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Abstract

In the framework of the RECCAP?2 initiative, we present the greenhouse gas (GHG) and carbon (C) budget of Europe. For
the decade of the 2010s, we present a bottom-up (BU) estimate of GHG net-emissions of 3.9 Pg CO2-eq. yr-1 (global warming
potential on 100 year horizon), and are largely dominated by fossil fuel emissions. In this decade, terrestrial ecosystems are a
net GHG sink of 0.9 Pg CO2-eq. yr-1, dominated by a CO2 sink. For CH4 and N20, we find good agreement between BU
and top-down (TD) estimates from atmospheric inversions. However, our BU land CO2 sink is significantly higher than TD
estimates. We further show that decadal averages of GHG net-emissions have declined by 1.2 Pg CO2-eq. yr-1 since the 1990s,
mainly due to a reduction in fossil fuel emissions. In addition, based on both data driven BU and TD estimates, we also find
that the land CO2 sink has weakened over the past two decades. In particular, we identified a decreasing sink strength over
Scandinavia, which can be attributed to an intensification of forest management. These are partly offset by increasing CO2
sinks in parts of Eastern Europe and Northern Spain, attributed in part to land use change. Extensive regions of high CH4 and
N20 emissions are mainly attributed to agricultural activities and are found in Belgium, the Netherlands and the southern UK.
We further analyzed interannual variability in the GHG budgets. The drought year of 2003 shows the highest net-emissions of
CO2 and of all GHGs combined.
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Abstract

In the framework of the RECCAP2 initiative, we present the greenhouse gas (GHG) and carbon
(C) budget of Europe. For the decade of the 2010s, we present a bottom-up (BU) estimate of
GHG net-emissions of 3.9 Pg CO,-eq. yr* (using a global warming potential on a 100 year
horizon), and are largely dominated by fossil fuel emissions. In this decade, terrestrial ecosystems
acted as a net GHG sink of 0.9 Pg CO,-eq. yr*, dominated by a CO, sink that is partially
counterbalanced by net emissions of CH4 and N,O. For CH,4 and N,O, we find good agreement
between BU and top-down (TD) estimates from atmospheric inversions. However, our BU land
CO; sink is significantly higher than TD estimates. We further show that decadal averages of
GHG net-emissions have declined by 1.2 Pg CO-eq. yr* since the 1990s, mainly due to a
reduction in fossil fuel emissions. In addition, based on both data driven BU and TD estimates,
we also find that the land CO, sink has weakened over the past two decades. A large part of the
European CO; and C sink is located in Northern Europe. At the same time, we find a decreasing
trend in sink strength in Scandinavia, which can be attributed to an increase in forest management
intensity. These are partly offset by increasing CO, sinks in parts of Eastern Europe and
Northern Spain, attributed in part to land use change. Extensive regions of high CH, and N,O
emissions are mainly attributed to agricultural activities and are found in Belgium, the
Netherlands and the southern UK. We further analyzed interannual variability in the GHG
budgets. The drought year of 2003 shows the highest net-emissions of CO, and of all GHGs
combined.
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1. Introduction

The REgional Carbon Cycle Assessment and Processes Phase 2 (RECCAP2) initiative aims at re-
assessing carbon (C) and greenhouse gas (GHG) budgets of the land and oceans over the recent
decade 2010-2019, including their component fluxes. This goal is to be achieved based on an
ensemble of ten regional budget analyses at (sub-)continental scale which in total cover the entire
global land mass. The first phase of this initiative (RECCAP1), launched more than 10 years ago
(Canadell et al. 2011), featured budget analyses of nine large land regions and focused on the
period 2000-2009. While in RECCAPL1 most regional budget analyses were limited to carbon
dioxide (CO,), the second phase of RECCAP (RECCAP2) now explicitly focuses on the three
main GHGs: carbon dioxide (CO,), methane (CH,) and nitrous oxide (N,O). The delineation of
land regions has been updated as well, distinguishing now 10 land regions (see Ciais et al. 2022).
In this study, we present the European GHG and C budget for the decades 1990-1999, 2000-
2009, and 2010-2019 in the framework of RECCAP2.

For RECCAP1, the European GHG and C budget had been presented by Luyssaert et al. (2012).
Different from other land budgets of RECCAPL, it already considered the budgets of the three
main GHGs CO;, N,O and CH,. Their budget analysis focused on the two 5-year-periods 1996-
2000 and 2001-2005. The paper presented here is an update on Luyssaert et al., focusing on the
more recent period 2010-2019, including more recent and improved datasets, and additionally
considering interannual variability (IAV) of GHG budgets. Note also, that the European region
for RECCAP2 is defined differently to that of RECCAPL1. The RECCAP2 region of Europe
includes the countries of Austria, Albania, Andorra, Belarus, Belgium, Bulgaria, Bosnia and
Herzegovina, Croatia, Cyprus, Czech Republic, Denmark, Estonia, Faroe Islands, Finland,
France, Germany, Greece, Greenland, Hungary, Iceland, Ireland, Italy, Liechtenstein, Lithuania,
Latvia, Luxembourg, North-Macedonia, Malta, Moldova, Montenegro, Netherlands, Norway,
Poland, Portugal, Romania, San Marino, Serbia, Slovakia, Slovenia, Spain, Sweden, Switzerland,
Ukraine, and United Kingdom - all in their boundaries as accepted by the UN, but excluding
oversea territories outside of continental Europe. In contrast, the European region used in
RECCAPL1 excluded the East European countries of Moldova, Ukraine and Belarus.

More recently, the European GHG budgets for CO,, CH,4, and N,O have been reassessed in the
framework of the project VERIFY, first covering the periods 1990-2017 (Petrescu et al. 202143,
2021b), and now extended to the periods 1990-2019 for CH4 and N,O (Petrescu et al. 2023) and
1990-2020 for CO, (McGrath et al., 2023). VERIFY focused on the comparison of national GHG
inventories against other, partially independent estimates from global datasets, models and
atmospheric inversions, but also investigated temporal trends in emissions and the contribution
from different sectors. The spatial domain of VERIFY was more restricted, with most of the
analysis focusing on the 27 EU Member States plus the UK. However, VERIFY also featured a
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number of analyses additionally including Norway, Switzerland, Moldova, Ukraine and Belarus.
This larger region is more comparable to the European region as defined in RECCAP2, but
excluding Iceland and the non-EU countries in the Balkans (Serbia, Albania, Bosnia-
Herzegovina, North-Macedonia, Montenegro, and Kosovo). For our analysis of the European C
and GHG budgets in the framework of RECCAP2, we use many datasets that have already been
used by or prepared for VERIFY, with the aim to deepen our understanding of trends, 1AV and
spatial patterns in GHG and C fluxes. While VERIFY has investigated long-term trends of GHG
emissions with a specific focus on anthropogenic emissions, in RECCAP2 we investigate in more
detail spatial patterns and 1AV of GHG and C budgets within Europe which are mainly driven by
climate variability and landscape processes. Both these research foci are novel and will help to
deepen our process understanding with regard to large-scale dynamics of C and GHG budgets
and their feedbacks with climate variability and change.

In the spirit of RECCAP, and analogous to other studies mentioned above, we assess the
European GHG and C budgets using two approaches: 1) a top-down (TD) approach using
atmospheric inversion estimates, and 2) a bottom-up (BU) approach using inventory-based
estimates, eddy covariance flux measurements and outputs of various mechanistic models,
including Dynamic Global Vegetation Models (DGVMs) and more specialized models. We
analyze different types of biospheric C stock change and flux estimates (inventories, upscaled
eddy-covariance measurements, DGVMSs) to evaluate their agreement with regard to spatial
distribution of biospheric C gains and losses. We additionally use independent maps of C gains
and losses related to harvest, land use change, fire and other disturbances which will shed more
light on the spatial drivers of the European land C sink, and bookkeeping models to isolate the
effect of land-use change. For the analysis of the interannual variability of European GHG
budgets, we extend the work of Bastos et al. (2016) who were able to link 1AV of land CO,
budget to large-scale climate patterns such as the North Atlantic Oscillation (NAO) and the East
Atlantic pattern (EA). In our study, we also include CH, and N,O budgets and finally assess the
global warming potential (GWP) of these three GHGs and their 1AV,

In the following, we look first into the GHGs (section 3) and carbon (section 4) budgets for the
entirety of Europe. We start this analysis with a budget of the most recent decade 2010-2019,
before we compare the budgets of the last three decades, analyzing temporal trends and
identifying sectors and fluxes that are responsible for those trends. Then, we investigate spatio-
temporal variability in GHG sources and sinks within Europe and during the last decade based on
regional inversions (section 5), focusing on 1AV, recent trends and local hotspots of sinks and
sources. Then, we have a closer look at the IAV of the different GHG budgets, exploring to what
extent they are driven by climate modes (section 6). In the later part of our study, we investigate
how much different, spatialized BU estimates of C stock changes agree among each other and
with TD approaches on large-scale spatial patterns in the European land C sink, and what we can
learn about the main environmental drivers of the temporal trends in the land C sink (section 7).
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In a final section, we investigate how far forest disturbances have affected the European C
balance over the last decades (section 8).

2 Methods and Materials

2.1 GHG budgets from bottom-up estimates

We aim to establish BU GHG budgets based on a range of flux estimates for different sectors and
flux components, and then compare these to the TD budget estimates of atmospheric inversions.
We distinguish between direct anthropogenic emissions of GHG (section 2.1.1) and the land
fluxes that focus on GHG exchange between the continental biosphere and the atmosphere
(section 2.1.2), largely following the guidelines proposed by Ciais et al. (2022). Our primary
focus lies on the land budgets and the question how GHG sinks and sources in continental
ecosystems are distributed in space and time and how they evolved over the past decades. This
includes managed lands and terrestrial ecosystem-atmosphere exchange fluxes affected by human
intervention. Anthropogenic emissions that are not related to ecosystem-atmosphere exchange
fluxes are treated separately as direct anthropogenic emissions (Fgirect, €7. 1)

When several estimates exist for a GHG sink or source, we calculate their median. We further
calculate a lower and upper bound estimate, which are either based on an uncertainty estimate
reported in the original data, on the spread of individual results where ensembles of DGVMs or
inversions are used, or on an uncertainty estimate based on expert judgment. For the latter, we
largely adopted estimates of relative uncertainties used in RECCAPL (Luyssaert et al. 2012, Ciais
et al. 2021).

2.1.1 Direct anthropogenic emissions

For anthropogenic emissions, we use the main sectors proposed by IPCC (2006): Energy (Fenergy),
industrial processes and product use (Fippu), Waste (Fuaste), and Agriculture, Forestry and Other
Land Use (FaroLu). Fenergy includes all emissions related to exploration, exploitation,
transformation, distribution and use of fossil fuels. Fjppy comprises a variety of industrial
processes that release GHGs from chemical or physical transformation of materials. Fyaste
comprises all emissions related to disposal and treatment of solid waste and wastewater,
including burning of waste. FaroLu comprises both all anthropogenic GHG emissions and also all
sink removals on managed lands, where managed lands are broadly defined as ecosystems where
humans intervene and over which countries claim responsibility for AFOLU fluxes (IPCC 2006).
Note that national inventories in Europe use land designated as "managed" as a proxy for
anthropogenic emissions and removals from all land, in order to avoid attempting to separate out,
for example, background growth in young forests from growth due to increased atmospheric CO;
concentrations. Thus, FaroLy accounts for all GHG exchanges between terrestrial ecosystems
and the atmosphere. FaroLu can further be split into sub-categories “Agriculture” (Fagri) and
“Land Use, Land-Use Change, and Forestry” (FLuLuce), Which facilitates integration of these
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estimates with other BU estimates focusing only on one of these two sub-categories. Soil carbon
changes on agricultural land are counted as part of FLyLucr, Which further comprises vegetation
and soil carbon changes related to land-use changes and forestry, and Fagri thus includes only
GHG emissions from urea applications and liming (CO,), enteric fermentation (CH,4), manure
management (CH,4, N20), and biomass burning (CO,, CH4 and N2O). Note however, that we only
consider Fagri as part of Fgireer (€9. 1), while we consider Fiy.uce to be an anthropogenic
perturbation of exchange fluxes between terrestrial ecosystems and the atmosphere (section
2.1.2). For our definition of Fayi as a component of direct anthropogenic emissions, we further
excluded N,O emissions from agricultural soils and CO, emissions related to changes in soil C
stocks, as those are included in the land budgets as well.

I:direct = I:energy + I:IPPU + I:waste + I:agri (eq l)

For Fenergys Fippu, Fwastes Fagri and Fruiuce, we use several inventory-based assessments that
follow the definition of the sectors proposed by IPCC (2006): EDGAR v6.0, GAINS, and
UNFCCC (Table 1). These data cover at least the period since 1990, and we can thus calculate
consistent budgets for the three decades of the 1990s, 2000s, and 2010s. UNFCCC data are a
collection of national GHG inventories that use national activity data with different levels of
sophistication, ranging from default emission factors (Tier 1), country- and technology-specific
parameters (Tier 2), to more complex methods that may include calibrated, process-based models
(Tier 3). UNFCCC data include uncertainty estimates that take into account uncertainties in both
emission factors and activity data. More information on these data can be found in Petrescu et al.
(20214, 2021b, 2023) and McGrath et al. (2023). The inventory-based estimates of EDGAR v6.0
and GAINS are based on global activity data, but country- and technology-specific emission
factors (Tier 2). For EDGAR, uncertainties were assessed by Solazzo et al. (2021). For UNFCCC
data, depending on the tiers used for emission estimates in the national reporting, GHG budgets
are better constrained for certain countries, but not in a manner consistent across Europe. In
addition, we use an ensemble of fossil-fuel CO, emission (Frossii) estimates assembled by Andrew
(2020). In agreement with that study, we consider Frossii as the sum of Fepergy and Fippy 0f CO,.
For a detailed description of these datasets, see Andrew (2020). Note that we excluded estimates
based on EDGAR and UNFCCC from Andrew (2020) to avoid redundancies. Finally, we
included Tier 1 estimates from FAOSTAT for FaroLu, Fagri, and FruLucr (Tubiello et al., 2013),
while the latter flux is used for the land budget. Those estimates are based on the global activity
data from the FAOSTAT database, which are sourced from national statistical services reporting
this information annually to the FAO, and from generalized emission factors proposed by the
IPCC (2006).
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221  Table 1: List of bottom-up datasets used in this study.

Data set Parameters, Sectors Gases Period Temp. Spatial
resol. resol.
Inventories
UNFCCC F girect »F LuLuce,4C gL, 4C ¢ CO,, CH,, N,O  1990-2019  Annual  Country
GAINS F dgirect »F LULUCE CH,4, N,O 1990-2015 Annual  Country
EDGARV6.0 F direct »F AFOLU CO,, CH,, N,O 1970-2018  Annual  Country
FAOSTAT F aroLu +F agri »F LuLucr . F soi CO,, CH,;, N,O 1961-2019  Annual  Country
N20man,AC 6L, 4C e, 4C kL
Andrew (2020) F fossil CO, various Annual  Country
FAOSTAT F wood harvest s crop harvest :F woos ~ Mass of products  1961-2019 ~ Annual  Country

trade ,F crop trade

Hirschler & Oldenburg  F peat harvest s F peat trade sF peatuse ~~ Mass of products  2013-2017 none Country

2022
Land surface models
TRENDYV10 NPP, GPP, Rh,Ra,NBP CO, 1901-2019 Monthly 0.5°
Global N,O budget F soil N20 N,O 1901-2015 Monthly 0.5°
ensemble

O-CN (Zaehle et al. F soil N20 N,O 1901-2019  Monthly 0.5°

2010, ext. for NMIP2)
GMB2020, BU models F peat cha CH, 2005-2019  Monthly 0.5°

ORCHIDEE-GMv3.2
(Chang et al. 2021)

F grazing C 1861-2012  Monthly 0.5°

Other process based models

MeMo F methanotrophy CH, 1990-2009  Monthly 1°
VPRM (Gerbig & NEEc CO, 2006-2020 7.5
Koch 2021)
Bookkeeping models
H&N (as in Friedling- FLuc Cco, 1990-2020  Annual RECCAP2
stein et al. 2021)
BLUE (Ganzenmiiller Fruc CO;, 1960-2019  Annual 0.25°
et al. 2022)

Land cover data
222 HILDA+ Land cover, land cover change - 1960-2019  Annual 0.01°

223
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224  Table 1 - continued
Data set Parameters, Sectors Gases Period Temp. Spatial
resol. resol.
Data driven estimates
FLUXCOM (Jung et al. GPP, Re (e CO;, 2001-2020  Monthly 5'
2020 BG) - RS v006
FLUXCOM (Jung et al. GPP, Re terr CO;, 1990-2018  Monthly 5'
2020 BG) - ERA
GLASS GPP, NPP cO, 2001-2018 8 Day 500 m
Madani & Parazoo GPP CO, 1982-2016  Monthly 8 km
2020
MODIS NPP CoO, 2001-2020 8 Day 500 m
BESS GPP CO;, 2001-2016 8 Day 1 km
Yao et al., 2020 RN terr CO, 1985-2013  Annual 0.5°
GFEDv4 (extended.) F fire C 1997-2019  Monthly ~ 0.25°
GFASV1.2 F fire C,CO,, CH, N,O 2003-2020  Daily 0.1°
Mendonca et al. (2017) AC purial C none COSCAT
Lauerwald et al. (2023) Fw CO,, CH,, N,O present day none RECCAP2
Rosentreter et al. F cwa.F cwi CO,, CH,, N,O presentday  none RECCAP2
(2023)
Zscheischler et al. F weathering +F iithozriver , F river C, COZ present day none 1°
(2017) . export ,AC litho
Etiope et al. (2019), F geo CH, presentday  none 1°
updated for Petrescu et
al. (2023)
EMEP F soil N20,Ndep N 2000-2019  Daily 0.1°
EFISCEN AC gL Biomass 2000-2020 5Year  Country
EFISCEN, gridded AC kL Biomass 2000-2020  annual 7.5
version
L-vOD AC gL Biomass 2011-2021 Quarterly 25 km
Byrne et al. (2023) F wood harvest s F crop harvest » C 1961-2019  Annual 5
225 F wood use sF crop use
226 *Spatial resolution refers to pixel size of gridded product, or to regions, which can be country
227  areas, COSCAT regions (based on coastal segments and their catchments, Meybeck et al., 2006),
228  or the entire study area (RECCAP2).
229  2.1.2 Land budgets
230  While we kept uniformity for anthropogenic emission sectors with the definitions used by the
231  IPCC, we adapted the land budgets in a way that was deemed most suitable for each GHG (Fig.
232 1). In general, we sub-divided the land systems further into terrestrial ecosystems (vegetation-soil
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systems), inland waters, and coastal ecosystems (waters and wetlands). Before we describe the
land budget of each GHG further below, we first describe here which flux components and data
sources are shared between those budgets. In contrast to terrestrial ecosystems, the emissions
from inland waters (Fw), coastal waters (Fcwa) and coastal wetlands (Fcw) are treated similarly
in each land GHG budget, which means that similar processes, subdivisions, and data sources are
considered for each GHG. For these fluxes, we use syntheses of estimates that have been
developed within the RECCAP2 initiative (Lauerwald et al., 2023 for Fy; Rosentreter et al.;
2023 for Fcwa and Fcwy). All these estimates are climatologies of average annual fluxes, which
we assumed to be constant and representative for the last three decades.

Land GHG budgets
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Figure 1: Greenhouse gas fluxes included for the land budget, adapted from Ciais et al. (2022) to
include N,O fluxes and coastal waters. This land GHG budget excludes direct anthropogenic
emissions (see text) such as CH,4 emissions from agriculture and waste, industrial processes and
fossil emissions.

Another flux, which is included in all three land GHG budgets, is fire emissions (Fre), Which
relates to in-situ burning of biomass and is thus distinguished from incineration of waste which
belongs to Fwaste; the burning of crop residues, which is part of Fagi; and the burning and decay
of crop products (Fproduct_decay), Which is a separate flux component in the CO, and C budgets (see
below). Fre is derived from two data-driven estimates: the CAMS Global Fire Assimilation
System (GFAS) (Kaiser et al., 2012) and the global fire emission database (GFED) v4 (van der
Werf et al. 2017). GFAS is based on fire radiative power observations from satellite-based
sensors. GFAS gives emissions estimates for total C, CO,, CH,4, CO, and N,O. GFED is based on
remotely sensed data (Moderate Resolution Imaging Spectroradiometer - MODIS and Visible
Infrared Imaging Radiometer Suite - VIIRS) of burned area and emission factors. GFED gives
only total C emissions, which we treat as CO, emissions, but details emissions from fires of
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different land use types and thus permits the separation of biomass burning on agricultural land
from wildfires. Both GFED and GFAS cover the last two decades. For the GHG budgets of the
1990s, we assumed that fire emissions equaled those of the 2000s. Note that we do not explicitly
estimate CO, emissions from other forest disturbances such as windthrow, pests or diseases, but
these emissions are implicitly included in UNFCCC carbon stock change inventories (and
explicitly in the case where the gain-loss method is employed, i.e. approximately half the
countries in the European Union and for some disturbances for which even countries with stock-
change inventories use a special calculation, like France for extreme windthrow) established by
countries, just as fire emissions. A specific estimate of decadal forest carbon stock loss and gain
from forest disturbances is given in section 8.

The major fluxes between terrestrial ecosystems and the atmosphere are defined and treated
differently for each land GHG budget, as detailed in the following.

Land CO; budget

I:Iand co2 = GPP + Reterr +Fw + I:product oxidation I:grazing + I:fire + I:CWa + I:CWL + l:weathering (eq 2)
Rewrr = Ra + Rh (eq. 3)

At the center of the land CO; budget, we put the balance between gross primary production
(GPP) and terrestrial ecosystem respiration Rer, Which is itself the sum of autotrophic (Ra) and
heterotrophic (Rh) respiration in the terrestrial biosphere (eg. 3). Note that CO, emissions from
inland waters (F\w) are largely fed by terrestrial ecosystem respiration (Battin et al., 2023), which
is not explicitly included in the flux Ree. We treat emissions/uptake from coastal water (Fcwa)
and coastal wetlands (Fcw.) separately in this budget, as we assume that they are not included in
the estimates of GPP, Ra, Rh or F,y. Note that we did not distinguish F_yLucr in the land CO;
budget of eq. 2, as we assume this flux to be implicitly included in the other fluxes in that
equation. Fyre includes emissions from both natural and anthropogenic fires in the landscape. For
GPP and net primary production (NPP=GPP-Ra), we used several different estimates for the
period 2010-2019 (Table 1). These include estimates from MODIS that are based on remote
sensing data on leaf area index (LAI) and the fraction of photosynthetically active radiation
(FPAR), from which estimates of GPP and NPP are derived in a semi-empirical way involving a
light use efficiency model and gridded information on meteorological drivers as predictors (Zhao
et al. 2005). We further used estimates from the Breathing Earth System Simulator (BESS, Jiang
& Ryu 2016) and Mandani and Parazoo (2020) that are based on the same remote sensing data,
but use different approaches to estimate GPP. Mandani and Parazoo (2020) used a light use
efficiency model that was optimized based on flux tower data and inventories (Mandani et al.,
2017), while BESS uses a more process-based approach representing the continuous exchange of
carbon, water and energy between the biosphere and atmosphere. Finally, we included GLASS
data that is based again on the semi-empirical approach of Zhao et al. (2005), but uses improved

10
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LAl and FPAR estimates from combining MODIS and Advanced Very High Resolution
Radiometer (AVHRR) remote sensing data.

From FLUXCOM data, we derived estimates of GPP and Re, that are based on flux-tower
observations from the Fluxnet network and upscaled based on machine learning algorithms and
meteorological predictor data (Jung et al. 2020). More precisely, we used two versions of this
dataset: one that was extrapolated based on remote sensing data only (RS v006), and one that was
extrapolated based on both remote sensing data and meteorological forcing data (ERA5). From
Yao et al. (2021), we use global estimates of annual soil heterotrophic respiration that are
upscaled from 455 observed annual fluxes from the soil respiration database SRDB distributed
over 290 sites based on machine learning using meteorological variables, soil moisture and other
soil properties, GPP and land cover as predictors. This dataset represents an ensemble of 126
alternative estimates based on different combinations of predictor data sets. We use the mean and
range of these estimates as the best estimate and uncertainty range, respectively.

For the land CO; budget of the 2010s, we present the median of the GPP estimates mentioned
above. A median Regr was derived from the two FLUXCOM estimates and an alternative data-
driven estimate, which we calculated as the sum of Ra after GLASS and Rh from Yao et al.
(2021). For the comparison of land CO; budgets of the last three decades, we only used GPP and
Rewerr from the ERA version of FLUXCOM, since it is the only dataset that covers this entire
period (Table 1). Moreover, for the budget of the 2010s decade, this flux estimate was found to
be close to the ensemble median of estimates described above (Table S1), which further supports
this choice. For comparison, we also derived the median and range of GPP, Rh, Ra and Rey, for
all three decades as simulated by the TRENDY v10 land surface model ensemble that were
originally prepared for the Global Carbon Budget 2021 (Friedlingstein et al. 2022). We do not
include TRENDY simulations in our budget directly, as DGVM simulations tend to be biased by
the poor representation of perturbation, anthropogenic appropriation of biomass, and lateral
export fluxes (Ciais et al., 2021). Moreover, we only used simulations from ORCHIDEE v2 (in
the following simply referred to as ORCHIDEE), OC-N, LPJwsl, ISBA, ISAM, DLEM, CLM5,
and CABLE for which the actual resolution was sufficiently high (0.5°). We excluded
ORCHIDEE v3 and SDGVM models from the selection as the spatial patterns of their simulated
land-atmosphere net C exchange did not correlate at all with those of the other TRENDY models
(see Figure S1).

Harvesting vegetation biomass for wood and crop products, as well as extraction of peat,
increases the gap between GPP and Rer, because this extracted organic matter does not feed
directly into Rerr according to our definition of that flux. The same is true for the biomass that is
taken out by the grazing of livestock (Fgrazing). While we assume Fgrazing to represent a flux of C
instantaneously and completely returned to the atmosphere, the return of C from the use, decay or
burning of wood, crop or peat products (Fproduct oxidation) 1S partly delayed and altered by import

11



331
332

333
334
335
336
337
338
339
340
341
342
343
344
345

346

347

348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366

manuscript submitted to Global Biogeochemical Cycles

and export fluxes across the boundaries of our study area (Table 2). The calculation of Fproguct
oxidation @Nd Fgrazing 1S explained in detail in subsection 2.3.

Fgrazing 1S derived from modeled flux rates based on the ORCHIDEE model with prescribed
livestock densities and simulated grassland management intensity (Chang et al., 2021). As those
simulations cover only the period 1901 to 2012, we scaled the average flux rates from the last 10
years of simulation (2003-2012) to average areas of intensively and extensively managed
pastures over the period 2010-2019 derived from HILDA+ (Winkler et al. 2021). For the decades
of the 1990s and 2000s, we used the simulation results from Chang et al. (2021) directly. A final
flux which is specific to the land CO; budget is the atmospheric CO; sink related to rock
weathering (Fuweathering), Which binds CO, as dissolved inorganic C which is then exported by
rivers to the coast (see C section). For our budget, we used the estimate of average annual
Fueathering from Zscheischler et al. (2017) after the empirical model developed by Hartmann et al.
(2009), assumed to be constant over the last three decades. The individual estimates used for the
2010s’ budget are listed in Table S1 in the supplement. Those used for all three decades are listed
in Table S2.

Land CH, budget

I:Iand CH4 = Fpeat CH4 T I:methanotrophy + I:LULUCF + I:fire + I:IW + I:CWa + I:CWL + l:geo (eq 4)

For the land CH, budget, we distinguish between peatlands as CHs source (Fpear cra) and
terrestrial ecosystems with well-aerated soils, which act as CH,4 sink due to their methanotrophy
(Fmethanotrophy) (eq. 4). In addition, we have FiyLucr as net-emission of CH., which is related to
land use change and land management, and which is neither included in the estimates of Fpeat cHa
NOr Fethanotropny We USe. As data-driven estimates of Fpeat cha and Frethanotrophy are scarce, we
resorted to the diagnostic DGVM simulations as synthesized by the Global CH, Budget (Saunois
et al., 2020) to quantify Fpeat cHa and to the mechanistic methanotrophy model MeMo (Murguia-
Flores et al. 2018) to quantify Frethanotrophy.- NOte that the MeMo simulations only cover years
until 2009, and thus we had to assume the average Fmethanotropny OVEr the last ten years of
simulation (2000-2009) to be representative for our budget period. For the 2000s and 1990s, we
used the published MeMo simulation results directly. Similarly, the DGVM results assembled for
the Global CH, Budget allowed us to derive ensemble medians and ranges for all three decades.
The estimates of Fyuce were taken from the national inventories collected by UNFCCC.
Finally, we include geological emissions of CH4 (Fgeo) Using data-driven estimates from Etiope et
al. (2019), which were recently updated for the VERIFY CH, and N,O budgets (Petrescu et al.
2023). These estimates represent a climatology of average annual fluxes that do not represent
interannual variability nor trends at the decadal time scale. We assumed them to be representative
for the last three decades. The individual estimates used for the 2010s’ budget are listed in Table
S3in the supplement. Those used for all three decades are listed in Table S4.
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Land N,O budget

Fiand N20 = Fsoil n20 * Frire + Fiw + Fowa + Fewe (€9. 5)

For the land N,O budget (Fjand n20), direct soil N2O emissions (Fsoii n20) 1S the main flux between
terrestrial ecosystems and the atmosphere (eq. 5). For a more detailed budget analysis, we split
Fsoil N20 into a natural flux component Feii n20nat, and anthropogenic flux components related to
management practices such as fertilizer and manure applications and residue management (Fsoi
n20.man), as Well as indirect emissions related to atmospheric deposition of reactive N (Fsoil
n20,Ndep) Which were further split into emissions from agricultural (Fseii n20,Ndep,agri) @nd other soils
(Fsoit n20,Ndep,other). With that last mentioned distinction we account for the fact that the inventory-
based assessments of EDGAR and GAINS only report Fsoii n2oNdep,agri- [N general, inventory-
based assessments such as EDGAR, UNFCCC, and FAO (see Table 1) cover only emissions
from managed lands. Therefore, for Fsii n2o and Fsit n20nat, We resorted to DGVM simulation
results as synthesized by the Nitrogen Model Intercomparison Project (NMIP, Tian et al., 2019).
For the estimation of N,O emissions due to atmospheric N deposition on all soils, and on non-
agricultural soils in particular, we use simulations results from the DGVM O-CN (Zaehle and
Friend, 2010) as they were prepared for the second phase of NMIP, and come up with an
alternative data-driven estimate using gridded data of atmospheric N deposition from the
European Monitoring and Evaluation Programme (EMEP) and an emission factor of 1%
following the guidance of IPCC (2019). From all these specific data sources for the land N,O
budgets, we could derive flux estimates for the last three decades. The individual estimates used
for the 2010s’ budget are listed in Table S5 in the supplement. Those used for all three decades
are listed in Table S6.

2.1.3 Total GHG emissions

Finally, we express the budget of GHG emissions and removals in CO, equivalents (CO,-eq.)
using global warming potential at a 100-year time horizon (GWP100), combining flux
components from the CO,, CH,, and N,O budgets (sections 2.2.1 and 2.2.2) and using the
conversion factors of 27 kgCO,-eq./kg CH, and 273 kg CO»-eq./kg N,O proposed by the 6™
assessment report (AR6) of the IPCC (IPCC, 2021, Table 7.15). Only for Fenergy and Fippy, We
used the factor of 29.8 kgCO,-eq./kg CH,4 proposed by the same source for fossil CH,4 emissions.
For the direct anthropogenic emission fluxes Fenergy, Fippu, Fwaste and Fagri, we simply summed up
the estimated CO, equivalents for the individual GHGs. For the land GHG budget (Feue land), We
did the same for Ffire, Fiw, Fcwa and Fcw (eg. 6). Then, we combined the major terrestrial
vegetation and soil GHG emissions and sinks (Fpiomassasoil), Which include GPP and Reie for
COy, Fpeat cHa, Fmethanotrophy and Fruruce for CHas, and Fsoii n2o for N2O (eq.7).  Finally, we
obtained Fiang cHe by additionally accounting for Fge, for CH4 as well as Fueathering @nd Fproduct
oxidation for COZ (eq 6)
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I:Iand GHG = Ffire + I:IW + I:CWa + I:CWL + I:biomass&soil + Fgeo + I:Weathering + I:product oxidation T Fgrazing (eq
6)

I:biomass&soil = GPP + Reterr + Fpeat CHs4 T I:methanotrophy + I:LULUCF + I:soil N20 (eq 7)

2.2 GHG budgets from top-down estimates

For each of the three GHGs, we use both global, coarsely resolved (>1°) inversions as well as
regional inversions for Europe at a higher spatial resolution (0.5°). Note that the regional
inversions do not cover all of our RECCAP2 domain, but are bounded between 15°E to 35°W
and 33°N to 73°N, which does not reach the far eastern and western extents of the domain
(therefore missing the eastern parts of Ukraine, and most of Greenland and Iceland). However,
the excluded area represents less than 4% of the total land area and its contribution to the GHG
budgets is likely low compared to the general uncertainties related to atmospheric-inversion
estimates (estimates range over a factor of 2 and more). More importantly, regional inversions
may be expected to better resolve spatial patterns in GHG sources/sinks at continental scale than
global inversions (see Petrescu et al., 2023, Monteil et al. 2020). Therefore, we use these regional
inversions for our analysis of spatial patterns in GHG sources and sinks across Europe (section
3).

For our TD CO; budget, we use seven global atmospheric inversions based on six inversion
models (CAMS, CTE, Jena CarboScope, UoE, NISMON-CO2, CMS-Flux), adjusted for fossil
fuel emissions, that were used for the Global Carbon Budget 2021 (Friedlingstein et al., 2022; see
this ref. and appendix A4.2 in McGrath et al., 2023 for details). In addition, we use four regional
inversions. Three of them (Jena CarboScope Regional, PYVAR-CHIMERE, LUMIA) were used
for the VERIFY European budget (McGrath et al., 2023; see this ref. for details on the inversion
configurations). The fourth one is a new CIF-CHIMERE inversion, whose configuration is very
close to that of the CIF-CHIMERE inversion documented in McGrath et al. (2023), but corrects
errors and relies on a prior knowledge of the terrestrial ecosystem fluxes from a ORCHIDEE-
MICT (Guimberteau et al., 2018) simulation forced with the ERA5 reanalysis meteorological
data. While all of these inversions allow us to derive a TD budget representative for the decade
2010-2019, three of the global inversions further allow us to compare TD budgets for the last
three decades. For the CH,4 budget, we use the global inversions that were produced for the global
methane budget GMB2020 (Saunois et al. 2020). That ensemble comprises 22 inversions, and
covers the period 2000-2017, thus allowing us to derive TD budgets for the last two decades,
though the second decade not being fully covered. Further, that ensemble is split into inversions
based on ground based mole fraction measurements (XCH,, 11 SURF inversions) and such based
on satellite-based observations of atmospheric XCH, (11 GOSAT inversions). In addition, we use
three regional inversions (CTE-CH4, FLExXKF, FLEXINVERT) that have been prepared and used
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for the VERIFY European budget (Petrescu et al. 2023). These estimates cover the full period
2010-2019. For the N,O budget, we use five global inversions that were produced and used for
the global N,O budget GN,OB2020 (Tian et al. 2020). Those inversions only cover the years
2000-2016, again allowing us to derive TD budgets for the last two decades, though the more
recent decade not being fully covered. Finally, we include one regional inversion
(FLEXINVERT) that was prepared and used for the VERIFY European budget (Petrescu et al.
2023) in our TD budget for 2010-2019.

2.3 Land C budget

For the assessment of the land C budget, we slightly adapted the accounting scheme proposed by
Ciais et al. (2022) (Fig. 2). This scheme defines the net ecosystem exchange of C (NEE¢) as the
sum of all C exchange fluxes between land, inland water, and coastal ecosystems or pools of
biological products and the atmosphere, all in units of mass of C (eq. 8). These flux components
correspond to flux components of the land CO, and CH,4 budgets, while we consider exchange
fluxes of volatile organic C and C monoxide to be negligible. Note that we did not include
FLuLuck, Which represents a difference between GPP and REg over land affected by land use
change and land management. This flux is thus assumed to be implicitly included in our estimates
of GPP, Rewrr and Fsire (in combination with changes by natural drivers), plus the oxidation of
agricultural and forestry products and grazing fluxes. Thus, to avoid double counting, we omitted
FLuLuce from our budget. Nevertheless, we use estimates of F Ly uce, and more specifically of
land use change emissions (F_yc), for comparison and discussion (section 4). The Fyc estimates
are derived from two different bookkeeping models: the model by Houghton and Nassikas (2017)
(hereafter H&N) and the Bookkeeping of Land Use Emissions model (BLUE, Hansis et al. 2015).
We use estimates from H&N as prepared for the Global Carbon Budget 2020 (Friedlingstein et
al. 2020), which used land use data from LUH2 (Hurtt et al. 2020). For BLUE, we used data from
Ganzenmuller et al (2022) which applied that model to two different land use data sets: LUH2
and HILDA+ (Winkler et al. 2021). Note that bookkeeping model estimates of F yc only target
changes in C stocks due to land use change and harvest, while ignoring forest demography. This
may lead to a smaller estimated C sink compared to F y_ucr from inventories, which also account
for the latter (Grassi et al., 2023).
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Figure 2: Detailed RECCAP2 accounting framework for the land C budget (adapted from Ciais
et al. 2022).

NEEC = I:geo "'Fweathering"'FIW"'FCWa"'FCWL"'G PP+Reterr+Ffires+Fpeat CH4 +Fmethanotr0phy+Fgrazing
+Fcrop use +Fwood decay"' I:wood burning+Fpeat use (eq 8)

ACland = NEEC + I:river export + I:crop trade l:wood trade I:peat trade (EQ- 9)

For the land C storage budget (ACjang) Of Europe, we further take into account lateral net exports
of C from the RECCAP?2 region Europe through river transfers (Friver exports) @nd the net trade of
crop, wood, and peat products (Ferop trade; Fwood trade, @8N0 Fpeat trade, respectively) (eq. 9). Ferop trade
and Fuood trage are derived from the corresponding FAO databases of product flows per country
and year (FAOSTAT, https://www.fao.org/faostat/en/#data, last accessed 2023-06-28) using
conversion factors representing dry mass content of harvested products and C content of dry
mass. For Fuood trade, We Used the conversion factors proposed by IPCC (2019). For Ferop trade, We
build on the conversion factors proposed by Ciais et al. (2008) (see Table S7 in the supplement).
The FAOSTAT data gives annual amounts of imports and exports to and from each country of
our study domain, however without detailing the origin of imports and the destiny of exports.
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Aggregating to the European scale, we report thus only net-exports, in which trade fluxes
between the countries of our study domain balance each other out. Fpeat trade Was derived from
Hirschler & Oldenburg (2022) (see Table 1). For Ferop trade 8Nd Fwood trade, We could directly derive
estimates for each of the last three decades. For Fpeat trade, We had to assume that the inventory-
based estimate Hirschler & Oldenburg (2022) for the 2010s is also a good estimate for the two
preceding decades. AS Fpeat trade IS @ Very small flux compared to Ferop trage @Nd Fuood trade, We
assume a limited impact of this assumption in the overall uncertainties of our C budget.

Then, we estimate the stock changes in the three categories of biological products: ACygod,
ACcrop, and ACpes. These C stock changes are calculated as the budget of harvest, use, decay
and/or burning of the products, and the net-export of the products out of Europe (egs. 10-12). For
crop and wood products, the harvest fluxes (Fcrop harvest aNd Fuwood narvests respectively) are derived
from the FAOSTAT databases and conversion factors just as the corresponding trade fluxes. For
crop products, we assume that there is no change in product stocks at annual time-scales (ACecrop =
0), and the C flux to the atmosphere which is related to consumption of crop products (Fcrop use)
equals the difference between Ferop harvest anNd Ferop trade. FOr Wood products, we use the Tier 2
approach proposed by IPCC (2019), assuming that all fuel wood is burned within one year (Fuyood
burn) @nd estimating oxidation of all other wood products (Fwood decay) based on first order decay
functions with product-specific half-lives (IPCC, 2019).

ACuwood = Fwood harvest + Fwood decay + Fwood burning + Fwood trade (€. 10)
ACerop = Ferop harvest + Ferop use + Ferop trade (€9 11)
ACpeat: I:peat harvest T Fpeat use T I:peat trade (eq 12)

In addition, we use alternative estimates of Ferop harvest, Fwood harvest, Fwood decays Fwood burn, @nd Fergp
use from an updated version (v4) of the spatialized product presented in Byrne et al. (2023) after
the ideas of Ciais et al. (2022) and Deng et al. (2022). These annual maps are also based on trade
statistics from the Food and Agriculture Organization of the United Nations (FAO;
http://www.fao.org/faostat/en/#data, last access: 15 August 2023) and on energy statistics from
the International Energy Agency (IEA; https://wds.iea.org/wds/, last access: 15 August 2023) that
have been converted to carbon equivalent and disaggregated with high-resolution proxy data
(satellite-derived NPP, population or livestock maps, etc.). For all fluxes included in the C stock
budgets of wood and crop products, we derived annual fluxes which we averaged over each of
the last three decades. ACpes IS calculated from the average annual flux of peat harvest (Fpeat
harvest), consumption (Fpear use) and trade fluxes (Fpeat trade) (€0. 12) reported in Hirschler &
Osterburg (2022). As mentioned before, we only have fluxes as representative for the 2010s,
which we had to use as well as first-order estimates for the preceding two decades.

Friver export 1S taken from spatially explicit estimates published by Zscheischler et al. (2017) after
the predictive models of Hartmann et al. (2009) and Mayorga et al. (2010). In our accounting
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framework, Friver export IS fed by inputs from lithosphere (Fiithozriver) and the biosphere (Fpiozriver)
(eq. 13).

I:river export = I:Iith02river + l:bi02river - I:IW + ACburial (eq 13)

Fiitozriver represents inputs in the form of carbonate alkalinity which we assume to be non-reactive
during transport. This flux incorporates both the weathering CO; Sink Fueathering @S Well as inputs
from dissolving lithogenic carbonates, which we treat as change in lithospheric C stocks (ACiitno).
Both Fueathering and ACiitno are taken from the same spatial dataset by Zscheischler et al. (2017). In
contrast, Fpiozriver represents organic carbon and CO; inputs from the biosphere which feed the
evasion of CO, and CH,4 from inland waters to the atmosphere (Fw) as well as the burial of C in
aquatic sediments (ACpyriar) (€q. 13). However, only one part of Fyiozriver 1S €vading or buried, and
the remaining fraction is exported to the coast (as part of Friver export). At decadal time scales, we
assume that change of C stock of the inland water compartment is equal to the C burial rates
AChpurial, Tor which we have estimates of average annual fluxes that were statistically upscaled
from observations (Mendonga et al. 2017). Based on the independent estimates of the other flux
components, Fpiozriver 1S €Stimated based on mass budget closure (eq. 13). Note further that all
flux estimates used in this equation are climatologies of average annual fluxes which we assume
to be representative for the last three decades, excluding any trends over this timeframe.

For at least the most recent decade of the 2010s, we provide an alternative estimate of ACjang
based on the stock changes in different C pools (eq. 14). In addition to ACpyriai, ACiitho, and the C
stock changes of the product pools (ACwood, ACcrop, ACpear) treated above, this approach required
independent estimates of biospheric C stock changes in forest, grass- and cropland (ACg, ACgy,
ACCL).

ACiand = ACijitho + AChpurial + ACrL + ACgL + ACcrL + ACwood T ACcrop T ACpeat (€0. 14)

For ACg., we use the estimates from the European Forest Information SCENario Model
(EFISCEN) that cover C stock changes in biomass, deadwood, litter and soil C pools (Nabuurs et
al., 2018; Petz et al., 2016; Petrescu et al., 2020). EFISCEN uses national forest inventory data on
forest age structure and tree species composition and detailed information on management
practices to project forest productivity and C stocks. Note that DGVMs represent forest structure
and management practices rather rudimentarily, which is an important shortcoming and the main
reason we prefer EFISCEN over TRENDY simulations. For ACg. and AC¢, we assume that the
relevant stock changes at decadal time-scale only concern the soil C stocks. The UNFCCC gives
inventory-based estimates of ACg_ and ACc_ in general, but also separated into grasslands on
mineral vs. organic soils. From the FAO (Tier 1), we have inventory-based ACg_. and ACc_
estimates for organic soils only.
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2.4 Analyses of spatio-temporal patterns in GHG budgets from regional inversions

The analysis of spatio-temporal variability in GHG budgets from regional inversions was based
on the annual net land flux for each GHG as well as for fossil CO, emissions. The long-term
trend was estimated on a pixel-by-pixel basis through a linear least squares regression for the
period reported. We also analyzed continental and regional scale interannual variability (IAV)
based on spatially-aggregated detrended fluxes for each GHG separately, as well as the 1AV of
the GHG net flux expressed in CO, equivalent using GWP20 and GWP100.

To better understand 1AV in GHG budgets, we followed the approach of Bastos et al. (2016) to
assess anomalies in the annual budget of each GHG for specific combinations of phases of the
North Atlantic Oscillation and the East Atlantic pattern. For this, we used the NAO and EA
teleconnection indices calculated by NOAA CPC and available since 1950 at
https://ftp.cpc.ncep.noaa.gov/wd52dg/data/indices/tele_index.nh (last access May 2021). We then
calculated the boreal winter (Dec-Feb) mean values for each index, over the period 1950-2020.
Given the non-stationarity of the teleconnection indices and short periods covered by our
observational data, it is likely for results to be sensitive to the period considered (Li et al., 2022).
For comparability of our results with those of Bastos et al. (2016), who analysed only CO, and
only global inversions, we used the upper (lower) terciles of the reference period in Bastos et al.
(2016), i.e. 1982-2013 to then define positive (negative) phases of NAO and EA over the
common period of 1990-2020.

We then estimate the mean GHG anomalies across all years that correspond to each NAO-EA
phase combination (NAO+-EA+, NAO+EA-, NAO-EA+, NAO-EA-) for each GHG individually
and also for the combined GWP20 and GWP100. Finally, we analyse the corresponding
anomalies in temperature and precipitation. For this, we rely on temperature at 2 m above ground
and total precipitation from the ERAS reanalysis (Hersbach et al., 2020), selected for the period
1990-2020. The data were deseasonalized and the mean annual anomalies were calculated for the
years corresponding to each NAO and EA phase combination.

2.5 Analyzing spatial patterns of the European land C sink

Trends in C sink strength for seven different products from Sec. 2.2 and 2.3 (global inversions;
regional inversions; TRENDYv10; FLUXCOM; VPRM; EFISCEN-Space; L-VOD) were
determined by linear regression of the annual fluxes across the years 2010-2019 for each pixel. In
order to provide possible explanations for the observed trends in sink strength, we additionally
examine trends in both climate variables and land use, both of which are potentially important
drivers of large-scale spatial variation. For the meteorological variables, the trends in annual
mean air temperature, total precipitation, and mean vapor pressure deficit (VPD) from 2010 to
2019 were calculated both using all 12 months in the year and using only the months of the
growing season (May, June, July, August). The values were aggregated from the 0.125 degree
CRUERA dataset as described in McGrath et al (2023), created from re-aligning ERA5-Land re-
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analysis with monthly 0.5-degree CRU observations. The VPD was calculated as described by
Sedano and Randerson (2014) from the saturated vapor pressure of water and the relative
humidity in the CRUERA dataset. Trends in CO, land use emissions were calculated using the
BLUE model with the Hilda+ land use/land cover map (Ganzenmdiller et al., 2022). For visual
comparison and interpretation, all results have been aggregated to a spatial resolution of 1.0
degrees.

2.6 Impact of forest disturbances on biomass carbon stocks
2.6.1 Quantification of losses and gains at decadal scale

We used the disturbance map of Senf & Seidl (2021) based on analysis of changes in Landsat
reflectances times series. The detection algorithm flags forested pixels (at 30 m) with a year of
disturbance (1986-2020) and a severity index between 0 and 1, with 1 being the most severe type
(assumed to be a stand replacing event). The disturbance type is unattributed, and it is not
distinguished between anthropogenic and natural disturbances. A 30 m pixel is flagged only once
during the entire period based on the most severe disturbance, therefore disturbance severities
across Europe are probably underestimated. Using manually interpreted reference plots, the mean
absolute error on the timing of the disturbance was estimated at +/-3 years. Here we aggregated
this disturbance map to 90 m to match the above-ground biomass (AGB) maps, and defined
undisturbed forests at 90 m as forests that have not been disturbed from 1986 to 2020.

The AGB maps developed by CCI-ESA (version 3) for the years 2010, 2017 and 2018 (Santoro
& Cartus, 2021) were derived from different satellites, leading to potential local biases that need
to be corrected before the analysis. The original projection is EPSG:4326 (global) has a
resolution of 100 m at the equator, and the maps have been re-projected in EPSG:3035 (90 m).
The potential above-ground biomass (AGB*) is the maximum reachable AGB for a forest long
after a stand-replacing disturbance. For each map (2010, 2017 and 2018), AGB* was estimated
by calculating the 95% quantile of undisturbed forests (based on the disturbance map) at an 18
km resolution (to capture a sufficient number of undisturbed forests at 30 m), then it has been
disaggregated back to 90 m to match the original resolution. Assuming that AGB* is similar
between AGB maps, the biases between maps have then been corrected locally using a linear
correction function (eq. 15-17), with AGB;*" being the raw AGB data for each year i, and q;
being the matrix of correction factors. Across the European continent, a,y;, = 1.01 + 0.06
(mean £ 1 SD), ajp17 = 1.00 £ 0.07 and a,9;5 = 0.99 + 0.08, indicating that there is no
systematic bias between maps at European scale.

AGBL = alAGBlraW (eq 15)

__ AGB*

a; = YT (eq. 16)
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AGB3010+AGB3017+AGB3g1g
3

AGB* =

(eq. 17)

For disturbed pixels (at 90 m) in a given local area (at 18 km) and a given decade T (1990-2000
for example), the loss of biomass (expressed in MtC/year) during the year of disturbance is
approximated by eq. 18, where x is a pixel disturbed (90 m) during the period T, A the total area
disturbed, U(x) is the mean AGB of undisturbed neighbors at 18 km and s(x) is the severity of the
disturbance (aggregated from 30 m to 90 m). The factor 0.5 corresponds to the conversion from
dry biomass to carbon stocks. The undisturbed neighbor AGB is used here because the AGB of
the pixels impacted by the disturbance is unknown. The gain of biomass of these disturbed forests
from the decade T to present time (2017-2018) is calculated according to eq. 19.

AGBoss = %Zx (s(x) x U(x)) (eq 18)
AGBgan =3%x AGB;(x) (eq. 19)

The analysis has been conducted separately for four major European biogeographical regions
approximated with the country borders: Mediterranean (Spain, Portugal, Italy, Greece, Croatia,
Slovenia), Continental (Romania, Bulgaria, Ukraine, Belarus, Czechia, Poland, Hungary,
Slovakia), Atlantic (France, Ireland, United Kingdom, Belgium, Netherlands, Germany, Austria,
Switzerland) and Boreal (Norway, Finland, Sweden, Denmark, Estonia, Lithuania, Latvia).
Uncertainties for the sources and sinks have been estimated using the absolute difference between
the 2017 & 2018 maps.

2.6.2 Disentangling the effect of natural disturbances

Natural disturbances - large pulses of tree mortality that originate from abiotic and biotic factors
such as fires, strong winds or insect outbreaks - represent serious peril for maintaining healthy
and productive forests (MacDowel et al., 2020; Anderegg et al., 2020). Recent studies have
shown an increase in forest vulnerability to such disturbances at European level (Forzieri et al.,
2021) consistent with the observed widespread decline in forest resilience (Forzieri et al., 2022;
Smith et al., 2022) and the reported intensification of forest damages associated to climate-driven
events (Pattaca et al. 2023). Emerging signs of C sink saturation and sink decline in European
forest biomass have been associated to such increased disturbance regime (Nabuurs et al., 2013;
Korosuo et al., 2023) which is expected to be further exacerbated by climate change (Seidl et al.,
2014; Anderegg et al., 2022).
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Quantifying the contribution of natural disturbances and associated temporal variations is
therefore crucial to evaluate properly their effect on the C budget. To this aim, we complement
the analyses described in the previous section with an assessment of the biomass losses due to
fires, windthrown events and insect outbreaks documented in the Database on Forest
Disturbances in Europe (DFDE). The DFDE reports forest damages in terms of timber volume
loss aggregated at country level associated to single disturbance events occurring over the period
1950-2019 (Pattaca et al., 2023; Schelhaas et al., 2003) and retrieved from a literature search.

We provide a synthesis of the natural disturbances documented at European scale in the DFDE in
terms of relative importance of each single agent type and in terms of temporal trends over the
observational period (Pattaca et al. 2023). We point out that spatial extents and temporal
coverage of DFDE slightly differ to those utilized as reference in RECCAP2. However, we
believe that aggregated estimates can be considered a reasonably good approximation for the
scope of this assessment (section 8.2).

3. Bottom-up greenhouse gas budgets of Europe

This section deals with the BU budget of the three GHGs, first presented individually (sections
3.1, 3.2, and 3.3, respectively), then grouping all GHGs using the global warming potential of
CH, and N,O at 100 years horizon (section 3.4). The fluxes of our BU budget are presented in
Figure 1. For the most recent decade of the 2010s, we listed our best estimates for these fluxes
and our assessment of the level of confidence in these numbers in Table 2. We compare our BU
estimates of the GHG budgets against atmospheric inversions, the value ranges of which are
listed in Table 3. In addition, we reconstruct the development of GHG budgets over the last three
decades, i.e. the 1990s, the 2000s and the 2010s, based on a subset of data sources that cover that
time frame as completely and as consistently as possible. For a detailed list of fluxes taken from
different sources, we refer the interested reader to Tables S1 to S6.
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Table 2: Best estimates for the flux components of the European GHG budget 2010-2019.*

CO, emissions CH,4 emissions N,O emissions ~ GWP 14 (as CO, equivalents)
Flux Tgyr' Conf.| Tgyr' Conf.|Ggyr* Conf.| Tgyr' Conf. CO, CH, N,O
Direct anthropogenic emission
F energy 3792 ***x  6.66 * 108 * 4020 *** 94% 4% 1%
Fippu 321 x+x 008 x 106 - 353 ** Q1% 1% 8%
F waste 5 * 637 * 52 - 191 * 3% 90% 7%
F agri 11 e 1072 »x 78 322 *** 3% 90% 7%
Total 4130 *** 2383 * 343 * 4867 *** 85% 13% 2%
Land budget
GPP -20085 **
R€ terr 16 740 **
F LuLucr 0.61 *
F peat CH4 2.00 ==
F methanotrophy -0.92 *
F soil N20 906 *
Foilgbiomass | 3345 * 169 - 906 * 3052 ** 110% -1% -8%
F grazing 484 * 484 *
F product oxidation 1267  ** 1267 **
F weathering -42 * -42 *
F geo 250  *=* 68 -
F fire 34 = 006 » 32 = 36 * 93% 4% 2%
Fw 191 * 4.10 * 17 - 306 *  62% 36% 2%
F cwa 25 * 0.01 - 4.8 * 27 * 94% 1% 5%
Few -5 . o601 - 02 - 15 - 101% -2% 0%
Total -1400 * 8.37 - 930 * -920 - 152% -25% -28%

*The global warming potential at the 100-year horizon (GWP1qo) is calculated based on IPCC
ARG. We assign different level of confidence to our estimates: very high: £10% (***), high:
+25% (**), moderate: £50% (*), low: £100% (-), and very low (--).
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Table 3: Comparison of our bottom-up land GHG budgets against top-down estimates from
atmospheric inversions.

Part of GHG Method of Estimated flux in Tg CO, yr?, Tg
budget assessed assessment CH, yr-l’ or Gg N0 yr-l
Best Lower Upper
estimate  estimate  estimate
CO, budget
F land co2 Bottom up, eq. 2 -1426
Global inversions -958 -1478 185
Regional inversions -743 -1013 -593
CH, budget
F total CH4 Bottom up 32
Global inversions, 32 22 39
surface observations
Global inversions, 28 25 37
satellite based
Regional inversions 36 33 44
F land CH4 - Bottom up 6
_ Regional inversion 4
(Fflre +Fgeo) (CTECH4)
F peat cH4 Bottom up 2.0 0.6 3.3
Global inversions, 2.0 1.7 8.4
surface observations
Global inversions, 2.1 1.7 49
satellite based
N,O budget
F total N20 Bottom up 1274
Global inversions 1472 682 1594
Regional inversion 1331
(Flexinvert)

3.1.CO,

Direct anthropogenic emissions, which do not include F yLuce nor FLuc in our assessment,
dominate the CO, budget, and amount to an average flux of 4.1 Pg CO, yr™ over the period 2010-
2019 (Table 2). The largest contribution (~90%) of direct anthropogenic emissions is attributed to
Fenergy- Another 8% is attributed to Fippy. Contributions from Fagri and Fuasee are minor. Apart
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from the waste sector, we have a high level of confidence in these estimates of direct
anthropogenic CO, emissions.

For the land CO, budget, our BU estimate gives a net sink of an average 1.4 Pg CO, yr* over the
period 2010-2019, which counterbalances about one third of the direct anthropogenic emissions
(Table 2). We assign a moderate level of confidence (£50%) based on expert judgment to our
estimate of this land sink. Our BU estimate is in the range of global atmospheric inversions, but
gives a stronger sink than any of the regional inversions considered here (Table 3). The land CO,
budget is dominated by the imbalance between gross primary production (GPP) and net
ecosystem respiration of terrestrial ecosystems (Regr), which amounts to about 3.3 Pg CO, yr.
While we have a high level of confidence (i.e. £25%) in GPP and Re, estimates, the balance
between both fluxes is more uncertain. Nevertheless, we still assigned a moderate level of
confidence (£50%) to the estimated difference GPP-Rerr. This imbalance between both fluxes is
largely due to the anthropogenic appropriation of biomass through the harvest and use of wood
and crop products, which does not feed into the ecosystem respiration (see Ciais et al., 2021).
This appropriated biomass is returned to the atmosphere through the oxidation of the products,
which we estimate at ~1.3 Pg CO, yr'. Note that this flux accounts for the imports and export of
products, as well as a Tier 2 assessment of stock changes. We assign a high level of confidence to
that estimate (+25%). For a more detailed description of this flux, see section 5. Another ~0.5 Pg
CO, yr is returned from biomass to the atmosphere through grazing by livestock. A still sizable
source of CO, are inland water emissions of roughly 0.2 Pg CO, yr™. Emissions from coastal
waters and wildfires are additional, minor land sources of CO, to the atmosphere. Rock
weathering and coastal wetlands are minor sinks of CO,.

Overall, our BU CO; budget including direct anthropogenic emissions and the land CO, budget
gives a net source of ~2.7 Pg CO, yr™* for the 2010s. Using the smaller selection of data sources
of the different flux components that were available for the last three decades, the estimated net
source for the 2010s is slightly higher with ~2.9 Pg CO, yr™ (Figure 3). This follows differences
in GPP. For a consistent analysis over these three decades, GPP and Rer are taken solely from
FLUXCOM ERAGS dataset. Although the FLUXCOM ERAGS values for GPP are close to the
median values derived from all together five estimates, and for Rew. even identical to the three
estimates for the 2010s (Table S1), the absolute difference is significant in relation to the CO,
budget where GPP and Reg,r are the dominant fluxes that balance each other out to a large
degree.

Figure 3 gives the total CO, budget for the last three decades as well as changes in certain fluxes
that explain the differences between these decadal budgets. Note that not all fluxes used in the
budgets are included in this figure, as for some of these fluxes we only have estimates of average
annual fluxes that we have to assume to remain constant across the three decades. That concerns
Fiw, Fcwa, Fewe, and Fueathering. In addition, we had to assume that Fsr did not change between
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the 1990s and the 2000s. In this analysis, we put the four direct anthropogenic emissions Fenergy,
Fippu, Fwaste and Fagri together as Fyirect. Detailed information on decadal changes in each of these
fluxes are given in Table S2 in the supplement.

Budget 1990’ 3,488 All numbers
aFda'rect - -189 In 1g COZ yr'1
AGPP 1 -214
aReterr +82
AF, product oxidation +120
aFgraza'ng -57
AFpe ?

Budget 2000’s 3,230
AF girect T 1] -670
AGPP T +29
ARee, +248
A Fproduct oxidation +101
aFgraza'ng -49
aFﬁ're -11

Budget 2010’s 2,879

2,500 3,000 3,500

Figure 3: Evolution of European CO; budget over the last three decades. Note that there is no
estimate for Fire in the 1990s.

We see from Figure 3 that the overall net source has notably decreased from the 1990s to the
2000s and further to the 2010s. For the 2000s, our estimate of 3,230 Tg CO, yr™ is quite close to
the estimate by Luyssaert et al. (2012) of ~3,270 Tg CO; yr* for RECCAP1. However, as
RECCAP1 excluded Ukraine, Belarus, and Rep. of Moldova, a direct comparison is difficult.
From the 1990s to the 2000s, the reduction in the net source of 258 Tg CO yr™ is largely due to
reductions in Fgiret. However, 69 Tg CO, yr are still due to an increase in the land CO sink.
Between these two decades, we find an important increase in average GPP which is only partly
offset by an increase in Reer. We further find an increase in Fproduct oxidation and a decrease in
Fgrazing. The sum of changes in these fluxes give an overall increase in oxidation of
anthropogenically appropriated biomass of 64 Tg CO, yr'* within Europe, which offsets another
fraction of the increase in GPP although it may include imported biomass from other RECCAP2
regions.
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From the 2000s to the 2010s, the reduction in Fgirec: IS about 3.5 times as strong as between the
1990s and 2000s. A similar trend was found for EU27+UK by the VERIFY synthesis (McGrath
et al., 2023; Petrescu et al., 2021a) that shows a significant decrease in net-CO, emissions driven
by decreased fossil fuel emissions (Fenergy + Fippu) that sets in around 2005 and continues until
the end of our RECCAP2 period. However, this reduction in direct anthropogenic emissions was
partly offset by a strong reduction in the land CO, sink of 318 Tg CO, yr™* (Figure 3). From the
2000s to the 2010s, even if average GPP slightly decreased, it was accompanied by a strong
increase in Regr that is three times higher than that between the 1990s and the 2000s. Changes in
Fgrazing and Fproduct oxidation are comparable to that between the 1990s and the 2000s, with a similar
increase in emissions from anthropogenically appropriated biomass back to the atmosphere of 52
Tg CO, yr™. Being generally a minor flux in the European CO, budget (Tables 3, S2), also
changes in Fyre have only a small influence on decadal trends in the CO, budget (Figure 3).

Overall, according to our BU assessment, the strength of the land CO, sink has decreased from
1.5 Pg CO, yr™ in the 1990s to 1.3 Pg CO, yr™ in the 2010s (Table S2). This is comparable to the
TD estimates from global inversions that give a decrease from 1.3 (0.3-1.5) Pg CO, yr' to 1.0
(0.0-1.5) Pg CO, yr, respectively (ensemble median and range, Table S2). For the 2000s,
however, our BU estimate diverges substantially from global inversions, with 1.6 Pg CO, yr™ vs
0.9 (0.1-1.2) Pg CO, yr™, respectively (Table S2). Thus, while TD assessments show the weakest
land CO; sink for the 2000s, our BU assessment identifies the 2000s as the decade with the
strongest land CO; sink.

3.2. CH,4

For the European CH,4 budget 2010-2019, our BU estimates give an average net emission of ~32
Tg CH, yr’. We assign a moderate level of confidence (up to +50%) to this estimate. This BU
estimate lies within the range of TD estimates from the two global inversion ensembles used in
GMB2020 by Saunois et al. (2020), of which one is based on surface observations of atmospheric
CH, concentrations (22 to 39 Tg CH, yr'', median of 32 Tg CH, yr™) and one based on satellite
observations (25 to 37 Tg CH, yr, median of 28 Tg CH, yr?, Table 3). In contrast, our BU
estimate lies on the far lower end of TD estimates from regional inversions (33 to 44 Tg CH, yr™,
Table 3). About three quarters of European CH,4 emissions, i.e. ~24 Tg CH,4 yr, can be attributed
to Fuirect, 1.€. the sum of direct anthropogenic emissions Fenergy, Fippu, Fuwaste, and Fagri. With ~11
Tg CH,4 yr, the agricultural sector contributes nearly half of direct emissions. With 6 to 7 Tg
CH,4 yr, the energy and the waste sector are similarly less strong emitters, while contributions of
the industrial production and product use sector are minor.

About one quarter of CH,4 emissions is attributed to natural sources. In contrast to Fgirect, Which is
estimated largely from inventory data, we assign a low level of confidence to our BU estimate of
the land CH, budget. The two largest sources in our land CH4 budget are inland waters and
geological emissions with 4.1 and 2.5 Tg CH,4 yr, and a moderate (+50%) and high (+25%) level
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of confidence, respectively (Table 2). Peatland emissions are very likely sizable, but very poorly
constrained (range of 0.6 to 3.3 Tg CH, yr™, Table S3). Emissions from fires, coastal waters and
coastal wetlands do not play a significant role in the land CH4 budget of Europe. The regional
inversion CTE-CH4 gives an estimate for the land CH,4 budget excluding geological and fire
emissions. This TD estimate of a net-source of 4.2 Tg CH, yr' is comparable to our
corresponding BU estimate of 5.1 Tg CH, yr™.

When comparing the CH,4 budgets for the 1990s, 2000s and 2010s, the BU estimates give a
strong decrease in the overall net sources (Figure 4). Note that we have split changes in Fyirect into
changes in Fagri as the single largest contributor and the sum of changes in the remaining flux
components Fenergy, Fippu, and Fuase. From the 1990s to the 2010s, the net source decreased by
about one quarter, mainly due to reductions in Fenergy, Fippu, and Fuaste. Changes in natural sinks
and sources do not appear to be important for the overall CH, budget. Note however that for Fy
as the largest natural source, no assessment of long-term trends exists.

Budget 1990’s 43.1 All numbers
D(Fonergy+FipputFuaste) BN 22 InTgCHuyr?
BF g /1 2.3
AFcr -0.0
AFpeat CH4 ?

'ﬁFmethanotroph}f -0.1
AFse ?

Budget 2000's 36.4
A(Fenergy"'FEPPU"'Fwoste) - -3.5
AF i [ | -0.7
AFcr -0.0
AFpeat CH4 +0.1
'ﬁFmerhanorroph}f ?

AFsre -0.0

Budget 2010's 32.2

30 35 40 45

Figure 4: Evolution of European CH4 budget over the last three decades. Note that there is no
estimate for Fyre in the 1990s.

Our CHy net emission estimate of 36 Tg CH,4 yr™* for the 2000s is higher than the RECCAP1
estimate of 28 Tg CH, yr™ by Luyssaert et al. (2012) for the period 2001-2005. The direct
comparison is however difficult as the RECCAP1 analysis excluded the Eastern European
countries of Rep. of Moldova, Ukraine and Belarus. For EU27+UK, a detailed, inventory based
analysis of trends in direct CH, emissions from the period 2000-2009 to the RECCAP2 period
2010-2019 was given by Petrescu et al. (2023). They found a decrease in direct emissions by
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16.5%, mainly due to reductions in Fyaste (-10.1%) and Fenergy (-4.4%). This is comparable to the
relative reduction in Fgirect by 15% from the 2000s to the 2010s identified in our study (see Table
S4). However, from the global inversions, we do not see a trend from the 2000s to 2010s, with
TD estimates of net source of 32 (23 — 42) Tg CH, yr™* vs. 32 (22 — 39) Tg CH,4 yr, respectively
(median and range, Table S4). Similarly, Petrescu et al. (2023) were not able to confirm the
trends from their BU assessment through TD estimates.

3.3. N.O

For the European N,O budget 2010-2019, our BU estimates give an average total emission of
~1.3 Tg N,O yr*. We assigned a moderate level (+50%) of confidence to this estimate. Our BU
estimate is within the range of TD estimates from global inversions used in Tian et al. (2020) (0.7
to 1.6 Tg N,O yr'*, median of 1.5 Tg N,O yr?), and very close to the regional TD estimate from
Flexinvert that was used by Petrescu et al. (2023) (1.3 Tg N2O yr, Table 3). In our bottom-up
estimate, we attribute only about one quarter of emissions to Fgirect, t0 Which all four flux
components, i.e. Fenergy, Fippu, Fwaste, @nd Fagri, contribute substantially. Note that for Fagi, we
only include emissions from manure management and biomass burning. Emissions due to
fertilizer and manure application as well as residue management are put together as the soil
management flux Fsii n2o man that is @ component of the soil emission flux Fsii n2o, and thus of the
land N,O budget, which we keep separate from Fgjrect.

From the different inventories we use for our budget, we get quite similar estimates for Fenergy and
Fagri. However, since the inventories partly use similar activity data and emission factors, we
assume only a moderate level of certainty. For the estimate of Fippy, We are less confident,
because the inventory based estimates considered in our study range from 58 Gg N,O yr*
(UNFCCC) to 210 Gg N,O yr'! (EDGAR) (see Table S5). Here we assign a very low level of
confidence. Similarly, we assign a low level of confidence to Fyaste for which estimates range
from 42 Gg N,O yr'! (UNFCCC) to 76 Gg N,O yr* (GAINS).

The land N,O budget, which accounts for three quarters of the total emissions, is dominated by
soil N,O emissions (Fn2o soil, about 97% of the land N,O budget). We are confident that the real
value for Fpzo soil lies within £50% (‘moderate’ level of confidence) of our estimate of ~0.93 Tg
N,O yr'. Moreover, 0.68 Tg N,O yr' of Fyuosi can be attributed t0 Fgoit N2oman, While
atmospheric deposition of reactive N (Fsoil n20,ndep) 1S responsible for another 0.07 Tg N,O yrt of
soil indirect emissions, and the remaining 0.17 Tg N,O yr' can be attributed to natural
background emissions Fnzosoilnat (Table S5). The remaining emissions in the land N,O budget
stem mainly from inland and coastal waters (Table 2). Note further that these fluxes are not fully
natural. In Europe, about two thirds of inland water emissions can be attributed to anthropogenic
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N inputs from fertilizer, manure and sewage water (Petrescu et al., 2023 based on Yao et al.,
2020).

Budget 1990’s 1,662  All numbers
AF ppy LT -163  In Gg N,0 yr
ﬂ‘-(F energ}r+F agra""F waste) I -11
anoa’f N20,nat -13
A Fsoﬁf N20,man -56
A Fsoﬁf N20,Ndep -14
AFfie ?

Budget 2000’s 1,405
AFippy [ -105
ﬂ‘-(F energ}r+F agra""F waste) I -9
anoa’f N20,nat +6
A Fsoﬁf N20,man +10
A Fsoﬁf N20,Ndep -14
afﬁ're -1

Budget 2010’s 1,293

1,200 1,400 1,600 1,800

Figure 5: Evolution of European N,O budget over the last three decades. Note that there is no
estimate for Fyire in the 1990s.

Figure 5 shows the evolution of decadal N,O budgets since the 1990s, including the responsible
flux changes. From the 1990s to the 2010s, total emissions of N,O have decreased by about one
fifth, mainly due to reductions in Fippy. From the 2000s to the 2010s, the decrease in our BU
emissions is supported by a similar decrease in TD budgets from 1.6 (0.9-1.7) Tg N,O yr* to 1.5
(0.6-1.6) Tg N,O yr™, respectively, derived from global inversions (median and range; see Table
S6). This decrease in net emissions is largely due to a reduction in Fippy. In contrast, Fenergy,
Fuaste, and Fagri remained relatively constant. As mentioned before, we see a huge spread in
different estimates of Fippy. However, we see a strong decline in Fppy over the three decades
from all three inventories we used for this flux (UNFCCC, EDGAR, GAINS), with a decline that
ranges from 141 Gg N,O yr! (EDGAR) to 339 Gg N,O yr' (GAINS). Interestingly, for the
2000s, the spread between these three inventory-based estimates is quite low, with estimates
ranging from 210 to 226 Gg N,O yr™ only (Table S6). For the 1990s and the 2010s there is a
much more pronounced spread between the different data sources that explains the difference in
flux changes over the three decades between the different estimates. Despite the large
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uncertainties related to Fippy, We can conclude that reductions in this flux are the most important
driver behind reduction in total N2O emissions.

From the 1990s to the 2000s, there appears to be a notable reduction in Feij n20man, fOllowed by a
slight increase to the 2010s. Note that both EDGAR and FAO agree on this trend. For Fe;
N20,Ndep, We derived a continuously-decreasing trend from 99 Gg N,O yr'in the 1990s to 71 Gg
N,O yr? in the 2010s based on EMEP data, the only data source that covers all soils. Comparing
EMEP estimates for agricultural soil only (Fsoil n2o,Ndep,agri), We see very similar trends and flux
sizes from GAINS and EDGAR (see Table S6). In contrast, simulations with O-CN give Fgj
n20,Ndep that would increase from 106 Gg N,O yr'tin the 1990s to 135 Gg N,O yr™ in the 2010s.
This may be explained by the fact that with the model OC-N, Fgii n2ongep 1S Calculated as
difference between simulations with and without atmospheric deposition of N, and thus accounts
also for indirect effects on N,O emissions through fertilizing effects and accumulation of N in
biomass, litter and soil organic matter. Depending on the residence time in these organic N pools,
a historically increased N-deposition may have a certain legacy effect on N,O emissions. In
contrast, the EF-based methods account only for N,O emissions from direct (de-)nitrification of
deposited reactive N itself, and thus only accounts for the instantaneous effect of deposition on
N.O emissions. Overall, for Fyzosoil, 1.6. the sum of Fsgii n2o,man, Fsoil n2ondep @nd the natural
background flux Fnz0 soil nat, and largest source of N,O, our BU assessment gives a slight decrease
from the 1990s to 2000s, but there is no notable trend between the 2000s and the 2010s. That
agrees with Tian et al. (2020), who did not find a notable trend in soil N,O emissions for Europe
over the last two decades. The decrease from the 1990s to the 2000s may be explained by the EU
nitrate directive which has led to a decrease of manure and fertilizer application during the 2000s,
which may have led to a subsequent decrease in N,O emissions (Velthof et al., 2014).

3.4. All GHGs

When we combine the three GHGs for the decade of the 2010s, we obtain a total CO,-equivalent
emission of 4.87 Pg CO,-eq. yr* for direct anthropogenic emissions. For the land budget, we
obtain a net sink of -0.92 Pg CO,-eq. yr*. However, while we have a high level of confidence in
the estimated direct emissions, our level of confidence in the land budget is rather low (Table 2).
Fenergy contributes ~80% to direct anthropogenic emissions. CO, dominates the CO,-eq.
emissions of both Fenergy and Fippy (>90%, Table 2). In contrast, CH4 dominates the CO»-eq.
emissions of Fyaste and Fagri (~90% in each case).

The land GHG budget is dominated by the strong land CO, sink, of which only one third is
counterbalanced by net CH, and N,O emissions. Also Luyssaert et al. (2012) had found the
European land budget to be a net-sink of GHGs. In contrast, Tian et al. (2016) found the
European land budget to be a net-source based on a BU assessment, while a TD assessment
showed the budgets to be close to neutral with a huge range of uncertainties. As most important
flux components, the net-exchange between plant biomass, vegetation and atmosphere
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(Fsoil+biomass), as well as the oxidation of harvested products (Fproduct oxidation) are dominated by
CO,. However, as these fluxes partly balance each other, the overall dominance of CO, in the
land GHG budget diminished. As a component of the final net land GHG sink of -0.92 Pg CO,-
eq. yr™, the inland water emissions of 0.31 Pg CO»-eq. yr* become an important flux component.
While ~62% of F,y are attributed to CO,, CH. has a sizable contribution of 36%, which
demonstrates the significant role of this GHG in the land budget. The contribution of N,O in Fy
is nearly negligible. Moreover, the weight of N,O emissions in the land GHG budget is largely
due to soil emissions, of which the major proportion represents anthropogenic perturbations
through management and atmospheric deposition of reactive nitrogen (see section 3.3).

Budget 1990’s 5,126 All numbers in
aFCOZda’rect - -189 Tg CO,-eq. YI"]'
AF CHA4, direct - -183
AF N20,direct -47
AFcoz,1and I -69
AFcriaiand _ -5
AFn0,10nd -23

Budget 2000’s 4,610
AF, C02,direct _ -670
AF CHA4, direct . -119
AF N20,direct -31
AFco2 1and 1] +318
aFCHA,Iand +2
AFn0,10nd -5

Budget 2010’s 4,106

3,500 4,000 4,500 5,000

Figure 6: Evolution of European greenhouse gas budget over the last three decades, reported as
global warming potential in CO, equivalents at 100-year horizon.

Figure 6 shows the evolution of the European GHG budget over the last three decades, summing
up direct emissions and land budgets of CO,, CH,4, and N,O, and expressing their sum using AR6
global warming potential at the 100-year horizon. The figure further lists how changes in direct
emissions vs. changes of the land budgets of the three GHGs contributed to the changes in the
GHG budgets between the three decades. Note that for the last decade, the net-emissions here are
slightly higher than reported in Table 2, mainly following the lower land CO, sink resulting from
a narrower selection of datasets covering better the three decades (see section 2.1.2). From the
1990s to the 2010s, net emissions decreased by nearly one fourth. From the 1990’ to 2000s, this
decrease amounted to ~0.5 Pg CO-eq. yr*, of which about two thirds were due to reductions in
direct emissions of CH4 and CO,. From the 2000s to the 2010s, net emissions decreased by
another ~0.5 Pg CO.-eq. yr*, which was mainly due to net decrease in direct CO, emissions of

32



926
927
928
929
930
931

932

933
934
935
936
937
938
939

940
941
942
943
944
945
946
947
948
949
950
951
952

953
954
955
956
957
958

manuscript submitted to Global Biogeochemical Cycles

similar size. From the 1990s to the 2000s, the strength in the land CO; sink slightly increased,
whilst it decreased from the 2000s to the 2010s, largely off-setting the effect of reduced direct
emissions of the other two GHGs CH,4 and N,O. Changes in the land budgets of CH4 and N,O are
small compared to those in other sectors.

4 Land carbon budget
4.1 Land carbon budget of the period 2010 to 2019

We describe the flux-based C budget of Europe following an adaptation of the scheme proposed
by Ciais et al. (2022), which is depicted in Figure 2. The C budget includes CO, and CH, fluxes
from the land GHG budgets in C units (Figure 1), but in addition also changes in C stocks in the
biosphere and of biological products, and lateral exchange fluxes between different C stocks and
across the boundaries of our study region. Table 4 lists estimates of the different fluxes and stock
changes derived from different datasets. Flux names highlighted by an “*” indicate estimates
which we finally used in our budget. Other fluxes are listed for comparison.

In our land C budget, we distinguish four compartments that are in exchange with the atmosphere
and with each other: the geological compartment, inland waters, terrestrial ecosystems, coastal
ecosystems and the biological product pools (Figure 2, Table 4). Terrestrial ecosystems are in the
center of the land C budget, with GPP and Re being the most important exchange fluxes with
the atmosphere. We have calculated the best estimates of GPP and Rer for our budget as the
median values from five and three estimates, respectively, avoiding estimates from land surface
models. With the exception of the GLASS estimates of GPP, the individual estimates for each of
these two fluxes are very close, and we have a high level of confidence in both GPP and Reg. In
absolute terms, these best estimates are at the lower value range of corresponding flux estimates
simulated by the land surface models of the TRENDY v10 ensemble (Table 4). A general
overestimation of both fluxes by DGVMs can be explained by the poor representation of
perturbation, anthropogenic appropriation of biomass, and lateral export fluxes (Ciais et al.,
2021) — the reason for which we avoid using these data.

The difference between GPP and Rerr Would result in a net uptake of 0.9 Pg C yr™ by terrestrial
ecosystems from the atmosphere. Other exchange fluxes between terrestrial ecosystems and the
atmosphere, i.e. Fiire, Fpeat cHa @Nd Frethanotrophy, are of minor importance. The accumulation of C
in the biosphere is however diminished to ~0.4 Pg C yr™* by emissions from grazing livestock
(Fgrazing), from harvested wood (Fwood harvest), CrOP (Fcrop harvest) and peat (Fpeat harvest) products.
Another ~0.1 Pg C yr™ are exported from soils to the inland water network (Fpioariver)-
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Table 4: Flux estimates (Tg C yr) for the European land C budget 2010-2019. (* behind
flux name indicates estimates used in budget). We assign different level of confidence to our
estimates: very high: £10% (***), high: £25% (**), moderate: £50% (*), low: £100% (-),
and very low (--).

Estimated flux in Tg C yr'l

Flux Best estimate Range Conf. Source
Terrestrial Ecosystems
ACg -130 EFISCEN
ACr -133 FAO Tier 1
ACg ™ -131 * Median of above
ACcL* 22 - UNFCCC
AC ¢ organic soils 14.7 UNFCCC
AC CL,mineral soils 7.9 UNFCCC
AC ¢ organic soils 26.3 FAO Tier 1
AC g~ 10 - UNFCCC
AC 6L organic soils 14 UNFCCC
AC 6L mineral soils -2 UNFCCC
AC GL,organic soils 1.4 FAQO Tier 1
Coastal Ecosystems
Fowa™ 6.9 * Rosentreter et al., 2023
Fow ™ -4.2 - Rosentreter et al., 2023
Biological products
F crop harvest -224 i FAO
F crop harvest -256 Byrne et al., 2023
F wood harvest * -142 *k FAO
F wood harvest -140 Byrne et al., 2023
F peat harvest * -10 wx Hirschler & Osterburg, 2022
Fcropuse ™ 207 * based on FAO, eq. 13
F crop use 314 Byrne et al., 2023
F wood decay * 94 * FAO
F wood burning ™ 34 * FAO
F wood decay 16 Byrne et al., 2023
F wood burning 63 Byme et al., 2023
F peatuse * 9.7 *x Hirschler & Osterburg, 2022
F product oxidation 346 * sum of 4 fluxes above
Fcrop trade * 17 o FAO
F wood trade * 6 i FAO
F peattrade * -0.5 * Hirschler & Osterburg, 2022
AC crop products * 0.0 - Assumption
AC wood products ™ 8.1 * eq. 12
AC peat products * -0.8 * Hirschler & Osterburg, 2022
Budget summaries
NEEc* -362 - eq. 8
AC 1ang * -309 - eq. 9
AC jand -72 - eq.10
AC jang -103 -314;8 TRENDY

F LoLucr -112 UNFCCC
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Table 4: - continued —

Estimated flux in Tg C yr™

Flux Best estimate Range Conf. Source
Terrestrial Ecosystems
AC -130 EFISCEN
AC k. -133 FAO Tier 1
ACg * -131 * Median of above
ACcL™ 22 - UNFCCC
AC ¢ organic soils 14.7 UNFCCC
AC ¢ mineral soils 7.9 UNFCCC
AC ¢ organic soils 26.3 FAQO Tier 1
AC g1 10 - UNFCCC
AC G organic soils 14 UNFCCC
AC GL,mineral soils -2 UNFCCC
AC GL,organic soils 14 FAO Tier 1
Coastal Ecosystems
Fowa * 6.9 * Rosentreter et al., 2023
Fow™ -4.2 - Rosentreter et al., 2023
Biological products
F crop harvest * -224 *x FAO
F crop harvest -256 Byrne et al., 2023
F wood harvest * -142 ** FAO
F wood harvest -140 Byrne et al., 2023
F peat harvest * -10 *x Hirschler & Osterburg, 2022
F cropuse ™ 207 * based on FAOQ, eqg. 11
F crop use 314 Byrne et al., 2023
F wood decay * 94 * FAO
F wood burning * 34 * FAO
F wood decay 16 Byrne et al., 2023
F wood burning 63 Byrne et al., 2023
F peatuse * 9.7 *x Hirschler & Osterburg, 2022
F product oxidation ™ 346 * sum of our best estimates*
F crop trade * 17 ** FAO
F wood trade ™ 6 il FAO
F peat trade -0.5 * Hirschler & Osterburg, 2022
AC ¢rop products * 0.0 - assumption
AC yood products * 8.1 * eg. 10
AC peat products * -0.8 * Hirschler & Osterburg, 2022
Budget summaries
NEEc* -362 - eg. 8
AC jang * -309 - eq. 9
AC jang -72 - eq.14
AC g +4C g +4C g -99 - our best estimates*
AC g +AC g +4C gL -103 -314; 8 TRENDY
FLutucr -112 UNFCCC
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Note that we assume that our estimates of GPP and Re,r implicitly include the land use change
flux FLuc, which we thus did not add explicitly to our C budget. Nevertheless, we list various
estimates of F_yc for comparison and discussion. We find strong differences between the two
bookkeeping models HN and BLUE, but also between the two estimates based on BLUE using
different land cover data as input (Table 4). Between the lowest and highest estimate, there is a
factor of 3.5 difference. Therefore, for our best estimate of Fyc, which is the median of the three
estimates, we assigned only a low level of confidence.

For Fgrazing, We only have the estimates obtained by Chang et al. (2021) using the land surface
model ORCHIDEE. However, as the grazing flux in the simulations is scaled to inventory data on
livestock density, we assigned a moderate level of confidence to this flux estimate. While we
have a high level of confidence in the estimates of Fcrop harvests Fwood harvest, Fpeat harvests Which are all
based on inventory data, we have a low level of confidence in Fpiozriver, because it is only based on
a mass budget of fluxes from or to the inland water compartment (eq. 11). For Ferop narvest and
Fwood harvest, OUr estimates agree well with those from Byrne et al. (2023), which can however
easily be explained by the fact that both are based on the same FAOSTAT data.

The three harvest fluxes - Ferop harvest; Fwood harvest, 8N Fpeat narvest — feed into corresponding product
pools, which themselves are a sizable source of C to the atmosphere of ~0.3 Pg C yr™ through
use, burning and decomposition of these products (Fproduct oxidation, 8 the sum of Ferop use, Fwood
decays Fwood burning @Nd Fpeat use). Emissions from wood and crop products are dominant, with only
minor contributions related to peat products. Europe is a net exporter of crop and wood products,
but a net importer of peat. However, these net trade fluxes are rather small, representing <10% of
the corresponding harvest fluxes, and amount to a net-export of only 22 Tg C yr™. In contrast, in
RECCAP1, Luysaaert et al. (2012) identified Europe as a net-importer of 19 Tg C yr. That
discrepancy may partly be explained by the fact that for RECCAP2, we additionally include
Moldova, Ukraine and Belarus, which, according to our calculations based on the FAOSTAT
data, are a net-exporter of 16 Tg C yr™ linked to the trade of crop products. While changes in the
crop product stock (ACcrop ) are setto 0 Tg C yr'! per definition, we estimate an average increase
in the European wood product C stock (ACweod) Of ~8 Tg C yr’. Note that for RECCAP1,
Luyssaert et al (2012) estimated an increase in wood product C stocks of even 19 Tg C yr™ based
on a different inventory data set (Eggers 2002), and for the year 2000 only. For the peat product
pool (ACpear), We estimate an increase of 0.9 Tg C yr'! based on the inventory data from Hirschler
& Osterburg (2022).

The net exchange of C between the geological compartment and the atmosphere is of minor
importance in the land C budget. In addition, the dissolution of carbonate minerals (ACiitno) IS Of
minor importance compared to other C stock changes in the land C budget. The exports of C
from the geological compartment to the inland water compartment of 19 Tg C yr™* add to Fpioariver
of 91 Tg C yr. Of the total C input to inland waters (Fiitnozriver+ Foiozriver) Of 110 Tg C yr, only
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about one third is actually exported to the sea. The C burial in sediments (ACpyriar) iS @ minor
contribution to the land C stock change (ACjang). The emissions of inland waters to the
atmosphere of 55 Tg C yr' may appear small compared to the exchange fluxes between
terrestrial ecosystems and the atmosphere, but are still important for the NEEc, i.e. the balance of
all vertical exchange fluxes in the land C budget. Coastal ecosystems in Europe add a small net
source of C to the atmosphere, as emissions from estuaries (Fcwa) of 6.9 Tg C yr™ are only partly
counterbalanced by a net-uptake in coastal wetlands (Fcw) of 4.2 Tg C yr™.

Based on budget closure, we estimate NEEc at -0.4 Pg C yr™ during 2010-2019, and we assign a
low level of confidence to this estimate. Nevertheless, NEEc is dominated by the land CO,
budget, for which we found good agreement between our BU estimate and different TD estimates
(section 3.1), which is thus in support of our assessment of NEEc. When we finally assess the net
C stock change in the land C budget by including lateral net exports through trade and river
transport (eq. 9), we obtain a flux-derived increase in ACjang of 0.3 Pg C yr’. As an alternative
result from the calculation of ACiang as the sum of all C stock changes in the land C budget (eq.
14), we obtain a much lower increase in ACjang 0f only 0.1 Pg C yr'l.

For this alternative result, we used independent estimates of terrestrial ecosystem C stock
changes that give a net C sink for forests (ACg.) of about 130 Tg C yr, and net sources from
grass- (ACqL) and croplands (ACc.) of 22 and 10 Tg C yr, respectively. While we have a
moderate level of confidence in ACg, in particular as the two independent estimates by
EFISCEN and FAO agree well (see Table 4), our confidence in ACgL and ACc is low. For both
ACqL and ACc¢, we used the estimates from the national inventories (UNFCCC). Based on the
LUCAS database of repeated measurements of topsoil organic C stocks, De Rosa et al. (2024)
have recently estimated a net-loss of topsoil organic C of only 7 Tg C yr on agricultural land
(i.e. ACqL + ACcy) for the EU27+UK over the period 2009-2018. Although EU27+UK represents
only a bit more than 80% of our RECCAP2 region, this latest study advocates for a more
conservative estimate of soil C losses. Note finally that the national inventories split ACg. and
ACc_ further into estimates for mineral soils and organic soils (Table 4). Although organic soils
represent only a very minor fraction of croplands and grasslands in Europe (~3% each), they
make up the larger part of these emissions. From the FAO, we have Tier 1 estimates for
emissions from organic soils, which is twice as high for croplands but only one tenth of what is
estimated for grasslands based on the national inventories (Table 4). The estimates of total C
losses from organic soils are very similar between UNFCCC and FAO, 29 Tg C yr* and 28 Tg C
yr, respectively. However, while the NGHGIs from UNFCCC give a similar magnitude in
losses from croplands vs. grasslands, croplands are the dominant emitter in the FAO accounting
for 26 Tg C yr™. This number is in turn still slightly lower than the C loss from organic cropland
soils of 33 Tg C yr* estimated by Carlson et al. (2017) for Europe. These large discrepancies in
different estimates show how poorly constrained these storage changes are, and are thus the main
justification for the low level of confidence we have in this second estimate of ACjang.
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Note that for RECCAP1, Luyssaert et al. (2012) also calculated a lower land C sink based on
inventory-based estimates of stock changes than based on flux estimates, with 0.1 + 0.1 and 0.2 £
0.2 Pg C yr, respectively. These values are rather comparable to our corresponding estimates of
0.1 and 0.3 Pg C yr, respectively. The potential bias due to different definitions of the spatial
domain between RECCAP1 and RECCAP2 is significant. Given the huge uncertainties in
estimated ACjang, hOwever, this comparison is rather encouraging.

The TRENDYv10 estimates of ACjang give an ensemble median of 0.1 Pg C yr, which is quite
close to our inventory based assessment. However, individual simulations of ACjahg in
TRENDYV10 range from ~0 to 0.3 Pg C yr, which reveals the high uncertainty of DGVM
simulations.

4.2 Evolution of the carbon budget over the last three decades

Figure 7 shows the evolution of the European C budget (ACjang) OVer the last three decades, as
well as the changes in different fluxes that are responsible for this evolution. Note that a series of
C fluxes, although important for the land C budget as such, are not included in this figure as we
assume them not to have changed over the last three decades. This concerns Fiw, Friver export, Fgeo,
Fueathering, Fcwa, and Fewe. A detailed list of all fluxes averaged for the three decades can be found
in Table S8.

Budget 1990’s 376 All numbers in
GPP B 85 TgCyrt?
Reéterr 22
F product oxidation -33
Ftrade -0
Fgraza'ng +15
Fﬁ're -2

Budget 2000’s 393
GPP ] 8
Reter _ -68
F product oxidation -27
Ftrade -21
Fgraza'ng +13
Fﬁ're +3

Budget 2010’s 284

250 300 350 400

Figure 7: Evolution of European carbon budget over the last three decades based on flux
estimates (eq. 9). Note that there is no estimate for Fgre in the 1990s.
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ACjang increases slightly from the 1990s to the 2000s, before it decreases substantially to the
2010s. From the 1990s to the 2000s, an increase in GPP is more or less counterbalanced by
increases in Rewrr and Fproguct oxidation, While a decrease in Fgrazing Still permits for the slight
increase in ACjang. Changes in Fyage are negligible between these two decades. From the 2000s to
the 2010s, Rerr increased substantially while GPP even slightly decreased, which appears to be
the main reason for the comparatively large drop in ACjang. In contrast, changes in Fproduct oxidation
and Fgrazing SEEM tO continue in about the same magnitude as between the 1990s and 2000s, and
changes in Fiage and Fiire have only a minor effect on ACiang.

Interestingly, FLuLuce from UNFCCC inventories shows a similar trend, but the implied increase
in biosphere C stocks is less pronounced and generally at a lower magnitude. According to these
inventories, FLuLuc increased from -119 Tg C yr™ in the 1990s to -125 Tg C yr in the 2000s,
before it falls to its lowest value of -112 Tg C yr™* (Table S7, negative values indicate a sink).
Note that trends in these inventories are largely driven by land use data. We can thus assume
changes in land use to be an important driver behind the low Fy ucr in the 2010s. The three BK
model estimates of F_y_ucr considered in this study, consistently represent this flux as net C sink
during the 1990s, 2000s, and 2010s of 81 (43 - 150) Tg C yr', 82 (72—160) Tg C yr’, and 65
(44 - 156) Tg C yr, respectively (median and range of the three estimates, Table S8). Most
importantly, all three estimates of F y_ucr indicate the lowest sink for the 2010s, which is
consistent with our BU assessment.

From the ensemble medians (range) of TRENDYV10, we find an increase in ACjang from 78 (-183
to +228) Tg C yr™ in the 1990s to 106 (-240 to +294) Tg C yr* in the 2000s, but no further
increase in the 2010s where ACiang is simulated at 103 (8 — 314) Tg C yr''. However, the range in
the model results, from net-sources to net-sinks of C, reflects the high level of uncertainties
associated with this trend, which can thus be used neither to support nor to refute the trend in our
BU assessment.

5 Spatio-temporal patterns in GHG budgets from regional inversions

In this section, we analyze spatiotemporal patterns of fossil CO, emissions and land CO,, CHy,
N,O fluxes over the period 2010-2019, including local hotspots and areas with large temporal
trends, based on the mean of regional inversions re-gridded to 1°.
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Figure 8. Spatial patterns in GHG budgets from regional inversions for the period 2010-2019:
prescribed fossil CO, emissions (a, c¢), land CO, fluxes (b, d), CH4 emissions (e, g), N.O
emissions (f, h), and net GHG balance combining the three GHGs at a 20 year (i, k) and 100 year
(, 1) horizon. Left two columns are the means, right two columns are the trends.

5.1 Fossil CO, emissions

The spatial distribution and trend of fossil CO, emissions prescribed to regional inversions (i.e.
not optimized) are shown in Fig. 8a,c. These priors were derived from EDGAR v4.3, BP
statistics, and satellite measurements of atmospheric concentration of NO, as important co-
emittent of CO, in fossil fuel combustion, while the spatial disaggregation is entirely based on
EDGAR v4.3 and is representative for the year 2010 (see McGrath et al., 2023 for details).
Emissions are concentrated over densely populated areas in the UK, Benelux, Italy’s Po Valley
with emission rates higher than 6 kgCO, m™ yr over 1° grid cells, and in megacities and point
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sources such as power plants and industrial sites. In total, 80% of emissions are located over 23%
of the land area when spatial resolution is smoothed to 1° degree like in Fig 8a,c.

Following the numbers assembled by the Global Carbon Atlas (https://globalcarbonatlas.org/,
accessed on 2024-01-02) based on Friedlingstein et al. (2022), fossil CO, emissions have been
going down in Europe since 1990, with an average rate of decrease of -1.5 % yr''. Emission
reductions rates differ between countries with the largest reduction rates being in the UK (-2.8%
yr), Italy (-2.2% yr), intermediate values in France (-1.6% yr™) and Germany (-1.5% yr}),
Spain (-1.1% yr™) and in former eastern bloc countries excluding Poland (-1.2% yr™). In Poland,
emissions decreased only by -0.2 % yr'’. Note however that the map of emission trends in Fig. 8¢
has grid cells with increasing emissions, highlighting that some sectors have continued to
increase emissions.

Since 1990, fossil CO, emissions have been going down, with an average rate of decrease of -1.1
% yr' in the EU28 (UK27+UK) and -1.5 % yr™ in Europe (excluding Russia). Coal emissions
showed the fastest decrease by -3.2 % yr™ in the EU28 and -2.6 % yr™ in Europe. Emissions from
oil burning experienced a smaller decrease (-0.8 % yr in EU28) while those from natural gas
decreased to a minimum in 2015 and then increased again, resulting in an average trend of -0.9
% yr* during 2010-2019. Emission reductions rates differ between countries, the largest
reduction rates are found in the UK (-2.8% yr), Italy (-2.2% yr™), intermediate values in France
(-1.6% yr*) and Germany (-1.5 % yr™), Spain (-1.1 % yr) and in former Eastern bloc countries
excluding Poland (-1.2 % yr™). In Poland, emissions decreased only by -0.2 % yr™. In total, 90%
of the EU28 emission’s reduction originated from the five largest economies (Germany, France,
UK, Italy, Spain, Poland), which altogether represent 80% of the mean EU28 emission. Note
however that the map of emission trends in Figure 8c has grid cells with increasing emissions, as
some sectors have continued to increase emissions.

Note that the spatial activity data for the year ~2015 used for the GRIDFed emission map
underlying the trend patterns in Figure 8c are not updated each year, so that the annual national
fossil CO, emissions reduction are spatially distributed in proportion to emissions per each grid
cell. Therefore, the grid cells containing coal plants that closed during the period do not show up
with a huge local reduction of emission in Figure 8c. Typically, a large plant (~1000 MW) emits
5 Mt CO, yr, equivalent to the emissions from a 300,000 people city in Europe (Moran et al.,
2022). In 2016, only the UK, Belgium and Sweden announced a phase out of coal in power
generation for 2030, whereas in 2022, more than twelve countries committed to it and ten others
phased out coal. It is therefore important for the fossil emission map prescribed to inversions to
be up to date for the location of disappearing (or appearing) point sources, as shown in Figure 9.
Because emissions of power plants which do not exist anymore were wrongly prescribed to
atmospheric transport models, all regional inversions likely compensated by adding an increasing
land CO, sink around decommissioned plants, which biases the patterns of their land CO, sink
and its trends, making a comparison to bottom-up estimates challenging. This artificial trend of

42


https://globalcarbonatlas.org/

1135
1136
1137
1138
1139

1140

1141
1142
1143
1144

1145

1146

1147
1148
1149
1150
1151
1152
1153
1154

manuscript submitted to Global Biogeochemical Cycles

wrongly assigned increasing land sink can be seen clearly in Figure 8, where the three regions of
strongest increase in land sink are located just downwind of power plants which closed (North-
Eastern Spain for plants that closed upwind in Asturias, Western Germany for plants hat closed in
East of France, and in Belgium and South Western UK for plants that closed in Southern UK,
Belgium and Germany close to the Belgian border, as shown in Figure 9).

Decommissioned Units of Power Plants after 2010 Retired Year Annual emissions (MtCO,)
= . o = 2010
" Emissions -
(MtCO5yr~1)
* 1

* 2 L 2012
* 3
* 4

- 2014 A

- 2016

r 2018 A

r 2020 A

— 2022 4
0 250 500

Figure 9. Location of the coal power plants that closed in Europe between 2010 and 2022. The
magnitude of the emission prior closure is indicated by the size of each star symbol and the year
of closure by the color palette. The right hand plot shows the reduction of corresponding CO,
emissions since 2010, with a total reduction of 500 MtCO; by 2022.

5.2 Land CO; budget

Figure 8b shows the mean annual net CO; land flux excluding fossil CO, emissions, as estimated
by the mean of regional inversions. The range of the corresponding sinks and sources (negative
and positive values) at 1° spatial resolution is three times smaller than the one of fossil CO;
emissions. According to the mean of regional inversions, most European countries are net CO,
sinks except Spain, southern UK, southern France and Ukraine. The trend of the land CO; sink
shows different patterns than the mean value. We verified that the trend of inversions is not given
by the trend of their prior land flux. The trend of the prior shows a decreasing CO; sink (Fig. S2)
where the trend of inversions shows regions with strong increases (North of France, North of
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Spain). There are however also large areas where both priors and inversions show strong
decreases of the land CO; sink (in UK, from Southern Germany to Czech Republic, and in
Scandinavia). Interestingly, regions that are weak sinks in the mean flux of inversions (Northern
Spain in Fig. 8) show the largest sink increase over time. There is no evidence for ‘favorable’
trends in climate driving increased plant growth, nor for shifts in land use (such as decreased
harvest) in these two regions. The trend of weakening CO, sinks in Scandinavia is possibly
linked to changes in forest management and the cutting of old forests (Ahlstrom et al., 2022). On
the other hand, Poland and Eastern European countries show a strong CO; sink that intensified
over time, which may be explained by a substantial increase in forest biomass (Winkler et al.,
2023).

5.3 CH,4 emissions

The CH,4 emissions from the mean of regional inversions shown in Fig 8 include anthropogenic
and natural emissions. Fossil fuel extraction in Europe is limited mainly to gas extraction in the
Netherlands, the North Sea (offshore), and Romania, as well as coal mining in Poland. CH,4
emissions are more diffuse but present high values in agricultural and populated areas (landfills)
and in coal mining basins (e.g. the Silesia region of Poland). There are few hotspot regions of
CH, emissions with emission rates exceeding 0.01 kg CHs m™ yr, namely in the UK, Benelux
and Western Germany, Southern Poland and Italy’s Po Valley. These high emissions rates are
mainly associated with CH4 emissions from agricultural activities (e.g., cattle farming (enteric
fermentation) and rice cultivation). According to UNFCCC 2022 official inventories
submissions, these regions/countries are in the top ten of the CH, agricultural emitters,
responsible for 70 % of the total CH, emissions in the EU27+UK. Following the same sources,
emission rates in Belarus and Ukraine are lower on average than in EU27+UK. Note that the
regional inversions are constrained by atmospheric observations over Western Europe, but not
over Eastern Europe where their solution is close to the prior inventory (Petrescu et al., 2023).
This may further explain why with regard to average emissions, global inversions tend to be
better in agreement with bottom-up estimates than the regional inversions (see Table 4).

Deng et al. (2022) used global CH, inversions from Saunois et al. (2020) updated until 2017,
which have a coarser spatial resolution than the three regional inversions used in this study. They
found a consistent decreasing trend in inventories and inversions for the EU27 over the period
2000-2017, including both GOSAT-based and surface station-based inversions. Here, from
regional inversions limited to a shorter period in 2010-2019, the spatial distribution of the CH,4
emissions trend suggests large decreases in Belarus and Ukraine, no strong increase in Poland
(unlike in the prior, see Figure S2) and an increase in Benelux countries, Germany, Ireland,
Western France and Scandinavia. The trend of CH,; emissions from regional inversions is
therefore different from the trend of the prior (EDGARvV4.2), which shows a small decrease
across all European countries and large increases in Ireland and Poland (Fig S2e).
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5.4 N,O emissions

Anthropogenic and natural N,O emissions from inversions include industrial emissions (point
sources) from the production of chemicals and other emissions (diffuse) mainly from agriculture.
The map of N,O emissions optimized by regional inversions shown in Figure 8f shows diffuse
emissions with a rate of less than 0.002 kg N,O m? yr, representing direct and indirect
emissions from fertilized croplands and pastures. There are also hotspots of emissions
corresponding to industrial emitters and high emission rates from intensive agriculture over
Benelux (0.005 kg N,O m™ yr?, see de Vries et al. 2021). The trend of N,O emissions optimized
by inversions (Fig. 8h) is slightly negative for all diffuse emissions in Germany and France,
consistent with reduced nitrogen fertilizers applications (following the Nitrate Directive of the
EEC, 1991), whereas prior emissions used by inversions had no trend (Fig. S2d). On the other
hand, point sources show positive or negative trends. Much of the IPPU emissions from nitric
acid plants were cut in a similar manner around 2010, with the introduction of the European
Emission Trading System that made it economically interesting for companies to apply emission
abatement technologies (catalytic reduction of N,O in the flue gas) to reduce their emissions
(Petrescu et al., 2023). Belgium and the Netherlands indicate a strong increase in N,O emissions
(Fig. 8h).

6. Interannual variability of European GHG budgets

Quantifying interannual variability (IAV) and identifying its drivers is important to gain
understanding of the processes controlling variations in sources and sinks of GHGs, but also to
appropriately separate long-term trends (human-driven) from short-lived variations due to natural
climate variability. Variability in the European CO, sink has been previously analyzed, including
the main drivers of long-term AV in sources and sinks of CO, (Ciais et al. 2010; Luyssaert et al.,
2010; Bastos et al., 2016), seasonal compensation effects (Buermann et al., 2018) and the impacts
of extreme events on annual carbon budgets (Ciais et al., 2005; Bastos et al. 2014; Bastos et al.,
2020). For CH4 and N0, less is known about the magnitude and spatio-temporal distribution of
IAV in the European region. It is also unclear how IAV in each of the three GHGs relates to
variability in the overall global warming potential (GWP). Depending on the main drivers of
variability in each GHG, anomalies may reinforce each other in a particular year (if climatic
conditions lead to anomalies of the same sign in all three GHGs) or counterbalance each other
partly (if the same climatic conditions lead to anomalies of opposite signs among the GHGS). In
this section we compare the magnitude and spatial distribution of 1AV in net CO,, CH4 and N,O
emissions and their combined GWP at the 20-yr and 100-yr time horizons (GWP,, and GWP1,
respectively). We then analyze how two important modes of climate variability influencing
European climate affect anomalies in the three GHGs separately, as well as their combined GWP.
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Figure 10 Time-series of annual anomalies of the three GHGs - CO,, CH4 and N,O from top to
the third panel, and the respective aggregated GWP,, and GWP150 anomalies. The vertical red
lines indicate years associated with hot and/or drought events.

Figure 10 shows the regionally-integrated annual anomalies of CO,, CH,; and N,O and the
respective aggregated GWP,, and GWP1oo anomalies from the global atmospheric inversions. For
CH,, we show separately the in-situ and satellite based inversions, due to their different temporal
coverage. Both CH,4 and N,O show a decreasing trend, while CO, shows multi-annual variations
with a predominant sink in the 1990s and predominant source fluxes in the 2000s. Hot and dry
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years are generally associated with source anomalies, except 2012 and 2015, when drought
conditions were more localized and mostly located over southern Europe. The 2003 drought and
the 2018-2020 extreme summers were associated with strong CO, sources. 2003 is also
associated with large CH4 and N,O sources, so that 2003 is the year with the highest associated
GWP, and 2010 shows a peak in emissions following a downward trend (bottom panel). It should
be noted that the spread of the inversions is generally larger than the anomalies themselves for all
three GHGs, which indicates a reduced ability to constrain annual anomalies at continental scale.

In Figure 11, we evaluate how anomalies in the three GHGs vary with two important modes of
large-scale atmospheric circulation influencing European climate: the North Atlantic Oscillation
(NAO) and the East-Atlantic (EA) Pattern. We analyze how far anomalies in each GHG and
GWP of all three GHGs combined are related to possible NAO/EA combinations - at European
scale, and for four major climate regions within Europe: Atlantic, Continental, Boreal, and
Mediterranean. At European scale, we find that both combinations of NAO/EA in-phase
(NAO+EA+ and NAO-EA-) are associated with below-average GWP (GHGgwp20). In the case of
NAO+EAH+, this is because of a combination of below-average values of CO, and N,O, but this is
likely driven by outlier values, as the median anomalies for both gasses are close to zero. For
NAO-EA-, CO, anomalies are predominantly negative, consistent with the results in Bastos et al.
(2016), along with generally negative CH4 anomalies, which are however associated with a large
spread among inversions. Because the impacts of NAO and EA are regionally different, we need
to analyze the regional dependence of GHG anomalies on climate drivers for each NAO/EA
phase. During NAO+EA+, GHG sink anomalies are found for all regions except the Atlantic
sector, but this is due to different combinations of anomalies in the three GHGs and of climate
conditions: below-average GHG emissions in Continental and Boreal regions are mainly
associated with below-average CO, anomalies driven by warmer than average conditions and
close to normal - but slightly negative - precipitation anomalies (Figure S3). In the Atlantic
section, warmer and drier conditions during NAO+EA+ are associated with a positive CO,
anomaly, which is partly offset by a negative N,O anomaly, consistent with below average
precipitation. For NAO-EA-, the European GHG sink is dominated by negative GHGgwp20
anomalies in Continental and Mediterranean regions, mostly associated with below-average CO,
emissions in both regions and additionally with negative CH, anomalies in the Mediterranean. In
the Boreal section, negative CO, anomalies are linked to below average temperature and
precipitation, consistent with results in Bastos et al. (2016) who showed that increased snow
cover in winter due to cold winters and later soil-moisture availability led to increased summer
GPP, while predominantly cooler temperatures keeping Re,r anomalies low. The above-average
N20O emissions in this region might be associated with the higher soil moisture during summer in
this region (see Bastos et al. (2016) for seasonal climate anomalies). The negative anomalies in
GHGgwe20 in the Mediterranean are also likely explained by differences in the seasonal climate
anomalies, with the increased CO, sink associated with higher soil-moisture availability during
winter and early spring, when vegetation activity is at its peak in this region.
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Figure 11: Anomalies in annual CO,, CH,4 and N,O fluxes and combined GWP during the four
combined phases of two main atmospheric circulation patterns influencing European climate: the
North Atlantic Oscillation (NAO) and the East Atlantic Pattern (EA). The boxplots show the
spread across the inversions for the mean of each phase combination. For each individual GHG,
the anomalies are calculated for the available time-series length for each GHG, while for the
GWP, the data are limited to the period 2000-2016, so that only two years are considered for the
two in-phase composites (NAO+EA+ and NAO-EA-).
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For the anti-phase combinations, GHGgwp20 Shows a clear source anomaly for NAO-EA+ and
close to neutral but predominantly source anomaly for NAO+EA-, with both phase combinations
showing a very large spread (Figure 11). The clear GHGgwp20 Source anomaly in NAO-EA+
results from positive anomalies in the three GHGs at European scale, while NAO+EA- shows
close to neutral anomalies for all three GHGs, although slightly positive for CO, and slightly
negative for CH, and N,O. The continental scale neutral balance for NAO+EA- is explained by
offsetting effects between the Boreal and Mediterranean sectors, the first showing a sink anomaly
associated with below-average CO, and CH,4 along with close to normal but tendentially warmer
and slightly wetter than average conditions (Figure S3). Bastos et al. (2016) showed that the
warm conditions for this phase occurred predominantly in winter and spring, so that the CO, sink
might be associated with earlier onset of the growing season. The positive GHGgwp20 anomalies
during NAO+EA- in the Mediterranean are associated with CO, source anomaly due to lower
than average temperatures (especially in winter, the peak of the growing season, see Bastos et al.
(2016)) and a N,O source anomaly likely explained by wetter than average conditions during this
phase. Finally, the source anomaly at European scale during NAO-EA+ is mostly explained by
positive anomalies in CO, and CHy in the Continental region, associated with cooler than average
and much wetter conditions, and by positive anomalies in all three GHGs in the Atlantic region,
associated with warmer and wetter conditions during this phase.

7. Processes and drivers of long-term trends in the European carbon budget

Figure 12 gives a consensus view of the trends of net carbon fluxes and stocks in Europe over the
past decade. Negative values indicate an increasing sink or a decreasing source. The various
products (TD global inversions, BU data driven models, BU process-based models) show good
agreement on trends in northern Spain (region A) and Romania (region C), with a strengthening
sink in both places. On the other hand, the Czech Republic (region B) leans more towards a
weakening sink. These observations are confirmed by the frequency distributions of the number
of products indicating a positive trend in the region when compared against the frequency
distribution for all of Europe (right panel, Figure 12). Noticeable lack of agreement between the
products is seen in the United Kingdom, the Balkans, Finland and Eastern Europe. The remaining
areas show a mix of strengthening and weakening of the sink with agreement between at least
five out of the seven products. The distribution across Europe is roughly Gaussian centered at
three datasets showing a positive trend (four datasets showing a negative trend), while the
distributions of each region are clearly skewed, even if region A is perhaps only offset by one
dataset. Due to vastly different magnitudes in the trends between different products (two orders
of magnitude in extreme cases), we limit our discussion to the sign of the trend.
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Figure 12: Significant trends in carbon stocks and net fluxes for the period 2010-2019 as
indicated by agreement among seven different products: EFISCEN, L-VOD, FLUXCOM, global
inversions, regional inversions, TRENDY, and VPRM. “Positive” and “Negative” indicate
unanimous agreement, while “Mostly” indicates that five out of seven products have this sign.
The sign convention is such that negative values of the annual values indicate a sink into the land
surface, while a positive value indicates a source to the atmosphere; negative trends thus indicate
strengthening sinks. The three highlighted regions are A: [40N, 45N, 5W, 3E], B: [48N, 51N,
10E, 17E], and C: [43N, 51N, 20E, 30E] moving from west to east, roughly corresponding to
northern Spain, the Czech Republic, and Romania, respectively. The right panels show the
frequency distribution of pixels with the number of datasets showing a positive trend (increasing
emissions or weakening sink), with gray bars showing the distribution for all pixels across
Europe and green/blue showing just the pixels in that region.

Figure 13 shows trends for regions A, B, and C for potential environmental drivers of the trends
in sink strength observed in Figure 12 (reproduced in the left column in Figure 13). “ELUC”
indicates total land use change emissions (FLuc) from 2010-2019 (sum of sink and source terms),
while “sink” refers to abandonment of agricultural land and “source” refers to conversion from
forest to pasture and cropland, and wood harvest. The different regions show agreement with
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different drivers, and indeed, depending on the region, Fuc is driven by different processes: the
sink dominates in Romania, while the source term dominates in northern Spain. Broadly
increasing temperatures and vapor pressure deficit (VPD) may drive weakening sinks in the
Czech Republic and strengthening sinks in Romania, although the spatial patterns appear to
resemble more strongly those from land use change.
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Figure 13: Comparison of dataset agreement from Figure 12 with 2010-2019 trends in various
meteorological and land use drivers for three distinct regions. Results have been aggregated to
1.0 degree spatial resolution for easier analysis. Meteorological variables (T and VPD) show
pixels for which trends are statistically significant (P < 0.05). The drivers shown on the right for
each region are those for which the spatial patterns are closest to the observed agreement on the
left. Blue indicates positive trends, i.e. increasing emissions/weakening sink, increasing
temperature, and increasing VPD.

Land use trends are also shown in Figure 14 using a related approach by looking directly at the
land-use and land-cover maps from Hilda+. Hilda+ consists of annual gross changes between
urban, cropland, pasture/rangeland, forest, unmanaged grass/shrubland, and sparse/no vegetation
areas (Winkler et al. 2021). The increasing sink strength in Romania corresponds to increasing
sink due to cropland abandonment in the BLUE-Hilda+ results (region C, bottom right, Figure
13), while the fraction of cropland abandoned is much weaker than in surrounding regions in the
pure Hilda+ maps (Figure 14). On the other hand, the increasing change in harvested forest area
in the original Hilda+ dataset over the Czech Republic corresponds nicely to the increasing
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emissions from BLUE-Hilda+ for the same region, suggesting that harvest may be driving
observed trends in that region.

Change in harvested
forest area 2010-2019 (%)

0 500 1,000 km ) +3
e

Maximum fraction of
cropland abandonment (%)

0 500 1,000 km 0 20
—

Figure 14 Change in harvested forest area between 2010 and 2019 (top) and maximum fraction
of cropland abandonment (bottom) from the Hilda+ land use/land cover dataset. Spatial
resolution is 0.25 degrees.
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8 Contribution of recent forest disturbances on the European forest carbon balance

8.1 Losses and gains over the last three decades

European forests experience various types of disturbances (mainly harvests, followed by storms,
wildfires and insect outbreaks) that damage forests resulting in a loss of productivity and biomass
carbon stocks over the short term (Seidl et al., 2014). Several years after a disturbance event,
however, a recovery has been observed such as an increase in forest diversity and C stocks (Senf
et al., 2019). To evaluate the net impact of forest disturbances on the European carbon budget, we
analyzed carbon losses and recovery gains across four regions (Atlantic, Boreal, Mediterranean,
and Continental) during three time periods (1990-1999, 2000-2009 and 2010-2018). Note that
this analysis is only a partial C budget from disturbances which includes the losses and gains
from disturbances that occurred during each decade. Disturbances from previous decades
contribute to additional recovery gains which are not accounted for. We utilized two datasets: (i)
the European disturbance map from Senf & Seidl (2021) based on Landsat data and (ii) the CCI-
ESA Above Ground Biomass data for 2010, 2017, and 2018, corrected for possible biases due to
the use of different sensors between 2010 and other epochs based on the assumption that the
biomass of undisturbed forest plots was constant (see section 2.6.1). Estimates of carbon budget
changes based on the above-mentioned products integrate the effects of both human- and natural-
induced disturbances on forests.

The data in Figure 15 shows the location of disturbances and the average fraction of disturbed
forests per decade. The dataset from Senf & Seidl (2021) only indicates the year of the most
severe disturbance within the last 30 years, implying that a forest that experienced multiple
disturbances since 1990 is considered as disturbed only once, which underestimates the disturbed
fraction. The data in Figure 15 show that forests in boreal countries experienced more
disturbances than in other regions, due to intensive forest management practices (Ceccherini et
al., 2020). The fraction of disturbed forests increased over time in Europe, the Atlantic and
Mediterranean regions reaching peaks of disturbed areas during the period 2000-2010. This
increase may reflect increasing frequency and intensity of natural disturbances, discussed in more
detail later on, but could also be related to increasing harvested areas in some regions. However,
the partition between harvests and natural disturbance is a sensitive topic, as inconsistencies have
emerged between ground-based and remote-sensing attributions of disturbance type (Ceccherini
et al., 2020; Wernick et al., 2021; Breidenbach et al., 2022; Palahi et al., 2021; Ceccherini et al.
2021).
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Figure 15. Area disturbed in Europe for four ecoregions (Atlantic, Mediterranean, Boreal &
Continental) and three periods (1990-2000, 2000-2010 & 2010-2020) based on the disturbance
map of Senf & Seidl (2021). Panel (a) shows the spatial mean of the percentage of disturbed
forest, and panel (b) shows the major disturbances which have occurred in Europe (forested
pixels of 18 km disturbed by more than 5%).

Table 5 presents the gains and losses of biomass carbon due to disturbances in the four regions of
Figure 15. The largest carbon losses are observed in the Boreal region, followed by the
Continental, Atlantic, and Mediterranean regions. On average, disturbances caused a cumulative
loss of 690 TgC from 1990 to 2018, which represents 24% of the cumulative forest biomass
carbon sink estimated from national inventories (Grassi et al., 2022). Decadal carbon gains
associated with recovery from disturbances that occurred during the same decade are smaller than
the losses. This implies that regrowing forests cannot fully compensate for the carbon losses due
to disturbances during the same decade, which is consistent with a previous study (Nabuurs et al.,
2013). This finding is also in line with recovery biomass curves in Europe, which show typical
recovery times of 30 years (Senf & Seidl, 2021 GEB). However, gains continue to accrue after
the decade when disturbances occur. The regions with the largest net carbon losses (i.e. losses
exceeding gains) on a decadal window are ranked as follows: Boreal, Mediterranean, Continental,
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and Atlantic. Increasing disturbances observed in the last decade have led to higher losses in all
the regions, so that the balance between losses and gains has become more negative in recent
years.

Table 5. Gains and losses of carbon due to disturbances for three different periods (1990-1999,
2000-2009, 2010-2018) across four different ecoregions (Atlantic, Mediterranean, Boreal &
Continental) based on the AGB maps 2017 & 2018 (mean values).*

Period Gain of C Loss of C Net budget
[TgCyr']
Atlantic
1990-1999 | 8.70+0.10 -8.26 £ 0.06 +0.44 +0.12
2000-2009 | 8.53+0.11 -13.96 £ 0.12 -5.43 +0.18
2010-2018 | 5.38+0.75 -9.94 £ 0.06 -456 +0.71
Mediterranean
1990-1999 | 0.02 +0.40 -6.71£0.16 -6.69 + 0.44
2000-2009 | -0.93 +0.47 -8.15+£0.20 -9.08 + 0.53
2010-2018 | -0.59+0.84 -7.12+£0.14 -7.71+£0.83
Boreal
1990-1999 | 21.58+0.34 -23.78+0.25 -2.20+0.46
2000-2009 | 15.03+0.29 -25.71+0.25 -10.68+0.41
2010-2018 | 13.14+1.84 -25.27+0.22 -12.13+1.77
Continental
1990-1999 | 11.49+0.42 -12.41+0.22 -0.92 + 0.50
2000-2009 | 10.75+0.42 -16.30+x0.26  -5.55+0.53
2010-2018 | 11.05+0.40 -18.79+0.26  -7.73+0.52

* Uncertainties for the sources and sinks represent the absolute difference between the 2017 &
2018 maps. Uncertainties for the net budget have been obtained with a bootstrapping method
(n=10°).

8.2 Contribution of natural disturbances

We complemented the aforementioned analyses of the role of disturbances within each decade on
the C budgets with an assessment of the impact of major natural disturbances, including fires,
windthrows and insect outbreaks, based on the DFDE database (Pattaca et al. 2023). Windthrows
provide the largest contribution to the overall damage induced by natural agents in European
forests causing in average 24 Mm?® (~5.5 Tg C yr) annually corresponding to 46% of the total

55



1430
1431
1432
1433
1434
1435
1436
1437
1438

1439
1440
1441
1442
1443
1444
1445
1446
1447

1448
1449
1450
1451
1452
1453
1454
1455
1456
1457
1458
1459

1460
1461
1462
1463
1464
1465
1466

manuscript submitted to Global Biogeochemical Cycles

timber volume disturbed over the 1950-2019 period. Northern and Western European regions are
more prominently exposed to strong wind gusts typically associated with areas of deep low
atmospheric pressure (Roberts et al., 2014). Windthrows, being an extreme event strongly
dependent on exceptional weather conditions, show high interannual variability dominated by
individual extreme events such as the storms Vivian and Wiebke in 1990, Lothar and Martin in
1999, Gudrun in 2005, Kyrill in 2007, Klaus in 2009, and Xynthia in 2010. Despite the high
stochasticity, wind disturbances experienced a significant positive trend at European scale with
310,000 m® timber volume lost more per year. Such an estimate agrees with independent
assessments based on satellite retrievals (Senf & Seidl, 2021).

Fire is the second most important natural disturbance in Europe's forests, with an annual average
biomass loss of 12.5 Mm?® (~2.9 Tg C yr™) corresponding to 24% of the total timber volume
damage over the study period. Severe aridity conditions typical of Southern European regions -
affecting both triggering and susceptibility mechanisms - make these areas in particular subject to
such disturbance (Littell et al., 2009). Fire impact has increased significantly between 1950 and
2019 at the European level with 99,609 m® timber volume lost per year and a sharper trend
between 1970 and 1990. Large peaks of strong individual disturbance years are evident from the
1990 onward and are plausibly associated to severe droughts which have triggered extreme fire
years (Senf et al., 2020).

The timber volume damaged by bark beetles accounts for 8.9 Mm® (~2.0 Tg C yr) which
corresponds to 17% of the total volume disturbed between 1950 and 2019. The magnitude of bark
beetle disturbance shows a significant increase over the observational period with a trend of
182,897 of m® timber volume lost per year. A substantial higher damage rate manifested from
2000 onwards. This is consistent with the abrupt increase in vulnerability of forests to insect
outbreaks observed for warming levels that occurred around year 2000 at European scale and
documented in previous studies (Forzieri et al., 2021). Such pronounced increases in temperature
have likely reduced plant defense mechanisms by ultimately favoring triggering processes and
making forests more vulnerable to insect attacks. This seems confirmed by independent evidence
documenting the recent rise in infestations of bark beetles responsible for massive and destructive
attacks on coniferous forests of many northern and eastern European regions (Biedermann et al.,
2019).

We highlight that estimates of biomass losses based on DFDE should be viewed with caution as
subject to multiple sources of potential biases. The DFDE database is based on damage data
statistics reported at country scale and collected by literature search and therefore is built on the
contribution of data retrieved from different actors and through different acquisition methods.
Despite the relevance of these issues, there is still a substantial lack of systematic monitoring
systems of forest disturbances at the European level (McDowell et al., 2011 ). Recent joint efforts
across European research institutions and forestry services have contributed to the collection of
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harmonized databases of spatially explicit records of windthrows (Forzieri et al., 2020) and pest
outbreaks (Forzieri et al., 2023) at Pan-European scale. These products have paved the way for
the future development of novel methodologies for forest disturbance detection and attribution
which could provide enhanced estimates of the impact of forest disturbances on the land carbon
budget.

9 Conclusion

Our BU estimate of the European GHG budget for the decade 2010-2019 gives net emissions of
3.9 Pg CO,-eq. yr' (100 year horizon). These net emissions are mainly driven by direct
anthropogenic emissions of 4.9 Pg CO»-eq. yr', to which CO, emissions from fossil fuel
combustion (Energy + IPPU sector) contribute about 85%. The land GHG budget gives a net-sink
of 0.9 Pg CO,-eq. yr*, mainly driven by the land CO; sink of 1.4 Pg CO,-eq. yr*, which is only
partially offset by net-emissions of CH4 and N,O. Our BU CH, and N,O budgets agree well with
regional and global inversions. In contrast, our BU estimate of the land CO, sink is at the higher
end of the range of global inversions, and substantially higher than that estimated by regional
inversions.

Over the decades of the 1990s, 2000s, and 2010s, our BU estimates give decreasing average net-
GHG emissions (anthropogenic emissions + land budget) of 5.1 Pg CO,-eq. yr?, 4.6 Pg CO,-eq.
yr and 3.9 Pg CO,-eq. yr, respectively. This decrease in net-emissions is mainly driven by
decreases in direct anthropogenic emissions of CO, and CH,, and in particular by a reduction in
fossil fuel emissions. From the 2000s to the 2010s, the reduction in fossil fuel CO, emissions was
particularly strong (by 0.7 Pg CO, yr'), but partly counterbalanced by a substantial weakening of
the land CO; sink (by 0.2 Pg CO, yr™). N2O contributes less to the overall GHG budgets, but also
shows a pronounced decrease in total emissions, largely due to reduced emissions from the IPPU
sector, for which however large uncertainties persist.

Global inversions, which cover the last two (CHs, NO, but only until 2016) or three (CO,)
decades, confirm the decreasing trend in CH4 and N,O emissions. For the land CO; budget, the
trend is less clear, but a pronounced interannual variability is visible. The drought in 2003 and the
hot summers of 2018 and 2020, associated with unprecedented disturbances, are likely
responsible for a weakened land CO, sink visible for these years. The drought year of 2003 also
shows the highest net-GHG emissions in terms of combined global warming potential of the three
GHGs.

Regional inversions permit us to identify large scale spatial patterns in GHG emissions over
Europe. For COg, direct anthropogenic emissions (mainly fossil fuel emissions) show many local
hotpots linked to large cities, power plants and industrial complexes. For the land CO, budget,
regional inversions reveal sinks mainly in the northern half of Europe, whereas southern France
and the Iberian Peninsula appear as large CO, sources. CH, and N,O emissions stem largely from
diffusive sources on agricultural land (fertilizer- and manure-driven N,O emissions from soils,

57



1504
1505

1506
1507
1508
1509
1510

1511
1512
1513
1514
1515
1516
1517
1518

1519
1520
1521
1522
1523
1524
1525
1526
1527
1528
1529

1530
1531
1532
1533
1534
1535
1536
1537
1538
1539
1540

manuscript submitted to Global Biogeochemical Cycles

and CH,4 emissions from ruminant livestock). Belgium, the Netherlands and southern UK appear
as large areas of intense emissions of both GHGs.

Our BU C budget is based on the fluxes from the land budgets of CO, and CH,, and further
including estimates of lateral C net-exports through the trade of crop, wood, and peat products
and the fluvial export of C to the sea. Alternatively, we constructed a C budget for the 2010s as a
sum of individual estimates of changes in different C stocks, most importantly the biospheric C
stocks of forest, grassland and cropland systems and the stock of harvested wood products.

For the 2010s, our flux-based estimate gives an average increase in the overall C stocks of 0.3 Pg
C yr. The stock-based BU estimate is substantially lower with only 0.1 Pg C yr™. However, we
have to acknowledge that both estimates are associated with large uncertainties, larger in fact
than the difference between both estimates. Nevertheless, our stock-based estimate is quite close
to the UNFCCC estimate and the ensemble-median of the TRENDYV10 simulations. However,
the range between individual TRENDYv10 simulations is also much larger than the difference
between our flux-based and our stock-based estimates, highlighting that DGVMs are not an
adequate tool to constrain the European C budget.

When comparing the flux-based BU estimates of C budgets for the last three decades, we find
very much the same trend as for the land CO, budgets, which is largely driving C stock changes,
while changes in CH,4 emissions and lateral C exports play a minor role. We find a substantial
decrease of ~90 Tg C yr' in the land C sink from the 2000s to the 2010s, which is dominated by
increases in ecosystem respiration Reerr and emissions from the use, decay, or burning of
biological products. At the same time, GPP also slightly decreased between these two decades.
Note that changes in ecosystem respiration and GPP are based here on extrapolated flux tower
managements of the FLUXCOM dataset. The TRENDYV10 ensemble does not reproduce the
decrease in the land C sink, nor the underlying trends in GPP and Re,r. In contrast, a slight
decrease in the C budget is estimated by the UNFCCC national inventories, suggesting that
changes in land management also play a role in decreased C sink strength.

We evaluated what is known about spatial patterns in the recent temporal trends in the land C
sink strength by comparing different spatialized TD and BU estimates. On the TD side, this
included the ensembles of regional and global inversions of the land CO; budget. On the BU side,
we include inventory and remote sensing based estimates of changes in forest biomass, the
FLUXCOM dataset and the VRPM maodel, both of which represent spatial extrapolations of flux
tower measurements, and the TRENDYVv10 ensemble. While over large parts of Europe, these
datasets disagree whether we have an strengthening or weakening of the land C sink, we found a
general agreement for increasing sink strengths over larger areas in and north-west of Romania
and in the northern part of Spain, as well as for a weakening of the sink strength over the Czech
Republic. To a certain degree, these trends can be explained by changes in land use but extreme
events and climate-driven disturbances are also likely to have played an important role. We also
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find a certain degree of agreement on a decreasing land C sink over large parts of Scandinavia,
which can be explained by an intensification of forest management.

We finally investigated the impact of disturbances on forest biomass stocks in Europe, including
disturbances through management (wood harvest in particular) as well as natural disturbances.
Naturally, these disturbances play the largest role in Scandinavia and the Baltic, where we find
large, managed forest areas. In Europe, net-losses of forest biomass have increased since the
1990s. In the last decade, they amounted to about 32 Tg C yr™, which equals one third to one
tenth of our estimates of the European land C sink. Most of the net-losses are likely due to
management practices, though natural disturbances may still play a non-negligible role. The most
important form of natural disturbances of forest biomass loss in Europe is windthrow, followed
by forest fires and bark beetle outbreaks. However, more research is required to quantitatively
disentangle the effects of natural disturbance and management on the forest biomass C stocks.

Overall, our study provides the most up-to-date and comprehensive assessment of the European
budget for CO,, CH, and N,O for the past three decades, including their combined GWP, as well
as their trends and interannual variability. We combine a wide range of TD and BU estimates to
separate these budgets into their different components and to produce a best estimate of their
budget for the 2010s decade. By comparing our estimates with those of UNFCCC reports, our
study provides a key contribution to the evaluation of national reporting of GHG and C emission
at continental scale. Moreover, our study helps to set the path towards an improved carbon
monitoring framework at European scale that can guide policy making.
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