI assessments,
the choice of a reference period (such as 2015-2019, as used
here) or the use of a moving window to calculate the means
may be critical to smooth out high interannual variability
and facilitate comparisons. One can also imagine incorporat-
ing TAV into NGHGIs through the use of annual anomalies
of emission factors calculated from Tier 3 observation-based
approaches (either BU or TD). TD estimates also show very
large interannual variability and uncertainty (Fig. 5). Uncer-
tainties in the inversion results are primarily due to uncer-
tainties in atmospheric transport modeling, boundary condi-
tions, technical simplifications, and uncertainty inherent to
the limitation of the observation network. Currently, regional
inversions (LUMIA, CSR, and EUROCOM) are still under
development and face different challenges from the coarser-
resolution global systems used here to represent regional re-
sults (GCB). As seen in Fig. 6, the mean of the regional in-
versions appears to agree better with the NGHGI than that of
the global inversions, after the net carbon fluxes from lateral
transfers are taken into account. In addition, the inter-model
spread of the regional inversions is smaller. Based on this
work, it is difficult to claim that one or the other provides
a more accurate result for the net CO; land fluxes across the
EU27+UK, although two regional inversion ensembles (EU-
ROCOM and CSR) dramatically reduced their uncertainties
between the previous and current versions of this synthesis,
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with CSR showing much more overlap now with the NGHGI
(Fig. 6).

Uncertainties can be reflected in space as well as in time.
Reconciling differences across aggregated EU regions may
be challenging due to diverse methodologies and drivers in
each country. On the other hand, the analysis of smaller re-
gions or individual countries may represent a productive first
step towards monitoring the current state of emissions as na-
tional data and experts can be used to help clarify differ-
ences across models. Country-level case studies may help in-
form the design of future monitoring and verification systems
(MVSs) for CO, which aim to supply additional evidence for
the emission levels and trends, coupling anthropogenic activ-
ities and associated emissions with the atmospheric patterns
of greenhouse gas mole fractions, and perform data assim-
ilation and modeling over a wide variety of environmental
conditions (Pinty et al., 2017).

As seen in figures throughout this work, reducing uncer-
tainties of both individual models and classes of models re-
mains a priority. Some categories (Forest Land, Cropland)
produce results for multiple category-specific models which
lie within the uncertainty of the NGHGI. This likely reflects
the use of data-driven models and the relatively high quality
of data that are available due to the economic importance of
these categories. On the other hand, generalized ecosystem
models (the DGVMs, like ORCHIDEE and CABLE-POP)
may create mean estimates which fall within uncertainties
but fall outside of NGHGI uncertainties for any given year
due to the sensitivity of processes in these models to rapidly
changing meteorology and the necessity for these models to
operate globally, including in data-poor regions for which pa-
rameterization may be impossible. Two advances in charac-
terizing uncertainty were presented here: one for the case of
the NGHGI and one for the case of the TD model CSR. Addi-
tional characterization of uncertainty both within and across
models will enable more fair comparisons between methods.

A more detailed analysis of LULUCEF fluxes at the region-
al/country level is foreseen as part of projects linked to VER-
IFY, including the RECCAP2 initiative (RECCAP2, 2022)
and current and future Horizon Europe-funded projects (e.g.,
CoCO2 (https://coco2-project.eu/, last access: 16 Septem-
ber 2023), EYE-CLIMA (https://eyeclima.eu/, last access:
16 September 2023), AVENGERS (https://avengers-project.
eu/), last access: 16 September 2023, PARIS (https://
horizoneurope-paris.eu/, last access: 16 September 2023)),
which will highlight examples of good practice in LULUCF
flux monitoring amongst European countries. Section 3.4
presents a summary of uncertainties to provide insight into
ground observation systems assimilated by inversions. This
lays the basis of future improvements for establishing best
practices on how to configure atmospheric inversions and
systematically quantify uncertainties. For the overall estima-
tion of emissions from LULUCF activities on all land types
(Fig. 5, top), the comparison is made more challenging as
results from both land use and land use changes are pre-
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sented. Comparing only the “effect of land use change” (con-
version) is non-trivial. A methodology for reconciling LU-
LUCEF country estimates from the FAOSTAT datasets with
the NGHGIs is presented in Grassi et al. (2022) for the global
scale.

The next steps needed to improve and facilitate the rec-
onciliation between BU and TD estimates are the same as
those discussed in Petrescu et al. (2021): (1) considering BU
process-based models, incorporating unified protocols and
guidelines for uniform definitions, that should be able to dis-
aggregate their estimates to facilitate comparison to NGHGI
and 2006 IPCC practices (e.g., managed vs. unmanaged land,
20-year legacy for categories remaining in the same category
and distinction between fluxes arising solely from land use
change; Grassi et al., 2022); (2) improving treatment of the
contribution of soil organic carbon dynamics to the budget
for category-specific models, in particular for cropland and
grassland; (3) using the recently developed Community In-
version Framework (Berchet et al., 2021) for TD estimates to
better assess the different sources of uncertainties from the
inversion setups (model transport, prior fluxes, observation
networks); (4) standardizing methods to compare datasets
with and without interannual variability; and (5) developing a
clear way to report key system boundary, data, or definitional
issues, as it is often necessary to have a deep understanding
of each estimate to know how to do a like-for-like compari-
son.

Similar to Petrescu et al. (2021), this updated study con-
cludes that a complete, ready-for-purpose monitoring system
providing annual carbon fluxes across Europe is still under
development, but data sources are beginning to show im-
proved agreement compared to previous estimates. Signifi-
cant effort must still be undertaken to robustly quantify and
then reduce uncertainties (both in the models themselves as
well as in their input data) used in such a system so that dif-
ferences in the central values can be identified and under-
stood (e.g., Janssens-Maenhout et al., 2020). Future activi-
ties in the CoCO2 project (CoCO2, 2022) will investigate
the 1- and 5-year carbon budgets across the data-rich area of
the EU274+UK and deepen the analysis for both global and
regional/local (city-level) estimates.

Achieving the well-below 2°C temperature goal of the
Paris Agreement requires consideration of, among other
things, low-carbon energy technologies, forest-based miti-
gation approaches, and engineered carbon dioxide removal
(Grassi et al., 2018a; Nabuurs et al., 2017). Currently, the
EU27+UK reports a sink for LULUCE, and forest manage-
ment will continue to be the main driver affecting the produc-
tivity of European forests for the next decades (Koehl et al.,
2010), shown as well by the domination of Forest Land CO;
fluxes to the LULUCEF sector in the NGHGI for the bloc. For-
est management changes forest composition and structure,
which affects the exchange of energy with the atmosphere
(Naudts et al., 2016) and therefore the potential of mitigating
climate change (Luyssaert et al., 2018; Grassi et al., 2019).
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Meteorological extremes can also affect the efficiency of the
sink (Thompson et al., 2020). The EU forest sink is projected
to decrease in the near future (Vizzarri et al., 2021). Conse-
quently, for the EU to meet its ambitious climate targets, it
is necessary to maintain and even strengthen the LULUCF
sink (EU, 2020). Understanding the evolution of the CO;
land fluxes is critical to enable the EU274-UK to meet its
ambitious climate goals.

Appendix A: Data sources, methodology, and
uncertainty descriptions

Plots for all countries in Europe as well as dozens of country
groups and some countries outside of Europe are available
following a simple registration (VERIFY Synthesis Plots,
2022).

A1 VERIFY project

VERIFY’s primary aim is to develop scientifically robust
methods to assess the accuracy and potential biases in na-
tional inventories reported by the parties through an indepen-
dent pre-operational framework. “Pre-operational” seeks to
bridge the gap between pure research efforts and those aim-
ing to provide regular (e.g., annual) updates of a product. The
main concept is to provide observation-based estimates of
anthropogenic and terrestrial biospheric GHG emissions and
sinks as well as associated uncertainties. The proposed ap-
proach is based on the integration of atmospheric measure-
ments, improved emission inventories, ecosystem data, and
satellite observations, and on an understanding of processes
controlling GHG fluxes (ecosystem models, GHG emission
models).

Two complementary approaches relying on observational
data streams were combined in VERIFY to quantify GHG
fluxes:

1. atmospheric GHG mole fractions from satellites and
ground-based networks (top-down atmospheric inver-
sion models) and

2. bottom-up activity data (e.g., fuel use and emission fac-
tors, as represented in inventories) and ecosystem mea-
surements (e.g., aboveground biomass and net ecosys-
tem fluxes, as assimilated into bottom-up and top-down
models).

For CO3, a specific effort was made to separate fossil fuel
emissions from ecosystem fluxes.
The objectives of VERIFY were the following:

Objective 1. Integrate the efforts between the research
community, national inventory compilers, operational
centers in Europe, and international organizations to-
wards the definition of future international standards for
the verification of GHG emissions and sinks based on
independent observation.
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Objective 2. Enhance the current observation and mod-
eling ability to accurately and transparently quantify the
sinks and sources of GHGs in the land use sector for the
tracking of land-based mitigation activities.

Objective 3. Develop new research approaches to moni-
tor anthropogenic GHG emissions in support of the EU
commitment to reduce its GHG emissions by 40 % by
2030 compared to the year 1990.

Objective 4. Produce periodic scientific syntheses of
observation-based GHG balance of EU countries and
practical policy-oriented assessments of GHG emission
trends and apply these methodologies to other countries.

For more information on the project team and products/re-
sults, please visit the VERIFY website (VERIFY, 2022).

A2 UNFCCC NGHGI (2021)

Annex I NGHGISs should follow principles of transparency,
accuracy, consistency, completeness, and comparability
(TACCC) under the guidance of the UNFCCC (UNFCCC,
2014) and, as mentioned above, shall be completed follow-
ing the 2006 IPCC guidelines (IPCC, 2006). In addition, the
IPCC 2019 refinement (IPCC, 2019), which may be used to
complement the 2006 IPCC guidelines, has updated sectors
with additional emission sources and provides guidance on
the use of atmospheric data for independent verification of
GHG inventories.

Both approaches (BU and TD) provide useful insights into
emissions from two different points of view. First, as outlined
in Vol. 1, Chap. 6 of the 2019 IPCC refinement (IPCC, 2019),
TD approaches act as an additional quality check for BU and
NGHGI approaches and facilitate a deeper understanding of
the processes driving changes in different elements of GHG
budgets. Second, while independent BU methods do not fol-
low prescribed standards like the IPCC guidelines, they do
provide complementary information based on alternative in-
put data at varying temporal, spatial, and sectoral resolution.
This complementary information helps build trust in coun-
try GHG estimates, which form the basis of national climate
mitigation policies. Additionally, BU estimates are needed as
input for TD estimates. As there is no formal guideline to es-
timate uncertainties in TD or BU approaches, uncertainties
are usually assessed from the spread of different estimates
within the same approach, though some groups or institu-
tions report uncertainties for their individual estimates us-
ing a variety of methods, for instance, by performing Monte
Carlo sensitivity simulation by varying input data parame-
ters. However, this can be logistically and computationally
difficult when dealing with complex process-based models.

Despite the important insights gained from complemen-
tary BU and TD emission estimates, it should be noted that
comparisons with the NGHGI are not always straightfor-
ward. BU estimates often share common methodology and
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input data, and through harmonization, structural differences
between BU estimates and NGHGISs can be interpreted. How-
ever, the use of common input data restricts the indepen-
dence between the datasets and, from a verification perspec-
tive, may limit the conclusions drawn from the comparisons.
On the other hand, TD estimates are constrained by inde-
pendent atmospheric observations and can serve as an addi-
tional, potentially independent, quality check for NGHGIs.
Nonetheless, structural differences between NGHGIs (what
sources and sinks are included, and where and when emis-
sions/removals occur) and the actual fluxes of GHGs to the
atmosphere must be taken into account during comparison
of estimates. While NGHGIs go through a central QA/QC
review process, the UNFCCC reporting requirements do not
mandate large-scale observation-derived verification. Never-
theless, the individual countries may use atmospheric data
and inverse modeling within their data quality control, qual-
ity assurance, and verification processes, with expanded and
updated guidance provided in Chap. 6 of the 2019 refine-
ment of IPCC 2006 guidelines (IPCC, 2019). So far, only
a few countries (e.g., Switzerland, UK, New Zealand, and
Australia) have used atmospheric observations to constrain
national emissions and documented these verification activ-
ities in their national inventory reports for CHy and F gases
(Bergamaschi et al., 2018), and none do so for CO,.

Under the UNFCCC and its Kyoto Protocol, national GHG
inventories are the most important source of information to
track progress and assess climate protection measures by
countries. In order to build mutual trust in the reliability
of GHG emission information provided, national GHG in-
ventories are subject to standardized reporting requirements,
which have been continuously developed by the Conference
of the Parties (COP).!! The calculation methods for the esti-
mation of greenhouse gasses in the respective sectors is de-
termined by the methods provided by the 2006 IPCC Guide-
lines for National Greenhouse Gas Inventories (IPCC, 2006).
These guidelines provide detailed methodological descrip-
tions to estimate emissions and removals, as well as rec-
ommendations to collect the activity data needed. As a gen-
eral overall requirement, the UNFCCC reporting guidelines
stipulate that reporting under the convention and the Ky-
oto Protocol must follow the five key principles of trans-
parency, accuracy, completeness, consistency, and compara-
bility (TACCC).

The reporting under UNFCCC shall meet the TACCC
principles. The three main GHGs are reported in time series
from 1990 up to 2 years before the due date of the report-
ing. The reporting is strictly based on source category and
is done under the common reporting format (CRF) tables,
downloadable from the UNFCCC official submission portal:
https://unfcce.int/ghg-inventories-annex-i-parties/2021 (last
access: September 2023).

1'The last revision has been made by COP 19 in 2013 (UNFCCC,
2014)
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NGHGI uncertainties

The presented uncertainties in the reported emissions of the
individual countries and the EU27+UK bloc were calculated
by using the methods and data used to compile the official
GHG emission uncertainties that are reported by the EU un-
der the UNFCCC (2022a). The EU uncertainty analysis re-
ported in the bloc’s national inventory report (NIR) is based
on country-level, approach 1 uncertainty estimates (IPCC,
2006, Vol. 1, Chap. 3) that are reported by EU member states,
Iceland, and the United Kingdom under Article 7(1)(p) of EU
(2013). These country-level uncertainty estimates are typi-
cally reported at the beginning of a submission cycle and are
not always revised with updated CRF submissions later in
the submission cycle. Furthermore, the compiled uncertain-
ties of some countries are incomplete (e.g., uncertainties not
estimated for LULUCF and/or indirect CO, emissions; cer-
tain subsector emissions are confidential), and the sector and
gas resolution at which uncertainties are provided vary be-
tween the countries. The EU inventory team therefore im-
plements a procedure to harmonize and gap-fill these uncer-
tainty estimates. A processing routine reads the individual
country uncertainty files that are preformatted manually to
assign consistent sector and gas labels to the respective es-
timates of emissions/removals and uncertainties. The uncer-
tainty values are then aggregated to a common sector reso-
lution, at which the emissions and removals reported in the
uncertainty tables of the countries are then replaced with the
respective values from the final CRF tables of the countries.
Due to the issue of incompleteness mentioned above, the
country-level data are then screened to identify residual GHG
emissions and removals for which no uncertainty estimates
have been provided. Where sectors are partially complete,
the residual net emission is quantified in CO; equivalents and
incorporated. An uncertainty is then estimated, by calculat-
ing the overall sector uncertainty of the sources and sinks
that were included in that country’s reported uncertainty es-
timates and assigning this percentage average to the residual
net emission. In cases where for certain sectors no uncertain-
ties have been provided at all (e.g., indirect CO, emissions,
LULUCEF), an average (median) sector uncertainty in percent
is calculated from all the countries for which complete sec-
toral emissions and uncertainties were reported, and this av-
erage uncertainty is assigned to the country’s sector GHG
total reported in its final CRF tables.

The country-level uncertainties presented in this paper,
have been compiled using this same processing routine and
using the uncertainties and CRF data reported by the coun-
tries in the 2021 submission. However, here the method has
been expanded to gap-fill at the individual greenhouse gas
level (CO; emissions and removals only) rather than at the
aggregate GHG level. Furthermore, the expanded method
here assigns the subsectoral uncertainties to the emissions
and removals of the entire time series (1990-2019), rather
than just the base year and latest year of the respective time
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series. This allows uncertainties to be sensitive to the subsec-
toral contributions to sectoral and national total emissions,
which of course change over time. For each year of the time
series, uncertainties in the total and sectoral CO, emissions
are calculated using Gaussian error propagation, by summing
the respective subsectoral uncertainties (expressed in kt CO;)
in quadrature and assuming no error correlation. In contrast,
for the EU27+4UK bloc, uncertainties in the total and sectoral
CO, emissions were calculated to take into account error cor-
relations between the respective country estimates at the sub-
sector level. This was done by applying the same methods
and assumptions described in the 2022 EU NIR (UNFCCC,
2022a). The subsector resolution applied for gap-filling al-
lows the routine to access respective data on emission factors
from CRF table “Summary 3” and apply correlation coef-
ficients (r) when aggregating the uncertainties. For a given
subsector, it is assumed that the errors of countries using de-
fault factors are completely correlated (r = 1), while errors
of countries using country-specific factors are assumed un-
correlated (r = 0). For countries using a mix of default and
country-specific factors at the given subsector level, it is as-
sumed that these errors are partially correlated (r = 0.5) with
one another and with the errors of countries using the default
factors only.

Based on these correlation assumptions, the routine then
aggregates CO, emissions/removals and uncertainties for the
specified subsector resolution at the EU27+UK level. Un-
certainties at sector total level are then aggregated from the
subsector estimates assuming no correlation between sub-
sectors. However, for countries reporting very coarse reso-
lution estimates (e.g., total sector CO, emissions/removals)
or where the sector has been partially or completely gap-
filled, it is assumed that these uncertainties are partially cor-
related ( = 0.5) with one another and with the other reported
subsector level estimates. Level uncertainties on the total
EU274UK CO; emissions and removals (with and without
LULUCEF) are then aggregated from the sector estimates as-
suming no error correlation between sectors.

Note that the above procedure does not apply to LULUCF
categories (FL, CL, and GL). Estimates for these values were
taken directly from the EU NIR (2021) without gap-filling
or consideration of correlations. An uncertainty greater than
100 % implies that either a sink or a source is possible. As the
values are given for only 1 single year, this value is applied
uniformly across the whole time series.

A3 Fossil CO» emissions
A3.1 Bottom-up emission estimates

For further details of all datasets, see Andrew (2020).

UNFCCC NGHGI (2021)

The UNFCCC NGHGI CO;, emissions/removals include es-
timates from five key sectors for the EU27+UK: 1 Energy,
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2 Industrial processes and product use (IPPU), 3 Agriculture,
4 LULUCEF, and 5 Waste. The tiers method that a country
applies depends on the national circumstances and the indi-
vidual conditions of the land, which explains the variabil-
ity of uncertainties among the sector itself as well as among
EU countries. This annual published dataset includes all CO,
emission sources for those countries, as well as for most
countries for the period 1990 to year r — 2. Some eastern Eu-
ropean countries’ submissions began in the 1980s.

Information on uncertainty calculation in the NGHGISs is
found above in the general section on the NGHGI.

EDGAR v6.0

The first edition of the Emissions Database for Global At-
mospheric Research was published in 1995. The dataset
now includes almost all sources of fossil CO; emis-
sions, is updated annually, and reports data for 1970 to
year n — 1. Estimates for v6.0 are provided by sector.
Emissions are estimated fully based on statistical data
from 1970 till 2018 https://data.jrc.ec.europa.eu/dataset/
97a67d67-c62e-4826-b873-9d972c¢4f670b (last access: 16
September 2023).

Uncertainties. EDGAR uses emission factors (EFs) and
activity data (AD) to estimate emissions. Both EFs and AD
are uncertain to some degree, and when combined, their un-
certainties need to be combined too. To estimate EDGAR’s
uncertainties (stemming from a lack of knowledge of the true
value of the EF and AD), the methodology devised by IPCC
(2006, Chap. 3) is adopted (Solazzo et al., 2021), including
the use of default uncertainties. The overall relative uncer-
tainty in emissions is thus given by simple error propagation
for the product of two variables, where the overall relative
uncertainty is the square root of the sum of squares of the
relative uncertainties of the EF and AD. A lognormal proba-
bility distribution function is assumed in order to avoid neg-
ative values, and uncertainties are reported as the 95 % con-
fidence interval according to IPCC (2006, Chap. 3, Eq. 3.7).
For emission uncertainty in the range 50 % to 230 %, a cor-
rection factor is adopted as suggested by Frey et al. (2003)
and IPCC (2006, Chap. 3, Eq. 3.4). Uncertainties are pub-
lished in Solazzo et al. (2021).

BP

BP releases its “Statistical Review of World Energy” annu-
ally in June, the first report being published in 1952. Primar-
ily an energy dataset, BP also includes estimates of fossil
fuel CO; emissions derived from its energy data (BP, 2011,
2017). The emission estimates are totals for each country
starting in 1965 to year n — 1.
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CDIAC

The original Carbon Dioxide Information Analysis Center
included a fossil CO, emissions dataset that was long known
as CDIAC. This dataset is now produced at Appalachian
State University and has been renamed CDIAC-FF (CDIAC,
2022). It includes emissions from fossil fuels (including gas
flaring) and cement production from 1751 to year n — 3. Fos-
sil fuel emissions are derived from UN energy statistics, and
cement emissions are from USGS production data.

EIA

The US Energy Information Administration publishes inter-
national energy statistics and from these derives estimates
of CO, emissions from energy combustion based on en-
ergy consumption. Data are currently available for the period
1980-2016.

IEA

The International Energy Agency publishes international en-
ergy statistics and from these derives estimates of CO; emis-
sions from energy combustion. In addition, the IEA also esti-
mates emissions from the use of coal in the iron and steel in-
dustry, while not providing any other IPPU estimates. Emis-
sion estimates start in 1960 for OECD members and 1971 for
non-members, and they run through to year n — 1 for OECD
members’ totals and year n —2 for members’ details and non-
members. Most subsector-level data from the IEA are avail-
able for a fee, although some high-level emissions data can
be accessed free of charge.

GCP

The Global Carbon Project includes estimates of fossil CO»
emissions in its annual global carbon budget publication.
These include emissions from fossil fuels and cement pro-
duction for the period 1750 to year n — 1. GCP’s fossil
CO, dataset was once entirely derived solely from CDIAC’s
dataset, with some extension using BP data, but this has since
changed as described in Andrew and Peters (2022).

CEDS

The Community Emissions Data System has included esti-
mates of fossil CO, emissions since 2018, with an irregular
update cycle (CEDS, 2022). Energy data are directly from
IEA, but emissions are scaled to higher-priority sources, in-
cluding national inventories. Almost all emission sources are
included, and estimates are published for the period 1750 to
year n — 1. Estimates are provided by subsector.

Earth Syst. Sci. Data, 15, 4295-4370, 2023


https://data.jrc.ec.europa.eu/dataset/97a67d67-c62e-4826-b873-9d972c4f670b
https://data.jrc.ec.europa.eu/dataset/97a67d67-c62e-4826-b873-9d972c4f670b

4326

PRIMAPv2.2

The PRIMAP-hist dataset combines several published
datasets to create a comprehensive set of greenhouse gas
emission pathways for every country and GHG covered by
the Kyoto Protocol, covering the years 1850 to 2018, and all
UNFCCC (United Nations Framework Convention on Cli-
mate Change) member states as well as most non-UNFCCC
territories. The data resolve the main IPCC (Intergovernmen-
tal Panel on Climate Change) 2006 categories. For CO»,
CHy, and N,O, subsector data for Energy, industrial pro-
cesses and product use (IPPU), and Agriculture are available.
Due to data availability and methodological issues, version
2.2 of the PRIMAP-hist dataset does not include emissions
from land use, land use change, and forestry (LULUCF).
More info is available at https://zenodo.org/record/4479172#
.YUsc6p0zbIU (last access: March 2023).

A3.2 Top-down CO» emission estimates
CIF-CHIMERE - fossil CO» emission inversion

CIF-CHIMERE is used for both CO, land and CO, fossil
emission estimates, and this section only describes the CO,
fossil estimates. The product is explained in more detail by
Fortems-Cheiney and Broquet (2021).

Results from previous atmospheric inversions of the Eu-
ropean fossil CO;, emissions indicated that there were much
larger uncertainties associated with the assimilation of CO
data than with that of NO; data for such a purpose (Kono-
valov et al., 2016; Konovalov and Lvova, 2018). In this con-
text, we have developed an atmospheric inversion configura-
tion quantifying monthly to annual budgets of the national
emissions of fossil CO; in Europe based on the assimilation
of the long-term series of NO; spaceborne observations, the
Community Inversion Framework (CIF), the CHIMERE re-
gional chemical transport model (CTM), corrections to the
TNO-GHGco-v3 inventory of NO, anthropogenic emissions
at 0.5° horizontal resolution, and the conversion of NO, an-
thropogenic emission estimates into CO; fossil emission es-
timates. For the first time, to our knowledge, variational re-
gional inversions have been performed to estimate the Euro-
pean CO; fossil emissions using NO, emissions from Ozone
Monitoring Instrument (OMI) satellite observations. Particu-
lar attention is paid to the analysis assessing the consistency
between the fossil CO, emission estimates from our process-
ing chain with the fossil CO, emission budgets provided by
the TNO-GHGco-v3 inventory based on the emissions re-
ported by countries to UNFCCC, which are assumed to be
accurate in Europe. The algorithm first optimizes NO, emis-
sions and then assumes a fixed ratio of NO, to fossil CO,
emissions. However, long-term plans include the simultane-
ous inversion of all three gasses (CO», NO,, and CO).

The analysis is conducted over the period 2005 to 2020.
CHIMERE is run over a 0.5° x 0.5° regular grid and 17 ver-
tical layers, from the surface to 200 hPa, with 8 layers within
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the first 2 km. The domain includes 101 (longitude) x 85 (lat-
itude) grid cells (15.25° W=35.75°E and 31.75-74.25° N)
and covers Europe. CHIMERE is driven by the European
Centre for Medium-Range Weather Forecasts (ECMWF)
meteorological forecast (Owens and Hewson, 2018). The
chemical scheme used in CHIMERE is MELCHIOR-2, with
more than 100 reactions (Lattuati, 1997, CHIMERE 2017),
including 24 for inorganic chemistry. Climatological values
from the LMDZ-INCA global model (Szopa et al., 2009) are
used to prescribe mole fractions at the lateral and top bound-
aries and the initial atmospheric composition in the domain.
Considering the short NO; lifetime, we do not consider its
import from outside the domain: its boundary conditions are
set to zero. Nevertheless, we take into account peroxyacetyl
nitrate (PAN) for the large-scale transport of NO,. Due to
atmospheric chemistry, it represents an important NO, reser-
voir, and it has a significant impact on the regional NO; tro-
pospheric columns observed by OMI.

Several critical aspects of this workflow need to be high-
lighted: (i) Fortems-Cheiney and Broquet (2021) have not yet
reported estimates of the uncertainty in the fossil CO; emis-
sions (this requires the derivation of the uncertainties in the
NO, emission inversions and in the NO,-to-FFCO, emis-
sion conversion) and (ii) the fossil CO, emission budgets
provided by the TNO-GHGco-v3 inventory are based on the
emissions reported by countries to UNFCCC, which are as-
sumed to be accurate in Europe; therefore, the NO, inversion
prior estimate is consistent with the inventory estimates (with
respect to the NO,-to-FFCO; emission conversion used to
infer fossil CO, emissions from the NO, inversions).

Uncertainty. There is no uncertainty estimate currently
available for this product.

A4 Land CO» emissions/removals
A4.1 Bottom-up CO» estimates
UNFCCC NGHGI 2021 — LULUCF

For the biogenic CO, emissions from LULUCF (Sector 4
in the terminology of the NGHGIs), methods for the es-
timation of CO; removals differ enormously among coun-
tries and land use categories. Each country uses its own
country-specific method which takes into account specific
national circumstances (as long as they are in accordance
with the 2006 TPCC guidelines), as well as IPCC default
values, which are a “compromise between the level of de-
tail that would be needed to create the most accurate esti-
mates for each country and the input data likely to be avail-
able or readily obtainable in most countries” (Vol. 1, Chap. 3
of IPCC, 2006). They may, therefore, result in higher uncer-
tainties. The EU GHG inventory underlies the assumption
that the individual use of national country-specific methods
leads to more accurate GHG estimates than the implemen-
tation of a single EU-wide approach (UNFCCC, 2018). Key
categories for the EU27 are 4.A.1 Forest Land: land use CO;,
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Comparison of fossil CO, emissions: E28

Original data

Includes Energy sector plus;
(1) all IPPU

(2) some fossil fuels in IPPU
(8) agricultural CO,

(4) cement

(5) bunker fuels

- EDGAR v6.0b (1,3)
/““s’\\ /EIA (25
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Figure A1. Comparison of EU27+4UK fossil CO, emissions from multiple inventory datasets. Identical to Fig. 2, except that no system
boundary harmonization has been done. CDIAC does not report emissions prior to 1992 for former Soviet Union countries. CRF: UNFCCC

NGHGI from the common reporting format tables.

4.A.2. Forest Land: land use CO», 4.B.1 Cropland: land use
CO», 4.B.2 Cropland: land use CO;, 4.C.1 Grassland: land
use CO,, 4.C.2 Grassland: land use CO,, 4.D.1 Wetlands:
land use CO;, 4.E.2 Settlements: land use CO», and 4.G Har-
vested wood products: wood product CO;. The tiered method
that a country applies depends on the national circumstances
and the individual conditions of the land, which explains the
variability of uncertainties among the sector itself as well as
among EU countries.

Table A4 shows the mean values of all LULUCF cate-
gories for the EU274+UK NGHGI (2021). The contribution is
calculated as the percentage of the sum of the absolute values
of all the categories, in order to account for differing signs.

Uncertainty. Methodology for the NGHGI UNFCCC sub-
missions are based on Chap. 3 of 2006 IPCC Guidelines for
National Greenhouse Gas Inventories and is the same as de-
scribed in Appendix A2.

ORCHIDEE

ORCHIDEE is a general ecosystem model designed to be
coupled to an atmospheric model in the context of modeling
the entire Earth system. As such, ORCHIDEE calculates its
prognostic variables (i.e., a multitude of carbon, water, and
energy fluxes) from the following environmental drivers: air
temperature, wind speed, solar radiation, air humidity, pre-
cipitation, and atmospheric CO, mole fraction. As the run
progresses, vegetation grows on each pixel, divided into 15
generic types (e.g., broadleaf temperate forests, C3 crops),
which cycle carbon between the soil, land surface, and at-
mosphere through such processes such as photosynthesis,
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litter fall, and decay. Limited human activities are included
through the form of generic wood and crop harvests, which
remove aboveground biomass on an annual basis. The ver-
sion reported here, ORCHIDEE-N v3, includes a dynamic
nitrogen cycle coupled to the vegetation carbon cycle which
results in, among other things, limitations on photosynthesis
in nitrogen-poor environments (Vuichard et al., 2019)

Among other environmental indicators, ORCHIDEE sim-
ulates positive and negative CO; emissions from plant up-
take; soil decomposition; and harvests across forests, grass-
lands, and croplands. Activity data are based on land use
and land cover maps. For VERIFY, pixel land cover/land use
fractions were based on a combination of the land use map
LUH2v2h and the land cover project of the Climate Change
Initiative (CCI) program of the European Space Agency
(ESA). The latter is based on purely remotely sensed meth-
ods, while the former makes use of national harvest data from
the UN Food and Agricultural Organization.

LUH2v2-ESA CCI: quoted directly from Lurton et
al. (2020):

We describe here the input data and algorithms
used to create the land cover maps specific for our
CMIP6 [Coupled Model Intercomparison Project
Phase 6] simulations using the historical/future re-
construction of land use states provided as refer-
ence datasets for CMIP6 within the land use har-
monization database LUH2v2h (Hurtt et al., 2020).
More details are provided on the devoted web page
(https://orchidas.Isce.ipsl.fr/dev/lccci, last access:
16 September 2023) which shows further tabular,
graphical and statistical data. The overall approach
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Figure A2. The gains, losses, and total HWP pools from the common reporting format tables for the European Union (convention), which

covers the EU274UK. Dashed lines show the averages for 1990-1999,

relies on the combination of the LUH2v?2 data with
present-day land cover distribution derived from
satellite observations for the past decades. The
main task consists in allocating the land use types
from LUH2v2 in the different PFTs [plant func-
tional types] for the historical period and the future
scenarios. The terrestrial biospheric vegetation in
each grid cell is defined as the PFT distribution de-
rived from the ESA-CCI land cover product for the
year 2010 to which pasture fraction and crop frac-
tion from LUH2v2 (for the year 2010) have been
subtracted from grass and crop PFTs. This charac-
terization of the terrestrial biospheric vegetation in
terms of PFT distribution is assumed invariant in
time and is used for both the historical period and
the different future scenarios.

Uncertainty. In the ORCHIDEE model, uncertainty arises
from three primary sources: parameters, forcing data (includ-
ing spatial and temporal resolution), and model structure.
Some researchers argue that the initial state of the model (i.e.,
the values of the various carbon and water pools at the begin-
ning of the production run, following model spinup) repre-
sents a fourth area. However, the initial state of this version
of ORCHIDEE is defined by its equilibrium state and there-
fore a strong function of the parameters, forcing data, and
model structure, with the only independent choice being the
target year of the initial state. Out of the three primary areas
of uncertainty, the climate forcing data are dictated by the
VERIFY project itself, thus removing that source from ex-
plaining observed differences among the models, although it
can still contribute to uncertainty between the ORCHIDEE
results and the national inventories. The land use/land cover
maps, another major source of uncertainty for ORCHIDEE
carbon fluxes, have also been harmonized to a large extent
between the bottom-up carbon budget models in the project.
Parameter uncertainty and model structure thus represent the
two largest sources of potential disagreement between OR-

Earth Syst. Sci. Data, 15, 4295-4370, 2023

2000-2009, and 2010-2019 for easy comparison with Fig. B4.

CHIDEE and the other bottom-up carbon budget models.
Computational cost prevents a full characterization of uncer-
tainty due to parameter selection in ORCHIDEE (and dy-
namic global vegetation models in general), and uncertain-
ties in model structure require the use of multiple models
of the same type but including different physical processes.
Such a comparison has not been done in the context of VER-
IFY, although the results from the TRENDY suite of models
shown in Fig. 5 give a good indication of this. Figure A3
shows a small influence from the nitrogen forcing, likely be-
cause the European nitrogen forcing is only available from
1995-2018 and ORCHIDEE carries out almost 500 years of
simulation prior to this point. Many major carbon pools (i.e.,
woody biomass, soil carbon) have built up a large amount of
inertia over that time and are unlikely to undergo dramatic
changes for any realistic forcing over the past. A similar con-
clusion can be reached from simulations ORCHIDEE-V2019
and ORCHIDEE-V2021 in Fig. A3, which only differ in me-
teorological forcing from 1981-2020.

CABLE-POP

CABLE-POP (Haverd et al., 2018) is a global terrestrial bio-
sphere model developed around a core biogeophysics mod-
ule (Wang and Leuning, 1998) and a biogeochemistry mod-
ule including cycles of nitrogen and phosphorus (Wang et al.,
2010). Only nitrogen cycling was turned on for the present
simulations. The model also includes modules simulating
woody demography (Haverd et al., 2013) as well as land
use change and land management (Haverd et al., 2018). The
model distinguishes seven plant functional types which can
co-occur in a given grid cell. CABLE-POP does not simulate
(natural) dynamic vegetation, and the distribution and cover
fraction of PFTs is only affected by land use change. Forest
demography (establishment, age class distribution, mortal-
ity) is accounted for in the simulations, as are natural distur-
bances and forest management (wood harvest).
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EU27+UK : Comparison of ORCHIDEE net land COland fluxes
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Figure A3. A comparison of the version of ORCHIDEE used in previous synthesis of Petrescu et al. (2021) compared to the same version
using the forcing prepared for this work (ORCHIDEE-V2021) and the version with the coupled C-N cycle from this work (ORCHIDEE-
N-V2021). For the current work, both the version shown with the Europe-specific nitrogen forcing prepared under VERIFY for the years
1995-2018 (ORCHIDEE-N-V2021) and that using the standard nitrogen forcing from the NoO Model Intercomparison Project (NMIP; Tian
et al., 2018) as supplied to the TRENDY model intercomparison are shown (ORCHIDEE-N-V2021 NMIP).

For the simulations described here, a baseline land cover
map was created from the HILDA+ dataset for the year
1901, and vegetation classes in the dataset were reclassified
to correspond to PFTs represented in CABLE-POP. Land use
transitions and land management (harvest) were prescribed
from the LUH2v2h dataset over the entire simulation pe-
riod. Crops and pastures are treated as C3 grasses but are
subject to agricultural harvest fluxes as given by LUH2v2h.
The use of HILDA+ data for the land cover distribution and
the LUH2v2h for the representation of land cover/land use
change likely introduced additional uncertainties resulting
from a potential mismatch between the two datasets.

CBM

The Carbon Budget Model, developed by the Canadian For-
est Service (CBM-CFS3), can simulate the historical and fu-
ture stand- and landscape-level C dynamics under different
scenarios of harvest and natural disturbances (fires, storms),
according to the standards described by the IPCC (Kurz et
al., 2009). Since 2009, the CBM has been tested and vali-
dated by the Joint Research Centre of the European Com-
mission (EC-JRC), and adapted to the European forests. It is
currently applied to 26 EU member states, both at country
and NUTS2 levels (Pilli et al., 2016).

Based on the model framework, each stand is described by
area, age, and land use classes and up to 10 classifiers based
on administrative and ecological information and on silvi-
cultural parameters (such as forest composition and manage-
ment strategy). A set of yield tables define the merchantable
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volume production for each species, while species-specific
allometric equations convert merchantable volume produc-
tion into aboveground biomass at stand level. At the end of
each year, the model provides data on the net primary pro-
duction (NPP), carbon stocks, and fluxes, as the annual C
transfers between pools and to the forest product sector.

The model can support policy anticipation, formulation,
and evaluation under the LULUCEF sector, and it is used to
estimate the current and future forest C dynamics, both as
a verification tool (i.e., to compare the results with the esti-
mates provided by other models) and to support the EU leg-
islation on the LULUCEF sector (Grassi et al., 2018a). In the
biomass sector, the CBM can be used in combination with
other models to estimate the maximum wood potential and
the forest C dynamic under different assumptions of harvest
and land use change (Jonsson et al., 2018).

Uncertainty. Quantifying the overall uncertainty of CBM
estimates is challenging because of the complexity of each
parameter. The uncertainty in CBM arises from three primary
sources: parameters, forcing data (including spatial and tem-
poral resolution), and model structure. It is linked to both
activity data and emission factors (area and biomass volume
implied by the species-specific equation to convert the mer-
chantable volume to total aboveground biomass (used as a
biomass expansion factor)) as well as to the capacity of each
model to represent the original values — in this case esti-
mated through the mean percentage difference between the
predicted and observed values. A detailed description of the
uncertainty methodology is found in Pilli et al. (2017).
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Explanatory note on the extrapolation of “net biome
productivity” for the period 2017-2020 (Matteo Vizzarri,
Roberto Pilli, Giacomo Grassi, EC-JRC)

Background. We performed a linear extrapolation of for-
est net biome productivity (NBP) by country (EU25
member states and UK) in the period 2017-2020 based
on the correlation between NBP and harvest from the
period 2000-2015. Cyprus and Malta are excluded from
the analysis because of missing historical data.

Input data. Table AS reports a summary of input data
sources.

Assessment procedure. The extrapolation of the NBP for
the period 2017-2020 was obtained throughout the fol-
lowing steps:

1. For each country (EU25 member states + UK), we first
calculated the average conversion factor — represent-
ing a correspondence between 1 t of biomass carbon re-
moved and 1 m? of wood per hectare — for the period
2000-2015 through Eq. (1):

2015 HWP
CF2000-2015 = Z z=2oooW,[’ (A1)

A2015

where CF2000-2015 is the average conversion factor per
hectare in the period 2000-2015 (tC m~3 ha~!); HWP,
is the carbon content per hectare in harvested wood
products in year ¢ (tCyr~'), as derived from the CBM
model run; RW is the total roundwood removals in year
t (m3yr~!) (source: FAOSTAT, https://www.fao.org/
faostat/en/#data/FO, last access: 16 September 2023);
and A»q1s is the managed forest area in year 2015 (ha;
source: Forest Europe, 2015).

2. Using the average conversion factor estimated in
Eq. (1), we converted, for each country, the total round-
wood removals per hectare derived from FAOSTAT for
the period 2017-2020, to the corresponding amount of
carbon removals per ha, through Eq. (2):

HWP ony, 2017-2020 = CF2000-2015

. < RW; ) (A2)
A2015

where HWP,,, is the amount of carbon removals per
hectare in year ¢ (tCha~!yr="), CFy002015 is the
average conversion factor per hectare in the period
2000-2015 (tC m~3 ha~!), RW; is the total roundwood
in year ¢ (m3yr~!) (source: FAOSTAT, https://www.
fao.org/faostat/en/#data/FO, last access: 16 September
2023), and Ap1s is the managed forest area in the year
2015 (ha).
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3. Then, for each country and the period 2000-2015, we
performed a linear regression to search for significant
correlation between the harvest amount (i.e., HWP in
tCha~!yr~!) and NBP, according to the generalized
equation:

NBP =a +b - (HWP). (A3)

In this case, we assumed NBP as the dependent
variable (tCha~! yr_l) and the amount of harvest
(tCha~!yr~!) as the main driver affecting the short-
term evolution of NBP, in the absence of other exoge-
nous natural disturbances; a is the intercept of the linear
trend line; b is the coefficient of the independent vari-
able harvest amount (i.e., HWP) (m> ha~!yr~!). This
approach is consistent with the methodological assump-
tions reported in Jonsson et al. (2021).

4. We finally calculated the NBP in the period 2017-2020
for each country through Eq. (4):

NBPt,m =(a+b- HWPconv)z,ma (A4)

where NBP; ;, is the net biome productivity for year ¢
and country m (tCh.aF1 yr’l), ar.m 1is the intercept of
the linear trend line for year ¢ and country m, b; ,, is the
coefficient of the independent variable in the trend line,
and HWPcony (1,m) 1s the amount of carbon removal per
hectare for year ¢ and country m (tCha~!yr~1).

Forest area and parameters used in Eq. (4) by country are
reported in Table A6.

Additional notes. Because of biased estimates, values
for the year 2016 were excluded from this analysis.

Extrapolated NBP for the Czech Republic, Ireland, and
the Netherlands were negative (thus showing emissions)
because of an increase in harvest in the correspond-
ing years (2017-2020) compared to the previous period
2000-2015. Estonia shows negative extrapolated NBP
only for the year 2018.

EFISCEN-Space

The European Forest Information SCENario Model (EFIS-
CEN) is a large-scale forest model that projects forest re-
source development on a regional to European scale. The
model uses aggregated national forest inventory data as
a main source of input to describe the current structure
and composition of European forest resources. The model
projects the development of forest resources, based on sce-
narios for policy, management strategies, and climate change
impacts. With the help of biomass expansion factors, stem
wood volume is converted into whole-tree biomass and sub-
sequently to whole-tree carbon stocks. Information on lit-
ter fall rates, felling residues, and natural mortality is used
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as input into the soil module YASSO (Liski et al., 2005),
which is dynamically linked to EFISCEN and delivers in-
formation on forest soil carbon stocks. The core of EFIS-
CEN was developed by Ola Sallnis at the Swedish Agricul-
tural University (Sallnés, 1990). It has been applied to Eu-
ropean countries in many studies since then, dealing with
a diversity of forest resource and policy aspects. A de-
tailed model description is given by Verkerk et al. (2016),
with online information on availability and documentation of
EFISCEN at http://efiscen.efi.int (last access: 16 September
2023). The model and its source code are freely available,
distributed under the GNU General Public License condi-
tions (http://www.gnu.org/licenses/gpl-3.0.html, last access:
16 September 2023).

In this report the follow-up of the EFISCEN was used,
called EFISCEN-Space. EFISCEN-Space simulates the de-
velopment of the forest at the level of the plots as measured
in the national forest inventories, thereby providing a much
higher spatial detail. The simulation is based on the distri-
bution of trees over diameter classes rather than age as in
the old EFISCEN. This allows for the simulation of a wider
variety of stand structures, species mixtures, and manage-
ment options. Similar to the EFISCEN, biomass expansion
factors and the YASSO soil carbon model are used to pro-
vide carbon balances for the forest. For use within VERIFY,
individual plot results are aggregated to a 0.125° grid. For
the moment, only 15 European member states are included,
partly due to the lack of an appropriate national forest inven-
tory in the other member states or because the data could not
be shared. No formal sensitivity and uncertainty analysis has
been conducted yet.

Figure 3 shows results which vary from year to year. In
practice, the model was initialized with starting years de-
pending on the country, assuming that all data applied to this
year. The model then produced stock and flux changes for the
subsequent 5-year period, reporting a single mean value per
pixel. To compute time series for the EU27+4UK, it was fur-
ther assumed that these values were valid across 2005-2020.
As the fluxes were given per square meter of forest, they were
scaled by the total area of the forest in each pixel found on the
land use/land cover maps used by the ORCHIDEE DGVM.
This explains why the numbers vary from year to year; the
flux per square meter of forest does not change, but the to-
tal amount of forest area changes slightly. It should be noted
that country-level values available on the VERIFY website
are only available for the 5-year period for which the model
produces a mean result.

Uncertainties. A sensitivity analysis of EFISCEN v3 is de-
scribed in detail in Chap. 6 of the user manual (Schelhaas
et al., 2007). Total sensitivity is caused by especially young
forest growth, width of volume classes, age of felling, and
a few other variables. Scenario uncertainty comes on top of
this when projecting in future. Within VERIFY, a full uncer-
tainty analysis has been completed, enabling the estimation
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of uncertainty ranges of the various output variables (Schel-
haas et al., 2022).

EPIC-IIASA

The Environmental Policy Integrated Climate (EPIC) model
is a field-scale process-based model (Izaurralde et al., 2006;
Williams, 1990) which calculates, with a daily time step,
crop growth and yield; hydrological, nutrient, and carbon
cycling; soil temperature and moisture; soil erosion; tillage;
and plant environment control. Potential crop biomass is cal-
culated from photosynthetically active radiation using the
radiation-use-efficiency concept modified for vapor pressure
deficit and the atmospheric CO, mole fraction effect. Po-
tential biomass is adjusted to actual biomass through daily
stress caused by extreme temperatures, water and nutrient de-
ficiency, or inadequate aeration. The coupled organic C and
N module in EPIC (Izaurralde et al., 2006) distributes organic
C and N between three pools of soil organic matter (active,
slow, and passive) and two litter compartments (metabolic
and structural). EPIC calculates potential transformations of
the five compartments as regulated by soil moisture, tem-
perature, oxygen, tillage, and lignin content. Daily potential
transformations are adjusted to actual transformations when
the combined N demand in all receiving compartments ex-
ceeds the N supply from the soil. The transformed compo-
nents are partitioned into CO; (heterotrophic respiration),
dissolved C in leaching (DOC), and the receiving SOC pools.
EPIC also calculates SOC loss with erosion.

The EPIC-ITASA (version EU) modeling platform was
built by coupling the field-scale EPIC version 0810 with
large-scale data on land cover (cropland and grasslands),
soils, topography, field size, crop management practices, and
grassland cutting intensity aggregated at a 1 x 1 km grid cov-
ering European countries (Balkovi€ et al., 2018, 2013). In
VERIFY, a total of 10 major European crops including win-
ter wheat, winter rye, spring barley, grain maize, winter rape-
seed, sunflower, sugar beet, potatoes, soybean, and rice were
used to represent agricultural production systems in Euro-
pean cropland. Crop fertilization and irrigation were esti-
mated for NUTS?2 statistical regions between 1995 and 2010
(Balkovi¢ et al., 2013). For VERIFY, the simulations were
carried out assuming conventional tillage, consisting of two
cultivation operations and moldboard plowing prior to sow-
ing and offset disking after harvesting of cereals. Two row
cultivations during the growing season were simulated for
maize and one ridging operation for potatoes. It was assumed
that 20 % of crop residues are removed in the case of cereals
(excluding maize), while no residues are harvested for other
crops.

A total of five managed grassland types with distinct tem-
perature requirements, biomass productivity, and phenology
were used to represent the C cycle in European grasslands.
High-productive generic winter pasture and tall fescue-based
grasslands were used for Atlantic Europe, low fescue grass-
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lands for the cool climates of Nordic regions and high moun-
tains, high-productive tall fescue-based grasslands and low-
productive bluegrass types for continental Europe, and low-
productive bromegrass and high-productive winter pastures
in the Mediterranean regions. Annual nitrogen and carbon in-
puts (including inorganic and manure fertilization and atmo-
spheric N deposition) were obtained from ISIMIP3 (Jager-
meyr et al., 2021). In this dataset, the annual manure pro-
duction and the fraction of manure from livestock applied to
cropland and rangeland were used from Zhang et al. (2017).
The original manure data were regridded to 0.5° spatial res-
olution in ISMIP3. In the model, manure is applied as an
organic fertilizer with a C: N ratio of 14.5: 1. The organic
carbon and nitrogen are added to the fresh organic litter pool
where they decompose in a manner identical to the fresh lit-
ter from vegetation, while mineral N from manure is added
to the soil nitrate and ammonium pools. The distribution of
herbage biomass export intensity was constructed based on
Chang et al. (2016).

Uncertainty. In EPIC, uncertainties arise from three pri-
mary sources which were described in detail by ORCHIDEE.
A detailed sensitivity and uncertainty analysis of EPIC-
ITASA regional carbon modeling is presented in Balkovi€ et
al. (2020).

ECOSSE (grasslands)

ECOSSE is a biogeochemical model that is based on the car-
bon model RothC (Jenkinson and Rayner, 1977; Jenkinson
et al., 1987; Coleman and Jenkinson, 1996) and the nitrogen-
model SUNDIAL (Bradbury et al., 1993; Smith et al., 1996).
All major processes of the carbon and nitrogen dynamics are
considered (Smith et al., 2010a, b). Additionally, in ECOSSE
processes of minor relevance for mineral arable soils are im-
plemented as well (e.g., methane emissions) to have a better
representation of processes that are relevant for other soils
(e.g., organic soils). ECOSSE can run in different modes and
for different time steps. The two main modes are site-specific
and limited data. In the later version, basic assumptions/esti-
mates for parameters can be provided by the model. This in-
creases the uncertainty but makes ECOSSE a universal tool
that can be applied for large-scale simulations even if the data
availability is limited. To increase the accuracy in the site-
specific version of the model, detailed information about soil
properties, plant input, nutrient application, and management
can be added as available.

During the decomposition process, material is exchanged
between the SOM pools according to first-order rate equa-
tions, characterized by a specific rate constant for each pool,
and modified according to rate modifiers dependent on the
temperature, moisture, crop cover, and pH of the soil. The
model includes five pools with one of them being inert. The
N content of the soil follows the decomposition of the SOM,
with a stable C : N ratio defined for each pool at a given pH,
and N being either mineralized or immobilized to maintain
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that ratio. Nitrogen released from decomposing SOM as am-
monium (NHZ{) or added to the soil may be nitrified to nitrate
(NOY).

For spatial simulations, the model is implemented in a spa-
tial model platform. This allows users to aggregate the in-
put parameter for the desired resolution. ECOSSE is a one-
dimensional model, and the model platform provides the in-
put data in a spatial distribution and aggregates the model
outputs for further analysis. While climate data are interpo-
lated, soil data are represented by the dominant soil type or
by the proportional representation of the different soil types
in the spatial simulation unit (this is in VERIFY a grid cell).

Uncertainty. In ECOSSE, uncertainty arises from three
primary sources: parameters, forcing data (including spatial
and temporal resolution), and model structure. These uncer-
tainties are not yet quantified.

Bookkeeping models

We make use of data from two bookkeeping models: BLUE
(Hansis et al., 2015) and H&N (Houghton and Nassikas,
2017).

The BLUE model provides a data-driven estimate of the
net land use change fluxes. BLUE stands for “bookkeep-
ing of land use emissions”. Bookkeeping models (Hansis et
al., 2015; Houghton et al., 1983) calculate land use change
CO; emissions (sources and sinks) for transitions between
various natural vegetation types and agricultural lands. The
bookkeeping approaches keep track of the carbon stored in
vegetation, soils, and products before and after the land use
change. In BLUE, land use forcing is taken from the Land
Use Harmonization, LUH2, for estimates within the annual
global carbon budget. The model provides data at annual
time steps and 0.25° resolution. Temporal evolution of car-
bon gain or loss, i.e., how fast carbon pools respire or regrow
following a land use change, is based on response curves de-
rived from literature. The response curves describe gradual
respiration of vegetation and soil carbon, including trans-
fer to product pools of different lifetimes, as well as car-
bon uptake due to regrowth of vegetation and subsequent
refilling of soil carbon pools. In this report we present two
versions of BLUE: BLUE-vVERIFY and BLUE-vGCB. The
BLUEvVVERIFY version is a set of runs made for VERIFY,
using the Hilda+ (https://landchangestories.org/hildaplus/,
last access: 16 September 2023) product (Ganzenmiiller et
al., 2022).

The H&N model (Houghton et al., 1983) calculates land
use change CO; emissions and uptake fluxes for transitions
between various natural vegetation types and agricultural
lands (croplands and pastures). The original bookkeeping ap-
proach of Houghton (2003) keeps track of the carbon stored
in vegetation and soils before and after the land use change.
Carbon gain or loss is based on response curves derived from
literature. The response curves describe gradual respiration
of vegetation and soil carbon, including transfer to product
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pools of different life-times, as well as carbon uptake due to
regrowth of vegetation and consequent refilling of soil car-
bon pools. Natural vegetation can generally be distinguished
into primary and secondary land. For forests, a primary for-
est that is cleared can never return back to its original carbon
density. Instead, long-term degradation of primary forest is
assumed and represented by lowered standing vegetation and
soil carbon stocks in the secondary forests. Apart from land
use transitions between different types of vegetation cover,
forest management practices in the form of wood harvest vol-
umes are included. Different from dynamic global vegetation
models, bookkeeping models ignore changes in environmen-
tal conditions (climate, atmospheric CO», nitrogen deposi-
tion, and other environmental factors). Carbon densities at a
given point in time are only influenced by the land use his-
tory but not by the preceding changes in the environmental
state. Carbon densities are taken from observations in the lit-
erature and thus reflect environmental conditions of the last
decades. In this study an updated H&N version submitted to
the GCP2021 is used.

Uncertainty. Uncertainties can be captured through simu-
lations varying uncertain parameters, input data, or process
representation. A large contribution of uncertainty can be ex-
pected from various input datasets. Apparent uncertainties
arise from the land use forcing data (Gasser et al., 2020; Har-
tung et al., 2021; Ganzenmiiller et al., 2022), the equilibrium
carbon densities of soil and vegetation as well as allocation of
material upon a land use transition (Bastos et al., 2021), and
the response curves built to reflect carbon pool decay and re-
growth after land use transitions. Furthermore, studies have
shown that different accounting schemes (Hansis et al., 2015)
and initialization settings at the start of the simulations (Har-
tung et al., 2021) lead to different emission estimates even
decades later.

FAOSTAT

FAOSTAT: the Statistics Division of the Food and Agricul-
tural Organization of the United Nations provides updates
for the LULUCF CO; emissions for the period 1990-2019,
available at https://www.fao.org/faostat/en/#data/GT (last ac-
cess: June 2021), and its subdomains. The FAOSTAT emis-
sions land use database is computed following a Tier 1 ap-
proach of IPCC (2006). Geospatial data are the source of
AD for the estimates of emissions from cultivation of or-
ganic soils, biomass, and peat fires. GHG emissions are pro-
vided by countries, regions, and special groups, with global
coverage, relative to the period 1990—present (with annual
updates). Land use Total contains all GHG emissions and
removals produced in the different land use subdomains,
representing four IPCC land use categories, of which three
are land use categories: forest land, cropland, grassland, and
biomass burning. LULUCF emissions consist of CO; associ-
ated with land use and change, including management activ-
ities. CO, emissions/removals are computed at Tier 3 using

https://doi.org/10.5194/essd-15-4295-2023

4333

carbon stock change. To this end, FAOSTAT uses Forest area
and carbon stock data from FRA (2015), gap-filled and inter-
polated to generate annual time series. As a result, CO, emis-
sions/removals are computed for forest land and net forest
conversion, representing, respectively, IPCC categories “For-
est Land” and “Forest Land converted to other land uses”.
CO; emissions are provided as by country, regions, and spe-
cial groups, with global coverage, relative to the period 1990
to the most recent available year (with annual updates), ex-
pressed as net emissions/removals as Gg CO;,, by the under-
lying land use emission subdomain and by aggregate (land
use total).
Uncertainty. FAOSTAT uncertainties are not available.

TRENDY DGVMs

The TRENDY (trends in net land—atmosphere carbon ex-
change over the period 1980-2010) project represents a con-
sortium of dynamic global vegetation models (DGVMs) fol-
lowing identical simulation protocols to investigate spatial
trends in carbon fluxes across the globe over the past cen-
tury. As DGVMs, the models require climate, carbon diox-
ide, and land use change input data to produce results. In
TRENDY, all three of these are harmonized to make the re-
sults across the whole suite of models more comparable. In
the case of VERIFY, 15 of the 16 models for TRENDY v10
(except for ISAM, which after visual inspection showed sev-
eral outlier years) were used. While describing the details
of all the models used here is clearly not possible, DGVMs
calculate prognostic variables (i.e., a multitude of carbon,
water, and energy fluxes) from the following environmen-
tal drivers: air temperature, wind speed, solar radiation, air
humidity, precipitation, and atmospheric CO; mole fraction.
As the run progresses, vegetation grows on each pixel, di-
vided into generic types which depend on the model (e.g.,
broadleaf temperate forests, C3 crops), which cycle carbon
between the soil, land surface, and atmosphere, through such
processes such as photosynthesis, litter fall, and decay. Lim-
ited human activities are included depending on the model,
typically removing aboveground biomass on an annual basis.

Among other environmental indicators, DGVMs simulate
positive and negative CO, emissions from plant uptake; soil
decomposition; and harvests across forests, grasslands, and
croplands. Activity data are based on land use and land
cover maps and generally follows approach 1 as described
by the IPCC 2006 guidelines (enabling calculation of only
net changes from year to year). For TRENDY, pixel land cov-
er/land use fractions were based on the land use map LUH2
(Hurtt et al., 2020) and the HYDE land use change dataset
(Klein Goldewijk et al., 2017a, b). Both of these maps rely
on FAO statistics on agricultural land area and national har-
vest data.

Uncertainty. In TRENDY v10 uncertainties are model spe-
cific and described by Friedlingstein et al. (2022). The spread
of the 15 TRENDY models used by this study (Fig. 5) gives
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an idea of the uncertainty due to model structure in dynamic
global vegetation models, as the forcing data were harmo-
nized for all models.

Net emissions from lateral transport of carbon (crops,
wood, and inland waters)

Net carbon flux due to lateral transport includes both carbon
imported into a country/pixel and respired and carbon assim-
ilated in a country/pixel and then transported to a different
country/pixel before respiration.

Production and consumption of carbon do not always oc-
cur on the same grid points. This is particularly relevant for
the land surface in the case of crops, wood products, and car-
bon transfers through the inland water network. The purpose
of the work here is primarily to convert the flux changes of
the top-down inversions into NGHGI-like stock changes. To
convert the flux changes of the inversions (where a positive
number represents a flux to the atmosphere, i.e., a source)
into NGHGI-like stock changes, one needs to add the crop
sink and remove the crop source. The crop sink comes from
production numbers in the FAO food balance sheets, while
the source is estimated by production plus import minus ex-
port (all from the FAO food balance sheets), and both terms
make use of conversion factors for each commodity. We take
the forestry balance sheets of FAO (production, import, and
export per commodity) and convert to C mass. For a given
year, the fraction of this mass that is released later in the at-
mosphere in each country is modeled with an e-folding de-
crease driven by experimental data per country (Mason Ear-
les et al., 2012). Lateral transfers of carbon through inland
waters also need to be removed from the inversion results
as the terrestrial biospheric CO; uptake leached into the in-
land water network represents a carbon sink, while the frac-
tion that is subsequently reemitted as CO;, before reaching
the ocean is a carbon source. The inland water CO; out-
gassing originates from carbon imported with runoff as dis-
solved CO; or produced in situ from the decomposition of
terrestrial carbon inputs. Note further that a fraction of the
net uptake of atmospheric CO, over the continents does not
accumulate on land but is instead exported through the in-
land water network to the oceans; this fraction is included in
the calculation. For regional carbon budgets, any river carbon
export outside the boundaries of the region of interest (in this
case, EU274+UK) needs to be known to separate net uptake
of atmospheric C from the actual land C sink.

Carbon fluxes to the atmosphere from rivers and lakes
were obtained from maps described in Zscheischler et
al. (2017). These methods are similar to those described
previously in Petrescu et al. (2021). The primary differ-
ence is that the updated estimates include smaller lakes and
reservoirs not represented in the Global Lakes and Wetland
Database through the use of a scaling law, in addition to
the older results being created specifically for Europe, while
the newer results are part of a global product. The emis-

Earth Syst. Sci. Data, 15, 4295-4370, 2023

M. J. McGrath et al.: The consolidated European synthesis of CO» emissions

sions from the previous work totaled 25.5 Tg C yr~! for the
EU27+UK, while those used here are 19.8 TgCyr-1 (with
no variability from year to year). This difference is therefore
small compared to the river C export, which is included this
year for the first time and averages —73.8 Tg for the period
1990-2020.

One important difference between the fluvial carbon ex-
ports reported here and those from a previous work (Ciais
et al., 2021) are that those reported here are rescaled to rea-
sonable global flux reflecting bias in inter-hemispheric ex-
change. Similar to Bastos et al. (2020b), the dissolved or-
ganic carbon (DOC) and particulate organic carbon (POC)
exports were rescaled per basin to match the estimates of Re-
splandy et al. (2018). The global total organic C was finally
rescaled to 500 Tg Cyr~—!, which is considered a reasonable
global number based on different reviews and synthesis ef-
forts (Regnier et al., 2013).

A4.2 Top-down CO» emission estimates

For the regional inversions, atmospheric observations of CO»
were taken from multiple sources. For CarboScopeRegional,
atmospheric observations were taken from the ICOS 2021.1
ATC (ICOS RI, 2021) and the GlobalViewPlus 6.1 prod-
uct (Schuldt et al., 2021a). For the CIF-CHIMERE inver-
sions, atmospheric observations of CO, for the period 2005—
2020 were taken from the ICOS 2021.1 ATC (ICOS RI,
2021) and SNO_SIFA L2 (SNO-IFA, 2023) releases, along
with data distributed through the GlobalViewPlus 6.1 prod-
uct (Schuldt et al., 2021a). For LUMIA inversions, atmo-
spheric observations of CO; for the period 2006-2018 were
taken from the dataset prepared for the 2018 Drought Task
Force initiative (Thompson et al., 2020). For the more re-
cent years, data were used from the ICOS 2021.1 ATC re-
lease (ICOS RI, 2021), along with data distributed through
the GlobalViewPlus 7.0 product (Schuldt et al., 2021b) and,
for four sites, data distributed through the World Data Center
for Greenhouse Gases.

CarboScopeRegional

CarboScopeRegional (CSR) (Munassar et al., 2022): CSR is
a Bayesian framework inversion system that employs a pri-
ori knowledge of the surface-atmosphere carbon fluxes to
regularize the solution of the ill-posed inverse problem aris-
ing from the sparseness of observations sampled over lim-
ited geographical locations throughout the domain of inter-
est. Due to the heterogeneity of biogenic fluxes, the conven-
tion in CSR is to optimize net ecosystem exchange (NEE)
against measurements of CO; dry model fraction at 3-hourly
temporal and 0.5° horizontal resolutions, while ocean fluxes
and anthropogenic emissions are prescribed given their bet-
ter knowledge available compared with NEE. The prior flux
uncertainty is assumed to have a uniform shape in space
and time, and its spatial correlation is fitted to a hyperbolic

https://doi.org/10.5194/essd-15-4295-2023



M. J. McGrath et al.: The consolidated European synthesis of COo emissions

decay function following the assumption of Kountouris et
al. (2018a, b). Model-data mismatch uncertainty is defined
weekly in the measurement covariance matrix varying over
sites from 0.5 to 4 (ppm) according to the ability for atmo-
spheric transport models to sample the true mole fraction at
such locations (Rodenbeck, 2005). This uncertainty implic-
itly encompasses the combinations of atmospheric transport,
representation, and measurement errors and is assumed to be
independent at different locations. To separate the lateral in-
fluences originating from outside of the regional domain, the
two-step scheme inversion (Rodenbeck et al., 2009) is ap-
plied to run a global inversion with the Eulerian model TM3
at coarse resolutions to provide the lateral boundary condi-
tions to the regional inversion. In the regional inversion runs,
the Lagrangian model STILT (Lin et al., 2003), forced by IFS
data from ECMWE, is used to calculate the surface sensitivi-
ties “footprints” over the regional site network (receptors) at
hourly temporal and 0.25° spatial resolutions. Typically, the
prior fluxes of CO; are obtained from bottom-up model esti-
mations. Thus, the diagnostic biosphere model VPRM (Veg-
etation Photosynthesis and Respiration Model; Mahadevan
et al., 2008) calculates the biogenic fluxes at hourly temporal
resolution preserving the diurnal cycle. Ocean fluxes are ob-
tained from the CarboScope ocean-based fluxes developed
in-house by Rodenbeck et al. (2014). Emissions of fossil
fuel are taken from EDGAR_v4.3 inventories updated every
year based on the British Petroleum statistics (BP), and are
distributed in space and time using the COFFEE approach
(Steinbach et al., 2011) according to fuel type and sector.

The v2021 CSR inversions underwent updates in compar-
ison with the previous v2019.

— v2019 from Petrescu et al. (2021) excluded observa-
tions from two sites: La Muela (LMU) in Spain, because
of inconsistent datasets between releases, and Finokalia
(FKL) in Greece, due to errors in the dataset. These ex-
clusions resulted in a larger C sink from 2013 onwards
(Fig. 5, lower plot). FKL observations start at this time
and are the dominant impact over southeast Europe, as
it is the only site located there. In v2021 inversions, we
included corrected datasets from the FKL site.

— Two new flask sites were included in the v2021 inver-
sions: Shetland Islands in the UK and Centro de Inves-
tigacion de la Baja in Spain. These sites are also used in
the CarboScope global inversion that provides the far-
field contributions to the EU domain.

Uncertainty. Uncertainties from top-down (TD) estimates
can be reported as posterior Bayesian uncertainties. Follow-
ing the methodology of Chevallier et al. (2007), the CSR
inversion system computed maps of uncertainty reductions
for 2006 and 2018 (Fig. A4). The reduction is carried out
through an ensemble of 40 members of inversions using error
realizations following a Monte Carlo (MC) approach. Cir-
cles on maps refer to locations of stations. In the inversion
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Figure A4. CSR uncertainty reduction maps computed as 1 —
(0post/oprior) for 2006 and 2018 using a Monte Carlo approach fo-
cused on prior errors. The circles represent network the observation
stations.

system, a MC method is used to generate N ensembles of
realizations of prior errors and model-data mismatch errors.
The inversion is repeated for each ensemble member start-
ing from each set of prior and model-data mismatch errors
to generate posterior fluxes. The posterior uncertainty is cal-
culated as the spread over the optimized fluxes across the
whole ensemble. The uncertainty reduction is then calculated
as 1 — (0post/Oprior)- It is clear that larger ensembles will lead
to better convergence of the error reduction. However, due
to computational limitations, 40 ensemble members were se-
lected as a good compromise.

Figure A4 represents a preliminary attempt at how the in-
clusion of additional observation stations (additional circles
in the right-side figure for Germany, Switzerland, and Fin-
land compared to the left-side figure) might reduce the un-
certainty. However, the two different simulation years (2006
and 2018) might also differ in terms of other factors which
may lead to lower uncertainties in a given year (e.g., clima-
tological conditions, such as the 2018 drought year).

Several caveats remain. When comparing the uncertainty
over pixels or subregions in the domain of interest, the maps
of uncertainty reduction should be interpreted together with
the maps of posterior uncertainty to give a better illustration
of the magnitude of uncertainty. The maps of uncertainty re-
duction reflect only the random uncertainties. The systematic
uncertainties are still poorly characterized, including uncer-
tainties due to atmospheric transport modeling, dependence
on the prior fluxes, and the weighting between the prior
and observation uncertainties. To improve knowledge of the
systematic uncertainties, dedicated studies with controlled
comparisons between inversions using different atmospheric
transport models (such as planned with the Community In-
version Framework; Berchet et al., 2021) are still needed.
Furthermore, the posterior uncertainty and uncertainty reduc-
tions between inversions depend on internal parameteriza-
tions, e.g., the weighting of prior and observation uncertain-
ties. Future efforts should focus on establishing best practices
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on how to set up inversions and quantification of systematic
uncertainties, including as well tests of the fidelity of models
against data (Simmonds et al., 2021).

LUMIA

The LUMIA inversion system (Monteil and Scholze, 2021)
is a regional atmospheric inversion system, which was de-
signed to produce estimates of the land—atmosphere carbon
exchanges based on in situ CO; observations from the ICOS
network. It relies on the FLEXPART 10.4 Lagrangian trans-
port model (Pisso et al., 2019) to compute the transport of
CO, fluxes within a regional domain (33°N to 73°N and
15°W to 35°E) at a 0.5°, 3-hourly resolution. Boundary
conditions are provided in the form of time series of far-
field contributions at the observation sites, obtained from a
global TM5-4DVAR inversion (using the two-step inversion
approach of Rodenbeck et al., 2009). Both transport mod-
els were driven by ECMWF ERA-Interim data, up to 2018,
and by ECMWF ERAS data afterwards. The inversions solve
for weekly offsets to the prior NEE/NBP estimate, at a vari-
able spatial resolution, highest where the observational cov-
erage is better (up to 0.5° upwind of the observation sites).
The optimal solution is searched for using a variational in-
version approach (preconditioned conjugate gradient). The
inversions were constrained by in situ and flask observations
from 66 European observation sites, although only a subset
of these sites is usually available at a given time. The obser-
vation uncertainties were set to 1 ppm per week at all sites
(the uncertainty of a single observation is therefore higher,
on average 5.2 ppm, and given by +/n, with n being the num-
ber of assimilated observations at the same site in a +3.5d
window around the observation time). The prior NEE was
produced using the LPJ-GUESS model (Smith et al., 2014),
driven by ECMWF ERAS5 meteorological data.

The inversion also accounts for (prescribed) anthro-
pogenic CO, fluxes from the EDGAR/TNO product
(https://doi.org/10.18160/Y9QV-S113, Karstens, 2019) and
for atmosphere—ocean CO, exchanges from the Jena Car-
boScope oc_v2021 product (https://www.bgc-jena.mpg.de/
CarboScope/oc/oc_v2021.html, last access: 16 September
2023). The uncertainties on the prior NEE were set propor-
tional to the sum of the absolute value of the 3-hourly fluxes
in each 7d optimization interval (so the uncertainty is not
zero even if the net flux is zero) and scaled to a total value of
0.45PgCyr~!, accounting for covariances based on Gaus-
sian (spatial) and exponential (temporal) correlation decay
functions, with correlation lengths of, respectively, 500 km
and 1 month (see Monteil and Scholze, 2021, for details).

The main differences from the LUMIA setup used in
Thompson and Stohl (2014) are the specification of prior and
observation uncertainties (here made, on purpose, more com-
parable to those used in the CSR inversions) and the imple-
mentation of flux optimization at a variable spatial resolution
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(which has negligible impact on the results but improves the
model performance).

CIF-CHIMERE - land CO2

CIF-CHIMERE is used for both CO, land and CO; fossil
emission estimates, and this section only describes the CO»
land estimates.

The CIF-CHIMERE inversions have been generated with
the variational mode of the Community Inversion Framework
(CIF; Berchet et al., 2021) coupled to the regional Eulerian
atmospheric chemical transport model CHIMERE (Menut et
al., 2013; Mailler et al., 2017) and to its adjoint code. They
are set up in a manner that is close to that of the PYVAR-
CHIMERE inversions of Broquet et al. (2013), of Thompson
et al. (2020), and of Monteil et al. (2020).

A European configuration of CHIMERE is used; this con-
figuration covers latitudes 31.75-73.25° N and longitudes
15.25° W=34.75° E with a 0.5° x 0.5° horizontal resolution
and 17 vertical layers up to 200 hPa. Meteorological forc-
ing for CHIMERE is generated using the European Cen-
tre for Medium-Range Weather Forecasts (ECMWF) oper-
ational forecasts. Initial, lateral and top boundary conditions
for CO, mole fractions are generated from the new CAMS
global CO; inversions v20r2 (Chevallier et al., 2010).

The inversion assimilates in situ CO, data from continu-
ous measurements stations compiled in the VERIFY Deliv-
erable D3.12 and in the Table Al from the VERIFY CIF In-
version Protocol (Berchet et al., 2021). More specifically, the
inversion assimilates 1 h averages of the measured CO, mole
fractions during the time window 12:00-18:00 UTC for low-
altitude stations (below 1000 ma.s.l.) and 00:00-06:00 UTC
for high-altitude stations (above 1000ma.s.l.). The inver-
sion optimizes 6-hourly mean NEE and ocean fluxes at
the 0.5° x 0.5° resolution of CHIMERE. The anthropogenic
CO; emissions, considered as perfect and consequently not
optimized in the inversions, are based on the spatial distribu-
tion of the EDGAR-v4.2 inventory, on national and annual
budgets from the BP (British Petroleum) statistics and on
temporal profiles at hourly resolution derived with the COF-
FEE approach (Steinbach et al., 2011).

The prior estimate of NEE and its uncertainty covariance
matrix are specified using ORCHIDEE model simulations
of NEE and respiration, respectively, following the general
approach of Broquet et al. (2011). The temporal and spatial
correlation scales for the prior uncertainty in NEE are set to
~ 1 month and 200 km (following the diagnostics of Koun-
touris et al., 2015), with no correlation between the four 6 h
windows of the same day. The ocean prior fluxes come from a
hybrid product of the University of Bergen coastal ocean flux
estimate and the Rodenbeck global ocean estimate (Roden-
beck et al., 2014). Fluxes from biomass burning are ignored.
The observation error covariance matrix is set up to be di-
agonal, ignoring the correlations between errors for different
hourly averages of the CO, measurements (which has been
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justified by the analysis of Broquet et al., 2011). The vari-
ances for hourly data are based on the values from Broquet
et al. (2013), which vary depending on the sites and season,
and which are derived from radon model-data comparisons.

About 12 iterations are needed to reduce the norm of
the gradient of J by 95%, using the MI1QN3 limited
memory quasi-Newton minimization algorithm (Gilbert and
Lemaréchal, 1989). To cover the whole analysis period
(2005-2020), a series of 7-month (including an overlap-
ping of 15 d between consecutive periods) inversions is per-
formed. Posterior estimates of NEE at 1-hourly temporal res-
olution and 0.5° x 0.5° spatial resolution are generated for
the full period of analysis.

Uncertainty. Estimates of the uncertainty of regional inver-
sions over Europe can be found by comparing against the re-
sults of the other regional inversions in this work (the ensem-
bles of EUROCOM, CarboScopeRegional, and LUMIA).

GCP 2021

Top-down estimates of land biosphere fluxes are provided by
a number of different inverse modeling systems that use at-
mospheric mole fraction data as input, as well as prior infor-
mation on fossil emissions, ocean fluxes, and land biosphere
fluxes. The land biosphere fluxes, and in some systems the
ocean fluxes, are estimated using a statistical optimization in-
volving atmospheric transport models. The inversion systems
differ in the transport models used, optimization methods,
spatiotemporal resolution, boundary conditions, and prior er-
ror structure (spatial and temporal correlation scales), thus
using ensembles of such systems is expected to result in more
robust top-down estimates.

For this study, the global inversion results are taken from
all six of the models reported in the GCB2021: CTE (Carbon-
Tracker Europe), CAMS (Copernicus Atmosphere Monitor-
ing Service), CMS-Flux, JENA, NISMON-CO,, and UoE,
with spatial resolutions ranging from 1° x 1° for certain re-
gions to 4° x 5°. For details, see Friedlingstein et al. (2022),
in particular Table A4. Atmospheric observations for most
model systems are taken from Cox et al. (2021) and Di Sarra
et al. (2021). Note that one of the ensemble members (CMS-
Flux) only covers the period 2010-2020; therefore, the en-
semble results are only shown from 2010 until the last year
common between all models (2018).

EUROCOM

Top-down estimates at regional scales (up to 0.25° x 0.25°
resolution) for the period 2009-2018 are taken from three
models used within EUROCOM (Monteil et al., 2020;
Thompson et al., 2020): LUMIA, PYVAR, and CSR. The
NAME model was excluded as visual inspection of monthly
values identified it as a clear outlier. FLEXINVERT was ex-
cluded after visual inspection of annual values identified it
as a clear outlier (Fig. AS). These inversions make use of
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more than 30 atmospheric observing stations within Europe,
including flask data and continuous observations. The Car-
boScopeRegional (CSR) inversion system results were re-
run for VERIFY using the extended period 2009-2020 us-
ing four different settings: three network configurations us-
ing 15, 40, or 46 sites, and one using all 46 sites but a fac-
tor of 2 larger prior error correlation length scale (200 in-
stead of 100km). The CSR results reported to EUROCOM
were not used, being instead replaced by the mean of the
four updated CSR runs. The observational dataset used for
the EUROCOM drought ensemble is accessible on the ICOS
Carbon Portal (Drought 2018 Team; ICOS Atmosphere The-
matic Centre, 2020).

A5 Input data
A5.1 CRUERA

The ERA5-Land (Muifioz-Sabater, 2019; Mufioz-Sabater et
al., 2021) dataset at 0.1° resolution over the global land sur-
face at hourly resolution was aggregated to 3-hourly reso-
Iution and extracted for a 0.125° grid over Europe (35°N
to 73°N and 25°W to 45°E) to match the grid used in
previous efforts within the VERIFY project. The variables
extracted are the following: air temperatures, wind com-
ponents, surface pressure, downwelling longwave radiation,
downwelling shortwave radiation, snowfall, and total precip-
itation. From these, additional variables were calculated: to-
tal wind speed, specific humidity, relative humidity, and rain-
fall. Of these, the air temperature, downwelling shortwave
radiation, specific humidity, and total precipitation were re-
aligned with the CRU observation dataset (Harris et al.,
2020) from 1901-2020 so that monthly means at 0.5° pix-
els correspond exactly. Variation from observations is there-
fore present only on sub-monthly temporal scales and sub-
0.5° spatial scales. At the time of the model intercompari-
son, ERA5-Land was only available from 1981-2020. Con-
sequently, the years 1901-1980 were taken from the UERRA
HARMONIE-V1 dataset from ECMWEF realigned with CRU
observations under the VERIFY project and used in Petrescu
et al. (2021). For both datasets, results were aggregated to
daily and monthly temporal resolution for use as needed in
some models.

A5.2 HILDA+

The full Hilda+ dataset is described in detail elsewhere
(Winkler et al., 2020, 2021). Hilda+ is available at 1 x 1 km
spatial and annual temporal resolution across the whole globe
from 1960-2019 for six land use classes (urban, cropland,
pasture/rangeland, forest, unmanaged grass/shrubland, and
sparse/no vegetation). The algorithm uses Earth observation
data and land use statistics to generate annual land use/-
cover maps and transitions. Probability maps for land use
change categories are generated by using multiple Earth-
observation-based data estimates of the extent of a given
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Figure A5. Annual (a) and monthly (b) time series for inversions in EUROCOM (Monteil et al., 2020). Inversions with solid lines were
retained for the ensemble used in this work (shown in blue in the top figure for clarity). Note that the CSR values from EUROCOM have
been replaced by the mean of four CSR simulations submitted under the VERIFY project (Appendix A1l). Negative fluxes represent a sink

for the land surface.

land cover category on a given pixel. The VERIFY project
requires additional work to satisfy the needs of the various
modeling groups. For example, the maps were extended back
to 1900 to meet the needs of the DGVM groups. As observa-
tional data are lacking for the years before 1960, the temporal
trend of the probability maps and the FAO land use database
were used for extrapolation. In addition, forest areas were
further subdivided into six forest types (Evergreen, needle-

Earth Syst. Sci. Data, 15, 4295-4370, 2023

leaf; Evergreen, broadleaf; Deciduous, needleleaf; Decidu-
ous, broadleaf; Mixed; unknown/other) based on the ESA
CCI land cover dataset (ESA, 2017). Spatiotemporal forest
type dynamics within the forest category were included for
1992-2015. Before 1992 and after 2015, the static forest type
distribution as found in the years 1992 and 2015 in the ESA
CCI land cover was assumed, respectively.
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A5.3 Nitrogen deposition

Wet and dry deposition maps of ammonium and nitrate cov-
ering Europe from 1995-2018 were calculated at 0.5° spa-
tial and monthly temporal resolution by the European Mon-
itoring and Evaluation Programme (EMEP) MSC-W model
(“EMEP model” hereafter). The EMEP model is a 3-D Eu-
lerian chemistry transport model (CTM) developed at the
EMEDP center MSC-W under the framework of the UN Con-
vention on Long-Range Transboundary Air Pollution (CLR-
TAP). The EMEP model has traditionally been used to assess
acidification, eutrophication, and air quality over Europe, to
underpin air quality policy decisions (e.g., the Gothenburg
Protocol), and has been under continuous development, re-
flecting new scientific knowledge and increasing computer
power. The model was described in detail by Simpson et
al. (2012) and later updated as described in the annual EMEP
status reports (Simpson et al., 2022, and references therein).
For the VERIFY project, output from the EMEP model ver-
sion rv4.33 was used (Simpson et al., 2019) and averaged to
annual temporal resolution. In these simulations, the model
was driven by meteorological data from the ECMWF IFS
(European Centre for Medium-Range Weather Forecasts —
Integrated Forecast System) version cy40rl. Land use data
were taken from the CORINE land cover maps (De Smet
and Hettelingh, 2001), the Stockholm Environment Institute
at York (SEIY), the Global Land Cover (GLC2000) database,
and the Community Land Model (Oleson, 2010; Lawrence et
al., 2011). For more details, see Simpson et al. (2017).

A5.4 Coastal ocean fluxes

Ocean CO; fluxes were prepared for use as prior estimates in
the regional inversions by combining the Rédenbeck global
ocean estimate (Rodenbeck et al., 2014) with coastal ocean
fluxes for Europe prepared under the VERIFY project. The
combined dataset was prepared by choosing the coastal flux
map when available and otherwise the open ocean map.
The coastal ocean fluxes were generated for an area extend-
ing from the western Mediterranean to the Barents Sea and
cover shelf areas down to 500 m water depth or 100 km dis-
tance from shore. First, surface ocean fCO, observations are
taken from the annually updated SOCAT database (Bakker
et al., 2016, 2022) and gridded to a monthly 0.125° x 0.125°
grid. pCO;, maps are created based on fitting a set of driver
data (including sea surface temperature, mixed layer depth,
chlorophyll concentration, and ice concentration) against the
gridded fCO; observations. Both random forest and multi-
linear regressions were used. The general procedure is de-
scribed elsewhere (Becker et al., 2021), but for the version
reported here, random forest regressions were used instead
of multi-linear regression, and the region was extended to the
south. The dataset was divided into seven subregions (Bar-
ents Sea, Norwegian coast, North Sea, Baltic Sea, North-
ern Atlantic coast/Celtic Sea, Southern Atlantic coast/Bay
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of Biscay, western Mediterranean), and each region was fit-
ted separately (leaf size: 20, bag size: 500). The root mean
square error (RMSE) of the random forest regressions was
determined to be between 34 yatm (Baltic Sea) and 10 patm
(Barents Sea). Random forest regressions consist of many re-
gression trees, each based on a random subset of data. Due
to this internal structure, the overall RMSE can be seen as
an out-of-box error estimate. The final fluxes are calculated
from the pCO, maps with the atmospheric xCO; in the ma-
rine boundary layer and 6-hourly wind speed data using the
gas transfer coefficient and the Schmidt number after Wan-
ninkhof (2014), with the coefficient a, of 0.2814 calculated
after Naegler (2009) and 6-hourly winds from the NCEP-
DOE Reanalysis 2 product (Kanamitsu et al., 2002).
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Table A1. A short glossary of terminology and acronyms used in this work. Note that nuances may be lost due to space limitations; therefore,
these definitions should be considered a guide.

Terminology/acronym Brief description

Additional sink capac- A term referring to a general increased capacity of forests to uptake carbon due to improved growing

ity conditions compared to pre-industrial times, in particular after the year 1950

AFOLU Agriculture, forestry, and other land use; includes all LULUCEF fluxes (Sector 4; see “Sector” below)
and also fluxes from Agriculture (Sector 3, e.g., CO, emissions from applications of urea to fields)

Annex [ Parties A designation of countries under the UNFCCC. Includes most industrialized countries and economies
in transition as determined in 1992; required to submit more regular and complete inventories to the
UNFCCC.

BLUE Bookkeeping of land use emissions

BLUE-vGCB The version of BLUE used in the Global Carbon Budget for year 2021.

BLUE-vVERIFY The version of BLUE used in the VERIFY H2020 project.

Bottom-up (BU) A model which estimates fluxes by through physical processes and/or data without explicit consider-

ation of atmospheric gas mole fractions; often subdivided into “data-driven” and “process-based” and
include “inventories”.

Category Land use category, e.g., Forest Land and Cropland. Be careful to avoid confusion with categories. For
example, “net emissions from Forest Land” (subsector 4A) and the classification of land into Forest
Land (a category).

CL Total Cropland (including both “Remain” and “Convert”)

CL-CL Cropland which remains Cropland from year to year

Class In some IPCC documents, “class” appears to be used in the same manner as “category”. We avoid its

use here in the same context. However, “class” is used in general to indicate several types of an object
(“classes of models”, for example).

Convert Land which has been converted to this category in the previous N years (by default, N is equal to 20)
Decay Gradual breakdown and respiration of organic matter

DGVM Dynamic global vegetation model, a form of bottom-up model

FL Total Forest Land (including both “Remain” and “Convert”)

FL-FL Forest Land which remains Forest Land from year to year

GCB Global carbon budget

GHG Greenhouse gas (generally CO; in this work)

GL Total Grassland (including both “Remain” and “Convert”)

GL-GL Grassland which remains Grassland from year to year

HWP Harvested wood products; carbon in timber removed from Forest Land is counted here and allowed to

slowly decompose (i.e., release CO; to the atmosphere)

IPPU Industrial processes and product use
LUC Land use change
LULCC Land use and land cover change; includes changes from one land cover type to another without neces-

sarily a change in use (e.g., a change from C3 to Cy4 species during natural succession of a grassland).

LULUC Land use and land use change; does not include fluxes from activities on Forest Land Remaining Forest
Land (e.g., thinning).

LULUCF Land use, land use change, and forestry. “Sector 4” in NGHGI terminology, representing fluxes from
Forest Land, Grassland, Cropland, Wetlands, Settlements, and Other land, though not all of these land
types are present in other bottom-up models. Note the use of capital letters for land use types to indicate
that the definitions change from country to country.
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Table A1. Continued.

Terminology/acronym Brief description

Managed land proxy An assumption used in the NGHGIs which permits member states to only report fluxes on lands deemed
to be “managed” by the MS

Mole fraction The number of molecules of a substance per unit of total molecules. A measure of concentration that is
independent of temperature and pressure.

MS Member state (generally a sovereign country)

Net flux (NBP, NEE) The definition of the net carbon flux varies from approach to approach. In general, in this work, use
of “net biome production” includes harvest but perhaps no other disturbances. Regional inversions
generally fix fossil emissions and biomass burning (or assume the latter to be negligible). NGHGIs are
calculated through both stock-change and gain—loss methods; therefore, what is explicitly/implicitly
included various from country to country. Table C2 has more details.

NGHGI National greenhouse gas inventory
Remain Land which has remained in the same category for the past N years (by default, N is equal to 20)
Subsector Divisions of sectors (e.g., Sector 1A is “Fuel combustion” in the Energy sector). In the case of LULUCEF,

subsectors may be confused with categories.

Sector The most highly aggregated level of emission reporting in the NGHGI: Energy (Sector 1), IPPU (Sector
2), Agriculture (Sector 3), LULUCF (Sector 4), and Waste (Sector 5). The word is occasional used in
the more generalized sense of a sector of the economy, e.g., the forest sector.

Tier Refers to the level of specificity used to calculate emissions. Tier 1 is the default, for which the IPCC
provides generic emission factors and equations. Tier 2 uses the same equations but region- or country-
specific emission factors. Tier 3 uses more complex equations, possibly including process-based mod-
eling.

Top-down (TD) A model which solves for fluxes by optimizing a prior guess based on observed atmospheric mole
fractions; also called an “atmospheric inversion”

UNFCCC United Nations Framework Convention on Climate Change

VERIFY A project funded by the European Commission to build a pre-operational greenhouse gas monitoring
system (see Appendix Al)

Volatilize Immediate release of carbon to the atmosphere, similar to instantaneous and complete combustion
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Table A2. Country grouping used for comparison purposes between BU and TD emissions as reported for the country- and regional-level

synthesis plots available through the VERIFY web portal.

Country name — geographical Europe BU-ISO3 Aggregation from TD-ISO3
Luxembourg LUX

Belgium BEL BENELUX
the Netherlands NLD BNL
Bulgaria BGR BGR
Switzerland CHE

Liechtenstein LIE CHL
Czech Republic CZE Former Czechoslovakia
Slovakia SVK CSK
Austria AUT AUT
Slovenia SVN North Adriatic countries
Croatia HRV NAC
Romania ROU ROU
Hungary HUN HUN
Estonia EST

Lithuania LTU Baltic countries
Latvia LVA BLT
Norway NOR NOR
Denmark DNK

Sweden SWE

Finland FIN DSF
Iceland ISL ISL

Malta MLT MLT
Cyprus CYP CYP
France (Corsica including) FRA FRA
Monaco MCO

Andorra AND

Italy (Sardinia, Vatican including) ITA ITA

San Marino SMR

United Kingdom (Great Britain + N Ireland) GBR UK

Isle of Man IMN

Iceland

Ireland IRL IRL
Germany DEU DEU

Spain ESP IBERIA
Portugal PRT IBE
Greece GRC GRC
Russia (European part) RUS European

Georgia GEO RUS European+GEO
Russian Federation RUS RUS
Poland POL POL
Tiirkiye TUR TUR
EU27+UK (Austria, Belgium, Bulgaria, Cyprus, Czech Re- AUT, BEL, BGR, CYP, CZE, DEU, E28

public, Germany, Denmark, Spain, Estonia, Finland, France, ~DNK, ESP, EST, FIN, FRA, GRC,

Greece, Croatia, Hungary, Ireland, Italy, Lithuania, Latvia, Lux- HRYV, HUN, IRL. ITA, LTU, LVA,

embourg, Malta, the Netherlands, Poland, Portugal, Romania, LUX, MLT, NLD, POL, PRT, ROU,

Slovakia, Slovenia, Sweden, United Kingdom) SVN, SVK, SWE, GBR

Western Europe (Belgium, France, United Kingdom, Ireland, BEL, FRA, UK, IRL, LUX, NLD WEE
Luxembourg, Netherlands)

Central Europe (Austria, Switzerland, Czech Republic, Ger- AUT, CHE, CZE, DEU, HUN, CEE

many, Hungary, Poland, Slovakia) POL, SVK

Northern Europe (Denmark, Estonia, Finland, Lithuania, DNK, EST, FIN, LTU, LVA, NOR, NOE

Latvia, Norway, Sweden)

SWE
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Table A2. Continued.
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Country name — geographical Europe BU-ISO3 Aggregation from TD-ISO3
South-Western Europe (Spain, Italy, Malta, Portugal) ESP, ITA, MLT, PRT SWN
South-Eastern Europe (all) (Albania, Bulgaria, Bosnia and ALB, BGR, BIH, CYP, GEO, GRC, SEE
Herzegovina, Cyprus, Georgia, Greece, Croatia, North Mace- HRV, MKD, MNE, ROU, SRB, SVN,

donia, the former Yugoslavia, Montenegro, Romania, Serbia, ~TUR

Slovenia, Tiirkiye)

South-Eastern Europe (Albania, Bosnia and Herzegovina, —ALB, BIH, MKD, MNE, SRB, GEO, SEA
North Macedonia, the former Yugoslavia, Georgia, Tiirkiye, TUR

Montenegro, Serbia)

South-Eastern Europe (EU) (Bulgaria, Cyprus, Greece, Croa- BGR, CYP, GRC, HRV, ROU, SVN SEZ
tia, Romania, Slovenia)

Southern Europe (all) (SOE) (Albania, Bulgaria, Bosnia and ALB, BGR, BIH, CYP, GEO, GRC, SOE
Herzegovina, Cyprus, Georgia, Greece, Croatia, North Mace- ~HRV, MKD, MNE, ROU, SRB, SVN,

donia, the former Yugoslavia, Montenegro, Romania, Serbia, ~TUR, ITA, MLT, PRT, ESP

Slovenia, Tiirkiye, Italy, Malta, Portugal, Spain)

Southern Europe (SOY) Albania, Bosnia and Herzegovina, ALB, BIH, GEO, MKD, MNE, SRB, SOY
Georgia, North Macedonia, the former Yugoslavia, Montene- TUR,

gro, Serbia, Tiirkiye)

Southern Europe (EU) (SOZ) (Bulgaria, Cyprus, Greece, Croa- BGR, CYP, GRC, HRV, ROU, SOZ
tia, Romania, Slovenia, Italy, Malta, Portugal, Spain) SVN, ITA, MLT, PRT, ESP

Eastern Europe (Belarus, Moldova (Republic of), Russian Fed- BLR, MDA, RUS, UKR EAE
eration, Ukraine)

EU-15 (Austria, Belgium, Germany, Denmark, Spain, Finland, =~ AUT, BEL, DEU, DNK, ESP, FIN, EI5
France, United Kingdom, Greece, Ireland, Italy, Luxembourg, =~ FRA, GBR, GRC, IRL, ITA, LUX,
Netherlands, Portugal, Sweden) NLD, PRT, SWE

EU-27 (Austria, Belgium, Bulgaria, Cyprus, Czech Republic, ~AUT, BEL, BGR, CYP, CZE, DEU, E27
Germany, Denmark, Spain, Estonia, Finland, France, Greece, =~ DNK, ESP, EST, FIN, FRA, GRC,
Croatia, Hungary, Ireland, Italy, Lithuania, Latvia, Luxem- HRV, HUN, IRL. ITA, LTU, LVA,

bourg, Malta, Netherlands, Poland, Portugal, Romania, Slo- LUX, MLT, NLD, POL, PRT, ROU,

vakia, Slovenia, Sweden) SVN, SVK, SWE

All Europe (/iland Islands, Albania, Andorra, Austria, Bel- ALA, ALB, AND, AUT, BEL, BGR, EUR

gium, Bulgaria, Bosnia and Herzegovina, Belarus, Switzerland,
Cyprus, Czech Republic, Germany, Denmark, Spain, Estonia,
Finland, France, Faroe Islands, United Kingdom, Guernsey,
Greece, Croatia, Hungary, Isle of Man, Ireland, Iceland, Italy,
Jersey, Liechtenstein, Lithuania, Luxembourg, Latvia, Moldova
(Republic of), North Macedonia, the former Yugoslavia, Malta,
Montenegro, Netherlands, Norway, Poland, Portugal, Romania,
Russian Federation, Svalbard and Jan Mayen, San Marino, Ser-
bia, Slovakia, Slovenia, Sweden, Tiirkiye, Ukraine)

BIH, BLR, CHE, CYP, CZE, DEU,
DNK, ESP, EST, FIN, FRA, FRO,
GBR, GGY, GRC, HRV, HUN, IMN,
IRL, ISL, ITA, JEY, LIE, LTU, LUX,
LVA, MDA, MKD, MLT MNE,
NLD, NOR, POL, PRT, ROU, RUS,
SJM, SMR, SRB, SVK, SVN, SWE,
TUR, UKR

* Countries highlighted in italics are not discussed in the current 2021 synthesis mostly because unavailability of UNFCCC NGHGI reports (non-Annex I countries are mostly
developing countries). The reporting to UNFCCC is implemented through national communications (NCs) and biennial update reports (BURs):
https://unfcce.int/national-reports- from-non-annex-i- parties, last access: 16 September 2023) but are present on the web portal (VERIFY Synthesis Plots, 2022).
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Table A3. An overview of major changes of the current study with respect to the original (Petrescu et al., 2020) and most recent (Petrescu
et al., 2021) studies of this series; n/a means a dataset was not used or available. Bold text indicates changes in this study with respect to the

most recent version.

Dataset Petrescu et al. (2020) Petrescu et al. (2021) This study
NGHGI fossil COy
Emissions n/a Common reporting framework (CRF), Common reporting framework (CRF), sub-

submitted in 2019
1990-2017

mitted in 2021
1990-2019

Uncertainties  n/a

Uncertainty exists for 2016 (error prop-
agation, 95 % confidence interval)

Uncertainty exists for 1990-2019 (error
propagation, 95 % confidence interval, gap-
filling)

Bottom-up fossil CO,

BP n/a n/a Version 2021
1971-2020

CDIAC n/a 2005-2018 Version 2021v2
1992-2018

CEDS n/a 2005-2014 Version 2021_04_21
1750-2019

EDGAR n/a Version 5.0 Version 6.0b

1990-2018 1970-2018

EIA n/a 2005-2016 Version 220216
1993-2019

GCP n/a 2005-2018 Version 2021v40
1750-2020

1IEA n/a 1990-2017 1990-2020

PRIMAP-hist n/a 2005-2017 Version 2.3.1

1750-2019

Top-down fossil COp

Emissions n/a IAP RAS fast-track inversion CIF-CHIMERE fast-track inversion
EU114+CHE EU27+UK
2005-2020
NGHGI land CO,
Emissions CRF, submitted in CRF, submitted in 2019 CREF, submitted in 2021
2018 LULUCEF: 1990-2017 LULUCEF: 1990-2019

LULUCF: 1990-2016
FL: 1995, 2000, 2005,
2010, 2015

GL: 1990, 2005, 2010,
2016

CL: 1990, 2005, 2010,
2016

FL: 1990-2017
GL: 1990-2017
CL: 1990-2017

FL: 1990-2019
GL: 1990-2019
CL: 1990-2019

Uncertainties ~ Uncertainty exists for
2016 (error propaga-
tion, 95% confidence

interval)

Uncertainty exists for 2016 (error prop-
agation, 95 % confidence interval)

LULUCEF: uncertainty exists for 1990-2019
(error propagation, 95 % confidence inter-
val, gap-filling)

FL, GL, CL: uncertainty exists for 2018 (er-
ror propagation, 95 % confidence interval)
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Dataset

Petrescu et al. (2020)

Petrescu et al. (2021)

This study

Bottom-up terrestrial biosphere CO;

BLUE Version GCB Version GCB Version GCB (vGCB)
1990-2017 1990-2018 1990-2020
Version VERIFY (vVERIFY)
1990-2020
CABLE-POP n/a n/a 1990-2020
CBM 2000, 2005, 2010, 2015  1990-2015 2000-2015
2017-2020 (estimate)
ECOSSE n/a 1990-2018 (grassland) 1990-2018 (grassland)
1990-2018 (cropland) 1990-2020 (cropland)
EFISCEN 1995, 2000, 2010, 2005-2018 2005-2020
2015 Country Totals Spatially explicit
Country totals EU27+UK 15 countries
EU274+UK
EPIC-IIASA n/a 1990-2018 (cropland) 1990-2020 (cropland)
1990-2020 (grassland)
FAOSTAT 1990-2016 1990-2017 1990-2019
H&N 1990-2015 1990-2018 1990-2020
Lateral fluxes n/a (not accounted for in inversions) (accounted for in inversions)
Emissions from inland waters Emissions from inland waters
Wood trade
Crop trade
1990-2019
ORCHIDEE n/a version 2.2 version 3.0
1990-2018 1990-2020
TRENDY DGVMs Version 6 Version 7 Version 10
1990-2017 1990-2018 1990-2020

Top-down terrestrial biosphere CO; (global)

Global Carbon Project n/a version 2019 version 2021
2000-2018 2010-2020

Top-down terrestrial biosphere CO, (regional)

CarboScopeRegional n/a 2006-2018 2006-2020

CIF-CHIMERE n/a n/a 2005-2020

EUROCOM n/a Original version Drought version
20062015 2009-2018

LUMIA n/a n/a 2006-2020
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Table A4. LULUCEF categories for the EU274+UK NGHGI (2021). NA — not available

Category

Mean value for
1990-2020 [Tg C]

Contribution to gross
LULUCEF flux [%]

Forest Land Remaining Forest Land
Land Converted to Forest Land
Cropland Remaining cropland
Land Converted to cropland
Grassland Remaining grassland
Land Converted to grassland
Wetlands Remaining wetlands
Land Converted to wetlands
Settlements Remaining settlements
Land Converted to settlements
Other land Remaining other land
Land Converted to other land
Harvested wood products

—107
—13.0
8.45
14.0
11.8
—8.22
2.89
1.09
1.42
11.8
NA
0.135
—11.5

56.0
6.80
4.41
7.33
6.16
4.23
1.51
0.567
0.744
6.15
NA
0.0706
5.99

Table A5. Main input data used in the extrapolation of NBP for the period 2017-2020.

Unit  Temporal
resolution

Source

Wood removals (HWP pool) tC Annual (2000-2015)

CBM calibration run

Forest area ha Annual (2000-2020) FAOSTAT  (https://www.fao.org/faostat/en/#data/RL,
last access: 16 September 2023)
Roundwood amount m? Annual (2000-2020) FAOSTAT  (https://www.fao.org/faostat/en/#data/FO,

NBP tC Annual (2000-2015)

last access: 16 September 2023)

CBM calibration run
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Table A6. Country-based forest area in 2015 and parameters used in Eq. (4). * significant (p < 0.05); ns: not significant (p > 0.05).

EU25 + UK CF (2000-2015) Intercept (a) Coefficient (b)) p < 0.05
Austria 0.28 2.60 —-1.57 *
Belgium 0.18 2.97 —154 *
Bulgaria 0.22 1.17 -2.13 %
Croatia 0.28 1.42 —-1.27 *
Czechia 0.22 2.55 —121 *
Denmark 0.16 1.92 —-1.21 *
Estonia 0.20 1.16 —-1.08 *
Finland 0.23 1.15 —-120 *
France 0.19 1.63 -1.17 *
Germany 0.21 2.55 —-1.23 *
Greece 0.20 1.17 —1.75 ns
Hungary 0.27 1.50 —154 *
Ireland 0.18 6.12 —545 *
Italy 0.23 0.69 0.39 ns
Latvia 0.19 2.00 -1.77 *
Lithuania 0.22 1.11 -0.89 *
Luxembourg 0.20 1.79 —140 *
The Netherlands 0.22 2.44 -2.01 *
Poland 0.21 2.49 -2.16 *
Portugal 0.29 1.39 -1.01 *
Romania 0.32 1.54 —-1.65 *
Slovakia 0.28 2.57 —142 *
Slovenia 0.24 2.07 —-1.55 *
Spain 0.28 0.26 0.18 ns
Sweden 0.23 1.02 -120 *
United Kingdom 0.19 227 —-134 ¥
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Appendix B: Additional figures

B1 Overview figures

EU27+UK Annual CO. Emissions
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Figure B1. EU27+4UK total annual GHG emissions from UNFCCC NGHGI (2021) with submissions split per sector.
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Figure B2. EU27+UK total annual GHG emissions from the LULUCEF sector split into categories and subcategories, according to UNFCCC
NGHGI (2021).
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B2 CO» fossil

Figure B3 shows the CO; fossil emission estimates from
EU27+UK split by major source categories for each dataset
for a single year. Sectors 1, 2, 3, and 5 are included for the
UNFCCC NGHGI (2021) total, without indirect emissions.
A breakdown of the nine other fossil BU data sources cor-
responding to UNFCCC NGHGI sectors or categories is not
currently available.

As in Andrew (2020), we observe good agreement for the
EU27+UK between all BU data sources and the UNFCCC
NGHGTI (2021) data. The figure presents updated estimates
for the year 2017, the most recent year when all datasets re-
ported estimates. Sectors 1, 2, 3, and 5 are included for the
UNFCCC NGHGI (2021) total, without indirect emissions.

While most datasets agree well on total emissions, there
are some differences. Both BP and the EIA include bunker
fuels and exclude most industrial process emissions. CEDS
appears to be underestimating emissions from solid fuels,
e.g., lignite in Germany and oil shale in Estonia. IEA’s emis-
sions are lower because they exclude most industrial pro-
cesses. GCP’s total matches the NGHGI exactly by design
but remaps some of the fossil fuels used in non-energy
processes from “Others” to the fuel types used. CDIAC,
PRIMAP, and EDGAR v6.0 all report total emissions very
similar to the UNFCCC NGHGI (2021). Larger differences
are seen in the disaggregation of fuel types, generally be-
cause of differing definitions.

Comparison of fossil CO, emissions: EU-27+UK 2017

4000 Mt -
® _—Bunkers
3500 -
3000 — Fugitive
Gas
2500 4
2000
1500 + Solid + —Liquid
1000 -
500 + —Solid
O a

BP EIA IEA PRIMAP GCP EDGAR CEDS CDIAC NGHGI CIF-
2021 220216 2021 2.3.1-CR 2021 6.0b 2021 2021 2021 CHIMERE

inversion

Figure B3. EU27+UK total CO; fossil emissions, as reported by nine bottom-up data sources (BP, EIA, CEDS, EDGAR v6.0, GCP, IEA,
CDIAC, PRIMAPv2.3.1-CR, and the UNFCCC NGHGI (2021)) along with a top-down CIF-CHIMERE atmospheric inversion (black dot)
(Fortems-Cheiney and Broquet, 2021). This figure presents the split per fuel type for the year 2017. “Others” is other emissions in the
UNFCCC'’s IPPU, and international bunker fuels (the white boxes) are not usually included in total emissions at sub-global level. Neither
EDGAR (EDGAR v6.0 provides significant sectoral disaggregation of emissions but not by fuel type due to license restrictions with the
underlying energy data from the IEA.) (v6.0) nor PRIMAP publish a breakdown by fuel type, so only the total is shown. For BP, the
method description allows for emissions from natural gas to be calculated from BP’s energy data, but the data for solid and liquid fuels are
insufficiently disaggregated to allow for replication of BP’s emission calculation method for those fuels.
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B3 CO» land
EU27+4+UK : Trends in COzland fluxes from land use, land use change, and forestry (LULUCF)
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Figure B4. The contribution of changes (%) in CO, land fluxes from various LULUCF categories to the overall change in decadal mean
for the EU27+UK as reported by member states to the UNFCCC. Panel (a) shows the previous NGHGI data from Petrescu et al. (2021),
and panel (b) illustrates data from UNFCCC NGHGI (2021). Changes in land categories converted to other land are grouped to show net
gains and net losses in the same column, with the bar color dictating which category each emission belongs to; note that the composition
of the “LUC(+)” and “LUC(—)” bars can change between time periods. Not shown are emissions from “Wetlands Remaining wetlands”,
“Settlements Remaining settlements”, and “Other land Remaining other land” as none of the BU models used distinguish these categories.
The fluxes follow the atmospheric convention, where negative values represent a sink, while positive values represent a source. The color
bars are shaded to guide the eye in the direction of the change (white to color).
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Figure B5. Comparison of inventories and atmospheric inversions for the total EU27+4-UK biogenic CO, fluxes from Petrescu et al. (2021) (a)
and updated data from current study (b). Top-down inversion results are the following: the global GCB2021 ensemble, the regional EURO-
COM ensemble, the regional CarboScopeReg model with multiple variants, the regional LUMIA model with multiple variants, and CIF-
CHIMERE. The relative error in the UNFCCC values represents the UNFCCC NGHGI (2021) member states reported uncertainty computed
with the error propagation method (95 % confidence interval) gap-filled and provided for every year of the time series. The time series mean
overlapping period is 2010-2018. The colored area represents the min/max of model ensemble estimates. The same emissions due to lateral
fluxes of carbon through rivers, crop trade, and wood trade are removed from the top-down estimates in both the top and bottom graphs for
consistency. The fluxes follow the atmospheric convention, where negative values represent a sink, while positive values represent a source.
Note that Petrescu et al. (2021) presented the top plot including a suite of bottom-up models, which have been removed here for clarity.
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Appendix C: Source-specific methodologies — AD,
EFs, and uncertainties

M. J. McGrath et al.: The consolidated European synthesis of CO» emissions

Table C1. Source-specific activity data (AD), emission factors (EFs), and uncertainty methodology for all current VERIFY and non-VERIFY

2021 data products.

Data  sources AD/tier EFs/tier Uncertainty assessment method ~ Emission data availability
CO;, emission
calculation
UNFCCC Country-specific information IPCC guidelines/country- IPCC guidelines (https:  NGHGI official data (CRFs)
NGHGI (2021)  consistent with the IPCC guide- specific information for //www.ipcc-nggip.iges.or.jp/ are found at https://unfcce.int/
lines higher tiers public/2006gl/, last access: ghg-inventories-annex-i-parties/
16 September 2023) for cal- 2021 (last access: June 2022)
culating the uncertainty of
emissions based on the un-
certainty of AD and EF; two
different approaches: (1) error
propagation and (2) monte
Carlo simulation.
The EU GHG inventory team
provided yearly harmonized
and gap-filled uncertainties.
Fossil CO,
BP For further details, see Andrew (2020)
CDIAC
EIA
IEA
GCP
CEDS

PRIMAP-hist

EDGAR v6.0

International Energy Agency
(IEA) for fuel combustion,

Food and Agricultural Organiza-
tion (FAO) for agriculture,

US Geological Survey (USGS)
for industrial processes (e.g.,
cement, lime, ammonia and
ferroalloys production),
GGFR/NOAA for gas flaring,
World Steel Association for iron
and steel production,
International Fertilizer Associa-
tion (IFA) for urea consumption
and production;

a complete description of the
data sources can be found in
Janssens-Maenhout et al. (2019)
and in Crippa et al. (2019)

IPCC (2006): Tier 1 or
Tier 2 depending on the
sector

Tier 1 with error propagation by
fuel type for CO, and account-
ing for covariances

https://edgar.jrc.ec.europa.eu/
dataset_ghg60 (last access: 16
September 2023)

CIF-
CHIMERE

Tier 3 top-down

0.1° x 0.1° resolution maps of
annual averages of fossil COp
anthropogenic emissions from
EDGAR v4.3.2;

assimilation of satellite atmo-
spheric mole fraction data: total
column CO from IASI (Infrared
Atmospheric Sounding Interfer-
ometer) and tropospheric column
NO; from OMI

Tier 3 top-down

regional inversions of CO
and NO, emissions us-
ing EMEP/CEIP (Centre
on Emission Inventories
and Projections) as prior
knowledge of the emis-
sions and CO,/CO and
CO;, /NO, emission ra-
tios associated with the
combustion of fossil fuel
from EDGARV4.3.2

Bayesian analysis in the CO
and NO, inversions along with
propagation of uncertainties in
fCO,/CO and fCO,/NO, emis-
sion ratios

Detailed gridded data can be
obtained by contacting the data
providers.

Gregoire Broquet
gregoire.broquet@lsce.ipsl.fr
https://verifydb.Isce.ipsl.fr/
thredds/fileServer/verify/
VERIFY_OUTPUT/FCO2/
CO2_Tier3TD_FossilFuel_
CIF-CHIMERE_LSCE_
ALL_EUR-85x101_
IM_V2021_20210628_
FORTEMSCHEINEY_2D.nc
(last access: 16 September 2023)
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https://www.ipcc-nggip.iges.or.jp/public/2006gl/
https://www.ipcc-nggip.iges.or.jp/public/2006gl/
https://www.ipcc-nggip.iges.or.jp/public/2006gl/
https://unfccc.int/ghg-inventories-annex-i-parties/2021
https://unfccc.int/ghg-inventories-annex-i-parties/2021
https://unfccc.int/ghg-inventories-annex-i-parties/2021
https://edgar.jrc.ec.europa.eu/dataset_ghg60
https://edgar.jrc.ec.europa.eu/dataset_ghg60
https://verifydb.lsce.ipsl.fr/thredds/fileServer/verify/VERIFY_OUTPUT/FCO2/CO2_Tier3TD_FossilFuel_CIF-CHIMERE_LSCE_ALL_EUR-85x101_1M_V2021_20210628_FORTEMSCHEINEY_2D.nc
https://verifydb.lsce.ipsl.fr/thredds/fileServer/verify/VERIFY_OUTPUT/FCO2/CO2_Tier3TD_FossilFuel_CIF-CHIMERE_LSCE_ALL_EUR-85x101_1M_V2021_20210628_FORTEMSCHEINEY_2D.nc
https://verifydb.lsce.ipsl.fr/thredds/fileServer/verify/VERIFY_OUTPUT/FCO2/CO2_Tier3TD_FossilFuel_CIF-CHIMERE_LSCE_ALL_EUR-85x101_1M_V2021_20210628_FORTEMSCHEINEY_2D.nc
https://verifydb.lsce.ipsl.fr/thredds/fileServer/verify/VERIFY_OUTPUT/FCO2/CO2_Tier3TD_FossilFuel_CIF-CHIMERE_LSCE_ALL_EUR-85x101_1M_V2021_20210628_FORTEMSCHEINEY_2D.nc
https://verifydb.lsce.ipsl.fr/thredds/fileServer/verify/VERIFY_OUTPUT/FCO2/CO2_Tier3TD_FossilFuel_CIF-CHIMERE_LSCE_ALL_EUR-85x101_1M_V2021_20210628_FORTEMSCHEINEY_2D.nc
https://verifydb.lsce.ipsl.fr/thredds/fileServer/verify/VERIFY_OUTPUT/FCO2/CO2_Tier3TD_FossilFuel_CIF-CHIMERE_LSCE_ALL_EUR-85x101_1M_V2021_20210628_FORTEMSCHEINEY_2D.nc
https://verifydb.lsce.ipsl.fr/thredds/fileServer/verify/VERIFY_OUTPUT/FCO2/CO2_Tier3TD_FossilFuel_CIF-CHIMERE_LSCE_ALL_EUR-85x101_1M_V2021_20210628_FORTEMSCHEINEY_2D.nc
https://verifydb.lsce.ipsl.fr/thredds/fileServer/verify/VERIFY_OUTPUT/FCO2/CO2_Tier3TD_FossilFuel_CIF-CHIMERE_LSCE_ALL_EUR-85x101_1M_V2021_20210628_FORTEMSCHEINEY_2D.nc
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Data  sources
CO, emission
calculation

ADl/tier

EFs/tier

Uncertainty assessment method

Emission data availability

CO» land: bottom-up

BLUE-vGCB From LUH2: data on wood har-  Tier 3 (IPCC, 2006); re- NA Detailed gridded data can be
BLUE- vest, land cover types (primary, sponse curves specific obtained by contacting the data
vVERIFY secondary, pasture, crop), and to PFT and land cover provider:
gross land use transitions (e.g., type describing the de- Julia Pongratz:
from secondary to pasture and cay and regrowth of julia.pongratz@lmu.de
back); based on Pongratz et vegetation and soil car- https://verifydb.Isce.ipsl.fr/
al. (2008) and Ramankutty and  bon thredds/fileServer/verify/
Foley (1999): plant functional VERIFY_OUTPUT/FCO2/
types (PFTs) of natural vegeta- _CO2_Tier3BUPB_LandFlux_
tion types; BLUE-2021_bgc-jena_
same as above with land cover LAND_GLO-720x1440_1M_
from HILDA+ (Ganzenmiiller V2021_20211014_Pongratz_
et al., 2022) 2D.nc (last access: 16 Septem-
ber 2023)

H&N Simple assumptions about C- Transient change in NA Detailed gridded data can be
stock densities (per biome or C stocks following a obtained by contacting the data
per biome/country) based on given transition (time- provider:
literature dependent EF after a Richard A. Houghton

land use transition) rhoughton @woodwellclimate.org
ECOSSE Tier 3 approach. IPCC (2006): Tier 3. NA Detailed gridded data can be

The model is a point model,
which provides spatial results
by using spatial distributed in-
put data (lateral fluxes are not
considered). The model is a
Tier 3 approach that is applied
on grid map data, polygon orga-
nized input data, or study sites.

The simulation results
will be allocated due to
the available informa-
tion (size of spatial unit,
representation of con-
sidered land use, etc.).

obtained by contacting the data
providers.

Matthias Kuhnert:
matthias.kuhnert@abdn.ac.uk
Pete Smith:
pete.smith@abdn.ac.uk
https://verifydb.lsce.ipsl.
fr/thredds/fileServer/
verify/VERIFY _
OUTPUT/FCO2/CO2_
Tier3ABUPB_GrassFluxes_
ECOSSE-1lim-S1_UAbdn_
CRP_EUR-304x560_
1IM_V2019_20200923_
KUHNERT_2D.nc (last
access: 16 September 2023)
https://verifydb.lsce.ipsl.fr/
thredds/fileServer/verify/
VERIFY_OUTPUT/
FCO2/CO2_Tier3BUPB_
CropFluxes_ECOSSE-SX_
ABDN_CRP_EUR-142x179_
1IM_V2021_20220506_
KUHNERT _2D.nc

acess: 16 September 2023)

(last
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https://verifydb.lsce.ipsl.fr/thredds/fileServer/verify/VERIFY_OUTPUT/FCO2/_CO2_Tier3BUPB_LandFlux_BLUE-2021_bgc-jena_LAND_GLO-720x1440_1M_V2021_20211014_Pongratz_2D.nc
https://verifydb.lsce.ipsl.fr/thredds/fileServer/verify/VERIFY_OUTPUT/FCO2/_CO2_Tier3BUPB_LandFlux_BLUE-2021_bgc-jena_LAND_GLO-720x1440_1M_V2021_20211014_Pongratz_2D.nc
https://verifydb.lsce.ipsl.fr/thredds/fileServer/verify/VERIFY_OUTPUT/FCO2/_CO2_Tier3BUPB_LandFlux_BLUE-2021_bgc-jena_LAND_GLO-720x1440_1M_V2021_20211014_Pongratz_2D.nc
https://verifydb.lsce.ipsl.fr/thredds/fileServer/verify/VERIFY_OUTPUT/FCO2/_CO2_Tier3BUPB_LandFlux_BLUE-2021_bgc-jena_LAND_GLO-720x1440_1M_V2021_20211014_Pongratz_2D.nc
https://verifydb.lsce.ipsl.fr/thredds/fileServer/verify/VERIFY_OUTPUT/FCO2/_CO2_Tier3BUPB_LandFlux_BLUE-2021_bgc-jena_LAND_GLO-720x1440_1M_V2021_20211014_Pongratz_2D.nc
https://verifydb.lsce.ipsl.fr/thredds/fileServer/verify/VERIFY_OUTPUT/FCO2/_CO2_Tier3BUPB_LandFlux_BLUE-2021_bgc-jena_LAND_GLO-720x1440_1M_V2021_20211014_Pongratz_2D.nc
https://verifydb.lsce.ipsl.fr/thredds/fileServer/verify/VERIFY_OUTPUT/FCO2/_CO2_Tier3BUPB_LandFlux_BLUE-2021_bgc-jena_LAND_GLO-720x1440_1M_V2021_20211014_Pongratz_2D.nc
https://verifydb.lsce.ipsl.fr/thredds/fileServer/verify/VERIFY_OUTPUT/FCO2/_CO2_Tier3BUPB_LandFlux_BLUE-2021_bgc-jena_LAND_GLO-720x1440_1M_V2021_20211014_Pongratz_2D.nc
https://verifydb.lsce.ipsl.fr/thredds/fileServer/verify/VERIFY_OUTPUT/FCO2/CO2_Tier3BUPB_GrassFluxes_ECOSSE-lim-S1_UAbdn_CRP_EUR-304x560_1M_V2019_20200923_KUHNERT_2D.nc
https://verifydb.lsce.ipsl.fr/thredds/fileServer/verify/VERIFY_OUTPUT/FCO2/CO2_Tier3BUPB_GrassFluxes_ECOSSE-lim-S1_UAbdn_CRP_EUR-304x560_1M_V2019_20200923_KUHNERT_2D.nc
https://verifydb.lsce.ipsl.fr/thredds/fileServer/verify/VERIFY_OUTPUT/FCO2/CO2_Tier3BUPB_GrassFluxes_ECOSSE-lim-S1_UAbdn_CRP_EUR-304x560_1M_V2019_20200923_KUHNERT_2D.nc
https://verifydb.lsce.ipsl.fr/thredds/fileServer/verify/VERIFY_OUTPUT/FCO2/CO2_Tier3BUPB_GrassFluxes_ECOSSE-lim-S1_UAbdn_CRP_EUR-304x560_1M_V2019_20200923_KUHNERT_2D.nc
https://verifydb.lsce.ipsl.fr/thredds/fileServer/verify/VERIFY_OUTPUT/FCO2/CO2_Tier3BUPB_GrassFluxes_ECOSSE-lim-S1_UAbdn_CRP_EUR-304x560_1M_V2019_20200923_KUHNERT_2D.nc
https://verifydb.lsce.ipsl.fr/thredds/fileServer/verify/VERIFY_OUTPUT/FCO2/CO2_Tier3BUPB_GrassFluxes_ECOSSE-lim-S1_UAbdn_CRP_EUR-304x560_1M_V2019_20200923_KUHNERT_2D.nc
https://verifydb.lsce.ipsl.fr/thredds/fileServer/verify/VERIFY_OUTPUT/FCO2/CO2_Tier3BUPB_GrassFluxes_ECOSSE-lim-S1_UAbdn_CRP_EUR-304x560_1M_V2019_20200923_KUHNERT_2D.nc
https://verifydb.lsce.ipsl.fr/thredds/fileServer/verify/VERIFY_OUTPUT/FCO2/CO2_Tier3BUPB_GrassFluxes_ECOSSE-lim-S1_UAbdn_CRP_EUR-304x560_1M_V2019_20200923_KUHNERT_2D.nc
https://verifydb.lsce.ipsl.fr/thredds/fileServer/verify/VERIFY_OUTPUT/FCO2/CO2_Tier3BUPB_GrassFluxes_ECOSSE-lim-S1_UAbdn_CRP_EUR-304x560_1M_V2019_20200923_KUHNERT_2D.nc
https://verifydb.lsce.ipsl.fr/thredds/fileServer/verify/VERIFY_OUTPUT/FCO2/CO2_Tier3BUPB_CropFluxes_ECOSSE-SX_ABDN_CRP_EUR-142x179_1M_V2021_20220506_KUHNERT_2D.nc
https://verifydb.lsce.ipsl.fr/thredds/fileServer/verify/VERIFY_OUTPUT/FCO2/CO2_Tier3BUPB_CropFluxes_ECOSSE-SX_ABDN_CRP_EUR-142x179_1M_V2021_20220506_KUHNERT_2D.nc
https://verifydb.lsce.ipsl.fr/thredds/fileServer/verify/VERIFY_OUTPUT/FCO2/CO2_Tier3BUPB_CropFluxes_ECOSSE-SX_ABDN_CRP_EUR-142x179_1M_V2021_20220506_KUHNERT_2D.nc
https://verifydb.lsce.ipsl.fr/thredds/fileServer/verify/VERIFY_OUTPUT/FCO2/CO2_Tier3BUPB_CropFluxes_ECOSSE-SX_ABDN_CRP_EUR-142x179_1M_V2021_20220506_KUHNERT_2D.nc
https://verifydb.lsce.ipsl.fr/thredds/fileServer/verify/VERIFY_OUTPUT/FCO2/CO2_Tier3BUPB_CropFluxes_ECOSSE-SX_ABDN_CRP_EUR-142x179_1M_V2021_20220506_KUHNERT_2D.nc
https://verifydb.lsce.ipsl.fr/thredds/fileServer/verify/VERIFY_OUTPUT/FCO2/CO2_Tier3BUPB_CropFluxes_ECOSSE-SX_ABDN_CRP_EUR-142x179_1M_V2021_20220506_KUHNERT_2D.nc
https://verifydb.lsce.ipsl.fr/thredds/fileServer/verify/VERIFY_OUTPUT/FCO2/CO2_Tier3BUPB_CropFluxes_ECOSSE-SX_ABDN_CRP_EUR-142x179_1M_V2021_20220506_KUHNERT_2D.nc
https://verifydb.lsce.ipsl.fr/thredds/fileServer/verify/VERIFY_OUTPUT/FCO2/CO2_Tier3BUPB_CropFluxes_ECOSSE-SX_ABDN_CRP_EUR-142x179_1M_V2021_20220506_KUHNERT_2D.nc
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Table C1. Continued.

Data  sources AD/tier EFs/tier Uncertainty assessment method  Emission data availability

CO, emission

calculation

EPIC-IIASA Tier 3 approach. IPCC (2006): Tier 3. Sensitivity and uncertainty Detailed gridded data can be

Croplands Cropland:  static 1 x lkm Land management and analysis of EPIC-IIASA re- obtained by contacting the data
cropland mask from CORINE- input factors for the gional soil carbon modeling provider.

PELCOM. Initial SOC stock Cropland Remaining (Balkovic et al., 2020). Balcovi¢ Juraj:
from the map of organic carbon  Cropland category balkovic @iiasa.ac.at

content in the topsoil (Lugato as simulated by the https://veritydb.lsce.ipsl.fr/

et al., 2014). “Static” crop EPIC-IIASA modeling thredds/fileServer/verify/
management and input inten- platform, assuming the VERIFY_OUTPUT/

sity by NUTS2 calibrated for business-as-usual crop FCO2/CO2_Tier3BUPB_
1995-2010 (Balkovi¢ et al., management calibrated CropFluxes_EPIC-S1_

2013). Crop harvested areas for the 1995-2010 ITASA_CRP_EUR-304x560_
by NUTS2 from Eurostat. period. A 50ha field is 1M_V2021_20211026_
Parameterization of soil carbon  considered in each grid BALKOVIC_2D.nc (last
routine was updated based on cell. access: 16 September 2023)
Balkovic et al. (2020)

EPIC-ITIASA Tier 3 approach. IPCC (2006): Tier 3 NA Detailed gridded data can be

grasslands Grassland: static 1 x  km mask land management and obtained by contacting the data
from CORINE & PELCOM input factors for the provider:

2000, including  pastures, Grassland Remaining Juraj Balkovic:

herbaceous vegetation, het- Grassland category balkovic @iiasa.ac.at
erogeneous agricultural areas, as simulated by the https://verifydb.Isce.ipsl.fr/
and permanent cropland. Initial EPIC-IIASA modeling thredds/fileServer/verify/
SOC stock from the map of platform, calibrated for VERIFY_OUTPUT/

organic carbon content in the 1995-2020 period. FCO2/CO2_Tier3BUPB_

the topsoil (Lugato et al., GrassFluxes_EPIC-S1_
2014) with a spin-up. Static ITASA_GRS_EUR-304x560_
grassland management and 1M_V2021_20220427_
input intensity as adopted from BALKOVIC_2D.nc (last
Chang et al. (2016) and ISIMIP access: 16 September 2023)
(Jagermeyr et al., 2021).

ORCHIDEE For the land cover/land use in- Tier 3 model, process None, though some information Detailed gridded data can be
put maps; data on wood harvest ~ based. Any emission on uncertainty due to model obtained by contacting the data
from the FAO factors enter in the form  structure is given by looking at  providers.

of generic parameters the spread from the TRENDY  Matthew McGrath:

for a given ecosys- suite of models, of which OR-  matthew.mcgrath@Isce.ipsl.fr
tem type fit against ob- CHIDEE is a member Philippe Peylin:

servational data (both peylin@Isce.ipsl.fr

site-level and remotely
sensed)

https://verifydb.lsce.ipsl.
fr/thredds/fileServer/
verify/VERIFY _
OUTPUT/FCO2/CO2_
Tier3BUPB_CarbonCycle_
ORCHIDEE-N-V32-VNDEP-S3_
LSCE_LAND_EUR-304x560_
1IM_V2021_20211209_
BASTRIKOV_2D.nc (last
access: 16 September 2023)
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https://verifydb.lsce.ipsl.fr/thredds/fileServer/verify/VERIFY_OUTPUT/FCO2/CO2_Tier3BUPB_CropFluxes_EPIC-S1_IIASA_CRP_EUR-304x560_1M_V2021_20211026_BALKOVIC_2D.nc
https://verifydb.lsce.ipsl.fr/thredds/fileServer/verify/VERIFY_OUTPUT/FCO2/CO2_Tier3BUPB_CropFluxes_EPIC-S1_IIASA_CRP_EUR-304x560_1M_V2021_20211026_BALKOVIC_2D.nc
https://verifydb.lsce.ipsl.fr/thredds/fileServer/verify/VERIFY_OUTPUT/FCO2/CO2_Tier3BUPB_CropFluxes_EPIC-S1_IIASA_CRP_EUR-304x560_1M_V2021_20211026_BALKOVIC_2D.nc
https://verifydb.lsce.ipsl.fr/thredds/fileServer/verify/VERIFY_OUTPUT/FCO2/CO2_Tier3BUPB_CropFluxes_EPIC-S1_IIASA_CRP_EUR-304x560_1M_V2021_20211026_BALKOVIC_2D.nc
https://verifydb.lsce.ipsl.fr/thredds/fileServer/verify/VERIFY_OUTPUT/FCO2/CO2_Tier3BUPB_CropFluxes_EPIC-S1_IIASA_CRP_EUR-304x560_1M_V2021_20211026_BALKOVIC_2D.nc
https://verifydb.lsce.ipsl.fr/thredds/fileServer/verify/VERIFY_OUTPUT/FCO2/CO2_Tier3BUPB_CropFluxes_EPIC-S1_IIASA_CRP_EUR-304x560_1M_V2021_20211026_BALKOVIC_2D.nc
https://verifydb.lsce.ipsl.fr/thredds/fileServer/verify/VERIFY_OUTPUT/FCO2/CO2_Tier3BUPB_CropFluxes_EPIC-S1_IIASA_CRP_EUR-304x560_1M_V2021_20211026_BALKOVIC_2D.nc
https://verifydb.lsce.ipsl.fr/thredds/fileServer/verify/VERIFY_OUTPUT/FCO2/CO2_Tier3BUPB_CropFluxes_EPIC-S1_IIASA_CRP_EUR-304x560_1M_V2021_20211026_BALKOVIC_2D.nc
https://verifydb.lsce.ipsl.fr/thredds/fileServer/verify/VERIFY_OUTPUT/FCO2/CO2_Tier3BUPB_GrassFluxes_EPIC-S1_IIASA_GRS_EUR-304x560_1M_V2021_20220427_BALKOVIC_2D.nc
https://verifydb.lsce.ipsl.fr/thredds/fileServer/verify/VERIFY_OUTPUT/FCO2/CO2_Tier3BUPB_GrassFluxes_EPIC-S1_IIASA_GRS_EUR-304x560_1M_V2021_20220427_BALKOVIC_2D.nc
https://verifydb.lsce.ipsl.fr/thredds/fileServer/verify/VERIFY_OUTPUT/FCO2/CO2_Tier3BUPB_GrassFluxes_EPIC-S1_IIASA_GRS_EUR-304x560_1M_V2021_20220427_BALKOVIC_2D.nc
https://verifydb.lsce.ipsl.fr/thredds/fileServer/verify/VERIFY_OUTPUT/FCO2/CO2_Tier3BUPB_GrassFluxes_EPIC-S1_IIASA_GRS_EUR-304x560_1M_V2021_20220427_BALKOVIC_2D.nc
https://verifydb.lsce.ipsl.fr/thredds/fileServer/verify/VERIFY_OUTPUT/FCO2/CO2_Tier3BUPB_GrassFluxes_EPIC-S1_IIASA_GRS_EUR-304x560_1M_V2021_20220427_BALKOVIC_2D.nc
https://verifydb.lsce.ipsl.fr/thredds/fileServer/verify/VERIFY_OUTPUT/FCO2/CO2_Tier3BUPB_GrassFluxes_EPIC-S1_IIASA_GRS_EUR-304x560_1M_V2021_20220427_BALKOVIC_2D.nc
https://verifydb.lsce.ipsl.fr/thredds/fileServer/verify/VERIFY_OUTPUT/FCO2/CO2_Tier3BUPB_GrassFluxes_EPIC-S1_IIASA_GRS_EUR-304x560_1M_V2021_20220427_BALKOVIC_2D.nc
https://verifydb.lsce.ipsl.fr/thredds/fileServer/verify/VERIFY_OUTPUT/FCO2/CO2_Tier3BUPB_GrassFluxes_EPIC-S1_IIASA_GRS_EUR-304x560_1M_V2021_20220427_BALKOVIC_2D.nc
https://verifydb.lsce.ipsl.fr/thredds/fileServer/verify/VERIFY_OUTPUT/FCO2/CO2_Tier3BUPB_CarbonCycle_ORCHIDEE-N-V32-VNDEP-S3_LSCE_LAND_EUR-304x560_1M_V2021_20211209_BASTRIKOV_2D.nc
https://verifydb.lsce.ipsl.fr/thredds/fileServer/verify/VERIFY_OUTPUT/FCO2/CO2_Tier3BUPB_CarbonCycle_ORCHIDEE-N-V32-VNDEP-S3_LSCE_LAND_EUR-304x560_1M_V2021_20211209_BASTRIKOV_2D.nc
https://verifydb.lsce.ipsl.fr/thredds/fileServer/verify/VERIFY_OUTPUT/FCO2/CO2_Tier3BUPB_CarbonCycle_ORCHIDEE-N-V32-VNDEP-S3_LSCE_LAND_EUR-304x560_1M_V2021_20211209_BASTRIKOV_2D.nc
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Data  sources AD/tier EFs/tier Uncertainty assessment method ~ Emission data availability
CO, emission
calculation
CABLE-POP For the land cover/land use in- Tier 3 model, process None, though some information Model output (gridded data)
put maps: data on wood harvest based. Any emission on uncertainty due to model can be obtained by contacting
and agricultural land from the factors enter in the form  structure is given by look- the data provider:
FAO of generic parameters ing at the spread from the Jiirgen Knauer:
for a given ecosys- TRENDY suite of models, of J.Knauer@westernsydney.edu.au
tem type fit against ob-  which CABLE-POP is a mem-
servational data (both  ber https://verifydb.lsce.ipsl.fr/
site-level and remotely thredds/fileServer/verify/
sensed) VERIFY_OUTPUT/
FCO2/CO2_Tier3BUPB_
LandFlux_CABLE-POP_
UWESTSYDNEY_LAND_
GLO-304x560_1M_V2021_
20220510_KNAUER_2D.nc
(last access: 16 September
2023)
TRENDY v10 For the land cover/land use in- Tier 3 models, pro- The spread of the 15 TRENDY  Detailed gridded data can be

put maps: data on wood harvest
and agricultural land from the
FAO

cess based. Any emis-
sion factors enter in the
form of generic param-
eters for a given ecosys-
tem type fit against ob-
servational data (both
site-level and remotely
sensed).

models used gives an idea of the
uncertainty due to model struc-
ture in dynamic global vegeta-
tion models, as the forcing data
were harmonized for all mod-
els.

obtained by contacting the data
provider:

Stephen Sitch
S.A.Sitch@exeter.ac.uk

Statistical pre-
diction model
for CO; in
inland waters

HydroSHEDS 15s  (Lehner
et al., 2008) and HydrolK
(USGS, 2000) for river net-
work, HydroLAKES for lake
and reservoir network and
surface area (Messager et al.,
2016); river pCO, data from
GloRiCh (Hartmann et al.,
2014); lake pCO, database
from Sobek et al. (2005);
river channel slope and width
calculated from GLOBE-DEM
(GLOBE-Task-Team et al.,
2020); and runoff data from
Fekete et al. (2002). Geodata
for predictors of pCO; and
gas transfer coefficient include
air temperature, precipitation,
and wind speed (Hijmans et
al., 2005), population density
(CIESIN and CIAT), catchment
slope gradient (HydroSHEDS
15s), and terrestrial NPP (Zhao
et al., 2005)

NA

Monte Carlo runs (uncertainty
on pCO; and gas transfer veloc-
ity)

Detailed gridded data can be
obtained by contacting the data
providers.

Ronny Lauerwald:
Ronny.Lauerwald @ulb.ac.be
Pierre Regnier
Pierre.Regnier@ulb.ac.be

CBM

National forest inventory data,
Tier 2

EFs directly calculated
by model, based on
specific parameters
(i.e., turnover and
decay rates) defined by
the user

NA used from IPCC

Detailed gridded data can be
obtained by contacting the data
providers.

Giacomo Grassi:
Giacomo.GRASSI@ec.europa.eu

Matteo Vizzarri:
Matteo.VIZZARRI@ec.europa.eu

Roberto Pilli:
roberto.pilli713 @gmail.com
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Data sources
CO, emission
calculation

ADl/tier

EFs/tier

Uncertainty assessment method

Emission data availability

EFISCEN-Space

National forest inventory data,
Tier 3

Emission factor is cal-
culated from net bal-
ance of growth minus
harvest

Sensitivity analysis on EFISCEN
V3 in the user manual (Schelhaas
et al., 2007).

Total sensitivity is caused by esp.
young forest growth, width of
volume classes, age of felling and
few more.

Scenario uncertainty comes on
top of this when projecting in fu-
ture.

Detailed gridded data can be
obtained by contacting the data
providers.

Gert-Jan Nabuurs
gert-jan.nabuurs @ wur.nl
Mart-Jan Schelhaas
martjan.schelhaas @wur.nl

FAOSTAT

FAOSTAT Land Use domain;
harmonized world soil; ESA
CCI; MODIS 6 burned area
products

IPCC guidelines

IPCC (2006, Vol. 4, p. 10.33) —
confidential

Uncertainties in estimates of
GHG emissions are due to uncer-
tainties in emission factors and
activity data. They may be related
to, inter alia, natural variabil-
ity, partitioning fractions, lack of
spatial or temporal coverage, or
spatial aggregation.

Agriculture total and
subdomain-specific

GHG emissions are found for
download at
http://www.fao.org/faostat/en/
#data/GT (last access: April
2022).

CO3 land: top-down

CSR

GCP ensemble
(CTE, CAMS,
CarboScope)
EUROCOM
(PYVAR-
CHIMERE,
LUMIA, FLEX-
INVERT, CSR,
CTE-Europe)
LUMIA
CIF-CHIMERE

Tier 3 top-down approach,
prior information from fossil
emissions, ocean fluxes, and
biosphere—atmosphere
exchange;

spatial resolutions ranging from
1° x 1° for certain regions to
4° x 5°; EUROCOM uses more
than 30 atmospheric stations;
CSR uses four different settings
(as described in Appendix A4)

Tier 3 top-down.
Inversion systems
based on atmospheric
transport models

CSR - Gaussian probability dis-
tribution function, where the er-
ror covariance matrix includes er-
rors in prior fluxes, observations
and transport model representa-
tions.

GCP: the different methodolo-
gies, the land use and land cover
dataset, and the different pro-
cesses represented trigger the un-
certainties between models. a
semi-quantitative measure of un-
certainty for annual and decadal
emissions as best value judgment
= at least a 68 % chance (+10)
EUROCOM: account for source
of uncertainties via prior and
model and observation error co-
variance matrices; assessment of
the resulting uncertainties in
fluxes based on spread

LUMIA:

The prior uncertainties are con-
structed using standard devia-
tions proportional to the sum
of the absolute value of the
hourly NEE aggregated in each
weekly optimization interval (so,
in essence, uncertainties are large
when the daily cycle of NEE is
large), spatial correlation lengths
of 500 km (Gaussian) and tempo-
ral correlation lengths of 1 month
(exponential).

Detailed gridded data can be
obtained by contacting the data
providers.

CSR;

Christoph Gerbig:
cgerbig@bgc-jena.mpg.de
Saqr Munassar: smunas@bgc-
jena.mpg.de

GCP;

Pierre Friedlingstein:
P.Friedlingstein @exeter.ac.uk
EUROCOM;

Marko Scholze:

marko.scholze @nateko.lu.se
Gregoire Broquet:
gregoire.broquet@lIsce.ipsl.fr
LUMIA;

Guillaume Monteil:
guillaume.monteil @nateko.lu.se

CIF-CHIMERE;
Gregoire Broquet:
gbroquet@Isce.ipsl.fr

NA - not available

Earth Syst. Sci. Data, 15, 4295-4370, 2023

https://doi.org/10.5194/essd-15-4295-2023


http://www.fao.org/faostat/en/#data/GT
http://www.fao.org/faostat/en/#data/GT

4357

M. J. McGrath et al.: The consolidated European synthesis of COo emissions

*S)[NS2I UOISIAAUT A1) UO 1ordWIT UB JARY [[IM J1 ‘SUONEAISSGO TOD) Ay 2duanyur 03 Jurdyrudis Apuatoyyns st ssaooid e se Suof

SB “Osuas © UJ "$3ssa001d areredas woly suonnquuuoo ojul pajesaissesip oq A[eat jouues xnyj 1oualsod oy pue ‘Totid ) OJuI UM TBYM JO SSI[pIeTaI ‘Xn[j O 21oydsoune—pue[ [e10) 9y ISN[Pe SUOISIOAUT S} $)[NSAI B JOU SUOISIDAUT 3} 0 SINdUI dIe SILI0TLD 9SAY], 3 ‘Surssaooxd ysod Surmp sa01nos viep
SNOLIBA WOIJ pappe a1e 1nq ‘Indino [opowr Sutdeayjooq jou are a3eurep jead pue Suruing jead (*SIOURGIMSIP [RINIRU/SIBWI[I/ISIATRY 1991 JeI]) SANISUIP UOQIRD Paseq-uonealasqo sursn £q ordwr | (SunssAley pue JUSWUOPURQE [RIM[NOLISE I9)Je IMO0I3a1 ‘Keoop 1onpoid pue Yse[s ISIATRY) SI09JJo
PaonpuI-asN-pUE] [[E SOPN[oUI - IudWaFeurw 0} 95Uryd YSnoIy) K[U0 SOXNYY UOGIED IABY Inq $YO0S UOGIED dARY PUE ISIXD puesseid/puedorosaloy o, odoxng ut u puefdo d 1Snq A1) 10] OLIBUAIS JUBAS[DI B 10U ST I SB X JTFA 0] QUOP JOU ST I “10AMOH "V SVII-DIdHd

£q pavernunts Aprordxo aq ues pueidord uo sonpisax doxd Jo Surwng ‘afdround u 5 "YSNOY} 10§ PAIUNOIIE JOU AIE SPOOY PUE SSANS JEH “S[I0S AU} UL JOJEM JO OB ¥ 0 anp UonEI| [mois Jueld <o'1 Jy3nop [10s 10§ spunosde Apred VSVII-DIE ; (5001 JoUI0 10§ 1SOATEY ANPISAI OU “S[EAIID JO ISED
Ut PAISOATRY SANPISAI JO 9 (0Z) PuedoId WOy 1SaATeY ANPIsa1 pue P[aIA do1d) , "AMPOW JAMH 1IIIP B 9ARY J0U SI0P Iq (W) J0j0W JIqna uf uononpoid sey A[uo NHISIAH p HOYILM 9FLIOAL Inq JOUIEAM 0) SANISUS ST IUWIOU! :09edS-NHISLAH  SIOpow Joypo Aq papiaoid indut [euonippe [euiorxd
Suisn ‘gD £q Apo2IIpUI PAEWINSD 9q UED SIO94 WD A, o “SAUIPINT SIS FUIMO[[0J “ANUNOD Yora 10§ AF0[opoyow 9y10ads & s PAIR[NI[ED SAIEWNSO ANUNOD JO J[QUIASUD Y dIe TVISOVA PUE DDDANN ¢ d :Pe[epowr Apred ‘T :pajopowr Aprotduit g :pajopowr Aprorfdxa ‘N :papnjout JoN

- a ic d | I - N | N I N | q I S[10S OIUESIO PAULEIP WO XN[
- | N N N | N - q | N N N q | N 1 (uontsodop N yIIA) UOHEZI[IIR N
- a d d | N - N | N a aN a | q a Supung sseworg
- 7 I I | 7 q - q 7 N N A q 7 N N Jsaarey sseid/doId woiy xn |

(TeoT “Te w

uIR)SSUIPALL])

10z 90D u
~ q q q g4 1V 9lqeL "0y q oN I N N N q §1onpo1d PoOM PaISIAILY WOIJ XN[]
- | N N N | N - N | N N N N | N N (1AL 1iodsuen O [eione ]
- | N N N | q - q | q q q a| I sorwreup O oesIo [1og
- N N N | N - q | N a N N | I I (PUIM JO3SUI ‘SOIY) SAOURQIMSIP [2INTEN
-] N N N | a - q | o ol A N | 1 1 s1ordu paonput-ayewt|y

(zooT “Te

WoIsSUIpaLLD)

120 900
- N N N g 1V 9qeL "0y a N N a N I I uoneznIdy 00
- | N N N | N - N | N N N N | a q Sununoooe puepead
- | aanN /AN AN | q - q | N N N q | N q TO-X/X-TO/TD-TO 1dS
- | q q | q - | N N N 4 | N q [B10) pUB[sSEID)
- | aanN AN /AN | q - 1] N N NN/A a | N q TO-X/X-T0/10-10 Mds
- a el o | a - | N N a | N a 30 puedor)
- | aana WAd /A | a - a|  NNa q N N | q a TA-X/X-14/14-1d Wids

(zooT “1e e

w)sSuIpPaLL])

120 900
- I W e g 1V 9qeL "oy a a a N N a a 2103 15310,]

dod ooedg VSVII
N®H AA[HAAANTE  9DOAANTE | FIATHONO  OTAAANAML ~HT9VD | -NADSIHA WED -OIdd  ASSOOA | wIVISOVA  DJJdNN
S[opowr S[opowr aseqelep

ySuoIsIoAU] Surdeayyoog SINADA Paseq-ssa001d [eqo[D IOHON uonduosaq

"SUOISIOAUL PUE ‘S[opowt dn-w03joq ‘SALI0IUIAUL 9] UI papn[our sassao0id ayy Jo uostredwo)) "z a|qel

Earth Syst. Sci. Data, 15, 4295-4370, 2023

https://doi.org/10.5194/essd-15-4295-2023



4358

Note on former version. A former version of this arti-
cle was published on 28 May 2021 and is available at
https://doi.org/10.5194/essd-13-2363-2021.

Author contributions. MJM processed original data; made
Figs. 1, 3-6, A2, A3, AS, B4, and B5; edited the final manuscript;
and coordinated the response to reviewers. AMRP designed the ini-
tial research, led the discussions, wrote the initial draft of the paper,
and helped edit all the following versions. RMA made Figs. 2, Al,
and B3. BM provided the new UNFCCC gap-filled uncertainties
and provided extensive support on questions related to NGHGIs. PP,
VB, and MJM processed the original data submitted to the VERIFY
portal. PP, PB, and MJM designed and are managing the web portal.
GPP provided Figs. B1 and B2. GPP, RMA, FD, BM, and GG made
detailed reviews. SM made Fig. A4. PC, GB, PIP, MJ, RL, MK, JK,
FC, OT, JP, RG, FNT, JB, and GG gave detailed comments and
advice on previous versions of the manuscript. All remaining co-
authors provided data and commented on specific parts of the text
related to their datasets.

Competing interests. At least one of the (co-)authors is a mem-
ber of the editorial board of Earth System Science Data. The peer-
review process was guided by an independent editor, and the authors
also have no other competing interests to declare.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Acknowledgements. We thank Aurélie Paquirissamy, Géraud
Moulas, and all ARTTIC team members for the great managerial
support offered during the VERIFY project. FAOSTAT statistics are
produced and disseminated with the support of its member countries
to the FAO regular budget. The views expressed in this publication
are those of the author(s) and do not necessarily reflect the views
or policies of FAO. Annual, gap-filled, and harmonized NGHGI un-
certainty estimates for the EU and its member states were provided
by the EU GHG inventory team (European Environment Agency
and its European Topic Centre on Climate Change Mitigation). We
acknowledge the work of other members of the EDGAR group
(Edwin Schaaf, Jos Olivier). We acknowledge Stephen Sitch and
the authors of the DGVMs TRENDY v10 ensemble models for
providing us with the data. We thank all the national forest in-
ventories that have made their data available: Ireland (John Red-
mond), Norway (Rasmus Astrup), Sweden (Jonas Fridman), Poland
(Andrzej Talarczyk), Germany (BMEL), the Netherlands (WUR &
Stichting Probos), Belgium (Flanders: Leen Govaere), Luxembourg
(Thierry Palgen), France (IGN), Spain (MAPA), Switzerland (Es-
ther Thiirig), Italy (CREA), Czech Republic (Emil Cienciala), and
Slovak Republic (Vladimir Sebeii). We thank all the NFI field crews
for their hard work. Timo Vesala thanks ICOS-Finland, University
of Helsinki. Ingrid T. Luijkx and Wouter Peters thank the HPC clus-
ter Aether at the University of Bremen, financed by DFG within the
scope of the Excellence Initiative. Matthew Joseph McGrath and
Vladislav Bastrikov were granted access to the HPC resources of

Earth Syst. Sci. Data, 15, 4295-4370, 2023

M. J. McGrath et al.: The consolidated European synthesis of CO» emissions

GENCI-TGCC under allocation A0130106328. Ronny Lauerwald
thanks the CLand Convergence Institute. Pierre Regnier acknowl-
edges the ESM 2025. Gert-Jan Nabuurs thanks the Dutch National
Forest Inventory, funded by the Ministry of Agriculture, Nature and
Food Quality. Guillaume Monteil’s model computations were en-
abled by resources provided by the Swedish National Infrastructure
for Computing (SNIC) at NSC partially funded by the Swedish Re-
search Council through grant agreement no. 2018-05973. We also
acknowledge a helpful community comment by Alex Vermeulen
during the review process.

Financial support. This research has been supported by the Eu-
ropean Commission, Horizon 2020 Framework Programme (VER-
IFY, grant no. 776810, for Antoine Berchet, Audrey Fortems-
Cheiney, Ana Maria Roxana Petrescu, Aurélie Paquirissamy,
Christoph Gerbig, Gregoire Broquet, Greet Janssens-Maenhout,
Gert-Jan Nabuurs, Guillaume Monteil, Glen P. Peters, Hugo A.
C. Denier van der Gon, Juraj Balkovi¢, Lucia Perugini, Matthew
Jones, Matthew Joseph McGrath, Matthias Kuhnert, Matteo Viz-
zarri, Philippe Peylin, Pierre Regnier, Pete Smith, Raphael Ganzen-
miiller, Robbie M. Andrew, Stijn Dellaert). Matthew Joseph Mc-
Grath, Greet Janssens-Maenhout, Glen P. Peters, and Robbie M.
Andrew also acknowledge funding from the European Union’s
Horizon 2020 research and innovation program under grant agree-
ment no. 958927 (CoCO2). Philippe Ciais acknowledges the sup-
port of European Research Council Synergy project SyG-2013-
610028 IMBALANCE-P and from the ANR CLand Convergence
Institute.

Review statement. This paper was edited by Nellie Elguindi and
reviewed by John Miller and one anonymous referee.

References

Andrew, R. M.: A comparison of estimates of global carbon dioxide
emissions from fossil carbon sources, Earth Syst. Sci. Data, 12,
1437-1465, https://doi.org/10.5194/essd-12-1437-2020, 2020.

Andrew, R. M. and Peters, G.: The Global Carbon Project’s fos-
sil CO, emissions dataset, Global Carbon Project, Zenodo [data
set], https://doi.org/10.5281/zenodo.5569234, 2022.

Bakker, D. C. E., Alin, S. R., Becker, M., Bittig, H. C., Castafio-
Primo, R., Feely, R. A., Gkritzalis, T., Kadono, K., Kozyr, A.,
Lauvset, S. K., Metzl, N., Munro, D. R., Nakaoka, S., No-
jiri, Y., O’Brien, K. M., Olsen, A., Pfeil, B., Pierrot, D., Stein-
hoff, T., Sullivan, K. E,, Sutton, A. J., Sweeney, C., Tilbrook,
B., Wada, C., Wanninkhof, R., Willstrand Wranne, A., Akl, J.,
Apelthun, L. B., Bates, N., Beatty, C. M., Burger, E. F., Cai,
W.-]J., Cosca, C. E., Corredor, J. E., Cronin, M., Cross, J. N.,
De Carlo, E. H., DeGrandpre, M. D., Emerson, S., Enright, M.
P, Enyo, K., Evans, W., Frangoulis, C., Fransson, A., Garcia-
Ibafiez, M. L., Gehrung, M., Giannoudi, L., Glockzin, M., Hales,
B., Howden, S. D., Hunt, C. W., Ibanhez, J. S. P, Jones, S.
D., Kamb, L., Kortzinger, A., Landa, C. S., Landschiitzer, P.,
Lefevre, N., Lo Monaco, C., Macovei, V. A., Maenner Jones, S.,
Meinig, C., Millero, F. J., Monacci, N. M., Mordy, C., Morell,
J. M., Murata, A., Musielewicz, S., Neill, C., Newberger, T,

https://doi.org/10.5194/essd-15-4295-2023


https://doi.org/10.5194/essd-13-2363-2021
https://doi.org/10.5194/essd-12-1437-2020
https://doi.org/10.5281/zenodo.5569234

M. J. McGrath et al.: The consolidated European synthesis of COo emissions

Nomura, D., Ohman, M., Ono, T., Passmore, A., Petersen, W.,
Petihakis, G., Perivoliotis, L., Plueddemann, A. J., Rehder, G.,
Reynaud, T., Rodriguez, C., Ross, A. C., Rutgersson, A., Sabine,
C. L., Salisbury, J. E., Schlitzer, R., Send, U., Skjelvan, I., Sta-
mataki, N., Sutherland, S. C., Sweeney, C., Tadokoro, K., Tan-
hua, T., Telszewski, M., Trull, T., Vandemark, D., van Ooijen,
E., Voynova, Y. G., Wang, H., Weller, R. A., Whitehead, C.,
and Wilson, D.: Surface Ocean CO, Atlas Database Version
2022 (SOCATVv2022) (NCEI Accession 0253659), Subset v2021,
NOAA National Centers for Environmental Information [data
set], https://doi.org/10.25921/1h9f-nb73, 2022.

Balkovi¢, J., van der Velde, M., Schmid, E., Skalsky, R.,
Khabarov, N., Obersteiner, M., Stiirmer, B., and Xiong, W.: Pan-
European crop modeling with EPIC: Implementation, up-scaling
and regional crop yield validation, Agric. Syst., 120, 61-75,
https://doi.org/10.1016/j.agsy.2013.05.008, 2013.

Balkovic¢, J., Skalsky, R., Folberth, C., Khabarov, N., Schmid, E.,
Madaras, M., Obersteiner, M., and van der Velde, M.: Impacts
and Uncertainties of +2 °C of Climate Change and Soil Degra-
dation on European Crop Calorie Supply, Earths Future, 6, 373—
395, https://doi.org/10.1002/2017EF000629, 2018.

Balkovi¢, J., Madaras, M., Skalsky, R., Folberth, C., Smatanovai,
M., Schmid, E., van der Velde, M., Kraxner, F., and Ober-
steiner, M.: Verifiable soil organic carbon modeling to facili-
tate regional reporting of cropland carbon change: A test case
in the Czech Republic, J. Environ. Manage., 274, 111206,
https://doi.org/10.1016/j.jenvman.2020.111206, 2020.

Bastos, A., Ciais, P, Friedlingstein, P., Sitch, S., Pongratz, J., Fan,
L., Wigneron, J. P., Weber, U., Reichstein, M., Fu, Z., Anthoni,
P., Arneth, A., Haverd, V., Jain, A. K., Joetzjer, E., Knauer, J.,
Lienert, S., Loughran, T., McGuire, P. C., Tian, H., Viovy, N.,
and Zaehle, S.: Direct and seasonal legacy effects of the 2018
heat wave and drought on European ecosystem productivity,
Sci. Adv., 6, eaba2724, https://doi.org/10.1126/sciadv.aba2724,
2020a.

Bastos, A., O’Sullivan, M., Ciais, P., Makowski, D., Sitch, S.,
Friedlingstein, P., Chevallier, F., Rédenbeck, C., Pongratz, J.,
Luijkx, I. T., Patra, P. K., Peylin, P., Canadell, J. G., Lauer-
wald, R., Li, W., Smith, N. E., Peters, W., Goll, D. S., Jain,
A. K., Kato, E., Lienert, S., Lombardozzi, D. L., Haverd,
V., Nabel, J. E. M. S., Poulter, B., Tian, H., Walker, A. P.,
and Zaehle, S.: Sources of uncertainty in regional and global
terrestrial CO, exchange estimates, Global Biogeochem. Cy.,
34, e2019GB006393, https://doi.org/10.1029/2019GB006393,
2020b.

Bastos, A., Hartung, K., Niitzel, T. B., Nabel, J. E. M. S., Houghton,
R. A., and Pongratz, J.: Comparison of uncertainties in land-use
change fluxes from bookkeeping model parameterisation, Earth
Syst. Dynam., 12, 745-762, https://doi.org/10.5194/esd-12-745-
2021, 2021.

Basu, S., Lehman, S. J., Miller, J. B., Andrews, A. E., Sweeney,
C., Gurney, K. R., Xu, X., Southon, J., and Tans, P. P.: Estimat-
ing US fossil fuel CO, emissions from measurements of 14C in
atmospheric CO,, P. Natl. Acad. Sci. USA, 117, 13300-13307,
https://doi.org/10.1073/pnas.1919032117, 2020.

Battin, T. J., Lauerwald, R., Bernhardt, E. S., Bertuzzo, E.,
Gener, L. G., Hall Jr, R. O., Hotchkiss, E. R., Maavara, T.,
Pavelsky, T. M., Ran, L., Raymond, P., Rosentreter, J. A.,
and Regnier, P.: River ecosystem metabolism and carbon bio-

https://doi.org/10.5194/essd-15-4295-2023

4359

geochemistry in a changing world, Nature, 613, 449-459,
https://doi.org/10.1038/s41586-022-05500-8, 2023.

Becker, M., Olsen, A., Landschiitzer, P., Omar, A., Rehder, G., Ro-
denbeck, C., and Skjelvan, I.: The northern European shelf as
an increasing net sink for CO,, Biogeosciences, 18, 1127-1147,
https://doi.org/10.5194/bg-18-1127-2021, 2021.

Berchet, A., Sollum, E., Thompson, R. L., Pison, I., Thanwerdas, J.,
Broquet, G., Chevallier, F., Aalto, T., Berchet, A., Bergamaschi,
P., Brunner, D., Engelen, R., Fortems-Cheiney, A., Gerbig, C.,
Groot Zwaaftink, C. D., Haussaire, J.-M., Henne, S., Houweling,
S., Karstens, U., Kutsch, W. L., Luijkx, I. T., Monteil, G., Palmer,
P. L., van Peet, J. C. A., Peters, W., Peylin, P., Potier, E., Roden-
beck, C., Saunois, M., Scholze, M., Tsuruta, A., and Zhao, Y.:
The Community Inversion Framework v1.0: a unified system for
atmospheric inversion studies, Geosci. Model Deyv., 14, 5331—
5354, https://doi.org/10.5194/gmd-14-5331-2021, 2021.

Bergamaschi, P., Danila, A. M., Weiss, R., Ciais, P., Thompson, R.
L., Brunner, D., Levin, 1., Meijer, Y., Chevallier, F., Janssens-
Maenhout, G., Bovensmann, H., Crisp, D., Basu, S., Dlugo-
kencky, E., Engelen, R., Gerbig, C., Giinther, D., Hammer, S.,
Henne, S., Houweling, S., Karstens, U., Kort, E., Maione, M.,
Manning, A., Miller, J., Montzka, S., Pandey, S., Peters, W.,
Peylin, P., Pinty, B., Ramonet, M., Reimann, S., Réckmann, T.,
Schmidt, M., Strogies, M., Sussams, J., Tarasova, O., Van Aar-
denne, J., Vermeulen, A., and Vogel, F.: Atmospheric monitoring
and inverse modelling for verification of greenhouse gas inven-
tories, JRC report, https://doi.org/10.2760/759928, 2018.

BP: 60 Years BP Statistical Review of World Energy: 1951-2011,
https://www.bp.com/en/global/corporate/energy-economics/
statistical-review-of-world-energy/downloads.html (last access:
8 February 2019), 2011.

BP: Methodology for calculating CO; emissions from energy use,
https://www.bp.com/en/global/corporate/energy-economics/
statistical-review-of-world-energy/co2-emissions.html (last
access: 8 February 2019), 2017.

BP: BP Statistical Review of World Energy June 2018,
https://www.bp.com/en/global/corporate/energy-economics/
statistical-review-of- world-energy/downloads.html, last access:
14 June 2018.

Bradbury, N. J., Whitmore, A. P., Hart, P. B. S., and Jenk-
inson, D. S.: Modelling the fate of nitrogen in crop and
soil in the years following application of 15N-labelled
fertilizer to winter wheat, J. Agr. Sci, 121, 363-379,
https://doi.org/10.1017/S0021859600085567, 1993.

Brophy, K., Graven, H., Manning, A. J., White, E., Arnold, T,
Fischer, M. L., Jeong, S., Cui, X., and Rigby, M.: Characteriz-
ing uncertainties in atmospheric inversions of fossil fuel CO2
emissions in California, Atmos. Chem. Phys., 19, 2991-3006,
https://doi.org/10.5194/acp-19-2991-2019, 2019.

Broquet, G., Chevallier, F., Rayner, P., Aulagnier, C., Pison, L., Ra-
monet, M., Schmidt, M., Vermeulen, A. T., and Ciais, P.: A Euro-
pean summertime CO, biogenic flux inversion at mesoscale from
continuous in situ mixing ratio measurements, J. Geophys. Res.,
116, D23303, https://doi.org/10.1029/2011JD016202, 2011.

Broquet, G., Chevallier, F., Bréon, F.-M., Kadygrov, N., Alemanno,
M., Apadula, F., Hammer, S., Haszpra, L., Meinhardt, F., Morgut,
J. A., Necki, J., Piacentino, S., Ramonet, M., Schmidt, M.,
Thompson, R. L., Vermeulen, A. T., Yver, C., and Ciais, P.:
Regional inversion of CO; ecosystem fluxes from atmospheric

Earth Syst. Sci. Data, 15, 4295-4370, 2023


https://doi.org/10.25921/1h9f-nb73
https://doi.org/10.1016/j.agsy.2013.05.008
https://doi.org/10.1002/2017EF000629
https://doi.org/10.1016/j.jenvman.2020.111206
https://doi.org/10.1126/sciadv.aba2724
https://doi.org/10.1029/2019GB006393
https://doi.org/10.5194/esd-12-745-2021
https://doi.org/10.5194/esd-12-745-2021
https://doi.org/10.1073/pnas.1919032117
https://doi.org/10.1038/s41586-022-05500-8
https://doi.org/10.5194/bg-18-1127-2021
https://doi.org/10.5194/gmd-14-5331-2021
https://doi.org/10.2760/759928
https://www.bp.com/en/global/corporate/energy-economics/statistical-review-of-world-energy/downloads.html
https://www.bp.com/en/global/corporate/energy-economics/statistical-review-of-world-energy/downloads.html
https://www.bp.com/en/global/corporate/energy-economics/statistical-review-of-world-energy/co2-emissions.html
https://www.bp.com/en/global/corporate/energy-economics/statistical-review-of-world-energy/co2-emissions.html
https://www.bp.com/en/global/corporate/energy-economics/statistical-review-of-world-energy/downloads.html
https://www.bp.com/en/global/corporate/energy-economics/statistical-review-of-world-energy/downloads.html
https://doi.org/10.1017/S0021859600085567
https://doi.org/10.5194/acp-19-2991-2019
https://doi.org/10.1029/2011JD016202

4360

measurements: reliability of the uncertainty estimates, Atmos.
Chem. Phys., 13, 9039-9056, https://doi.org/10.5194/acp-13-
9039-2013, 2013.

Camia, A., Giuntoli, J., Jonsson, K., Robert, N., Cazzaniga, N.,
Jasineviius, G., Avitabile, V., Grassi, G., Barredo Cano, J.
I., and Mubareka, S., The use of woody biomass for energy
production in the EU, EUR 30548 EN, Publications Office of
the European Union, Luxembourg, ISBN 978-92-76-27866-5,
https://doi.org/10.2760/428400, JRC1227192020, 2020.

Carlson, D. and Oda, T.: Editorial: Data publication — ESSD goals,
practices and recommendations, Earth Syst. Sci. Data, 10, 2275—
2278, https://doi.org/10.5194/essd-10-2275-2018, 2018.

CDIAC: The Appalachian Energy Center data center, https://energy.
appstate.edu/CDIAC, last access: 10 November 2022.

Ceccherini, G., Duveiller, G., Grassi, G., Lemoine, G., Avitabile,
V., Pilli, R., and Cescatti, A.: Abrupt increase in harvested
forest area over Europe after 2015, Nature, 583, 72-77,
https://doi.org/10.1038/s41586-020-2438-y, 2020.

CEDS: A Community Emissions Data System (CEDS) for His-
torical Emissions data, v_2019_12 23, https://www.pnnl.gov/
projects/ceds, last access: 10 November 2022.

Chang, J., Ciais, P, Herrero, M., Havlik, P., Campioli, M., Zhang,
X., Bai, Y., Viovy, N., Joiner, J., Wang, X., Peng, S., Yue, C.,
Piao, S., Wang, T., Hauglustaine, D. A., Soussana, J.-F., Pere-
gon, A., Kosykh, N., and Mironycheva-Tokareva, N.: Combin-
ing livestock production information in a process-based vegeta-
tion model to reconstruct the history of grassland management,
Biogeosciences, 13, 3757-3776, https://doi.org/10.5194/bg-13-
3757-2016, 2016.

Chen, J., Wang, S., Kraxner, E., Balkovi¢, J., Xu, X., and Sun, L.:
Spatial Analysis of the Soil Carbon Sequestration Potential of
Crop-Residue Return in China Based on Model Simulation, J.
Resour. Ecol., 10, 184-195, https://doi.org/10.5814/j.issn.1674-
764x.2019.02.009, 2019.

Chevallier, F., Fisher, M., Peylin, P, Serrar, S., Bousquet,
P, Bréon, F-M., Chédin, A., and Ciais, P.: Inferring CO,
sources and sinks from satellite observations: Method and
application to TOVS data, J. Geophys. Res., 110, D24309,
https://doi.org/10.1029/2005JD006390, 2005.

Chevallier, F., Breion, F-M., and Rayner, P. J.: Contribution
of the Orbiting Carbon Observatory to the estimation of
CO, sources and sinks: Theoretical study in a variational
data assimilation framework, J. Geophys. Res., 112, D09307,
https://doi.org/10.1029/2006JD007375, 2007.

Chevallier, F.,, Ciais, P., Conway, T. J., Aalto, T., Anderson, B. E.,
Bousquet, P, Brunke, E. G., Ciattaglia, L., Esaki, Y., Frohlich,
M., Gomez, A. J., Gomez-Pelaez, A. J., Haszpra, L., Krummel,
P, Langenfelds, R., Leuenberger, M., Machida, T., Maignan, F.,
Matsueda, H., Morgui, J. A., Mukai, H., Nakazawa, T., Peylin,
P., Ramonet, M., Rivier, L., Sawa, Y., Schmidt, M., Steele, P.,
Vay, S. A., Vermeulen, A. T., Wofsy, S., and Worthy, D.: CO,
surface fluxes at grid point scale estimated from a global 21-year
reanalysis of atmospheric measurements. J. Geophys. Res., 115,
D21307, https://doi.org/10.1029/2010JD013887, 2010.

Ciais, P, Reichstein, M., Viovy, N., Granier, A., Ogée, J., Allard,
V., Aubinet, M., Buchmann, N., Bernhofer Chr., Carrara, A.,
Chevallier, F.,, De Noblet, N., Friend, A. D., Friedlingstein, P.,
Griinwald, T., Heinesch, B., Keronen, P., Knohl, A., Krinner,
G., Loustau, D., Manca, G., Matteucci, G., Miglietta, F., Our-

Earth Syst. Sci. Data, 15, 4295-4370, 2023

M. J. McGrath et al.: The consolidated European synthesis of CO» emissions

cival, J. M., Papale, D., Pilegaard, K., Rambal, S., Seufert, G.,
Soussana, J. F., Sanz, M. J., Schulze, E. D., Vesala, T., and
Valentini, R.: Europe-wide reduction in primary productivity
caused by the heat and drought in 2003, Nature, 437, 529-533,
https://doi.org/10.1038/nature03972, 2005.

Ciais, P., Crisp, D., Denier van der Gon, H., Engelen, R.,
Janssens-Maenhout, G., Heimann, M., Rayner, P., and Scholze,
M.: Towards a European Operational Observing System
to Monitor Fossil CO, emissions — Final Report from
the expert group, https://www.copernicus.eu/sites/default/files/
2019-09/CO2_Blue_report_2015.pdf (last access: 9 September
2023), 2015.

Ciais, P, Yao, Y., Gasser, T., Baccini, A., Wang, Y., Lauerwald, R.,
Peng, S., Bastos, A., Li, W., Raymond, P.A. and Canadell, J. G.,
Peters, G. P., Andres, R. J., Chang, J., Yue, C., Dolman, A. J.,
Haverd, V., Hartmann, J., Laruelle, G., Konings, A. G., King, A.
W., Liu, Y., Luyssaert, S., Maignan, F., Patra, P. K., Peregon, A.,
Regnier, P., Pongratz, J., Poulter, B., Shvidenko, A., Valentini,
R., Wang, R., Brouquet, G., Yin, Y., Zscheischler, J., Guenet, B.,
Goll, D. S., Ballantyne, A.-P., Yang, H., Qiu, C., and Zhu, D.:
Empirical estimates of regional carbon budgets imply reduced
global soil heterotrophic respiration, Nat. Sci. Rev., 8, nwaal45,
https://doi.org/10.1093/nsr/nwaal45s, 2021.

CoCO2: Prototype system for a Copernicus CO2 service, https:/
coco2-project.eu/, last access: 21 November 2022.

Coleman, K. and Jenkinson, D. S.: RothC-26.3 — A model the
turnover of carbon in soil, in: Evaluation of soil organic matter
models using existing long-term datasets, edited by: Powlson, D.
S., Smith, P, and Smith, J. U., NATO ASI Series I, Springer,
Berlin, Heidelberg, 38, 237-246, https://doi.org/10.1007/978-3-
642-61094-3_17, 1996.

Conchedda, G. and Tubiello, F. N.: Drainage of organic soils
and GHG emissions: validation with country data, Earth Syst.
Sci. Data, 12, 3113-3137, https://doi.org/10.5194/essd-12-3113-
2020, 2020.

Cox, A., Di Sarra, A. G., Vermeulen, A., Manning, A., Beyersdorf,
A., Zahn, A., Manning, A., Watson, A., Karion, A., Hensen, A.,
Arlyn A., Frumau, A., Colomb, A., Scheeren, B., Law, B., Baier,
B., Munger, B., Paplawsky, B., Viner, B., Stephens, B., Daube,
B., Labuschagne, C., Myhre, C. L., Hanson, C., Miller, C. E.,
Plass-Duelmer, C., Gerbig, C., Sloop, C. D., Sweeney, C., Ku-
bistin, D., Goto, D., Jaffe, D., Say, D., Van Dinther, D., Bowling,
D., Lam, D. H. Y., Munro, D., Dickon Y., Worthy, D., Dlugo-
kencky, E., Kozlova, E., Gloor, E., Cuevas, E., Reyes-Sanchez,
E., Hintsa, E., Kort, E., Morgan, E., Obersteiner, F., Apadula,
F., Gheusi, F., Meinhardt, F., Moore, F., Vitkova, G., Chen, G.,
Bentz, G., Manca, G., Brailsford, G., Forster, G., Boenisch,
H., Riris, H., Meijer, H., Timas, H., Matsueda, H., Huilin C.,
Levin, L., Lehner, 1., Mammarella, 1., Bartyzel, J., Abshire, J.
B., Elkins, J. W., Levula, J., Necki, J., Pichon, J. M., Peischl,
J., Miiller- Williams, J., Turnbull, J., Miller, J. B., Lee, J., Lin,
J., Morgui, J.-A., DiGangi, J. P, Lavric, J., Hatakka, J., Coletta,
J. D., Worsey, J., Holst, J., Kominkova, K., McKain, K., Saito,
K., Aikin, K., Davis, K., Thoning, K., Tgrseth, K., Haszpra, L.,
Mitchell, L., Gatti, L.V., Emmenegger, L., Chmura, M., Mer-
chant, L., Sha, M. K., Delmotte, M.,Fischer, Marc L., Schu-
macher, M., Torn, M., Leuenberger, M., Heimann, M., Stein-
bacher, M., De Maziere, M., Sargent, M., Lindauer, M., Mélder,
M., Martin, M. Y., Shook, M., Galkowski, M., Heliasz, M.,

https://doi.org/10.5194/essd-15-4295-2023


https://doi.org/10.5194/acp-13-9039-2013
https://doi.org/10.5194/acp-13-9039-2013
https://doi.org/10.2760/428400
https://doi.org/10.5194/essd-10-2275-2018
https://energy.appstate.edu/CDIAC
https://energy.appstate.edu/CDIAC
https://doi.org/10.1038/s41586-020-2438-y
https://www.pnnl.gov/projects/ceds
https://www.pnnl.gov/projects/ceds
https://doi.org/10.5194/bg-13-3757-2016
https://doi.org/10.5194/bg-13-3757-2016
https://doi.org/10.5814/j.issn.1674-764x.2019.02.009
https://doi.org/10.5814/j.issn.1674-764x.2019.02.009
https://doi.org/10.1029/2005JD006390
https://doi.org/10.1029/2006JD007375
https://doi.org/10.1029/2010JD013887
https://doi.org/10.1038/nature03972
https://www.copernicus.eu/sites/default/files/2019-09/CO2_Blue_report_2015.pdf
https://www.copernicus.eu/sites/default/files/2019-09/CO2_Blue_report_2015.pdf
https://doi.org/10.1093/nsr/nwaa145
https://coco2-project.eu/
https://coco2-project.eu/
https://doi.org/10.1007/978-3-642-61094-3_17
https://doi.org/10.1007/978-3-642-61094-3_17
https://doi.org/10.5194/essd-12-3113-2020
https://doi.org/10.5194/essd-12-3113-2020

M. J. McGrath et al.: The consolidated European synthesis of COo emissions 4361

Marek, M. V., Ramonet, M., Miroslaw Z., Lopez, M., Sasakawa,
M., Mihalopoulos, N., Miles, N., Lee, O. S.M., Laurent, O.,
Peltola, O., Hermanssen, O., Trisolino, P., Cristofanelli, P., Ko-
lari, P., Krummel, P., Shepson, P., Smith, P., Rivas, P. P., Bak-
win, P.,, Bergamaschi, P., Keronen, P., Tans, P., Van Den Bulk,
P, Keeling, R., Ramos, R., Langenfelds, R., Leppert, R., Cur-
coll, R., Commane, R., Newman, S., Piacentino, S., Hammer,
S., Richardson, S., Biraud, S. C., Conil, S., Clark, S., Mori-
moto, S., Shuangxi F., Aoki, S., O’Doherty, S., Sites Climadat,
Zaehle, S., De Wekker, S., Kawa, S. R., Montzka, S., Walker,
S., Piper, S., Wofsy, S., Nichol, S., Schuck, T., Lauvaux, T.,
Ryerson, T., Seifert, T., Griffis, T., Biermann, T., Gehrlein, T.,
Machida, T., Laurila, T., Aalto, T., Gomez-Trueba, V., Kazan, V.,
Ivakhov, V., Joubert, W., Niwa, Y., and Loh, Z.: Multi-laboratory
compilation of atmospheric carbon dioxide data for the period
1957-2019; obspack_CO,_1_GLOBALVIEWplus_v6.1_2021-
03-01, NOAA Global Monitoring Laboratory [data set],
https://doi.org/10.25925/20201204, 2021.

Crippa, M., Oreggioni, G., Guizzardi, D., Muntean, M., Schaaf,
E., Lo Vullo, E., Solazzo, E., Monforti-Ferrario, F., Olivier, J.
G. J., and Vignati, E.: Fossil CO, and GHG emissions of all
world countries — 2019 Report, Publications Office of the Eu-
ropean Union, Luxembourg, 2019, JRC117610, ISBN 978-92-
76-11100-9, https://doi.org/10.2760/687800, 2019.

Dellaert, S. N. C., Visschedijk, A. J. H., Kuenen, J., Super,
I., Denier van der Gon, H. A. C.: Final High Resolu-
tion emission data 2005-2018, VERIFY deliverable re-
port D2.3: (TNO GHGco emission inventory v3.0), https:
/Iverity.lsce.ipsl.fr/index.php/repository/public-deliverables/
wp2-verification-methods-for-fossil-co2-emissions/
verify-deliverable-2-3 (last access: 16 September 2023),
June 2021.

Deng, Z., Ciais, P., Tzompa-Sosa, Z. A., Saunois, M., Qiu, C., Tan,
C., Sun, T., Ke, P, Cui, Y., Tanaka, K., Lin, X., Thompson, R.
L., Tian, H., Yao, Y., Huang, Y., Lauerwald, R., Jain, A. K., Xu,
X., Bastos, A., Sitch, S., Palmer, P. 1., Lauvaux, T., d’ Aspremont,
A., Giron, C., Benoit, A., Poulter, B., Chang, J., Petrescu, A. M.
R., Davis, S. J., Liu, Z., Grassi, G., Albergel, C., Tubiello, F. N.,
Perugini, L., Peters, W., and Chevallier, F.: Comparing national
greenhouse gas budgets reported in UNFCCC inventories against
atmospheric inversions, Earth Syst. Sci. Data, 14, 1639-1675,
https://doi.org/10.5194/essd-14-1639-2022, 2022.

De Smet, P. A. M. and Hettelingh, J.-P.: Intercomparison of Cur-
rent European Land Use/Land Cover Databases, Status Report
2001 Coordination Center for Effects, RIVM Report 259101010,
Bilthoven, Netherlands, 41-52, 2001.

Di Sarra, A. G., Karion, A., Arlyn Andrews, Colomb, A., Scheeren,
B., Viner, B., Myhre, C. L., Miller, C. E., Plass-Duelmer, C.,
Plass-Duelmer, C., Sloop, C. D., Sweeney, C., Kubistin, D.,
Jaffe, D., Dlugokencky, E., Vitkova, G., Manca, G., Huilin Chen,
Lehner, 1., Mammarella, 1., Pichon, J. M., Miiller-Williams, J.,
Miller, J. B., Lee, J., Hatakka, J., Holst, J., Kominkova, K.,
McKain, K., Thoning, K., Tgrseth, K., Emmenegger, L., Sha,
M. K., Delmotte, M., Fischer, M. L., Schumacher, M., Leuen-
berger, M., Steinbacher, M., De Maziere, M., Lindauer, M.,
Molder, M., Heliasz, M., Marek, M. V., Ramonet, M., Lopez,
M., Laurent, O., Hermanssen, O., Trisolino, P., Cristofanelli,
P, Smith, P., Bakwin, P., Bergamaschi, P., Keronen, P., Tans,
P., Piacentino, S., Biraud, S. C., Conil, S., De Wekker, S.,

https://doi.org/10.5194/essd-15-4295-2023

Biermann, T., Laurila, T., Aalto, T., and Kazan, V.. Multi-
laboratory compilation of atmospheric carbon dioxide data
for the years 2020-2021; obspack_CO,_1_NRT _v6.1.1_2021-
05-17, NOAA Global Monitoring Laboratory [data set],
https://doi.org/10.25925/20210517, 2021.

Drought 2018 Team, ICOS Atmosphere Thematic Centre: Drought-
2018 atmospheric CO, Mole Fraction product for 48 stations
(96 sample heights), Integrated Carbon Observation System [data
set], https://doi.org/10.18160/ERE9-9D85, 2020.

Ducoudré, N. I., Laval, K., and Perrier, A.: SECHIBA, a new set
of parameterizations of the hydrologic exchanges at the land-
atmosphere interface within the LMD atmospheric general cir-
culation model, J. Climate, 6, 248-273, 1993.

ESA: Land Cover CCI Product User Guide Version 2, ESA,
http://maps.elie.ucl.ac.be/CCl/viewer/index.php (last access: 10
November 2022), 2017.

EU: REGULATION (EU) No 525/2013 OF THE EUROPEAN
PARLIAMENT AND OF THE COUNCIL of 21 May 2013
on a mechanism for monitoring and reporting greenhouse gas
emissions and for reporting other information at national and
Union level relevant to climate change and repealing Deci-
sion No 280/2004/EC, https://eur-lex.europa.eu/legal-content/
EN/TXT/PDF/?uri=CELEX:32013R0525&from=EN (last ac-
cess: 9 September 2023), 2013.

EU: Regulation (EU) 2018/841 of the European Parliament and
of the Council of 30 May 2018 on the inclusion of green-
house gas emissions and removals from land use, land use
change and forestry in the 2030 climate and energy framework,
and amending Regulation (EU) No 525/2013 and Decision No
529/2013/EU, http://data.europa.eu/eli/reg/2013/525/0j (last ac-
cess: 9 September 2023), 2018a.

EU: Regulation (EU) 2018/842 of the European Parliament and
of the Council of 30 May 2018 on binding annual greenhouse
gas emission reductions by Member States from 2021 to 2030
contributing to climate action to meet commitments under the
Paris Agreement and amending Regulation (EU) No 525/2013,
http://data.europa.eu/eli/reg/2018/842/0j (last access: 9 Septem-
ber 2023), 2018b.

EU: Communication COM/2020/562: Stepping up Europe’s 2030
climate ambition Investing in a climate-neutral future for the
benefit of our people, https://knowledge4policy.ec.europa.eu/
publication/communication-com2020562-stepping-europe%
E2%80%99s-2030-climate-ambition-investing-climate_en (last
access: 10 November 2022), 2020.

EU: Procedure 2021/0201/COD, COM (2021) 554: Proposal for
a REGULATION OF THE EUROPEAN PARLIAMENT AND
OF THE COUNCIL amending Regulations (EU) 2018/841 as re-
gards the scope, simplifying the compliance rules, setting out the
targets of the Member States for 2030 and committing to the col-
lective achievement of climate neutrality by 2035 in the land use,
forestry and agriculture sector, and (EU) 2018/1999 as regards
improvement in monitoring, reporting, tracking of progress and
review, https://eur-lex.europa.eu/procedure/EN/2021_201 (last
access: 9 September 2023), 2021a.

EU: Regulation (EU) 2021/1119 of the European Parliament
and of the Council of 30 June 2021 establishing the frame-
work for achieving climate neutrality and amending Regula-
tions (EC) No 401/2009 and (EU) 2018/1999 (“European Cli-
mate Law”), https://eur-lex.europa.eu/legal-content/EN/TXT/

Earth Syst. Sci. Data, 15, 4295-4370, 2023


https://doi.org/10.25925/20201204
https://doi.org/10.2760/687800
https://verify.lsce.ipsl.fr/index.php/repository/public-deliverables/wp2-verification-methods-for-fossil-co2-emissions/verify-deliverable-2-3
https://verify.lsce.ipsl.fr/index.php/repository/public-deliverables/wp2-verification-methods-for-fossil-co2-emissions/verify-deliverable-2-3
https://verify.lsce.ipsl.fr/index.php/repository/public-deliverables/wp2-verification-methods-for-fossil-co2-emissions/verify-deliverable-2-3
https://verify.lsce.ipsl.fr/index.php/repository/public-deliverables/wp2-verification-methods-for-fossil-co2-emissions/verify-deliverable-2-3
https://doi.org/10.5194/essd-14-1639-2022
https://doi.org/10.25925/20210517
https://doi.org/10.18160/ERE9-9D85
http://maps.elie.ucl.ac.be/CCI/viewer/index.php
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32013R0525&from=EN
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32013R0525&from=EN
http://data.europa.eu/eli/reg/2013/525/oj
http://data.europa.eu/eli/reg/2018/842/oj
https://knowledge4policy.ec.europa.eu/publication/communication-com2020562-stepping-europe%E2%80%99s-2030-climate-ambition-investing-climate_en
https://knowledge4policy.ec.europa.eu/publication/communication-com2020562-stepping-europe%E2%80%99s-2030-climate-ambition-investing-climate_en
https://knowledge4policy.ec.europa.eu/publication/communication-com2020562-stepping-europe%E2%80%99s-2030-climate-ambition-investing-climate_en
https://eur-lex.europa.eu/procedure/EN/2021_201
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32021R1119

4362

2uri=CELEX:32021R1119 (last access: 9 September 2023),
2021b.

EU NIR: Annual European Union greenhouse gas inventory 1990—
2019 and inventory report 2021, Submission to the UNFCCC
Secretariat, EEA/PUBL/2021/066, https://unfccc.int/documents/
275968 (last access: June 2023), 2021.

EU NIR: Annual European Union greenhouse gas inventory 1990—
2020 and inventory report 2022, Submission to the UNFCCC
Secretariat, EEA/PUBL/2022/023, https://unfccc.int/documents/
461931 (last access: June 2023), 2022.

FAO: FAOSTAT data,https://www.fao.org/faostat/en/#data/GT (last
access: June 2021), 2021.

Federici, S., Tubiello, F. N., Salvatore, M., Jacobs, H., and
Schmidhuber, J.: New estimates of CO; forest emissions
and removals: 1990-2015, Forest Ecol. Manage., 352, 89-98,
https://doi.org/10.1016/j.foreco.2015.04.022, 2015.

Fekete, B. M., Vorosmarty, C. J., and Grabs, W.: High-resolution
fields of global runoff combining observed river discharge and
simulated 38 water balances, Global Biogeochem. Cy., 16, 1042,
https://doi.org/10.1029/1999gb001254, 2002.

Feng, L., Palmer, P. L., Parker, R. J., Deutscher, N. M., Feist, D.
G., Kivi, R., Morino, 1., and Sussmann, R.: Estimates of Eu-
ropean uptake of CO, inferred from GOSAT XCO; retrievals:
sensitivity to measurement bias inside and outside Europe, At-
mos. Chem. Phys., 16, 1289-1302, https://doi.org/10.5194/acp-
16-1289-2016, 2016.

FOREST EUROPE, 2015: State of Europe’s Forests, Ministerial
Conference on the Protection of Forests in Europe, FOREST EU-
ROPE Liaison Unit Madrid, https://foresteurope.org/wp-content/
uploads/2022/02/soef_21_12_2015.pdf (last access: 9 Septem-
ber 2023), 2015.

Fortems-Cheiney, A. and Broquet, G.: D2.12: Final re-analysis
of the national scale CO, anthropogenic emissions over
20052015, https://verify.lsce.ipsl.fr/images/PublicDeliverables/
VERIFY_D212_Final_re-analysis_of_the_national_scale_
CO2_anthropogenic_emissions_over_2005-2015_v1.pdf, (last
access: 2 September 2023), 2021.

Fortems-Cheiney, A., Pison, 1., Broquet, G., Dufour, G., Berchet,
A., Potier, E., Coman, A., Siour, G., and Costantino, L.: Vari-
ational regional inverse modeling of reactive species emissions
with PYVAR-CHIMERE-v2019, Geosci. Model Dev., 14, 2939—
2957, https://doi.org/10.5194/gmd-14-2939-2021, 2021.

FRA: Global Forest Resources Assessment 2015: How are the
world’s forest changing?, 2015, Rome, Italy, http://www.fao.org/
3/a-i4793e.pdf (last access: 10 December 2019), 2015.

Frey, H. C.: Evaluation of an Approximate Analytical Proce-
dure for Calculating Uncertainty in the Greenhouse Gas Ver-
sion of the Multi-Scale Motor Vehicle and Equipment Emis-
sions System, Prepared for Office of Transportation and Air
Quality, U.S. Environmental Protection Agency, Ann Arbor,
MI, https://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.
413.6630&rep=repl&type=pdf (last access: October 2022), 30
May 2003.

Friedlingstein, P., Jones, M. W., O’Sullivan, M., Andrew, R. M.,
Bakker, D. C. E., Hauck, J., Le Quéré, C., Peters, G. P., Peters,
W., Pongratz, J., Sitch, S., Canadell, J. G., Ciais, P., Jackson,
R. B, Alin, S. R., Anthoni, P., Bates, N. R., Becker, M., Bel-
louin, N., Bopp, L., Chau, T. T. T., Chevallier, F., Chini, L. P,
Cronin, M., Currie, K. 1., Decharme, B., Djeutchouang, L. M.,

Earth Syst. Sci. Data, 15, 4295-4370, 2023

M. J. McGrath et al.: The consolidated European synthesis of CO» emissions

Dou, X., Evans, W., Feely, R. A., Feng, L., Gasser, T., Gilfil-
lan, D., Gkritzalis, T., Grassi, G., Gregor, L., Gruber, N., Giirses,
0., Harris, L., Houghton, R. A., Hurtt, G. C., Iida, Y., Ilyina,
T., Luijkx, I. T., Jain, A., Jones, S. D., Kato, E., Kennedy, D.,
Klein Goldewijk, K., Knauer, J., Korsbakken, J. I., Kortzinger,
A., Landschiitzer, P., Lauvset, S. K., Lefévre, N., Lienert, S.,
Liu, J., Marland, G., McGuire, P. C., Melton, J. R., Munro, D.
R., Nabel, J. E. M. S., Nakaoka, S.-I., Niwa, Y., Ono, T., Pier-
rot, D., Poulter, B., Rehder, G., Resplandy, L., Robertson, E.,
Rodenbeck, C., Rosan, T. M., Schwinger, J., Schwingshackl,
C., Séférian, R., Sutton, A. J., Sweeney, C., Tanhua, T., Tans,
P. P, Tian, H., Tilbrook, B., Tubiello, F., van der Werf, G. R.,
Vuichard, N., Wada, C., Wanninkhof, R., Watson, A. J., Willis,
D., Wiltshire, A. J., Yuan, W., Yue, C., Yue, X., Zaehle, S., and
Zeng, J.: Global Carbon Budget 2021, Earth Syst. Sci. Data, 14,
1917-2005, https://doi.org/10.5194/essd-14-1917-2022, 2022.

Ganzenmiiller, R., Bultan, S., Winkler, K., Fuchs, R., Zabel,
F., and Pongratz, J.: Land-use change emissions based
on high-resolution activity data substantially lower than
previously estimated, Environ. Res. Lett.,, 17, 64050,
https://doi.org/10.1088/1748-9326/ac70d8, 2022.

Gasser, T. and Ciais, P.: A theoretical framework for the net land-
to-atmosphere CO, flux and its implications in the definition of
“emissions from land-use change”, Earth Syst. Dynam., 4, 171—
186, https://doi.org/10.5194/esd-4-171-2013, 2013.

Gasser, T., Crepin, L., Quilcaille, Y., Houghton, R. A., Ciais, P.,
and Obersteiner, M.: Historical CO, emissions from land use
and land cover change and their uncertainty, Biogeosciences, 17,
4075-4101, https://doi.org/10.5194/bg-17-4075-2020, 2020.

Gilbert, J.-C. and Lemarechal, C.: Some numerical experi-
ments with variable-storage quasi-Newton algorithms, Math.
Programm., 45, 407-435, https://doi.org/10.1007/BF01589113,
1989.

Gilfillan, D. and Marland, G.: CDIAC-FF: global and national
CO, emissions from fossil fuel combustion and cement man-
ufacture: 1751-2017, Earth Syst. Sci. Data, 13, 1667-1680,
https://doi.org/10.5194/essd-13-1667-2021, 2021.

GLOBE-Task-Team: The Global Land one-kilometer Base Eleva-
tion (GLOBE) digital elevation model, Version 1.0, http://www.
ngdc.noaa.gov/mgg/topo/globe.html, last access: June 2020.

Grassi, G., House, J., Kurz, W. A., Cescatti, A., Houghton, R. A.,
Peters, G. P, Sanz, M. J., Vinas, R. A., Alkama, R., Arneth, A.,
Bondeau, A., Dentener, F., Fader, M., Federici, S., Friedlingstein,
P, Jain, A. K., Kato, E., Koven, C. D., Lee, D., Nabel, J. E.
M. S., Nassikas, A. A., Perugini, L., Rossi, S., Sitch, S., Viovy,
N., Wiltshire, A., and Zaehle, S.: Reconciling global-model esti-
mates and country reporting of anthropogenic forest CO; sinks,
Nat. Clim. Change, 8, 914-920, https://doi.org/10.1038/s41558-
018-0283-x, 2018a.

Grassi, G., Pilli, R., House, J., Federici, S., and Kurz, W.
A.: Science-based approach for credible accounting of miti-
gation in managed forests, Carbon Balance Manage., 13, 8§,
https://doi.org/10.1186/s13021-018-0096-2, 2018b.

Grassi, G., Conchedda, G., Federici, S., Abad Vinas, R., Koro-
suo, A., Melo, J., Rossi, S., Sandker, M., Somogyi, Z., Vizzarri,
M., and Tubiello, E. N.: Carbon fluxes from land 2000-2020:
bringing clarity to countries’ reporting, Earth Syst. Sci. Data, 14,
46434666, https://doi.org/10.5194/essd-14-4643-2022, 2022.

https://doi.org/10.5194/essd-15-4295-2023


https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32021R1119
https://unfccc.int/documents/275968
https://unfccc.int/documents/275968
https://unfccc.int/documents/461931
https://unfccc.int/documents/461931
https://www.fao.org/faostat/en/#data/GT
https://doi.org/10.1016/j.foreco.2015.04.022
https://doi.org/10.1029/1999gb001254
https://doi.org/10.5194/acp-16-1289-2016
https://doi.org/10.5194/acp-16-1289-2016
https://foresteurope.org/wp-content/uploads/2022/02/soef_21_12_2015.pdf
https://foresteurope.org/wp-content/uploads/2022/02/soef_21_12_2015.pdf
https://verify.lsce.ipsl.fr/images/PublicDeliverables/VERIFY_D212_Final_re-analysis_of_the_national_scale_CO2_anthropogenic_emissions_over_2005-2015_v1.pdf
https://verify.lsce.ipsl.fr/images/PublicDeliverables/VERIFY_D212_Final_re-analysis_of_the_national_scale_CO2_anthropogenic_emissions_over_2005-2015_v1.pdf
https://verify.lsce.ipsl.fr/images/PublicDeliverables/VERIFY_D212_Final_re-analysis_of_the_national_scale_CO2_anthropogenic_emissions_over_2005-2015_v1.pdf
https://doi.org/10.5194/gmd-14-2939-2021
http://www.fao.org/3/a-i4793e.pdf
http://www.fao.org/3/a-i4793e.pdf
https://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.413.6630&rep=rep1&type=pdf
https://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.413.6630&rep=rep1&type=pdf
https://doi.org/10.5194/essd-14-1917-2022
https://doi.org/10.1088/1748-9326/ac70d8
https://doi.org/10.5194/esd-4-171-2013
https://doi.org/10.5194/bg-17-4075-2020
https://doi.org/10.1007/BF01589113
https://doi.org/10.5194/essd-13-1667-2021
http://www.ngdc.noaa.gov/mgg/topo/globe.html
http://www.ngdc.noaa.gov/mgg/topo/globe.html
https://doi.org/10.1038/s41558-018-0283-x
https://doi.org/10.1038/s41558-018-0283-x
https://doi.org/10.1186/s13021-018-0096-2
https://doi.org/10.5194/essd-14-4643-2022

M. J. McGrath et al.: The consolidated European synthesis of COo emissions

Grassi, G., Schwingshackl, C., Gasser, T., Houghton, R. A., Sitch,
S., Canadell, J. G., Cescatti, A., Ciais, P., Federici, S., Friedling-
stein, P., Kurz, W. A., Sanz Sanchez, M. J., Abad Viias, R.,
Alkama, R., Bultan, S., Ceccherini, G., Falk, S., Kato, E.,
Kennedy, D., Knauer, J., Korosuo, A., Melo, J., McGrath, M.
J., Nabel, J. E. M. S., Poulter, B., Romanovskaya, A. A., Rossi,
S., Tian, H., Walker, A. P., Yuan, W., Yue, X., and Pongratz, J.:
Harmonising the land-use flux estimates of global models and
national inventories for 2000-2020, Earth Syst. Sci. Data, 15,
1093-1114, https://doi.org/10.5194/essd-15-1093-2023, 2023.

Gray, A. N., Whittier, T. R., and Harmon, M. E.: Carbon stocks
and accumulation rates in Pacific Northwest forests: role of stand
age, plant community, and productivity, Ecosphere, 7, €01224,
https://doi.org/10.1002/ecs2.1224, 2016.

Giitschow, J., Jeffery, M. L., Giinther, A., and Meinshausen, M.:
Country resolved combined emission and socio-economic path-
ways based on the RCP and SSP scenarios, Zenodo [data set],
https://doi.org/10.5281/zenodo.3638137, 2020.

Giitschow, J., Jeffery, M. L., Giinther, A., and Meinshausen, M.:
Country-resolved combined emission and socio-economic path-
ways based on the Representative Concentration Pathway (RCP)
and Shared Socio-Economic Pathway (SSP) scenarios, Earth
Syst. Sci. Data, 13, 1005-1040, https://doi.org/10.5194/essd-13-
1005-2021, 2021.

Hansis, E., Davis, S. J.,, and Pongratz, J.: Relevance of
methodological choices for accounting of land use change
carbon fluxes, Global Biogeochem. Cy., 29, 1230-1246,
https://doi.org/10.1002/2014GB004997, 2015.

Hartmann, J., Lauerwald, R., and Moosdorf, N.: A brief overview
of the GLObal Rlver CHemistry Database, GLORICH, Procedia
Earth Planet. Sci., 10, 23-27, 2014.

Hartung, K., Bastos, A., Chini, L., Ganzenmiiller, R., Havermann,
F., Hurtt, G. C., Loughran, T., Nabel, J. E. M. S., Niitzel,
T., Obermeier, W. A., and Pongratz, J.: Bookkeeping estimates
of the net land-use change flux — a sensitivity study with the
CMIP6 land-use dataset, Earth Syst. Dynam., 12, 763-782,
https://doi.org/10.5194/esd-12-763-2021, 2021.

Harris, 1., Osborn, T. J., Jones, P., and Lister, D.: Version 4 of the
CRU TS monthly high-resolution gridded multivariate climate
dataset, Sci. Data, 7, 109, https://doi.org/10.1038/s41597-020-
0453-3, 2020.

Hastie, A., Lauerwald, R., Ciais, P., and Regnier, P.: Aquatic carbon
fluxes dampen the overall variation of net ecosystem productivity
in the Amazon basin: An analysis of the interannual variability in
the boundless carbon cycle, Glob. Change Biol., 25, 2094-2111,
https://doi.org/10.1111/gcb.14620, 2019.

Haverd, V., Smith, B., Cook, G. D., Briggs, P. R., Nieradzik, L.,
Roxburgh, S. H., Liedloff, A., Meyer, C. P., and Canadell, J. G.:
A stand-alone tree demography and landscape structure module
for Earth system models, Geophys. Res. Lett., 40, 5234-5239,
https://doi.org/10.1002/grl.50972, 2013.

Haverd, V., Smith, B., Nieradzik, L., Briggs, P. R., Woodgate, W.,
Trudinger, C. M., Canadell, J. G., and Cuntz, M.: A new version
of the CABLE land surface model (Subversion revision r4601)
incorporating land use and land cover change, woody vegetation
demography, and a novel optimisation-based approach to plant
coordination of photosynthesis, Geosci. Model Dev., 11, 2995—
3026, https://doi.org/10.5194/gmd-11-2995-2018, 2018.

https://doi.org/10.5194/essd-15-4295-2023

4363

Hijmans, R. J., Cameron, S. E., Parra, J. L., Jones, P. G,
and Jarvis, A.: Very high resolution interpolated climate sur-
faces for global land areas, Int. J. Climatol., 25, 1965-1978,
https://doi.org/10.1002/joc.1276, 2005.

Houghton, R., Hobbie, J., Melillo, J., Moore, B., Peterson, B.,
Shaver, G., and Woodwell, G.: Changes in the carbon content
of terrestrial biota and soils between 1860 and 1980: A net re-
lease of CO; to the atmosphere, Ecol. Monogr., 53, 235-262,
https://doi.org/10.2307/1942531, 1983.

Houghton, R. A.: Revised estimates of the annual net flux
of carbon to the atmosphere from changes in land use
and land management 1850-2000, Tellus B, 55, 378-390,
https://doi.org/10.3402/tellusb.v55i2.16764, 2003.

Houghton, R. A. and Nassikas, A. A.: Global and re-
gional fluxes of carbon from land use and land cover
change 1850-2015, Global Biogeochem. Cy., 31, 456472,
https://doi.org/10.1002/2016GB005546, 2017.

Houghton, R. A., House, J. L., Pongratz, J., van der Werf, G. R.,
DeFries, R. S., Hansen, M. C., Le Quéré, C., and Ramankutty,
N.: Carbon emissions from land use and land-cover change, Bio-
geosciences, 9, 5125-5142, https://doi.org/10.5194/bg-9-5125-
2012, 2012.

Hurtt, G. C., Chini, L., Sahajpal, R., Frolking, S., Bodirsky,
B. L., Calvin, K., Doelman, J. C., Fisk, J., Fujimori, S.,
Klein Goldewijk, K., Hasegawa, T., Havlik, P., Heinimann,
A., Humpendder, F., Jungclaus, J., Kaplan, J. O., Kennedy, J.,
Krisztin, T., Lawrence, D., Lawrence, P., Ma, L., Mertz, O., Pon-
gratz, J., Popp, A., Poulter, B., Riahi, K., Shevliakova, E., Ste-
hfest, E., Thornton, P., Tubiello, F. N., van Vuuren, D. P., and
Zhang, X.: Harmonization of global land use change and man-
agement for the period 850-2100 (LUH2) for CMIP6, Geosci.
Model Dev., 13, 5425-5464, https://doi.org/10.5194/gmd-13-
5425-2020, 2020.

ICOS RI: ICOS Atmosphere Release 2021-1 of Level 2 Greenhouse
Gas Mole Fractions of CO,, CHy, N>O, CO, meteorology and
14CO; [data set], https://doi.org/10.18160/WJIY7-5D06, 2021.

IPCC: Good Practice Guidance for Land use, Land use Change and
Forestry, Chapter 3, 3.3, https://www.ipcc-ggip.iges.or.jp/public/
gpglulucf/gpgluluct_files/GPG_LULUCF_FULL.pdf (last ac-
cess: 10 January 2022), 2003.

IPCC: Guidelines for National Greenhouse Gas Inventories, Pre-
pared by the National Greenhouse Gas Inventories Programme,
IGES, Japan, https://www.ipcc-nggip.iges.or.jp/public/2006gl/
(last access: 10 January 2022), 2006.

IPCC: Supplement to the 2006 IPCC Guidelines for National
Greenhouse Gas Inventories: Wetlands, edited by: Hiraishi, T.,
Krug, T., Tanabe, K., Srivastava, N., Baasansuren, J., Fukuda,
M., and Troxler, T. G., IPCC, Switzerland, ISBN 978-92-9169-
139-5, 2014.

IPCC: Refinement to the 2006 IPCC Guidelines for National
Greenhouse Gas Inventories, https://www.ipcc.ch/report/2019-
refinement-to-the-2006-ipcc-guidelines-for-national-
greenhouse-gas-inventories (last access: 10 January 2022),
2019.

IPCC: Summary for Policymakers, in: Climate Change 2021: The
Physical Science Basis, Contribution of Working Group I to
the Sixth Assessment Report of the Intergovernmental Panel on
Climate Change, edited by: Masson-Delmotte, V., Zhai, P., Pi-
rani, A., Connors, S. L., Péan, C., Berger, S., Caud, N., Chen,

Earth Syst. Sci. Data, 15, 4295-4370, 2023


https://doi.org/10.5194/essd-15-1093-2023
https://doi.org/10.1002/ecs2.1224
https://doi.org/10.5281/zenodo.3638137
https://doi.org/10.5194/essd-13-1005-2021
https://doi.org/10.5194/essd-13-1005-2021
https://doi.org/10.1002/2014GB004997
https://doi.org/10.5194/esd-12-763-2021
https://doi.org/10.1038/s41597-020-0453-3
https://doi.org/10.1038/s41597-020-0453-3
https://doi.org/10.1111/gcb.14620
https://doi.org/10.1002/grl.50972
https://doi.org/10.5194/gmd-11-2995-2018
https://doi.org/10.1002/joc.1276
https://doi.org/10.2307/1942531
https://doi.org/10.3402/tellusb.v55i2.16764
https://doi.org/10.1002/2016GB005546
https://doi.org/10.5194/bg-9-5125-2012
https://doi.org/10.5194/bg-9-5125-2012
https://doi.org/10.5194/gmd-13-5425-2020
https://doi.org/10.5194/gmd-13-5425-2020
https://doi.org/10.18160/WJY7-5D06
https://www.ipcc-ggip.iges.or.jp/public/gpglulucf/gpglulucf_files/GPG_LULUCF_FULL.pdf
https://www.ipcc-ggip.iges.or.jp/public/gpglulucf/gpglulucf_files/GPG_LULUCF_FULL.pdf
https://www.ipcc-nggip.iges.or.jp/public/2006gl/
https://www.ipcc.ch/report/2019-refinement-to-the-2006-ipcc-guidelines-for-national-greenhouse-gas-inventories
https://www.ipcc.ch/report/2019-refinement-to-the-2006-ipcc-guidelines-for-national-greenhouse-gas-inventories
https://www.ipcc.ch/report/2019-refinement-to-the-2006-ipcc-guidelines-for-national-greenhouse-gas-inventories

4364

Y., Goldfarb, L., Gomis, M. 1., Huang, M., Leitzell, K., Lon-
noy, E., Matthews, J. B. R., Maycock, T. K., Waterfield, T.,
Yelek¢i, O., Yu, R., and Zhou, B., Cambridge University Press,
Cambridge, United Kingdom and New York, NY, USA, 3-32,
https://doi.org/10.1017/9781009157896.001, 2021.

Izaurralde, R. C., Williams, J. R., McGill, W. B., Rosen-
berg, N. J., and Jakas, M. C. Q.: Simulating soil C
dynamics with EPIC: Model description and testing
against long-term data, Ecol. Model,, 192, 362-384,
https://doi.org/10.1016/j.ecolmodel.2005.07.010, 2006.

Jagermeyr, J., Miiller, C., Ruane, A. C., Elliott, J., Balkovic, J.,
Castillo, O., Faye, B., Foster, 1., Folberth, C., Franke, J. A.,
Fuchs, K., Guarin, J. R., Heinke, J., Hoogenboom, G., lizumi, T.,
Jain, A. K., Kelly, D., Khabarov, N., Lange, S., Lin, T.-S., Liu,
W., Mialyk, O., Minoli, S., Moyer, E. J., Okada, M., Phillips,
M., Porter, C., Rabin, S. S., Scheer, C., Schneider, J. M., Schyns,
J. F, Skalsky, R., Smerald, A., Stella, T., Stephens, H., Webber,
H., Zabel, F., and Rosenzweig, C.: Climate impacts on global
agriculture emerge earlier in new generation of climate and crop
models, Nat. Food, 2, 873-885, https://doi.org/10.1038/s43016-
021-00400-y, 2021.

Janssens-Maenhout, G., Crippa, M., Guizzardi, D., Muntean, M.,
Schaaf, E., Dentener, F., Bergamaschi, P., Pagliari, V., Olivier, J.
G. J., Peters, J. A. H. W., van Aardenne, J. A., Monni, S., Doer-
ing, U., Petrescu, A. M. R., Solazzo, E., and Oreggioni, G. D.:
EDGAR v4.3.2 Global Atlas of the three major greenhouse gas
emissions for the period 1970-2012, Earth Syst. Sci. Data, 11,
959-1002, https://doi.org/10.5194/essd-11-959-2019, 2019.

Janssens-Maenhout, G., Pinty, B., Dowell, M., Zunker, H., An-
dersson, E., Balsamo, G., Bézy, J.-L., Brunhes, T., Bosch, H.,
Bojkov, B., Brunner, D., Buchwitz, M., Crisp, D., Ciais, P,
Counet, P, Dee, D., Denier van der Gon, H. A. C., Dolman,
H., Drinkwater, M. R., Dubovik, O., Engelen, R., Fehr, T., Fer-
nandez, V., Heimann, M., Holmlund, K., Houweling, S., Hus-
band, R., Juvyns, O., Kentarchos, A., Landgraf, J., Lang, R.,
Loscher, A., Marshall, J., Meijer, Y., Nakajima, M., Palmer, P. 1.,
Peylin, P., Rayner, P., Scholze, M., Sierk, B., Tamminen, J., and
Veefkind, P.: Toward an Operational Anthropogenic CO, Emis-
sions Monitoring and Verification Support Capacity, B. Am. Me-
teorol. Soc., 101, 1439-1451, https://doi.org/10.1175/BAMS-D-
19-0017.1, 2020.

Jenkinson, D. S. and Rayner, J. H.: The turnover of organic matter
in some of the Rothamsted classical experiments, Soil. Sci., 123,
298-305, https://doi.org/10.1097/00010694-197705000-00005,
1977.

Jenkinson, D. S., Hart, P. B. S., Rayner, J. H., and Parry, L. C.: Mod-
elling the turnover of organic matter in long-term experiments at
Rothamsted, INTECOL Bulletin, 15, 1-8, 1987.

Jonsson, R., Blujdea, V. N., Fiorese, G., Pilli, R., Rinaldi, F,
Baranzelli, C., and Camia, A.: Outlook of the European forest-
based sector: forest growth, harvest demand, wood-product mar-
kets, and forest carbon dynamics implications, iForest, 11, 315—
328, https://doi.org/10.3832/ifor2636-011, 2018.

Jonsson, R., Rinaldi, F., Pilli, R., Fiorese, G., Hurmekoski,
E., Cazzaniga, N., Robert, N., and Camia, A: Boosting
the EU forest-based bioeconomy: Market, climate, and em-
ployment impacts, Technol. Forecast. Soc., 163, 120478,
https://doi.org/10.1016/j.techfore.2020.120478, 2021.

Earth Syst. Sci. Data, 15, 4295-4370, 2023

M. J. McGrath et al.: The consolidated European synthesis of CO» emissions

Kanamitsu, M., Ebisuzaki, W., Woollen, J., Yang, S., Hnilo,
J. J., Fiorino, M., and Potter, G. L.. NCEP-DOE AMIP-
I Reanalysis (R-2), B. Am. Meteorol. Soc., 83, 1631-1644,
https://doi.org/10.1175/BAMS-83-11-1631, 2002.

Karstens, U.: Global anthropogenic CO, emissions for
20062019 based on EDGARv4.3 and BP statistics 2016,
https://doi.org/10.18160/Y9QV-S113, 2019.

Klein Goldewijk, K., Beusen, A., Doelman, J., and Stehfest, E.: An-
thropogenic land use estimates for the Holocene — HYDE 3.2,
Earth Syst. Sci. Data, 9, 927-953, https://doi.org/10.5194/essd-
9-927-2017, 2017a.

Klein Goldewijk, K., Dekker, S. C., and van Zanden, J. L.: Per-
capita estimations of long-term historical land use and the con-
sequences for global change research, J. Land Use Sci., 12, 313—
337, https://doi.org/10.1080/1747423X.2017.1354938, 2017b.

Koehl, M., Hildebrandt, R., Olschofsky, K., Koehler, R., Roetzer,
T., Mette, T., Pretzsch, H., Koethke, M., Dieter, M., Abiy, M.,
Makeschin, F., and Kenter, B.: Combating the effects of climatic
change on forests by mitigation strategies, Carbon Balance Man-
age., 5, 8, https://doi.org/10.1186/1750-0680-5-8, 2010.

Konovalov, I. B. and Lvova, D. A.. First, fast-track,
Re-analysis of the national scale COp anthropogenic
emissions over 2005-2015, internal VERIFY report,

https://projectsworkspace.eu/sites/ VERIFY/Deliverables/WP2/
VERIFY_D2.10_First, %20fast-track, %20Re-analysis%200f%
20the%?20national %20scale %20C02%?20anthropogenic%
20emissions%200ver%202005-2015.pdf, (last access: 15
September 2020), 2018.

Konovalov, 1. B., Berezin, E. V., Ciais, P, Broquet, G., Zhu-
ravlev, R. V., and Janssens-Maenhout, G.: Estimation of
fossil-fuel CO, emissions using satellite measurements of
“proxy” species, Atmos. Chem. Phys., 16, 13509-13540,
https://doi.org/10.5194/acp-16-13509-2016, 2016.

Kountouris, P., Gerbig, C., Totsche, K.-U., Dolman, A. J., Meesters,
A. G. C. A, Broquet, G., Maignan, F., Gioli, B., Montagnani,
L., and Helfter, C.: An objective prior error quantification for
regional atmospheric inverse applications, Biogeosciences, 12,
7403-7421, https://doi.org/10.5194/bg-12-7403-2015, 2015.

Kountouris, P., Gerbig, C., Rodenbeck, C., Karstens, U., Koch, T. F.,
and Heimann, M.: Technical Note: Atmospheric CO, inversions
on the mesoscale using data-driven prior uncertainties: method-
ology and system evaluation, Atmos. Chem. Phys., 18, 3027—
3045, https://doi.org/10.5194/acp-18-3027-2018, 2018a.

Kountouris, P., Gerbig, C., Rédenbeck, C., Karstens, U., Koch, T. E,,
and Heimann, M.: Atmospheric CO; inversions on the mesoscale
using data-driven prior uncertainties: quantification of the Euro-
pean terrestrial CO5 fluxes, Atmos. Chem. Phys., 18, 3047-3064,
https://doi.org/10.5194/acp-18-3047-2018, 2018b.

Krinner, G., Viovy, N., de Noblet-Ducoudré N., Ogée, J., Polcher,
J., Friedlingstein, P., Ciais, P., Sitch, S., and Prentice, 1. C.:
A dynamic global vegetation model for studies of the cou-
pled atmosphere-biosphere system, Global Biogeochem. Cy., 19,
GB1015, https://doi.org/10.1029/2003GB002199, 2005.

Kurz, W. A., Dymond, C. C., White, T. M., Stinson, G., Shaw,C.
H., Rampley, G. J., Smyth, C., Simpson, B. N., Neilson, E.T.,
Trofymow, J. A., Metsaranta, J., and Apps, M. J.: CBMCFS3:
a model of carbon dynamics in forestry and land use change
implementing IPCC standards, Ecol. Model., 220, 480-504,
https://doi.org/10.1016/j.ecolmodel.2008.10.018, 2009.

https://doi.org/10.5194/essd-15-4295-2023


https://doi.org/10.1017/9781009157896.001
https://doi.org/10.1016/j.ecolmodel.2005.07.010
https://doi.org/10.1038/s43016-021-00400-y
https://doi.org/10.1038/s43016-021-00400-y
https://doi.org/10.5194/essd-11-959-2019
https://doi.org/10.1175/BAMS-D-19-0017.1
https://doi.org/10.1175/BAMS-D-19-0017.1
https://doi.org/10.1097/00010694-197705000-00005
https://doi.org/10.3832/ifor2636-011
https://doi.org/10.1016/j.techfore.2020.120478
https://doi.org/10.1175/BAMS-83-11-1631
https://doi.org/10.18160/Y9QV-S113
https://doi.org/10.5194/essd-9-927-2017
https://doi.org/10.5194/essd-9-927-2017
https://doi.org/10.1080/1747423X.2017.1354938
https://doi.org/10.1186/1750-0680-5-8
https://projectsworkspace.eu/sites/VERIFY/Deliverables/WP2/VERIFY_D2.10_First,%20fast-track,%20Re-analysis%20of%20the%20national%20scale%20CO2%20anthropogenic%20emissions%20over%202005-2015.pdf
https://projectsworkspace.eu/sites/VERIFY/Deliverables/WP2/VERIFY_D2.10_First,%20fast-track,%20Re-analysis%20of%20the%20national%20scale%20CO2%20anthropogenic%20emissions%20over%202005-2015.pdf
https://projectsworkspace.eu/sites/VERIFY/Deliverables/WP2/VERIFY_D2.10_First,%20fast-track,%20Re-analysis%20of%20the%20national%20scale%20CO2%20anthropogenic%20emissions%20over%202005-2015.pdf
https://projectsworkspace.eu/sites/VERIFY/Deliverables/WP2/VERIFY_D2.10_First,%20fast-track,%20Re-analysis%20of%20the%20national%20scale%20CO2%20anthropogenic%20emissions%20over%202005-2015.pdf
https://doi.org/10.5194/acp-16-13509-2016
https://doi.org/10.5194/bg-12-7403-2015
https://doi.org/10.5194/acp-18-3027-2018
https://doi.org/10.5194/acp-18-3047-2018
https://doi.org/10.1029/2003GB002199
https://doi.org/10.1016/j.ecolmodel.2008.10.018

M. J. McGrath et al.: The consolidated European synthesis of COo emissions

Lauerwald, R., Laruelle, G. G., Hartmann, J., Ciais, P, and
Regnier, P. A. G.: Spatial patterns in CO, evasion from the
global river network, Global Biogeochem. Cy., 29, 534-554,
https://doi.org/10.1002/2014GB004941015, 2015.

Lawrence, D. M., Oleson, K. W., Flanner, M. G., Thornton, P. E.,
Swenson, S. C., Lawrence, P. J., Zeng, X., Yang, Z.-L., Levis, S.,
Sakaguchi, K., Bonan, G. B., and Slater, A. G.: Parameterization
Improvements and Functional and Structural Advances in Ver-
sion 4 of the Community Land Model, J. Adv. Model. Earth Sy.,
3, M03001, https://doi.org/10.1029/2011MS000045, 2011.

Lattuati, M.: Contribution 4 I’étude du bilan de 1’ozone tro-
posphérique 4 I’interface de 1’Europe et de 1’ Atlantique Nord:
mod  elisation lagrangienne et mesures en altitude, These de sci-
ences, Université Paris 6, France, 1997.

Lehner, B., Verdin, K., and Jarvis, A.: New global hydrography de-
rived from spaceborne elevation data, EOS T. Am. Geophys. Un.,
89, 93-94, https://doi.org/10.1029/2008EO 100001, 2008.

Le Quéré, C., Raupach, M. R., Canadell, J. G., Marland, G., Bopp,
L., Ciais, P, Conway, T. J., Doney, S. C., Feely, R. A., Foster,
P, Friedlingstein, P., Gurney, K., Houghton, R. A., House, J. L.,
Huntingford, C., Levy, P. E., Lomas, M. R., Majkut, J., Metzl,
N., Ometto, J. P, Peters, G. P, Prentice, I. C., Randerson, J. T.,
Running, S. W., Sarmiento, J. L., Schuster, U., Sitch, S., Taka-
hashi, T., Viovy, N., van der Werf, G. R., and Woodward, F. L.:
Trends in the sources and sinks of carbon dioxide, Nat. Geosci.,
2, 831-836, https://doi.org/10.1038/ngeo689, 2009.

Lin, J. C., Gerbig, C., Wofsy, S. C., Andrews, A. E., Daube,
B. C., Davis, K. J., and Grainger, C. A.: A near-field tool
for simulating the upstream influence of atmospheric ob-
servations: The Stochastic Time-Inverted Lagrangian Trans-
port (STILT) model, J. Geophys. Res.-Atmos., 108, 4493,
https://doi.org/10.1029/2002jd003161, 2003.

Liski, J., Palosuo, T., Peltoniemi, M., and Sievidnen, R.: Carbon and
decomposition model Yasso for forest soils, Ecol. Model., 189,
168182, https://doi.org/10.1016/J.ECOLMODEL.2005.03.005,
2005.

Liu, J., Baskaran, L., Bowman, K., Schimel, D., Bloom, A.
A., Parazoo, N. C., Oda, T., Carroll, D., Menemenlis, D.,
Joiner, J., Commane, R., Daube, B., Gatti, L. V., McKain, K.,
Miller, J., Stephens, B. B., Sweeney, C., and Wofsy, S.: Car-
bon Monitoring System Flux Net Biosphere Exchange 2020
(CMS-Flux NBE 2020), Earth Syst. Sci. Data, 13, 299-330,
https://doi.org/10.5194/essd-13-299-2021, 2021.

Lugato, E., Panagos, P., Bampa, F., Jones, A., and Montanarella, L.:
A new baseline of organic carbon stock in European agricultural
soils using a modeling approach, Glob. Change Biol., 20, 313—
326, https://doi.org/10.1111/gcb.12292, 2014.

Lurton, T., Balkanski, Y., Bastrikov, V., Bekki, S., Bopp, L., Bra-
connot, P., Brockmann, P., Cadule, P., Contoux, C., Cozic, A.,
Cugnet, D., Dufresne, J.-L., Ethé, C., Foujols, M.-A., Ghattas, J.,
Hauglustaine, D., Hu, R.-M., Kageyama, M., Khodri, M., Lebas,
N., Levavasseur, G., Marchand, M., Ottlé, C., Peylin, P., Sima,
A., Szopa, S., Thiéblemont, R., Vuichard, N., and Boucher, O.:
Implementation of the CMIP6 Forcing Data in the IPSL-CM6A-
LR Model, J. Adv. Model. Earth Sy., 12, €2019MS001940,
https://doi.org/10.1029/2019MS001940, 2020.

Luyssaert, S., Abril, G., Andres, R., Bastviken, D., Bellassen, V.,
Bergamaschi, P., Bousquet, P., Chevallier, F., Ciais, P., Corazza,
M., Dechow, R., Erb, K.-H., Etiope, G., Fortems-Cheiney, A.,

https://doi.org/10.5194/essd-15-4295-2023

4365

Grassi, G., Hartmann, J., Jung, M., Lathiere, J., Lohila, A., May-
orga, E., Moosdorf, N., Njakou, D. S., Otto, J., Papale, D.,
Peters, W., Peylin, P, Raymond, P., Rédenbeck, C., Saarnio,
S., Schulze, E.-D., Szopa, S., Thompson, R., Verkerk, P. J.,
Vuichard, N., Wang, R., Wattenbach, M., and Zaehle, S.: The
European land and inland water CO,, CO, CH4 and N,O bal-
ance between 2001 and 2005, Biogeosciences, 9, 3357-3380,
https://doi.org/10.5194/bg-9-3357-2012, 2012.

Luyssaert, S., Marie, G., Valade, A., Chen, Y. Y., Njakou
Djomo, S., Ryder, J., Otto, J., Naudts, K., Lansg, A. S.,
Ghattas, J., and McGrath, M. J.: Trade-offs in using Euro-
pean forests to meet climate objectives, Nature, 562, 259-262,
https://doi.org/10.1038/s41586-018-0577-1, 2018.

Mahadevan, P, Wofsy, S., Matross, D., Xiao, X., Dunn, A.,
Lin, J., Gerbig, C., Munger, J., Chow, V., and Gottlieb, E.:
A Satellite-based Biosphere Parameterization for Net Ecosys-
tem CO, Exchange: Vegetation Photosynthesis and Respira-
tion Model (VPRM), Global Biogeochem. Cy., 22, GB2005,
https://doi.org/10.1029/2006GB002735, 2008.

Mailler, S., Menut, L., Khvorostyanov, D., Valari, M., Couvidat,
F., Siour, G., Turquety, S., Briant, R., Tuccella, P., Bessag-
net, B., Colette, A., Létinois, L., Markakis, K., and Meleux,
F.: CHIMERE-2017: from urban to hemispheric chemistry-
transport modeling, Geosci. Model Dev., 10, 2397-2423,
https://doi.org/10.5194/gmd-10-2397-2017, 2017.

Mason Earles, J., Yeh, S., and Skog, K: Timing of carbon emis-
sions from global forest clearance, Nat. Clim. Change, 2, 682—
6835, https://doi.org/10.1038/nclimate1535, 2012.

McGrath, M. J., Petrescu, A. M. R., Peylin, P., Andrew, R. M.,
Matthews, B., Dentener, F., Balkovié, J., Bastrikov, V., Becker,
M., Broquet, G., Ciais, P, Fortems, A., Ganzenmiiller, R.,
Grassi, G., Harris, 1., Jones, M., Knauer, J., Kuhnert, M., Mon-
teil, G., Munassar, S., Palmer, P. 1., Peters, G. P, Qiu, C.,
Schelhaas, M.-J., Tarasova, O., Vizzarri, M., Winkler, K., Bal-
samo, G., Berchet, A., Briggs, P., Brockmann, P., Chevallier,
F., Conchedda, G., Crippa, M., Dellaert, S., Denier van der
Gon, H. A. C,, Filipek, S., Friedlingstein, P., Fuchs, R., Gauss,
M., Gerbig, C., Guizzardi, D., Giinther, D., Houghton, R. A.,
Janssens-Maenhout, G., Lauerwald, R., Lerink, B., Luijkx, L
T., Moulas, G., Muntean, M., Nabuurs, G.-J., Paquirissamy,
A., Perugini, L., Peters, W., Pilli, R., Pongratz, J., Regnier,
P., Scholze, M., Serengil, Y., Smith, P, Solazzo, E., Thomp-
son, R. L., Tubiello, F. N., Vesala, T., and Walther, S.: Data
for the consolidated European synthesis of CO, emissions and
removals for EU27 and UK: 1990-2020, Zenodo [data set],
https://doi.org/10.5281/zenodo.8148461, 2023.

Menut, L., Bessagnet, B., Khvorostyanov, D., Beekmann, M.,
Blond, N., Colette, A., Coll, 1., Curci, G., Foret, G., Hodzic,
A., Mailler, S., Meleux, F., Monge, J.-L., Pison, I., Siour,
G., Turquety, S., Valari, M., Vautard, R., and Vivanco,
M. G.: CHIMERE 2013: a model for regional atmospheric
composition modelling, Geosci. Model Dev., 6, 981-1028,
https://doi.org/10.5194/gmd-6-981-2013, 2013.

Messager, M. L., Lehner, B., Grill, G., Nedeva, 1. and Schmitt,
O.: Estimating the volume and age of water stored in global
lakes using a geo-statistical approach, Nat. Commun., 7, 13603,
https://doi.org/10.1038/ncomms 13603, 2016.

Monteil, G. and Scholze, M.: Regional CO2 inversions
with LUMIA, the Lund University Modular Inversion

Earth Syst. Sci. Data, 15, 4295-4370, 2023


https://doi.org/10.1002/2014GB004941015
https://doi.org/10.1029/2011MS000045
https://doi.org/10.1029/2008EO100001
https://doi.org/10.1038/ngeo689
https://doi.org/10.1029/2002jd003161
https://doi.org/10.1016/J.ECOLMODEL.2005.03.005
https://doi.org/10.5194/essd-13-299-2021
https://doi.org/10.1111/gcb.12292
https://doi.org/10.1029/2019MS001940
https://doi.org/10.5194/bg-9-3357-2012
https://doi.org/10.1038/s41586-018-0577-1
https://doi.org/10.1029/2006GB002735
https://doi.org/10.5194/gmd-10-2397-2017
https://doi.org/10.1038/nclimate1535
https://doi.org/10.5281/zenodo.8148461
https://doi.org/10.5194/gmd-6-981-2013
https://doi.org/10.1038/ncomms13603

4366

Algorithm, v1.0, Geosci. Model Dev., 14, 3383-3406,
https://doi.org/10.5194/gmd-14-3383-2021, 2021.

Monteil, G., Broquet, G., Scholze, M., Lang, M., Karstens, U., Ger-
big, C., Koch, F.-T., Smith, N. E., Thompson, R. L., Luijkx, I. T.,
White, E., Meesters, A., Ciais, P., Ganesan, A. L., Manning, A.,
Mischurow, M., Peters, W., Peylin, P., Tarniewicz, J., Rigby, M.,
Rodenbeck, C., Vermeulen, A., and Walton, E. M.: The regional
European atmospheric transport inversion comparison, EURO-
COM: first results on European-wide terrestrial carbon fluxes for
the period 2006-2015, Atmos. Chem. Phys., 20, 12063-12091,
https://doi.org/10.5194/acp-20-12063-2020, 2020.

Mueller, N., Gerber, J., Johnston, M., Ray, D. K. Ra-
mankutty, N., and Foley, J. A.: Closing yield gaps through
nutrient and water management, Nature, 490, 254-257,
https://doi.org/10.1038/nature 11420, 2012.

Munassar, S., Rddenbeck, C., Koch, F.-T., Totsche, K. U.,
Gatkowski, M., Walther, S., and Gerbig, C.: Net ecosystem ex-
change (NEE) estimates 2006-2019 over Europe from a pre-
operational ensemble-inversion system, Atmos. Chem. Phys., 22,
7875-7892 https://doi.org/10.5194/acp-22-7875-2022, 2022.

Mufioz-Sabater, J.: ERAS5-Land hourly data from 1981 to present,
Copernicus Climate Change Service (C3S) Climate Data Store
(CDS) [data set], https://doi.org/10.24381/cds.e2161bac, 2019.

Muiloz-Sabater, J., Dutra, E., Agusti-Panareda, A., Albergel, C.,
Arduini, G., Balsamo, G., Boussetta, S., Choulga, M., Harri-
gan, S., Hersbach, H., Martens, B., Miralles, D. G., Piles, M.,
Rodriguez-Fernandez, N. J., Zsoter, E., Buontempo, C., and
Thépaut, J.-N.: ERAS-Land: a state-of-the-art global reanalysis
dataset for land applications, Earth Syst. Sci. Data, 13, 4349—
4383, https://doi.org/10.5194/essd-13-4349-2021, 2021.

Nabuurs, G., Lindner, M., Verkerk, H., Gunia, K., Deda, P., Micha-
lak, R., and Grassi, G.: First signs of carbon sink saturation
in European forest biomass, Nat. Clim. Change 3, 792-796,
https://doi.org/10.1038/nclimate 1853, 2013.

Nabuurs, G. J., Delacote, P., Ellison, D., Hanewinkel, M., Hetemaki,
L., Lindner, M., and Ollikainen, M.: By 2050 the mitigation ef-
fects of EU forests could nearly double through climate smart
forestry, Forests, 8, 484, https://doi.org/10.3390/f8120484, 2017.

Nabuurs, G. J., Arets, E. J. M. M., and Schelhaas, M. J.: Under-
standing the implications of the EU-LULUCEF regulation for the
wood supply from EU forests to the EU, Carbon Balance Manag.,
13, 18, https://doi.org/10.1186/s13021-018-0107-3, 2018.

Naegler, T.: Reconciliation of excess 14C-constrained global
CO, piston velocity estimates, Tellus B, 61, 372-384,
https://doi.org/10.1111/j.1600-0889.2008.00408.x, 2009.

Naudts, K., Chen, Y., McGrath, M., Ryder, J., Valade, A.,
Otto, J., and Luyssaert, S.: Europe’s forest management
did not mitigate climate warming, Science, 351, 597-600,
https://doi.org/10.1126/science.aad7270, 2016.

Niwa, Y., Fujii, Y., Sawa, Y., [ida, Y., Ito, A., Satoh, M., Imasu, R.,
Tsuboi, K., Matsueda, H., and Saigusa, N.: A 4D-Var inversion
system based on the icosahedral grid model (NICAM-TM 4D-
Var v1.0) — Part 2: Optimization scheme and identical twin ex-
periment of atmospheric CO2 inversion, Geosci. Model Dev., 10,
2201-2219, https://doi.org/10.5194/gmd-10-2201-2017, 2017.

Oleson, K.: Technical Description of the Community Land
Model (CLM), NCAR Technical Note, TN-478+STR,
https://doi.org/10.5065/D6RR1W7M, 2010.

Earth Syst. Sci. Data, 15, 4295-4370, 2023

M. J. McGrath et al.: The consolidated European synthesis of CO» emissions

O’Rourke, P. R., Smith, S. J., Mott, A., Ahsan, H., McDuffie,
E. E., Crippa, M., Klimont, Z., McDonald, B., Wang, S.,
Nicholson, M. B., Feng, L., and Hoesly, R. M.: CEDS
v_2021_04_21 Release Emission Data, Zenodo [data set],
https://doi.org/10.5281/zenodo.4741285, 2021.

Owens, R. G. and Hewson, T.. ECMWF forecast user guide,
ECMWE, https://doi.org/10.21957/m1cs7h, 2018.

Palahi, M., Valbuena, R., Senf, C., Acil, N., Pugh, T. A., Sadler, J.,
Seidl, R., Potapov, P., Gardiner, B., and Heteméki, L.: Concerns
about reported harvests in European forests, Nature, 592, 15—
E17, https://doi.org/10.1038/s41586-021-03292-x, 2021.

Petrescu, A. M. R., Peters, G. P., Janssens-Maenhout, G., Ciais, P.,
Tubiello, F. N., Grassi, G., Nabuurs, G.-J., Leip, A., Carmona-
Garcia, G., Winiwarter, W., Hoglund-Isaksson, L., Giinther, D.,
Solazzo, E., Kiesow, A., Bastos, A., Pongratz, J., Nabel, J. E. M.
S., Conchedda, G., Pilli, R., Andrew, R. M., Schelhaas, M.-J., and
Dolman, A. J.: European anthropogenic AFOLU greenhouse gas
emissions: a review and benchmark data, Earth Syst. Sci. Data,
12, 961-1001, https://doi.org/10.5194/essd-12-961-2020, 2020.

Petrescu, A. M. R., McGrath, M. J., Andrew, R. M., Peylin, P., Pe-
ters, G. P., Ciais, P., Broquet, G., Tubiello, F. N., Gerbig, C.,
Pongratz, J., Janssens-Maenhout, G., Grassi, G., Nabuurs, G.-J.,
Regnier, P., Lauerwald, R., Kuhnert, M., Balkovic, J., Schelhaas,
M.-J., Denier van der Gon, H. A. C., Solazzo, E., Qiu, C., Pilli,
R., Konovalov, I. B., Houghton, R. A., Gilinther, D., Perugini, L.,
Crippa, M., Ganzenmiiller, R., Luijkx, L. T., Smith, P., Munassar,
S., Thompson, R. L., Conchedda, G., Monteil, G., Scholze, M.,
Karstens, U., Brockmann, P., and Dolman, A. J.: The consoli-
dated European synthesis of CO; emissions and removals for the
European Union and United Kingdom: 1990-2018, Earth Syst.
Sci. Data, 13, 2363-2406, https://doi.org/10.5194/essd-13-2363-
2021, 2021.

Pilli, R., Grassi, G., Kurz, W. A., Moris, J. V., and Vinas,
R. A.: Modelling forest carbon stock changes as affected by
harvest and natural disturbances — II. EU-level analysis in-
cluding land use changes, Carbon Balance Manage., 11, 20,
https://doi.org/10.1186/s13021-016-0059-4, 2016.

Pilli, R., Grassi, G., Kurz, W. A., Fiorese, G., and Cescatti, A.:
The European forest sector: past and future carbon budget and
fluxes under different management scenarios, Biogeosciences,
14, 2387-2405, https://doi.org/10.5194/bg-14-2387-2017, 2017.

Pilli, R., Alkama, R., Cescatti, A., Kurz, W. A., and Grassi, G.: The
European forest carbon budget under future climate conditions
and current management practices, Biogeosciences, 19, 3263—
3284, https://doi.org/10.5194/bg-19-3263-2022, 2022.

Pinty, B., Janssens-Maenhout, G., Dowell, M., Zunker, H., Brun-
hes, T., Ciais, P, Dee, D., Denier van der Gon, H., Dol-
man, H., Drinkwater, M., Engelen, R., Heimann, M., Holm-
lund, K., Husband, R., Kentarchos, A., Meijer, Y., Palmer, P.,
and Scholze, M.: An Operational Anthropogenic CO; Emis-
sions Monitoring & Verification Support capacity — Baseline
Requirements, Model Components and Functional Architecture,
European Commission Joint Research Centre, EUR 28736 EN,
https://doi.org/10.2760/08644, 2017.

Pisso, 1., Sollum, E., Grythe, H., Kristiansen, N. I., Cas-
siani, M., Eckhardt, S., Arnold, D., Morton, D., Thomp-
son, R. L., Groot Zwaaftink, C. D., Evangeliou, N., Sode-
mann, H., Haimberger, L., Henne, S., Brunner, D., Burkhart,
J. F, Fouilloux, A., Brioude, J., Philipp, A., Seibert, P., and

https://doi.org/10.5194/essd-15-4295-2023


https://doi.org/10.5194/gmd-14-3383-2021
https://doi.org/10.5194/acp-20-12063-2020
https://doi.org/10.1038/nature11420
https://doi.org/10.5194/acp-22-7875-2022
https://doi.org/10.24381/cds.e2161bac
https://doi.org/10.5194/essd-13-4349-2021
https://doi.org/10.1038/nclimate1853
https://doi.org/10.3390/f8120484
https://doi.org/10.1186/s13021-018-0107-3
https://doi.org/10.1111/j.1600-0889.2008.00408.x
https://doi.org/10.1126/science.aad7270
https://doi.org/10.5194/gmd-10-2201-2017
https://doi.org/10.5065/D6RR1W7M
https://doi.org/10.5281/zenodo.4741285
https://doi.org/10.21957/m1cs7h
https://doi.org/10.1038/s41586-021-03292-x
https://doi.org/10.5194/essd-12-961-2020
https://doi.org/10.5194/essd-13-2363-2021
https://doi.org/10.5194/essd-13-2363-2021
https://doi.org/10.1186/s13021-016-0059-4
https://doi.org/10.5194/bg-14-2387-2017
https://doi.org/10.5194/bg-19-3263-2022
https://doi.org/10.2760/08644

M. J. McGrath et al.: The consolidated European synthesis of COo emissions

Stohl, A.: The Lagrangian particle dispersion model FLEX-
PART version 10.4, Geosci. Model Dev., 12, 4955-4997,
https://doi.org/10.5194/gmd-12-4955-2019, 2019.

Polcher, J., McAvaney, B., Viterbo, P, Gaertner, M.-A., Hah-
mann, A., Mahfouf, J.-F., Noilhan, J., Phillips, T., Pitman, A.J.,
Schlosser, C.A., Schulz, J.-P.,, Timbal, B., Verseghy D., and
Xue, Y.: A proposal for a general interface between land-surface
schemes and general circulation models, Global Planet. Change,
19, 263-278, https://doi.org/10.1016/S0921-8181(98)00052-6,
1998.

Pongratz, J., Reick, C. H., Houghton, R. A., and House, J. L.: Ter-
minology as a key uncertainty in net land use and land cover
change carbon flux estimates, Earth Syst. Dynam., 5, 177-195,
https://doi.org/10.5194/esd-5-177-2014, 2014.

Pongratz, J., Schwingshackl, C., Bultan, S., Obermeier, W., Haver-
mann, F., and Guo, S.: Land Use Effects on Climate: Current
State, Recent Progress, and Emerging Topics, Curr. Clim Change
Rep., 7, 99-120, https://doi.org/10.1007/s40641-021-00178-y,
2021.

Pongratz, J., Reick, C., Raddatz, T., and Claussen, M.: A re-
construction of global agricultural areas and land cover for
the last millennium, Global Biogeochem. Cy., 22, GB3018,
https://doi.org/10.1029/2007GB003153, 2008.

Prentice, 1. C., Liang, X., Medlyn, B. E., and Wang, Y.-P.: Re-
liable, robust and realistic: the three R’s of next-generation
land-surface modelling, Atmos. Chem. Phys., 15, 5987-6005,
https://doi.org/10.5194/acp-15-5987-2015, 2015.

Ramankutty, N. and Foley, J. A.: Estimating histori-
cal changes in global land cover: Croplands from
1700 to 1992, Global Biogeochem. Cy., 13, 997-1027,
https://doi.org/10.1029/1999GB900046, 1999.

Raymond, P. A., Hartmann, J., Lauerwald, R., Sobek, S., Mc-
Donald, C., Hoover, M., and Guth, P.: Global carbon diox-
ide emissions from inland waters, Nature, 503, 355-359,
https://doi.org/10.1038/nature12760, 2013.

RECAPP2: REgional Carbon Cycle Assessment and Processes,
https://www.globalcarbonproject.org/Reccap/index.htm, last ac-
cess: 22 November 2022.

Regnier, P., Friedlingstein, P., Ciais, P., Mackenzie, F. T., Gruber,
N., Janssens, I. A., Laruelle, G. G., Lauerwald, R., Luyssaert,
S., Andersson, A. J., Arndt, S., Arnosti, C., Borges, A. V., Dale,
A. W., Gallego-Sala, A., Goddéris, Y., Goossens, N., Hartmann,
J., Heinze, C., Illyina, T., Joos, F., LaRowe, D. E., Leifeld, J.,
Meysman, F. J. R., Munhoven, G., Raymond, P. A., Spahni, R.,
Suntharalingam, P., and Thullner, M.: Anthropogenic perturba-
tion of the carbon fluxes from land to ocean, Nat. Geosci., 6,
597-607, https://doi.org/10.1038/ngeo1830, 2013.

Reichstein, M., Bahn, M., Ciais, P., Frank, D., Mahecha, M. D.,
Seneviratne, S. L., Zscheischler, J., Beer, C., Buchmann, N.,
Frank, D. C., Papale, D., Rammig, A., Smith, P.,, Thonicke, K.,
van der Velde, M., Vicca, S., Walz, A., and Wattenbach, M.:
Climate extremes and the carbon cycle, Nature, 500, 287-295,
https://doi.org/10.1038/nature 12350, 2013.

Resplandy, L., Keeling, R. F., Rodenbeck, C. Stephens, B. B., Khati-
wala, S., Rodgers, K. B., Long, M. C., Bopp, L., and Tans, P.
P.: Revision of global carbon fluxes based on a reassessment of
oceanic and riverine carbon transport, Nat. Geosci., 11, 504-509,
https://doi.org/10.1038/s41561-018-0151-3, 2018.

https://doi.org/10.5194/essd-15-4295-2023

4367

Rodenbeck, C.: Estimating CO;, sources and sinks from at-
mospheric mixing ratio measurements using a global
inversion of atmospheric transport, Tech. Rep. 6, Max
Planck Institute for Biogeochemistry, Jena, Germany,
http://www.bgc-jena.mpg.de/~christian.roedenbeck/download/
2005-Roedenbeck-TechReport6.pdf (last access: 16 September
2023), 2005.

Rodenbeck, C., Gerbig, C., Trusilova, K., and Heimann, M.: A two-
step scheme for high-resolution regional atmospheric trace gas
inversions based on independent models, Atmos. Chem. Phys.,
9, 5331-5342, https://doi.org/10.5194/acp-9-5331-2009, 2009.

Rodenbeck, C., Bakker, D. C. E., Metzl, N., Olsen, A., Sabine,
C., Cassar, N., Reum, F., Keeling, R. F., and Heimann, M.:
Interannual sea—air CO, flux variability from an observation-
driven ocean mixed-layer scheme, Biogeosciences, 11, 4599—
4613, https://doi.org/10.5194/bg-11-4599-2014, 2014.

Sallnis, O.: A matrix model of the Swedish forest, Studia Forestalia
Suecica, 183, 1-23, 1990.

Scharnweber, T., Smiljanic, M., Cruz-Garcia, R., Manthey, M., and
Wilmking, M.: Tree growth at the end of the 21st century — the
extreme years 2018/19 as template for future growth conditions,
Environ. Res. Lett., 15, 074022, https://doi.org/10.1088/1748-
9326/ab865d, 2020.

Schelhaas, M. J., Eggers, J., Lindner, M., Nabuurs, G. J., Pussinen,
A., Paivinen, R., Schuck, A., Verkerk, P. J., van der Werf, D. C.,
and Zudin, S.: Model documentation for the European Forest In-
formation Scenario model (EFISCEN 3.1), Wageningen, Alterra,
Alterra report 1559, EFI Technical Report 26, Joensuu, Finland,
2007.

Schelhaas, M.-J., Nabuurs, G.-J., Verkerk, P. J., Hengeveld, G.,
Packalen, T., Sallnds, O., Pilli, R., Grassi, G., Forsell, N.,
Frank, S., Gusti, M., and Havlik, P.: Forest Resource Pro-
jection Tools at the European Level, in: Forest Inventory-
based Projection Systems for Wood and Biomass Availability,
edited by: Barreiro, S., Schelhaas, M.-J., McRoberts, R. E., and
Kindler, G., Springer International Publishing, Cham, 49-68,
https://doi.org/10.1007/978-3-319-56201-8_4, 2017.

Schelhaas, M. J., Hengeveld, G. M., Filipek, S., Konig, L., Lerink,
B., Staristsky, 1., de Jong, A., and Nabuurs, G. J. M. M.:
EFISCEN-Space 1.0 model documentation and manual. Wa-
geningen, Wageningen Environmental Research, Report 3220,
https://edepot.wur.nl/583568 (last access: 16 September 2023),
2022.

Schuldt, K. N., Jacobson, A. R., Aalto, T., Andrews, A., Bakwin, P.,
Bergamaschi, P., Biermann, T., Biraud, S. C., Chen, H., Colomb,
A., Conil, S., Cristofanelli, P., De Mazie¢re, M., De Wekker, S.,
Delmotte, M., Dlugokencky, E., Emmenegger, L., Fischer, M. L.,
Hatakka, J., Heliasz, M., Hermanssen, O., Holst, J., Jaffe, D.,
Karion, A., Kazan, V., Keronen, P., Kominkova, K., Kubistin,
D., Laurent, O., Laurila, T., Lee, J., Lehner, 1., Leuenberger, M.,
Lindauer, M., Lopez, M., Mammarella, 1., Manca, G., Marek,
M. V., McKain, K., Miller, J. B., Miller, C. E., Myhre, C. L.,
Molder, M., Miiller-Williams, J., Piacentino, S., Pichon, J. M.,
Plass-Duelmer, C., Ramonet, M., Scheeren, B., Schumacher, M.,
Sha, M. K., Sloop, C. D., Smith, P., Steinbacher, M., Sweeney,
C., Tans, P, Thoning, K., Trisolino, P., Terseth, K., Viner, B.,
Vitkova, G., and di Sarra, A. G.: Multi-laboratory compilation
of atmospheric carbon dioxide data for the period 2020-2021;
obspack_co2_1_NRT_v6.1_2021-02-02; NOAA Earth System

Earth Syst. Sci. Data, 15, 4295-4370, 2023


https://doi.org/10.5194/gmd-12-4955-2019
https://doi.org/10.1016/S0921-8181(98)00052-6
https://doi.org/10.5194/esd-5-177-2014
https://doi.org/10.1007/s40641-021-00178-y
https://doi.org/10.1029/2007GB003153
https://doi.org/10.5194/acp-15-5987-2015
https://doi.org/10.1029/1999GB900046
https://doi.org/10.1038/nature12760
https://www.globalcarbonproject.org/Reccap/index.htm
https://doi.org/10.1038/ngeo1830
https://doi.org/10.1038/nature12350
https://doi.org/10.1038/s41561-018-0151-3
http://www.bgc-jena.mpg.de/~christian.roedenbeck/download/2005-Roedenbeck-TechReport6.pdf
http://www.bgc-jena.mpg.de/~christian.roedenbeck/download/2005-Roedenbeck-TechReport6.pdf
https://doi.org/10.5194/acp-9-5331-2009
https://doi.org/10.5194/bg-11-4599-2014
https://doi.org/10.1088/1748-9326/ab865d
https://doi.org/10.1088/1748-9326/ab865d
https://doi.org/10.1007/978-3-319-56201-8_4
https://edepot.wur.nl/583568

4368

Research Laboratory, Global Monitoring Laboratory [data set],
https://doi.org/10.25925/20210108, 2021a.

Schuldt, K. N., Mund, J., Luijkx, I. T., Aalto, T., Abshire, J. B.,
Aikin, K., Andrews, A., Aoki, S., Apadula, F., Baier, B., Bak-
win, P, Bartyzel, J., Bentz, G., Bergamaschi, P., Beyersdorf, A.,
Biermann, T., Biraud, S. C., Boenisch, H., Bowling, D., Brails-
ford, G., Chen, G., Chen, H., Chmura, L., Clark, S., Climadat,
S., Colomb, A., Commane, R., Conil, S., Cox, A., Cristofanelli,
P., Cuevas, E., Curcoll, R., Daube, B., Davis, K., De Maziére,
M., De Wekker, S., Coletta, J. D., Delmotte, M., DiGangi, J. P,
Dlugokencky, E., Elkins, J. W., Emmenegger, L., Fang, S., Fis-
cher, M. L., Forster, G., Frumau, A., Galkowski, M., Gatti, L. V.,
Gebhrlein, T., Gerbig, C., Gheusi, F., Gloor, E., Gomez-Trueba,
V., Goto, D., Griffis, T., Hammer, S., Hanson, C., Haszpra, L.,
Hatakka, J., Heimann, M., Heliasz, M., Hensen, A., Hermanssen,
O., Hintsa, E., Holst, J., Ivakhov, V., Jaffe, D., Joubert, W., Kar-
ion, A., Kawa, S. R., Kazan, V., Keeling, R., Keronen, P., Kolari,
P., Kominkova, K., Kort, E., Kozlova, E., Krummel, P., Kubistin,
D., Labuschagne, C., Lam, D. H., Langenfelds, R., Laurent, O.,
Laurila, T., Lauvaux, T., Lavric, J., Law, B., Lee, O. S, Lee, J.,
Lehner, I., Leppert, R., Leuenberger, M., Levin, 1., Levula, J.,
Lin, J., Lindauer, M., Loh, Z., Lopez, M., Machida, T., Mam-
marella, 1., Manca, G., Manning, A., Manning, A., Marek, M.
V., Martin, M. Y., Matsueda, H., McKain, K., Meijer, H., Mein-
hardt, F., Merchant, L., Mihalopoulos, N., Miles, N., Miller, C.
E., Miller, J. B., Mitchell, L., Montzka, S., Moore, F., Morgan,
E., Morgui, J.-A., Morimoto, S., Munger, B., Munro, D., Myhre,
C. L., Molder, M., Miiller-Williams, J., Necki, J., Newman, S.,
Nichol, S., Niwa, Y., O’Doherty, S., Obersteiner, F., Paplawsky,
B., Peischl, J., Peltola, O., Piacentino, S., Pichon, J. M., Piper,
S., Plass-Duelmer, C., Ramonet, M., Ramos, R., Reyes-Sanchez,
E., Richardson, S., Riris, H., Rivas, P. P, Ryerson, T., Saito, K.,
Sargent, M., Sasakawa, M., Say, D., Scheeren, B., Schuck, T.,
Schumacher, M., Seifert, T., Sha, M. K., Shepson, P., Shook, M.,
Sloop, C. D., Smith, P., Steinbacher, M., Stephens, B., Sweeney,
C., Tans, P, Thoning, K., Timas, H., Torn, M., Trisolino, P.,
Turnbull, J., Tgrseth, K., Vermeulen, A., Viner, B., Vitkova, G.,
Walker, S., Watson, A., Wofsy, S., Worsey, J., Worthy, D., Young,
D., Zaehle, S., Zahn, A., Zimnoch, M., di Sarra, A. G., van
Dinther, D., and van den Bulk, P.: Multi-laboratory compilation
of atmospheric carbon dioxide data for the period 1957-2020;
obspack_co2_1_GLOBALVIEWplus_v7.0_2021-08-18; NOAA
Earth System Research Laboratory, Global Monitoring Labora-
tory [data set], https://doi.org/10.25925/20210801, 2021b.

Seidl, R., Schelhaas, M. J., Rammer, W., and Verkerk, P.
J.: Increasing forest disturbances in Europe and their im-
pact on carbon storage, Nat. Clim. Change, 4, 806-810,
https://doi.org/10.1038/nclimate2318, 2014.

Senf, C., Pflugmacher, D., Zhigiang, Y., Sebald, J., Knorrn, J., Neu-
mann, M., Hostert, P., and Seidl, R.: Canopy mortality has dou-
bled across Europe’s temperate forests in the last three decades,
Nat. Commun., 9, 4978, https://doi.org/10.1038/s41467-018-
07539-6, 2018.

Simmonds, P., Palmer, P. I., Rigby, M., McCulloch, A., O’Doherty,
S. G., and Manning, A. J.: Tracers for evaluating compu-
tational models of atmospheric transport and dispersion at
regional to global scales, Atmos. Environ., 246, 118074,
https://doi.org/10.1016/j.atmosenv.2020.118074, 2021.

Earth Syst. Sci. Data, 15, 4295-4370, 2023

M. J. McGrath et al.: The consolidated European synthesis of CO» emissions

Simpson, D., Benedictow, A., Berge, H., Bergstrom, R., Em-
berson, L. D., Fagerli, H., Flechard, C. R., Hayman, G. D.,
Gauss, M., Jonson, J. E., Jenkin, M. E., Nyiri, A., Richter,
C., Semeena, V. S., Tsyro, S., Tuovinen, J.-P., Valdebenito, A.,
and Wind, P.: The EMEP MSC-W chemical transport model
— technical description, Atmos. Chem. Phys., 12, 7825-7865,
https://doi.org/10.5194/acp-12-7825-2012, 2012.

Simpson, D., Bergstrom, R., Imhof, H., and Wind, P.: Updates to the
emep/msc-w model, 2016-2017, in: Transboundary particulate
matter, photo-oxidants, acidifying and eutrophying components,
EMEP Status Report 1/2017. The Norwegian Meteorological In-
stitute, Oslo, Norway, ISSN 1504-6109, 2017.

Simpson, D., Bergstrom, R., Tsyro, S., and Wind, P.: Updates to the
EMEP MSC-W model, 2018-2019, in: Transboundary particu-
late matter, photo-oxidants, acidifying and eutrophying compo-
nents, EMEP Status Report 1/2019, The Norwegian Meteorolog-
ical Institute, Oslo, Norway, ISSN 1504-6109, 2019.

Simpson, D., Gonzalez Fernandez, 1. A., Segers, A., Tsyro, S.,
Valdebenito, A., and Wind, P.: Updates to the EMEP MSC-W
model, 2021-2022, in: Transboundary particulate matter, photo-
oxidants, acidifying and eutrophying components, EMEP Status
Report 1/2022, The Norwegian Meteorological Institute, Oslo,
Norway, ISSN 1504-6109, 2022.

Smith, B., Warlind, D., Arneth, A., Hickler, T., Leadley, P., Silt-
berg, J., and Zaehle, S.: Implications of incorporating N cy-
cling and N limitations on primary production in an individual-
based dynamic vegetation model, Biogeosciences, 11, 2027—
2054, https://doi.org/10.5194/bg-11-2027-2014, 2014.

Smith, J. U., Bradbury, N. J., and Addiscott, T. M.:
SUNDIAL: A PC-based system for simulating nitro-
gen dynamics in arable land, Agron. J., 88, 38-43,
https://doi.org/10.2134/agronj1996.00021962008800010008x,
1996.

Smith, J. U., Gottschalk, P., Bellarby, J., Chapman, S., Lilly, A,
Towers, W., Bell, J., Coleman, K., Nayak, D. R., Richards, M.
L., Hillier, J., Flynn, H. C., Wattenbach, M., Aitkenhead, M.,
Yeluripurti, J. B., Farmer, J., Milne, R., Thomson, A., Evans, C.,
Whitmore, A. P., Falloon, P., and Smith, P.: Estimating changes
in national soil carbon stocks using ECOSSE — a new model that
includes upland organic soils. Part I. Model description and un-
certainty in national scale simulations of Scotland, Clim. Res.,
45, 179-192, https://doi.org/10.3354/cr00899, 2010a.

Smith, J. U., Gottschalk, P., Bellarby, J., Chapman, S., Lilly, A,
Towers, W., Bell, J., Coleman, K., Nayak, D. R., Richards, M.
L., Hillier, J., Flynn, H. C., Wattenbach, M., Aitkenhead, M.,
Yeluripurti, J. B., Farmer, J., Milne, R., Thomson, A., Evans, C.,
Whitmore, A. P., Falloon, P., and Smith, P.: Estimating changes
in national soil carbon stocks using ECOSSE — a new model
that includes upland organic soils. Part II Application in Scot-
land, Clim. Res., 45, 193-205, https://doi.org/10.3354/cr00902,
2010b.

SNO-IFA, ICOS-CAL-FCL: SNO-IFA ATC Atmosphere Release
SNO-IFA-L2-2022.1 of L2 Greenhouse Gas Mole Fractions of
CO,, CHy, Aeris [data set], https://doi.org/10.25326/410, 2023.

Sobek, S., Tranvik, L. J., and Cole, J. J.: Tempera-
ture independence of carbon dioxide supersatura-
tion in global lakes, Global Biogeochem. Cy., 19,

GB2003,https://doi.org/10.1029/2004GB 002264, 2005.

https://doi.org/10.5194/essd-15-4295-2023


https://doi.org/10.25925/20210108
https://doi.org/10.25925/20210801
https://doi.org/10.1038/nclimate2318
https://doi.org/10.1038/s41467-018-07539-6
https://doi.org/10.1038/s41467-018-07539-6
https://doi.org/10.1016/j.atmosenv.2020.118074
https://doi.org/10.5194/acp-12-7825-2012
https://doi.org/10.5194/bg-11-2027-2014
https://doi.org/10.2134/agronj1996.00021962008800010008x
https://doi.org/10.3354/cr00899
https://doi.org/10.3354/cr00902
https://doi.org/10.25326/410
https://doi.org/10.1029/2004GB002264

M. J. McGrath et al.: The consolidated European synthesis of COo emissions

Solazzo, E., Crippa, M., Guizzardi, D., Muntean, M., Choulga,
M., and Janssens-Maenhout, G.: Uncertainties in the Emissions
Database for Global Atmospheric Research (EDGAR) emission
inventory of greenhouse gases, Atmos. Chem. Phys., 21, 5655—
5683, https://doi.org/10.5194/acp-21-5655-2021, 2021.

Steinbach, J., Gerbig, C., Rodenbeck, C., Karstens, U., Minejima,
C., and Mukai, H.: The CO; release and Oxygen uptake from
Fossil Fuel Emission Estimate (COFFEE) dataset: effects from
varying oxidative ratios, Atmos. Chem. Phys., 11, 6855-6870,
https://doi.org/10.5194/acp-11-6855-2011, 2011.

Szopa, S., Foret, G., Menut,L., and Cozic, A.: Impact of large
scale circulation on European summer surface ozone: con-
sequences for modeling, Atmos. Environ., 43, 1189-1195,
https://doi.org/10.1016/j.atmosenv.2008.10.039, 2009.

Thompson, R. L. and Stohl, A.: FLEXINVERT: an atmospheric
Bayesian inversion framework for determining surface fluxes of
trace species using an optimized grid, Geosci. Model Deyv., 7,
2223-2242, https://doi.org/10.5194/gmd-7-2223-2014, 2014.

Thompson, R. L., Broquet, G., Gerbig, C., Koch, T., Lang, M.,
Monteil, G., Munassar, S., Nickless, A., Scholze, M., Ramonet,
M., Karstens, U., van Schaik, E., Wu, Z., and Rodenbeck, C.:
Changes in net ecosystem exchange over Europe during the 2018
drought based on atmospheric observations, Philos. T. R. Soc. B,
375, 20190512, https://doi.org/10.1098/rstb.2019.0512, 2020.

Tian, H., Yang, J., Lu, C., Xu, R., Canadell, J. G., Jackson, R. B., Ar-
neth, A., Chang, J., Chen, G., Ciais, P., Gerber, S., Ito, A., Huang,
Y., Joos, F., Lienert, S., Messina, P., Olin, S., Pan, S., Peng, C.,
Zhu, Q.: The global N, O model intercomparison project, B. Am.
Meteorol. Soc., 99, 1231-1251. https://doi.org/10.1175/BAMS-
D-17-0212.1, 2018.

Toreti, A., Belward, A., Perez-Dominguez, 1., Naumann, G., Luter-
bacher, J., Cronie, O., Lorenzo Seguini, L., Manfron, G., Lopez-
Lozano, R., Baruth, B., van den Berg, M., Dentener, F., Ceglar,
A., Chatzopoulos, T., and Zampieri, M.: The exceptional 2018
European water seesaw calls for action on adaptation, Earth’s Fu-
ture, 7, 652—663, https://doi.org/10.1029/2019EF001170, 2019.

Tubiello, F. N., Conchedda, G., Wanner, N., Federici, S., Rossi,
S., and Grassi, G.: Carbon emissions and removals from forests:
new estimates, 1990-2020, Earth Syst. Sci. Data, 13, 1681-1691,
https://doi.org/10.5194/essd-13-1681-2021, 2021.

UK NIR: UK Greenhouse Gas Inventory, 1990 to 2020, Annual Re-
port for Submission under the Framework Convention on Cli-
mate Change, ISBN 978-0-9933975-8-5, 2022.

UNFCCC: Kyoto Climte Change Decision, https://unfccc.
int/process-and-meetings/conferences/past-conferences/
kyoto-climate-change-conference-december-1997/
decisions-kyoto-climate-change-conference-december-1997
(last access: 5 October 2020), 1997.

UNFCCC: Decision 24/CP.19 Revision of the UNFCCC report-
ing guidelines on annual inventories for Parties included in
Annex I to the Convention, FCCC/CP/2013/10/Add.3, https:
//anfccce.int/process-and- meetings/transparency-and-reporting/
reporting-and-review-under-the-convention/
greenhouse- gas-inventories-annex-i-parties/
reporting-requirements (last access: June 2021), 2014.

UNFCCC: NGHGI, https://unfcce.int/process-and-
meetings/transparency-and-reporting/reporting-and-review-
under-the-convention/greenhouse-gas-inventories-annex-
i-parties/submissions/national-inventory-submissions-

https://doi.org/10.5194/essd-15-4295-2023

4369

20187gclid=Cj0KCQiApKagBhC1ARIsAFc7Mc45jkWIOWrR1J4
ma42Aely6vdrAWQXuf_-xpEE9ScQrG4oULOS_Udt8aAiprEAL
w_wcB (last access: December 2022), 2018.

UNFCCC: NGHGI 2021 National Inventory Reports (NIRs), https:
/lunfccc.int/ghg-inventories-annex-i-parties/2021 (last access: 1
January 2022), 2022a.

UNFCCC: NGHGI 2021 Common Reporting Format tables
(CRFs), https://unfcce.int/ghg-inventories-annex-i-parties/2021
(last access: 1 March 2022), 2022b.

USGS: USGS EROS Archive — Digital Elevation — HYDROI1K,
https://doi.org/10.5066/F77P8WNO, 2000.

VERIFY: VERIFYING GREENHOUSE GAS EMISSIONS. http:
/Iverify.lsce.ipsl.fr/, last access: 21 November 2022.

VERIFY Synthesis Plots: Country GHG Synthesis Plots &
Summary Factsheets, http://webportals.ipsl.jussieu.fr/VERIFY/
FactSheets/, last access: 21 November 2022.

van der Laan-Luijkx, I. T., van der Velde, I. R., van der Veen,
E., Tsuruta, A., Stanislawska, K., Babenhauserheide, A., Zhang,
H. F, Liu, Y., He, W., Chen, H., Masarie, K. A., Krol,
M. C., and Peters, W.: The CarbonTracker Data Assimila-
tion Shell (CTDAS) v1.0: implementation and global car-
bon balance 2001-2015, Geosci. Model Dev., 10, 2785-2800,
https://doi.org/10.5194/gmd-10-2785-2017, 2017.

Verkerk, P. J., Schelhaas, M.-J., Immonen, V., Hengeveld, G.,
Kiljunen, J., Lindner, M., Nabuurs, G.-J., Suominen, T., and
Zudin, S.: Manual for the European Forest Information Scenario
model (EFISCEN 4.1), EFI Technical Report 99, European For-
est Institute, 49 pp., 2016.

Viovy, N.: Interannuality and CO, sensitivity of the SECHIBA-
BGC coupled SVAT-BGC model, Phys. Chem. Earth, 21, 489—
497, https://doi.org/10.1016/S0079-1946(97)81147-0, 1996.

Vizzarri, M., Pilli, R., Korosuo, A., Blujdea, V. N. B., Rossi,
S., Fiorese, G., Abad-Vinas, R., Colditz, R. R., and Grassi,
G.: Setting the forest reference levels in the European Union:
overview and challenges, Carbon Balance Manage., 16, 23,
https://doi.org/10.1186/s13021-021-00185-4, 2021.

Vuichard, N., Messina, P., Luyssaert, S., Guenet, B., Zaehle, S.,
Ghattas, J., Bastrikov, V., and Peylin, P.: Accounting for car-
bon and nitrogen interactions in the global terrestrial ecosystem
model ORCHIDEE (trunk version, rev 4999): multi-scale evalua-
tion of gross primary production, Geosci. Model Dev., 12, 4751—
4779, https://doi.org/10.5194/gmd-12-4751-2019, 2019.

Wang, Y.-P. and Leuning, R.: A two-leaf model for canopy
conductance, photosynthesis and partitioning of avail-
able energy I: Model description and comparison with a
multi-layered model, Agr. Forest Meteorol., 91, 89-111,
https://doi.org/10.1016/S0168-1923(98)00061-6, 1998.

Wang, Y. P,, Law, R. M., and Pak, B.: A global model of carbon,
nitrogen and phosphorus cycles for the terrestrial biosphere, Bio-
geosciences, 7, 2261-2282, https://doi.org/10.5194/bg-7-2261-
2010, 2010.

Wanninkhof, R.: Relationship between wind speed and gas ex-
change over the ocean revisited: Gas exchange and wind
speed over the ocean, Limnol. Oceanogr.-Meth., 12, 351-362,
https://doi.org/10.4319/lom.2014.12.351, 2014.

Williams, J. R.: The Erosion-Productivity Impact Calculator (EPIC)
Model: A Case History, Philos. T. R. Soc. B Biol. Sci. 329, 421—
428, https://doi.org/10.1098/rstb.1990.0184, 1990.

Earth Syst. Sci. Data, 15, 4295-4370, 2023


https://doi.org/10.5194/acp-21-5655-2021
https://doi.org/10.5194/acp-11-6855-2011
https://doi.org/10.1016/j.atmosenv.2008.10.039
https://doi.org/10.5194/gmd-7-2223-2014
https://doi.org/10.1098/rstb.2019.0512
https://doi.org/10.1175/BAMS-D-17-0212.1
https://doi.org/10.1175/BAMS-D-17-0212.1
https://doi.org/10.1029/2019EF001170
https://doi.org/10.5194/essd-13-1681-2021
https://unfccc.int/process-and-meetings/conferences/past-conferences/kyoto-climate-change-conference-december-1997/decisions-kyoto-climate-change-conference-december-1997
https://unfccc.int/process-and-meetings/conferences/past-conferences/kyoto-climate-change-conference-december-1997/decisions-kyoto-climate-change-conference-december-1997
https://unfccc.int/process-and-meetings/conferences/past-conferences/kyoto-climate-change-conference-december-1997/decisions-kyoto-climate-change-conference-december-1997
https://unfccc.int/process-and-meetings/conferences/past-conferences/kyoto-climate-change-conference-december-1997/decisions-kyoto-climate-change-conference-december-1997
https://unfccc.int/process-and-meetings/transparency-and-reporting/reporting-and-review-under-the-convention/greenhouse-gas-inventories-annex-i-parties/reporting-requirements
https://unfccc.int/process-and-meetings/transparency-and-reporting/reporting-and-review-under-the-convention/greenhouse-gas-inventories-annex-i-parties/reporting-requirements
https://unfccc.int/process-and-meetings/transparency-and-reporting/reporting-and-review-under-the-convention/greenhouse-gas-inventories-annex-i-parties/reporting-requirements
https://unfccc.int/process-and-meetings/transparency-and-reporting/reporting-and-review-under-the-convention/greenhouse-gas-inventories-annex-i-parties/reporting-requirements
https://unfccc.int/process-and-meetings/transparency-and-reporting/reporting-and-review-under-the-convention/greenhouse-gas-inventories-annex-i-parties/reporting-requirements
https://unfccc.int/process-and-meetings/transparency-and-reporting/reporting-and-review-under-the-convention/greenhouse-gas-inventories-annex-i-parties/submissions/national-inventory-submissions-2018?gclid=Cj0KCQiApKagBhC1ARIsAFc7Mc45jkW9WrR1J4 ma42Aely6vdrAWQXuf_-xpEE9ScQrG4oUL0S_Udt8aAiprEAL w_wcB
https://unfccc.int/process-and-meetings/transparency-and-reporting/reporting-and-review-under-the-convention/greenhouse-gas-inventories-annex-i-parties/submissions/national-inventory-submissions-2018?gclid=Cj0KCQiApKagBhC1ARIsAFc7Mc45jkW9WrR1J4 ma42Aely6vdrAWQXuf_-xpEE9ScQrG4oUL0S_Udt8aAiprEAL w_wcB
https://unfccc.int/process-and-meetings/transparency-and-reporting/reporting-and-review-under-the-convention/greenhouse-gas-inventories-annex-i-parties/submissions/national-inventory-submissions-2018?gclid=Cj0KCQiApKagBhC1ARIsAFc7Mc45jkW9WrR1J4 ma42Aely6vdrAWQXuf_-xpEE9ScQrG4oUL0S_Udt8aAiprEAL w_wcB
https://unfccc.int/process-and-meetings/transparency-and-reporting/reporting-and-review-under-the-convention/greenhouse-gas-inventories-annex-i-parties/submissions/national-inventory-submissions-2018?gclid=Cj0KCQiApKagBhC1ARIsAFc7Mc45jkW9WrR1J4 ma42Aely6vdrAWQXuf_-xpEE9ScQrG4oUL0S_Udt8aAiprEAL w_wcB
https://unfccc.int/process-and-meetings/transparency-and-reporting/reporting-and-review-under-the-convention/greenhouse-gas-inventories-annex-i-parties/submissions/national-inventory-submissions-2018?gclid=Cj0KCQiApKagBhC1ARIsAFc7Mc45jkW9WrR1J4 ma42Aely6vdrAWQXuf_-xpEE9ScQrG4oUL0S_Udt8aAiprEAL w_wcB
https://unfccc.int/process-and-meetings/transparency-and-reporting/reporting-and-review-under-the-convention/greenhouse-gas-inventories-annex-i-parties/submissions/national-inventory-submissions-2018?gclid=Cj0KCQiApKagBhC1ARIsAFc7Mc45jkW9WrR1J4 ma42Aely6vdrAWQXuf_-xpEE9ScQrG4oUL0S_Udt8aAiprEAL w_wcB
https://unfccc.int/process-and-meetings/transparency-and-reporting/reporting-and-review-under-the-convention/greenhouse-gas-inventories-annex-i-parties/submissions/national-inventory-submissions-2018?gclid=Cj0KCQiApKagBhC1ARIsAFc7Mc45jkW9WrR1J4 ma42Aely6vdrAWQXuf_-xpEE9ScQrG4oUL0S_Udt8aAiprEAL w_wcB
https://unfccc.int/ghg-inventories-annex-i-parties/2021
https://unfccc.int/ghg-inventories-annex-i-parties/2021
https://unfccc.int/ghg-inventories-annex-i-parties/2021
https://doi.org/10.5066/F77P8WN0
http://verify.lsce.ipsl.fr/
http://verify.lsce.ipsl.fr/
http://webportals.ipsl.jussieu.fr/VERIFY/FactSheets/
http://webportals.ipsl.jussieu.fr/VERIFY/FactSheets/
https://doi.org/10.5194/gmd-10-2785-2017
https://doi.org/10.1016/S0079-1946(97)81147-0
https://doi.org/10.1186/s13021-021-00185-4
https://doi.org/10.5194/gmd-12-4751-2019
https://doi.org/10.1016/S0168-1923(98)00061-6
https://doi.org/10.5194/bg-7-2261-2010
https://doi.org/10.5194/bg-7-2261-2010
https://doi.org/10.4319/lom.2014.12.351
https://doi.org/10.1098/rstb.1990.0184

4370
Winkler, K., Fuchs, R., Rounsevell, M. D. A. and
Herold, M.: HILDA+ Global Land Use Change

between 1960 and 2019, PANGAEA [data set],
https://doi.org/10.1594/PANGAEA.921846, 2020.

Winkler, K., Fuchs, R., Rounsevell, M., and Herold, M.: Global
land use changes are four times greater than previously esti-
mated, Nat. Commun., 12, 2501, https://doi.org/10.1038/s41467-
021-22702-2, 2021.

WMO: United in Science Report, https:/public.wmo.int/en/
our-mandate/climate/wmo- statement- state- of- global-climate
(last access: January 2022), 2021.

Zhang, J., Balkovic, J., Azevedo, L. B., Skalsky, R., Bouwman, A.
F, Xu, G., Wang, J., Xu, M., and Yu, C.: Analyzing and mod-
elling the effect of long-term fertilizer management on crop yield
and soil organic carbon in China, Sci. Total Environ., 627, 361—
372, https://doi.org/10.1016/j.scitotenv.2018.01.090, 2018.

Zhang, B., Tian, H., Lu, C., Dangal, S. R. S., Yang, J., and
Pan, S.: Global manure nitrogen production and application in
cropland during 1860-2014: a 5 arcmin gridded global dataset
for Earth system modeling, Earth Syst. Sci. Data, 9, 667-678,
https://doi.org/10.5194/essd-9-667-2017, 2017.

Earth Syst. Sci. Data, 15, 4295-4370, 2023

M. J. McGrath et al.: The consolidated European synthesis of CO» emissions

Zhao, M., Heinsch, F. A., Nemani, R. R., and Running, S. W.: Im-
provements of the MODIS terrestrial gross and net primary pro-
duction global data set, Remote Sens. Environ., 95, 164-176,
https://doi.org/10.1016/j.rse.2004.12.011, 2005.

Zscheischler, J., Mahecha, M. D., Avitabile, V., Calle, L., Carval-
hais, N., Ciais, P., Gans, F., Gruber, N., Hartmann, J., Herold, M.,
Ichii, K., Jung, M., Landschiitzer, P., Laruelle, G. G., Lauerwald,
R., Papale, D., Peylin, P., Poulter, B., Ray, D., Regnier, P., Roden-
beck, C., Roman-Cuesta, R. M., Schwalm, C., Tramontana, G.,
Tyukavina, A., Valentini, R., van der Werf, G., West, T. O., Wolf,
J. E., and Reichstein, M.: Reviews and syntheses: An empirical
spatiotemporal description of the global surface—atmosphere car-
bon fluxes: opportunities and data limitations, Biogeosciences,
14, 3685-3703, https://doi.org/10.5194/bg-14-3685-2017, 2017.

https://doi.org/10.5194/essd-15-4295-2023


https://doi.org/10.1594/PANGAEA.921846
https://doi.org/10.1038/s41467-021-22702-2
https://doi.org/10.1038/s41467-021-22702-2
https://public.wmo.int/en/our-mandate/climate/wmo-statement-state-of-global-climate
https://public.wmo.int/en/our-mandate/climate/wmo-statement-state-of-global-climate
https://doi.org/10.1016/j.scitotenv.2018.01.090
https://doi.org/10.5194/essd-9-667-2017
https://doi.org/10.1016/j.rse.2004.12.011
https://doi.org/10.5194/bg-14-3685-2017

	Abstract
	Introduction
	CO2 data sources and estimation approaches
	CO2 anthropogenic emissions from the NGHGI
	CO2 fossil emissions
	CO2 land fluxes
	Independence of estimates

	Results and discussion
	Overall NGHGI reported anthropogenic CO2 fluxes
	CO2 fossil emissions
	CO2 land fluxes
	Estimates of CO2 land fluxes from bottom-up approaches
	Bottom-up estimates of CO2 from Forest Land
	Bottom-up estimates of CO2 from Cropland and Grassland
	Total bottom-up and top-down LULUCF CO2 estimates

	Uncertainties in top-down and bottom-up estimates

	Data availability
	Summary and concluding remarks
	Appendix A: Data sources, methodology, and uncertainty descriptions
	Appendix A1: VERIFY project
	Appendix A2: UNFCCC NGHGI (2021)
	Appendix A3: Fossil CO2 emissions
	Appendix A3.1: Bottom-up emission estimates
	Appendix A3.2: Top-down CO2 emission estimates

	Appendix A4: Land CO2 emissions/removals
	Appendix A4.1: Bottom-up CO2 estimates
	Appendix A4.2: Top-down CO2 emission estimates

	Appendix A5: Input data
	Appendix A5.1: CRU ERA
	Appendix A5.2: HILDA+
	Appendix A5.3: Nitrogen deposition
	Appendix A5.4: Coastal ocean fluxes


	Appendix B: Additional figures
	Appendix B1: Overview figures
	Appendix B2: CO2 fossil
	Appendix B3: CO2 land

	Appendix C: Source-specific methodologies – AD, EFs, and uncertainties
	Note on former version
	Author contributions
	Competing interests
	Disclaimer
	Acknowledgements
	Financial support
	Review statement
	References

