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Abstract

Reliable quantification of the sources and sinks of greenhouse gagetber withtrends and uncertainties,
is essential to monitoring the progress in mitigating anthropogenic emissions under the Paris Agreement. This study
provides a consolidated synthesis of<@Hd NO emissions with consistently derived stafehe-art bottomup BU)
and topdown (TD) data sources for the European Union and UK (EU27+UK). We integrate recent emission inventory
data, ecosystem procdsased model results, and inverse modelling estimates over the pericd@92017. BU
and TD products are comparedtiwEuropean National GHG Inventories (NGHGI) reported to the UN climate
convention secretariat UNFCCC in 20Far uncertainties, we used for NGHGI the standard deviation obtained by

varying parameters of inventorgalculations, reported by the dvhber States following the IPCC guidelines
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recommendations. For atmospheric inversion models (TD) or other inventory datasets (BU), we defined uncertainties
from the spread between different model estimates or model specific uncertainties when reported. Ingcomparin
NGHGI with other approaches, a key source of bias is the activities included, e.g. anthropogenic versus anthropogenic
plus natural fluxes. In inversions, the separation between anthropogenic and natural emissions is sensitive to the
geospatial prior disibution of emissionsOver the 2011-2015 period, which is the common denominator of data
availability between all sources, the anthropogenic BU approaches are directly comparable, reporting mean emissions
of 20.8 Tg CH yr* (EDGAR v5.0) and 19.0 Tg CH/r! (GAINS), consistent with the NGHGI estimates of 18.9 +

1.7 Tg CH yr. TD total inversions estimates give higher emission estimates, aalsio@yclude natural emissions.

Over the same period regional TD inversions with higher resolution atmasptarsport models give a mean
emission of 28.8 Tg CHyr. Coarser resolution global TD inversions are consistent with regional TD inversions, for
global inversions with GOSAT satellite data (23.3 Tg:@) and surface network (24.4 Tg ¢yt). Themagnitude

of natural peatland emissions from the JSBABWIMELI model, natural rivers and lakes emissions and geological
sourcestogetheraccount for the gap between NGHGI and inversions and account for 5.2 Igr&Hror NO
emissions, ovethe 2011-2015 period, both BU approaches (EDGAR v5.0 and GAINS) give a mean value of
anthropogenic emissions of 0.8 and 0.9 TONr?! respectively, agreeing with the NGHGI data (0.9 + 0.6 T N

yr1). Over the same period, the average of the three total TD glotalegional inversions was 1.3 + 0.4 and 1.3 +

0.1 Tg NO yr!respectivelycompared-to-0.9 TgdDy*from-the BU-dataTheFU-TD and BU comparison method
defined in toper attiuadryalciane dée féor f ut ur €EHsand O bugigetsi pdat es

both at EU+UK scale and at national scakhe referenced datasets related to figures are visualized at
https://doi.orgl0.5281/zenod0.45908 2%.5281/zenode-428896(etrescu et al., 2020).

1. Introduction

The global atmosphericoncentrations of methane (@QHhasincreased by 160% and that of nitrous oxide
(N20) by 22% since the pii@dustrial period (WMO, 2019nd are wik documentedisobserved by longerm ice
core records Htheridge et al, 1998, CSIRO According to the NOAA atmospheric data

(https://www.esrl.noaa.gov/gmd/ccga/trends_claét access June 2020 CH, concentration in the atmosphere

continues to increase and, after a small dip in 2017ahawverage growth of 10 ppb / year, representing the highest
rate observed since the 198(QNlisbet et al. 2016, 2019 his increase was attributed to anthropogenic emissions
from agriculture (livestock enteric fermentation and rice cultivation) and fogs related activities, combined with

a contribution from natural tropical wetlands (Saunois et al., 2020, Thompson et al. 2018, Nisbet et al., 2019). The
recent increase in atmospherieONis more linked to agriculture in particular due to the apfidinaof nitrogen
fertilizers and livestock manure on agricultural land (FAO, 2020, 2015; IPCC, 2019b, Tian et al., 2020).

1 The 1980s rapid development of gas industry in former USSR.
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National GHG inventories (NGHGI) are prepared and reported on annual basis by Annex | ¢iasgds
on IPCC Guidelines using national activity data and different levels of sophistication (tiers) fdefisdld sectors.
These inventoriesontain annual time series of each country GHG emissions from the 1990 basetjlemo years
before theyear of reporting and weiginally set to track progress towards their reduction targets under the Kyoto
Protocol (UNFCCC, 1997Non-Annex | countries provide some information in Biennial Update Reports (BURS) as
well as National Communications (NC&yt neither BURs nor NCs report annual time series or use harmonized
formats. The IPCC tiers represent the level of sophistication used to estimate emissions, with Tier 1 based on global
or regional default values, Tier 2 based on cousprgcific paramets, and Tier 3 based on more detailed process
level modelling. Uncertainties in NGHGI are calculated based on ranges in observed (or estimated) emission factors
and variability of activity data, using the error propagation method (95% confidence intervdlipnteCarlo
methods, based on clear guidelines (IPCC, 2006).

NGHGIs follow principles of transparency, accuracy, consistency, completeness and comparability
(TACCC) under the guidance of the UNFCCC (UNFCCC, 2014). Methodological procedures arectakire 2006
IPCC guidelines (IPCC, 2006)he IPCC 2019 Refinement (IPCC, 2013hat may be used to complement the 2006
IPCC guidelineshas updated sectors with additional sources and provides guidance on the possible and voluntary use
of atmospheric da for independent verification of GHG inventori€omplementary to NGHGI, research groups
and international institutions produce estimates of national GHG emissions, with two families of approaches:
atmospheric inversions (Tepown, TD) and GHG inventogs based on the same principle that NGHGI but using
different methods and input data (Bottdsp, BU). These complementary approaches are necessary. First, TD
approaches act as an independent check on BU approaches, and facilitate a deeper underdtaedicigraific
processes driving different GHG budgets. Second, NGHGIs only cover a subset of countries, and it is therefore
necessary to construct BU estimates independently for all countries. The BU estimates arsedfsspriorsinput
datafor TD estimates and to track emissions over time, either globally or country level, such as in the UNEP Emissions
Gap ReporfUNEP, 2019)There is no guideline to estimate uncertainties in TD or BU approaches. The uncertainties
are usually assessed from theesr of different estimates within the same approach, though some groups or
institutions report uncertainties for their estimates using a variety of methods, for instance, by varying parameters or
input dataHowever this gets complicated when dealing withmplex process based models.

NGHGI official numbers are not always straightforward to compare with other independent estimates.
Independent estimates often have different system boundaries and a different focus. BU estimates often have a lot of
overlapin terms of methods and other input data, and through harmonization, the differences between BU estimates

and NGHGIs can be bridged. On the other hand, TD estimatasiarie moreindependent and provide the best

2 Annex | Parties include the industrializeuntries that were members of the OECD (Organization for Econorrop€ration and Development)
in 1992 plus countries with economies in transition (the EIT Parties), including the Russian Federation, the BaltindStstesah central and
eastern Ewpean states (UNFCCC, https://unfccc.int/pastibservers, last access: February 2020).

3 For most Annex | Parties, the historical base year is 1990. However, parties included in Annex | with an economy im drairsitithe early

1990s (EIT Parties) @re allowed to choose one year up to a few years before 1990 as reference becausespfeseotative collapse during the
breakup of the Soviet Union (e.g., Bulgaria, 1988, Hungary, i1l%8%/, Poland, 1988, Romania, 1989, and Slovenia, 1986).
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independent check on NGHGIs. While NGHGI gablrough a review process, the UNFCCC procedures do not
incorporate mandatory independent, lasgale observatiederived verification, but allow the use of atmospheric

data for external checks within the data quality control, quality assurance aridatierif process (IPCC 2006
Guidelines, Chapter 6 QA/QC procedures). So far, only a few countries (e.g. Switzerland, UK, New Zealand and
Australia) have used atmospheric observations (TD) to complement their national inventory data (Bergamaschi et al.,
20138.

A key priority in the current policy process is to facilitate the global stak& exercise of the Paris
agreement, the first one coming in 2023 and to assess collective progress towards achievingahd loeggterm
objectives, considering mitiggan, adaptation and means of implementation. The global -$aiekis expected to
create political momentum for enhancing commitments in Nationally Determined Contributions (NDCs) under the
Paris Agreement. Key components of the global stakk are th&élGHGI submitted by countries under the Enhanced
transparency framework of the Paris Agreement. Under the framework, for the first time, developing countries will
be required to submit their inventories and also commit to provide regular reports to UN&G@fSjde developed
countries, that will continue to submit also on an annual basis. Some developing countries will face challenges to
provide and then update inventories.

The work presented here represents dozens of distinct datasets and models, in addition to the individual
country submissions to the UNFCCC for all European countries (NGHGIs), which while following the general
guidance laid out in IPCC (2006) still differ ipexcific approaches, models, and parameters, in addition to differences
underlying activity datasets. A comprehensive investigation of detailed differences between all datasets is beyond the
scope of this paper, though attempts have been previously masgjgefific subsectors (e.g. agriculture Petrescu et
al., 2020) and in dedicated gsecific followups to this manuscript. As this is the most comprehensive comparison
of NGHGIs and research datasets (including both TD and BU approaches) for the Eugeemnicto date, we
focus here on the rich set of questions that such a comparison raises without negesstehng detailed solutions:

How to compare the detailed sectoral NGHGI to the observatged estimates? Which new information the
observéion-based estimates are likely to bring (mean fluxes, trend, ensemble variability)? What to expect from such
a complex study and how to proceed forward?

We compare official anthropogenic NGHGI emissions with research datasets, and wherever needed
harmoniing research data on total emissions to ensure consistent comparisons of anthropogenic emissions. We
analyze differences and inconsistencies between emissions, and make recommendations towards future actions to
evaluate NGHGI data. While NGHGI include urteénty estimates, individual spatially disaggregated research
datasets of emissions often lack quantification of uncertainty. Here, we use the “ra@dianinimum/maximum

(min/max) range of different research products of the same type to get a firgttesifancertainty.

4 The rason for using median instead of mean for the ensembles is btuenesis a large spread between global inversions and we don't want
to be biased by outliers/extremes.
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2. CHaand N2O data sources and estimation approaches

We analyze Clland NO emissions in the EU2TJK from inversions (TD) and anthropogenic emissions
from various BU approaches that cover specific sectors. These data (Table 2) span the period fron22290Cdrid
with the same data available for shorter time periods. The data are fromeyiearediterature and from unpublished
research results from the VERIFY project (Table 1 and Appendix A). They are compared with NGHGI official
submissions up to 2017 ardpplemented byith-thethe UNFCCGNRT inventory to capture 2018 estimates (Near
Real Time, EEA 2019)References are given in Tab-3 and the detailed description of all products in Appendix
Al-A3.

For both CH and NO Frem-BU approaches, we used inventories of anthropogemissions covering all
sectors (EDGAR v5.0 and GAIN&hd inventories limited to agriculture (CAPRI and FAOSTATpr CH, we used

one biogeochemical model of natural peatland emissidB8ACHHIMMELL), literature data forgeological

emissions on land xeluding marine seepage) (Etiope et al., 2019; Hmiel et al., 2020) and for lakes and reservoirs
(Del Sontro et al., 2018). Emissions from gas hydrates and termites are not irasutigdare close to zero in the
EU274UK (Saunois et al., 2020Riomassburning emissions of CHmissiendrom land use, land use chanaed
forestry(LULUCF)- sectorbiemass-burping-emissions-of-Gaccount for 3 %of the total emissions in EU2UK.

These estimates are described in 2.2. From TD approaches, we useggimihl and global inversions, the latter

having a coarser spatial resolution. These estimates are described in 2.3.

For N;O emissions, we used the same global BU inventories as fpra@H natural emissions from inland
waters (rivers, lakes and reseirgd from-(Maavara et al., 2019; Lauerwald et al., 20¥3eording-to-Yuanzhi-Yao
{pers—eommy)n this studyabout 66 % ofthe 0 emi tt ed by Europeds natur al rive
indirect emissions, caused by leaching andofirof N-fertilizers from the agriculture sector. We did not account for
natural NO emissions from unmanaged soils (Tian et al., 2019, estimatéddusrial soil emissions in Europe at a
third of the level of the most recent decaéenissions that in primdustrial times may have been influenced by human
management activities, or based on natural processes that have been abolished sing®)irversibns, we used
one regional inversion FLEXINVERT_NILU and three global inversions (Friedlingstein et ab; 2@n et al.,
2020).Agricultural sector emissions of® were presented in detail by Petrescu et al., 2020. In this current study
these emissionselong-tewome fromthe CAPRI model and FAOSTAT, with the latter additionally covering-@idy
emissions from biomass fires in LULUCF. Fossil fuel related and industrial emissions were obtained from GAINS
(see Appendix Al). Table/A2 in Appendix A presents the methodological differences of current study with respect
to Petrescu et al., 2020.

Table 1:Sectors used in this study and data sources providing estimates for these sectors.



Anthropogenic  (BUY | Natural (BU)® CH, Natural** (BU) N ;O TD (CH4and N;O)

CH4and N;O
1.Energy (NGHGI, No sectoral split i total
GAINS, EDGAR emissions
v5.0) (FLEXPART -
FLEXKF -TM5-4DVAR,;
2.Industrial  Products| TM5-4DVAR;
and Products in Usg FLEXINVERT_NILU;
(IPPU)  (NGHGI, CTE-CHs
GAINS, EDGAR INTEM -NAME
v5.0) INGOS inversions
: GCP-CH4 2019
3.Agriculture* anthropogenic partition
(NGHGI, CAPRI, from inversions
GAINS, EDGAR V5.0, GCP-CH4 2019
FAOSTAT, ECOSSE, Natural partition from
DayCent) inversions
4.LULUCF total GN20B 2019)

emissiongNGHGI Fig.
1,24,5, Bla-B2a for
CH,4 and Fig.6,7,981b
B2b for N,0)

5.Waste (NGHGI,
GAINS, EDGAR v5.0)

Peatlands, inland water Inland water (lakes, rivers
(lakes and reservoirs) an and reservoirs) fluxes

gJeSOI?Ag(i:CIilHIMMELI fluxes| (non-wetland inland
( - ' waters_ULB)

non-wetland waters_ULB,
Hmiel et al., Etiope et al.)
180 * Anthropogenic (managedpricultural soils can also have a level of natural emissions.

**Natural soils (unmanaged) can have both natural and anthropogenic emissions.

The units used in this paper are metric tonne (t) [1kt>gl@Mt = 10%g] of CHs and NO. The referenced
dataused for the figuresdé replicabil ity 1l0pHnsi/peooseds90&s e avai
185  10.5281/zenode.428896(Petrescu et al., 202Q)pon request, we can provide the codes necessary to plot precisely
the style/layout of the diures We focus herein on EU27+UK. Inthe VERIFY project, we haaestructedn addition

a web tool which allows for the selection and display of all plots shiowhis paper (as well as the companion paper
on CQ), not only for the regionshewn-herdout for a total of 79 countries and groups of countries in Europe. The
websitalatg located on the VERIFY project websitdtp://webportals.ipsl.jussieu.fr/VERIFY/FactShegisiree but

190 accessible with a username and password distributed by the project. Figure 1 includes also data from countries outside

the EU but located within geographical Europe (Switzerland, Norway, Belarus, Ukraine and Rep. of Moldova).

5 For consistency with the NGHGI, here we refer to the five reporting sectors asddbfithe UNFCCC and the Paris Agreement decision
(18/CMP.1);andthe IPCC Guidelines (IPCQ006), and theirefiremeniRefinemen(IPCC, 2019a), with the only exception that theestiPCC
Refinemengroups together Agriculture and LULUCF seetior onesector (Agriculture, Forestry and Other land Ugé-OLU).

6 With-natural wahe term naturatefers hereto unmanaged naturalH4 emissions (wetlands, geological, inland waters) not reported under the
UNFCCC LULUCF sector.
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2.1. CHsand N2O anthropogenic emissions from NGHGI

UNFCCCNGHGI (2019) emissions are country estimates covering the period2lH890 They were kept
separate to be compared with other BU and TD data. We supplemented the NGHGI estimates withitideBIRT
Real Time (EEA2019) to capture one additional year with preliminary estimaRT represents the approximated
GHG inventory (also referred to as fAproxy estimateso) \
year, as required by Regulation (EU) 5283 of the European Parliament and of the Council.

Anthropogenic ChH emissions from the four UNFCCC sectors (Table 1, excl. LULUCF) were grouped
together. As anthropogenic NGHGI ¢eimissions from the LULUCF sector are very small for EU27+RI6 % in
2017incl. biomass burningwe exclude them in Figuset but include them in the total NFCCC estimates from
Figure 1,23,5and6. Onlyafew countriecunder t he NGHGI volunteered to repor:
the recommendations of the 2014 IPC@tl&nds supplement (IPCC, 2014) and these emissions were not included in
the NGHGI total, following the IPCC (2006) guidelines as the reference for NGHGI and in absence of a detailed
description of what they cover. According to NGHGI data between 2002@hd, the wetland emissioms the
EU27+UK reported under LULUCF (CRF tab#ll) accessible for each EU2@K country) include only managed
wetlands which represent one fourthtioé total wetland area in EU20K (G. Grassi pers. comm.) and sum up to
0.1Tg CHs(Petrescu et al., 2020).

Anthropogenic MO emissions are predominantly related to agriculture (for EU27+UK, 69 % in 2017) but
are also found in the other sectors (Tian et al. 2020). In additi@ hbs natural emissions, which are defined as the
pre-industrial background, that is before the use of synthefiertilizers and intensive agriculture, and derive from
natural processes in soils but also in lakes, rivers and reservoirs (Maavara et al., 2019; Lauerwald et al., 2019; Tian et
al., 2020).

2.2. CHs and N2O anthropogenic and natural emissions from other bottorup sources

We used four global CHand NO BU anthropogenic emissions inventories CAPRI, FAOSTAT, GAINS and
EDGAR v5.0 (Table 2, 3) These estimates are not complieigdypendent from SHGIs (see Figure 4 in Petrescu et
al., 2020) as they integrate their own sectorial modelling with the UNFCCC data (e.g. common activity data and IPCC
emission factors) when no other source of information is available.

Anthropogenic emissions from theseatsets follow, or can be matched, to Table 1 sectors. ThéiGiass
and biofuel burning emissions are included in NGHGI under the UNFCCC LULUCF sector, although they are
identified as a separate category by the Global Carbon Projedbuciget synthesis (Saunois et al., 2020). For both
CH, and NO, CAPRI (Britz and Witzke, 2014; Weiss and Leip, 2012) and FAOSTAT (FAO, 2020) report only

agricultural emissions. None of the BU inventories reported uncertainties, except for the 2015HEDGAR v5.0

71 refers to an early estimate of the GHG emissions for the preceding year, as required by Regulation (EU) 525/2018p&ahdAdiament
and of the Council.

8 Denmark, Finland, Germany, Ireland, Latvia, Sweden, France, Estonia and Spain. In total these nine countries repdrtarkRO1LCH from
managed wetlands (UNFCCC 2019, CRF Table4(Ihfips://nfccc.int/documents/19494&st access September 2020).

9 https://unfccc.int/procesand meetings/transparen@andreporting/reportingandreview-underthe-convention/greenhousgasinventories
annexi-parties/nationainventorysubmission£2019
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(Solazzo et al., 2020 submitted to ACP) and for an earlier FAOSTAT dataset only up to 2010 (Tubiello et al., 2013
and Appendix B).

The CHnatur al emi ssions belong to fApeatlandso, and
geologicalsources and inland waters (lakes and reservoirs), following Saunois et al, 2020. For peatlands, we used the
JSBACHHIMMELI framework and the ensemble of thirteen monthly gridded estimates of peatland emissions based
on different land surface models as ci#dted for Saunois et al. (2020), allsdebed in Appendix A2. In EU27T4K,
geological emissions were calculated by scalipthe regional emissions from Etiope et al. 2019 (37.4 Tg\@H)

to the global ratio of emissions from Hmiel et al. (20@@eAppendix A2, geological fluxel obtaining an estimate

of 1.3 Tg CH yr't (marine and land geological). Marine seepage emissions were excluded. This rescaled geological
source rpresents 24 % of the total EU2JK natural CH emissions. Inland waters (lakesd reservoirs, based on
Lauerwald et al., 2019 and Del Sontro et al., 2018) (Appendix A2) are the largest natural component (48 %), the rest
(28 %) being attributed to peatlands. Overall, in EU27+UK the natural emisbiseccounted for 5.2 Tg CHr' L.

The NO anthropogenic emissions from BU datasets belong predominantly to two main categories, as
presented in Tabl&5: 1) direct emissions from the agricultural sector where synthetic fertilizers and manure were
applied, and from manure management a@hdndirect emissions on neagricultural land and water receiving
anthropogenic N through atmospheric N deposition, leaching ardffalso from agricultural land). Furthermore,
emissions from industrial processes are declining over time but odgmanh fossil fuel combustion, air pollution
abatement devices, specific chemical reactions, wastewater treatment and land use change. In this study, we do not
consider the natural emissions from soils, since these emissions are relatively small fateersg@ns, including
Europe and cannot be singled out in |l andscapes | argely
fluxes considered in this study are emissions from inland waters (lakes, rivers and reservoirs, Maavara et al., 2019;
Lauerwald et al., 2019, Appendix A3) evenrifore than halbf the emissiong56 % globally, Tian et al., 202and

66 % for Europehis stud : .are due to eutrophication following-fértilizer leaching to inland
waters.Emissions froormat ur al soil s, in this study ,accoedingccoumtsyi der ed

specific NIRs all land in EU274K is considered to be managexkcept 5% of France EU territory

2.3. CHs and N2O emission data from topdown inversions

Inversions combine atmospheric observatidra)sport and chemistimypodels angrier-estimates of GHG
sourcesall with their uncertainties, to estimate emissions. Emission estimates from inversions depend on the data set
of atmospheric measurements and thoice of the atmospheric model, as well as on other settings (e.g. prior
emissions and their uncertainties). Inversions outputs were taken from original publications without evaluation of their
performance through specific metrics (e.g. fit to indepehdeross validation atmospheric measurements
(Bergamaschi et al., 2013, 2018; Patra et al., 2016). Some of the inversions solve explicitly for sectors, others solve
for all fluxes in each grid cell and separate sectors using priccelifractions (sedetails in Saunois et al. 2020 for
global inversions).

For CHs, we use nine regional TD inversions and 22 global TD inversions listed in Table 2. These inversions

are not independent from each other: some are variants from the same modeling group, many use the same transport



model, and most of them use the same apmeic data. Different prior data is generally used in models, which
produces a greater range of posterior emission estimapeeiidix B, Table BX The subset of INnGOS inversions
(Bergamaschi et al., 2018a) belongs to a project where all models ussadntkeatmospheric data over Europe
265  covering the period 2008012. The global inversions from Saunois et al. 2020 were all updated to 2017.
The regional inversions generally useth higher resolutiora priori data and higher resolutidransport
models, anck.g. TM5JRC runs simultaneously over the global domain at coarse resolution and over the European
domain at higher resolution, with atmospherics€bincentratiodboundary conditions taken from global fields. For
CHa, 11 global inversions use GOSAT foetheriod 2012017, eight global inversions userface stationsSURR
270 since 2000, two global use SURF since 2010 and one SUR

2020 and Table 2 belowAll regional inversions use observations from JURations as a base of themission

calculation.Nene

Table 2: Data sources for Gtand NO emissions used in this study

Method Name CHa N20 Contact /| References
lab

CHs and N2O Bottom-up anthropogenic

UNFCCC | UNFCCC CHa emissions N20 emissions| MS UNFCCC CRFs
NGHGI CRFs 19902017 19902017 inventory https://unfccc.int/procesand
(2019) agencies meetings/transparep@nd

reporting/reportineandreview-under
the-convention/greenhousgas
inventoriesannexi-parties/national
inventorysubmissions2019

UNFCCC | UNFCCC t-1 proxy estimate| t-1 proxy EEA EEA Report, Approximated EU GH(
MS-NRT for 2018 estimate for inventory: proxy GHG estimates fd
2018 2018,

https://www.eea.europa.eu/publicatio
s/approximategtu-ghginventory

rox
BU EDGAR v5.0 | CHa sectoral| N20 sectoral EC-JRC Crippa et al., 2019a
emissions emissions Crippa et al., 2019 EU REPORT
19902015 19902015 Janssen#laenhout et al., 2019

Solazzo et al., 2020 (in review ACP)

BU CAPRI CHs agricultural| N20O EC-JRC Britz and Witzke, 2014
emissions agricultural Weiss and Leip, 2012
19902013 emissions
19902013
BU GAINS CHs sectoral[ N20 sectoral IIASA Hoglundlsaksson, L. 2012
emissions emissions Hoglundlsaksson, L. 2017
19902015 19902015 HoglundisakssonL. et al., 2020
(every five GomezSanabria, A. et al., 2018
years) Winiwarter et al., 2018
BU FAOSTAT CHs  agriculture| N20O FAO Tubiello et al. 2013
and land usq agricultural FAO, 2015, 2020
emissions emissions Tubiello, 2019
19902017 19902017



https://unfccc.int/process-and-meetings/transparency-and-reporting/reporting-and-review-under-the-convention/greenhouse-gas-inventories-annex-i-parties/national-inventory-submissions-2019
https://unfccc.int/process-and-meetings/transparency-and-reporting/reporting-and-review-under-the-convention/greenhouse-gas-inventories-annex-i-parties/national-inventory-submissions-2019
https://unfccc.int/process-and-meetings/transparency-and-reporting/reporting-and-review-under-the-convention/greenhouse-gas-inventories-annex-i-parties/national-inventory-submissions-2019
https://unfccc.int/process-and-meetings/transparency-and-reporting/reporting-and-review-under-the-convention/greenhouse-gas-inventories-annex-i-parties/national-inventory-submissions-2019
https://unfccc.int/process-and-meetings/transparency-and-reporting/reporting-and-review-under-the-convention/greenhouse-gas-inventories-annex-i-parties/national-inventory-submissions-2019
https://unfccc.int/process-and-meetings/transparency-and-reporting/reporting-and-review-under-the-convention/greenhouse-gas-inventories-annex-i-parties/national-inventory-submissions-2019
https://www.eea.europa.eu/publications/approximated-eu-ghg-inventory-proxy
https://www.eea.europa.eu/publications/approximated-eu-ghg-inventory-proxy
https://www.eea.europa.eu/publications/approximated-eu-ghg-inventory-proxy

BU ECOSSE Direct NoO UNIABDN Bradbury et al., 1993
emissions from Coleman., 1996
agricultural Jenkinson., 1977, 1987
soils Smith et al., 1996, 2010a,b
20002015

BU DayCent N20 emissions| EC-JRC Orgiazzi et al., 2018
from direct Lugato etal., 2018, 2017
agricultural Quemada et al., 2020
soils
avg. 2011
2015
CHa and N2O bottom-up natural

BU JSBACH CHs emissions| FMmI Raivonen et al., 2017
HIMMELI from peatlands Susiluoto et al., 2018

20052017
BU Non-wetland One average valu|l N20O average ULB Maavara et al., 2017, 2019
inland waters | for CHs fluxes | value for Lauerwald et al., 2019
from lakes and emissions from Deemer et al., 2016
reservoirs with| lakes, rivers, Del Sontro et al., 2018
uncertainty reservoirs Mccauley etal., 1989
20052011 Average of
20102014

BU Geological Total preindustrial Hmiel et al.,| Hmiel et al., 2020
emissions, -era  geological 2020 https://www.nature.com/articles/s415
including CHa4 emissions 6-020-1991-8)
marine and land Etiope et al.,
geological) 2019 Etiope et al., 2019

CHa4 and N2O Top-down inversions
Regional inversions over Europe ( high transport model resolution )

TD FLEXPART - Total CHs EMPA Brunner et al., 2012
FLEXKF-TM5- | emissions  from Brunner et al., 2017
4DVAR inversions  with Background concentrations from

uncertainty TM5-4DVAR, Bergamaschi et al.,
20052017 2018a
TD TM5-4DVAR CHas emissions EC-JRC Bergamaschi et al., 2018a
from inversions,
split into total,
anthropogenic an(
natural
20052017

TD FLEXINVERT | CHs total [ N20 total NILU Thompson and Stohl, 2014

_NILU emissions  from| emissions,2004
inversions -2017
20052017
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https://www.nature.com/articles/s41586-020-1991-8
https://www.nature.com/articles/s41586-020-1991-8

D CTE-CHa Total CH: FMI Brihl et al., 2014

emissions  from Howeling et al., 2014
inversions for Giglio et al., 2013

Europe with Ito et al., 2012

uncertainty Janssen#laenhout et al., 2013
20052017 Krol et al., 2005

Peters et al., 2005
Saunois et al., 2020
Stockeret al., 2014
Tsuruta et al., 2017

TD INTEM-NAME | CHa emissions MetOffice Jones et al., 2007
only plotted for the UK Cullen et al., 1993
UK Arnold et al., 2018
TD INnGOS Total CHas EC-JRC and | Bergamaschi et al., 2018a
inversions emissions  from INnGOS TM5-4DVAR: Meirink et al., 2008;
inversions project Bergamaschi et al. 2010; 2015
20062012 partners TM5-CTE: Tsuruta et al., 2017

LMDZ-4DVAR: Hourdin and
Armengaud, 1999; Hourdin et al., 20
TM3-STILT: Trusilova et al.,, 2010
Gerbig et al., 2003; Lin eal., 2003;
Heimann and Koerner, 2003

NAME: Manning et al. 2011
Bergamaschi et al., 2015

CHIMERE: Berchet et al. 20153
2015b; Menut et al., 2013; Bousquet|
al., 2011

COMET: Eisma et al, 1995
Vermeulen et al., 1999; Vermeulen

al., 2006
Global inversions from the Global Carbon Project CHr and N20 budgets (Saunois et al. 2020, Tian et al., 2020)
TD GCPR-CHs 2019 | 22 models for CH LSCE and| Saunais et al., 2020 and model speci
anthropogenic | inversions, both GCP-CH4 references in Appendix B, Table B4
partition from| SURF and GOSA contributors
inversions 20002017
D GCPCH42019 | 22 models with LSCE Saunois et al., 2020 and model spec
Natural optimized wetland references in Appendix Bable B3
partition from| CHs emissions
inversions 20002017
TD GN20B 2019 Inverse NO GN20B Thompson et al., 2019
emissions 3 2019 and| Tian et al., 2020
Inversions contributors
PYVAR
(CAMS-N20)
TOMCAT
MIROC4-
ACTM
19982016

275
For NbO, we use one regional inversion (FLEXINVERT_NILU for 262%17 period) and three global
inversions for the period 199816 from Thompson et al. (2019), listed in Table 2. These inversions are not
completely independent from each other since most of tieenthe samgrierinputinformation (Appendix B, Table

B4). The regional inversion uses a higher resolution transport model for Europe, with atmosgbedodéntration

11



280

emissions from inland wate(kakes, rivers and reservoirs) estimated by Maavara et al. (2019) and Lauerwald et al.

(2019) were subtracteddim the total emissions. Note that the estimates of Maavara et al. (2019) and Lauerwald et al.

boundary conditions taken from global fields. As all inversions derived total rather than anthropogenic emissions,

(2019)include anthropogenic emissions frord@itilizer leaching accounting for 8 of theinland water emissions
in EU27+UK. In 2016,emissions from rivers repsent2.2 % of thetotal UNFCCCNGHGI (2019)N,O emissions.

285

comparison between BU (anthropogenic sources only) and TD estimates.

The largesshare of NO emissions comes from the agricultural soils (direct and indirect emissions from the

The natural MO emissions are small, but should be better quantified in the future to allow for a more accurate

applications of fertilizers, whether synthetic or manure) contributing in 2017 69 % of the fOtaiissions (excl.
LULUCF) in EU27+4UK. In-Table3-Blc in Appendix Biwxe presens the allocation of emissions by activity type

290

covering all agricultural activities and natural emissions, following the IPCC classification. We notice that each data

product has its own particular way of grouping emissions, and does not necessarilyl eovissens activities. Main

inconsistencies between models and inventories are observed with activity allocation in the two models (ECOSSE and

DayCent). ECOSSE only estimates diregONemissions, and does not estimate downstream emission$,ofoN

example indirect emissions from nitrate leached into water courses, which also contributes to an underestimation of

295

total N;O emissions. Field burning emissions are as well not included by most of the data sources.

issien UNECEee UNECceC EBGAR CARRL GAINS EAQSTAE | ECOSSE BayCent
kees/bData | NGHGH MSNRT ¥5-0
naders £2019)
fssiens 3825 Manure Manure Manure Manure management
from—manure | Manure management | manragement| management | manragement]
hagement | management
frof-managed | NoO—emissions| seils emissions application-en| laerganic Crep frem
HS frem—managed seils fertilizerand | residues manure
N—and—erganic synthetic residues ef—organic a—==Direct
3Bb14—Crep applicatien erganic Preseribed emissions
residues N2OHIS—— | fertilizer buring—of Hertilizers
erganieseis srop-residues
fssiens and——--Dung Manure—in | grazing grazing enpasture indireet
frofn—grazing | Depesited—Dhby pastarelrang NO
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grazing
animals
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300 3. Results and discussion
3.1.Comparing CH4 anthropegenicemissiors estimates from different approaches
3.1.1. Estimates of European and regional total GHuxes
We present results of total GHuxes from EU27tK and five main regions in Europe: North, West, Central,
305 East (norEU) and South. The countries included in these regions are listed in Appendix AAt&idrire 1 shows
the total CH fluxes from NGHGI for both base year 1990 and mean of 2016 period. This period was the common
denominator for which data was available, including 2 years of the Kyoto Protocol first reporting peric@@22) 1
and reahing the year of the Paris Agreement was adopted. We aintheitbelection othis period to bring together
all information over a fear period for which values are known in 2018. In,figs can be seen as a reference for
310 what we can achieve in 2028g¢ year of the first global stocktake, where for most UN Parties the reported inventories
will be known until 2021. Given that the global stocktake is only repeated every 5 yearsyeafiaerage clearly
of interest.
The total NGHGI estimates inale emissions from all sectors and we plot and compare them with fluxes
from global datasets, BU models and inversions. We note that for all five regions, the NGHGI reparet<sidns
315 decreased, by 21 % in South Europe, by up to 54 % in East Eurof®y aBél for the European Union with respect
to the 1990 value. This is encouraging in the context of meeting EUs commitments under the PA (at least 50% and
towards 55% compared with 1990 levels stated by the amended proposal for a regulation of the [parbaeeent
and of the council on establishing the framework for achieving climate neutrality and amending Regulation (EU)
2018/1999 (European Climate Law) httfps://ec.europa.eu/clima/sites/climalfilesfdimate
320 action/docs/prop_reg_ecl_en.pdind reaching carbon neutrality by 2050).1#ashows that not only at EU20K

13
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330

335

340

level, but also at regional European level, the emissions from BU (anthrepagematural) and TD estimates agree

well with reported NGHGI data despite the high uncertainty observed in the TD models. This uncertainty is
represented here by the variability in the model ensembles and denotes the range of the extremes (miroind max)
estimates within each model ensemble. From Figure 1 we clearly note that Northern Europe is dominated by natural
(wetlands) emissions while Western, Central and Southern Europe emissions are dominated by anthropogenic sectors
(e.g. agriculture).

BN Average 2011-2015 European BU and TD CH4 emission estimates
EU27+UK
P o Northern Europe
i 30 S P
= T =1
=20 Bk
o P 2
O (®)
60 N |5 10 e’
0
0
Eastern Europe
Central Europe s et
12 B3 £6
T 101 * 5 %
5 8 ndy 54
Western Europe z 6 > 5
16 H o 4 i -
~ 14 P 2 g 0
30 0 '
r 8
° O 6
45 N S
0
Southern Europe * UNFCCC 1990 base year estimate
o ig . B UNFCCC anthropogenic
£'g mmm EDGAR v5.0 anthropogenic
6 mmm GAINS anthropogenic
4
2 2 BU natural
0 mmm TD Global (GOSAT) total
TD Global (SURF) total
mmm TD Regional total
0 15'E 30°E

Figure 1: Five years average 202D15 total CH emission efmates (incl. LULUCF) for EU27HK and five
European regions (North, West, Central, South and EastEidn Eastern European region does not include
European Russia and the UNFCCC uncertaintytfe Republic of Moldova was not available. Northern Europe
includes Norway. Central Europe includes Switzerland. The data belong/SRECCNGHGI (2019) submissions

(grey) and base year 1990 (black star), two BU inventories (GAINS and EDGAR v5.0), natneglaged emissions

(sum of peatland, geological and inland waters emissions) and three TD total estimates (regional European inversions
(excluding InGOS unavailable for 202®15) and GOSAT and SURF estimates from global inverse models). The
relative erra on the UNFCCC value represents the NGHGI (2018) reported uncertainty computed with the error
propagation method (95% confidencaerval); is 9.3 % for the EU274K, 10 % for Eastern Europe ndaU, 7.8 %

for Northern Europe, 10.9 % for Southern Europe,118 for Western Europe and 11 % for Central Europe.

Uncertainty for ED@R v5.0 was calculated for 2015 arepresents the 95 % confidence interval of a lognormal

distribution.
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The EDGAR v5.0 estimate for Northern Europe is twice as high when contpa¥&HGI and GAINS, and
this is because of CHemissions from the fuel production and distribution (IPCC sector 1B) and waste sectors. Most
Scandinavian countries rely for their power and heat supply on biogenic fuels which introduces more uncertainty in
the use of activity data and emission factors. The allocation ofpaathucers as explained in section 3.2 could be
another reason for differences. The waste sector emissions for Norway, Sweden, Finland and Estonia are different but
still consistent withhe landfills emissions from EDGAR v4.3.2, which are known to be up to twice as high as the
nationally reported value (Janssévlaenhout et al., 2039 For Eastern Europe we note that BU anthropogenic

estimates have the same magnitude as theOrB.possibd explanations linked to the fact thafD estimates (i.e.

using atmospheric wrersions) the fluxes aigrongly constrained where there is the highest density of observations.

Where there are few or no observations, the fluxes in the inversion wiltlstsy/to the prior estimates, since there

is little or no i
stations.

In line with Bergamaschi et al., 2018a we highlight the potential significantribution from natural
unmanaged sources (peatlands, geologicdliaiand water), which for EU2T3K accounted for 5.24 Tg CHr?
(Figure 1). Taking into account these natural unmanaged éhissions, and adding it to the range of the
anthropogenic ¢isnates (19 21 Tg CH yr?) the total BU estimates become broadly consistent for all European
regions with the range of the TD estimates (28 Tg CH, yrY).

3.1.2.NGHGI sectoral emissions andetadal changes

According to the UNFCCC (2019) NBGI estimates, in 2017 the EU20K emitted GHGs totalin@.9 Gt
COze (incl. LULUCF), of this total, CH emissions accounted for ~11% (0.4 Gt£6r 18.1Mt CH4 yr'!) (Appendix,

B2, FigureB1aB24) with France, UK and Germany contributed together 36% of @ialemissions

The data in Figur@ shows anthropogenic Glemissions and their change from one decade to the next, from
UNFCCCNGHGI (2019), with the contribution from different UNFCCC sectors. In 2017, NGHGI reporfrGin
agricultural activities to be 52 % (£ 10 %) of the total Z®UK CH, emissions, followed by emissions from waste,

27 % (£ 23 %). The large share of agriculture in total anthropogenie@@®is$sions also holds at global level (IPCC
SRCCL 2019). Betweetle 1990s and the 2000s, the igt.7 % reduction originates largely from energy and waste

with IPPU (metal and chemical industry) and LULUCF having negligible change. Between the 2000s a2d12010

the -15.5 % reduction is distributed more evenly asr@ectors, with waste having the largest contribution, and
industry showing no change. The two largest sectors composing total EU27+UK emission are Agriculture and Waste,
but Energy and Waste are showing the higher reductions over the last decade.

The rediction observed in the waste sector is partly due to the adoption of the first EU methane strategy
published in 1996 (COM_1996_557_EN_ACTE_f.pdf.en.pdf). EU legislation addressing emissions in waste sector
proved to be successful and brought about thestmgductions. Directive 1999/31/ EC on the landfill of waste (also
referred to as the Landfill Directive) required the MS to separate waste, minimizing the amount of biodegradable
waste disposed untreated in landfills and to install landfill gas recavaiy/new sites. Based on the 1999 Directive,

the new 2018/1999 EU Regulation on the Governance of the Energy Union requires the European Commission to
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propose a strategic plan for met han e ;ternwstrdteg. linthewdstt b ec o m

sector, the key proposal included the adoption of EU legislation requiring the installation of methane recovery and use
systems at new and existing landfills. Other suggested actions included measures aimed at the minimization, separate

collection and material recovery of organic waste (Olczak and Piebalgs, 2019).
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Figure2: The contribution of changes (%) in Gahthropogenic emissions in the five UNFCCC sectors to the overall
change in decadal mean, as reportedJldFCCCNGHGI (2019). Thehree stacked columns represent the average
CH,4 emissions from each sector during three periods (1B8@0, 20002009 and 20142017) and percentages
represent the contribution of each sector to the total reduction percentages (black arrows) betweesn period

3.1.3. NGHGI estimates compared with bottarp inventories

The data in Figur8 present the total anthropogenic £issions from four BU inventories abdNFCCC
NGHGI (2019) excl. those from LULUCF. According to NGHGI, anthropogenic emissions frototéh&U27+UK
of the four UNFCCC sectors (Table 1, excl. LULUCF) amounted to 18.2 TgrnHe year 2017, 10.7 % of the total
GHG emissions in C&eq. In Figure3a, we observe that EDGARV5.0 and GAINS show consistent trends with
NGHGI (excl. LULUCF), buiGAINS reports consistently lower estimates (10 %) and EDGARV5 consistently higher
estimates (8 %) compared to NGHGI. In contrast to the previous version, EDGAR v4.3.2, which was found by
Petrescu et al. 2020 to be consistent with NGHGI (2018) data, EDGARreports higher estimates but within the
9.4 % UNFCCC uncertainty range. The trends in emissions agree better between the two BU inventories and NGHGI
over 19902015:, with linear trends 6fL.5 % yr' in NGHGI compared te1.5 % yr' in GAINS and-1.4 % yrt in
EDGAR v5.0.
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Figure 3: Total anthropogenic Cllemissions (excl. LULUCF):a) &U27+UK and total sectoral emissions as: b)

Energy, cHrdustry—and-Products—in-UsdPPU), d) Agriculture and e) Waste from UNFCCC NGHGI (2019)
submissions and MNRT 2018 compared to global bottam inventory models for agriculture (CAPRI, FAOSTAT)
and all sectors excl. LULUCF (EDGAR v5.0, GAINS). CAPRI reports one estimate for Belgiunxantbburg. The

405 relative error on the UNFCCC value represents the UNFCCC NGHGI (2PtBjeported uncertainty computed
with the error propagation method (95% confidence interval); is 9.4 % for theBEttar+UK, 23 % for Energy and
Waste, 27 % for IPPU antl0 % for Agriculture. Uncertainty for EDGAR v5.0 was calculated for 2015thad
min/max values for all sectors are as followilj27+UK total 15/16, Energy 3/37, IPPU39/34, Agriculture 18/18,
Waste 32/38-min-14%-and-max-27-%it represents the 95 %onfidence interval of a lognormal distribution. The

410 meanvalues on the right hand sisleepresenteflect the values fathe common overlapping period 199015. Last
reported year in this study refers to 2017 (UNFCCC and FAOSTAT), 2015 (EDGAR v5@A#d8), and 2013
(CAPRI).

Sectoral time series of anthropogenic@&rhissions (excl. LULUCF) and their means are shown in Figures
3b,c,d and e. For the energy sector (Fifbk both EDGAR v5.0 and GAINS match well NGHGI trend thanks to
415 updated methodolggthat derives emission factors bottaqp and accounts for countspecific information about
associated petroleum gas generation and recovery, venting and flaring (Hisgliassbn, 2017). After 2005, GAINS
reports consistently lower emissions than UNFGQILE to a phasdown of hard coal production in Czech Republic,
Germany, Poland and the UK, a decline in oil production in particular in the UK, and declining emission factors
reflecting reduced leakage from gas distribution networks as old town gas ket@wverreplaced. The consistently

420  higher estimates (+6 % compared to the UNFCCC mean) of EDGAR v5.0 might be due to the use of default emission
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factors for oil and gas production based on data from the US (JatMaensout et al. (2019). Next to that, eeal

other reasons could be the cause for the differences (e.g. use of Tier 1 emission factors for coal mines, assumptions
for material in the pipelines (in the case of gas transport) and the activity data). EDGAR v5.0, for example, uses the
gas pipelinedngth asa proxy forthe activity data however this may not &egpropriate fothe caseof the official

data, which could consider the total amount of gas being transported or both methods according to the countries. Using
pipeline length may overestimatiee emissions because the pipeline is not always at 100% capacity thus a larger
amount of methane is assumed to be leaked. For coal mining, emissions are a function of the different types of
processes being modelled.

The IPPU sector (Figure 3c), which lady a small share of the total emissions, is not reported in GAINS,
while EDGAR v5.0 estimates are less than half of the emissions reported by NGHGI 2019 in this $ector. T
discrepancy for this sector has negligible impact on discrepancy for the tot@n@ssion. However, we identified
that he low bias of EDGAR v5.0 could be explained by fewer activities included in EDGAR v5.0 (e.g. missing
solvent, electronics and other manufacturing goods) accounting for 5.5 % of the total IPPU emissions in &@dl5 repo
to UNFCCC. The reason for the remaining difference could be explained by the allocation of emissions from auto
producer® in EDGAR v5.0 to the Energy sector (following the IPCC 1996 guidelines), while in NGHGI are reported
under the IPPU sector (follving the 2006 IPCC guidelines).

As CAPRI and FAOSTATustreport emissions from agriculture, we only included them in Fig. 3d. The data
shows that the four data sources (EDGAR v5.0, GAINS, CAPRI and FAOSTAT) show good agreement, with CAPRI
at the lower rage of emissions (Petrescu et al., 2020) and on average 3% lower than UNFCCC, and EDG#R
the upper range. The reason for EDGAR v5.0 having the highest estimate (contrary to Petrescu et al., 2020 where
NGHGI were the highest and EDGAR v4.3.2 the selcoighest) is likely due to the activity data updates in EDGAR
v5.0 based on FAOSTAT values, compared to EDGAR v4.3.2). When looking at the time series mean, EDGAR v5.0,
GAINS and FAOSTAT show a similar value, +5 % higher than the NGHGI. This shows gosidtency between
the three BU estimates and UNFC@Kzly due to the usef similar activity data and emission factors (EFs) cfr.
Figure 4 in Petrescu et al., 2020.

For the waste sector (Figure 3e) EDGAR v5.0 shows consistent higher estimates comthereédiGbiGl
data, while GAINS emissions have an increasing trend after 2000 (mea2dP9@alue 6% higher than NGHGI).

The two inventories, EDGAR v5.0 2020 update for landfills and GAINS used an approach based on the decomposition
of waste into differenbiodegradable streams, with the aim of applying the methodology described in the 2019
Refinement of the 2006 IPCC guidelines and the IPCC waste model (IPCC, 2019) using4dedeiBecay (FOD)

method. The main differences between the two datasetsfcomd) sources for total waste generated per person, ii)
assumption for the fraction composted and iii) the oxidation. The two inventories may have used different strategies
to complete the waste database when inconsistencies were observed in the EURI@@&DAJe or in the waste trends

in UNFCCC.

10 autoproducers of electricity and heat: cogeneratioimnblystries and companies for housing management (central heating and other services)

(Olivier et al., 2017 PBL report)
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3.1.4.NGHGI estimates compared to atmospheric inversions

Regional inversions

Figure5-4 compares TD regional estimates with NGHGI anthropogenic data fea@with natural BU
emissions. We present TD estimates of total emissions §8dg) as well as estimates of anthropogenic emissions

only (Fig.5b4b), which are calculated by subtracting the natural emissions from the total inversions.

EU27+UK total CHs4 emissions:
UNFCCC vs top-down estimates from regional inversions
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EU27+UK total anthropogenic CH4 emissions:
UNFCCC vs top-down estimates from regional inversions
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Figure 4: a) Comparison ofotal CHs emissions from tegdown regional inversions with UNFCCC NGHGI (2019)

data and inland water (lakes_reservoirs_ULB, pink), peatland (from JSBAIBH/AELI, green), and geological
emissions (yellow); b) comparisonasfthropogenicCH4 emissions from tepgown regional inversions with UNFCCC
NGHGI (2019) data. Anthropogenic emissions from these inversions are obtained by removing natural emissions
shown in Figure 4aThe MSNRT LULUCF estimate does not include the following countAestria, Belgium,
Estonia, Croatia, Hungary, Luxembourg, Latvia, Malta, SlovebilFCCC NGHGI (2018) reported uncertainty
computed with the error propagation method (95% confidence interval) is 9.29 % and represents the UNFCCC
NGHGI (2018)MS-reporteduncertainty for all sectors (incl. LULUCF). The time series mean was computed for the
common period 2W6-2012.

The TD estimates of European ¢émissions of Figurd use four European regional models (2208.7)
and an ensemble of five different inverse models (INGOS, Bergamaschi et al., 2015) 802006

For the common period P6-2012, the four inverse models give a totals@rhissions mean &5.8 (24.0
27.4 Tg CH4 yr compared to anthropogenic total2ff.3 + 1.9Tg CH, yr* in NGHGI (Fig. 4a). The large positive
difference between TD and NGHGI suggests a potentially significant contribution from natural sources (peatlands,
geological sources and inland wa)esshich for the same period report a total mean »fTg CH, yrt. However, it
needs to be emphasized that wetland emission estimates have large uncertainties and show large variability in the
spatial (seasonal) distribution of @EImissions but for Eupe their interannual variability is not very strong (mean
of 13 years from JSBACHIIMMELI peatland emissiond.4 + 0.1 Tg CH yr?). Overall they do represent an
important source and could dominate the budget assessments in some regions such as Northern Europ&\(Eigure 1).
also note that the TD trends do not necessarily match those of NGHGIs and this might be due to strong seasonality of

emissions coming from the natuadiersfluxes used as inpié-theto theinversions $aunois et al., 2020
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Thenatural emissions from inland waters (based on Lauerwald et al., 2019, see appendix A2) contribute 2.53
Tg CHy yr?, or 48 % of the total natur&lH, emissions (sum of lakes and reservoirs, geological and peatlands
490 emissions). Peatlands (Raivonen et al. 2017 and Susiluoto et al. 2018) account for 1.38/ifY iGH 27 % of the
total natural CH emissions, and geological sources sum up to TRTH, yr?, i.e. 25 % of the total natural GH
emissions. It should be noted that geological emissions are an important componenEd2 Thé&JK emissions
budget, although not of concern for climate warmingéfrtiourcestrengthhas not changed sinpee-industrial times
(Hmiel et al., 2020)According to the IPCC 2006 guidelines (IPCC, 2006), Eiissions from wetlands are reported
495 by the MS to the NGHGI under the LULUCF sector and considered anthropogenic. They are included in the total
LULUCF values(Figure 1,2,4 and 5) and in 2017 only eight EU countries (Germany, Denmark, Spain, Estonia,
Finland, Ireland, Latvia and Sweden) reported, @htissions from wetlands accounting only for 11.2 kton @t
In an attempt to quantify the anthropogenics@Bmponent in the European TD estimates, in Figbreve
subtract from the total TD emissions the BU peatland emissions from the regional JSBMBHELI model and
500 those from geological and inland water sources. It remains however uncertain to perforcotieet®ons due to the
prior inventory data allocation of emissions to different sectors (e.g. anthropogenic or natural), which can induce
uncertainty of up to 100 % if for example an inventory allocates all emissions to natural emissions and thancorrecti
is made by subtracting the natural emissions. The inversion that simulates the closest anthropogenic estimate to the
UNFCCC NGHGI (2019) is FLEXKAM5-4DVAR_EMPA. In 2017, it reports 19.4 Tg Gk while NGHGI report
505 18.5 Tg CH yr'. Regarding trendonly FLEXKFTM5-4DVAR_EMPA shows a linear decreasing trend2fl %
yr, compared to the NGHGI data trend-0f3% yr* over their overlap period of 20017 while other inversions
show no significant trend=rom this attempt welearly note thahot so many of the inversions shedithe clear
decline of NGHGI. As NGHGI emissions are dominated by anthropogenic fluxes and decline with almost 30%
compared to 1990, this should be seen as well in the corrected anthropogenic inversions. Therefore, fugtheed to

510 investigate how well the NGHGI reflect reality or how well the TD estimates capture the trends.

Global inversions estimates
Figuresb compares TD global estimates, with NGHGI data and gives for information the wetland emissions
from global wetland models (Saunois et al., 2020). We present TD estimates of total emissidsey @sgwell as
515 estimates of anthropogenic emissions (Fig). The global inversion models were split according to the type of
observations used, 11 of them using satellites (GOSAT) andibd surface stations (SURF).eflands emissions
provided by 2Zylobal TD inversions from the Global Methane Budget (Saunaik,62020) are pogirocessed with
prior ratios estimates for wetlands ¢£émissions Appendix B, Table B
For the common period 20-2016for theEU27+UK the two ensembles of regional and global models give
520 atotal CH emission mean (Figufea) of 226 Tg CH, yr* (GOSAT) and 23 Tg CH, yr! (SURF) compared to 19.0
+ 1.7Tg CH, yr'! for NGHGI (Figure5a). The mean of the natural wetland emissions from the global inveisions
1.3 Tg yr! and partly explains the positive difference between total emissions from inversions and NGHGI

anthropogenic emissions.
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(a) EU27+UK total CH4 emissions:
UNFCCC vs top-down estimates from global inversions

40000 4
35000 1
2730000 1—__
> 25000 — — I L
T — | =pF=CipE=f-| ===z
] — === B
20000 1 — | | - —_—
g .,
¥ 15000 '
T
O 10000 1
5000 1
oL, : N B S ——— —
1990 1995 2000 2005 2010 2015 Mean
Kyoto Protocol {entering into force) GOSAT satellite min-max Wetland: GCP min-max
------ Paris Agreement == GOSAT satellite median === Wetland: GCP median
—— UNFCCC SURF min-max @® MS-NRT
525 UNFCCC uncertainty SURF median
(b) EU27+UK total anthropogenic CH4 emissions:
35000 UNFCCC vs top-down estimates from global inversions
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Figure 5: a) Total CHs emissions from TD global ensembles based on surface stations (SURF) (yellow) and satellite
concentration observations (GOSAT) (green) from 22 global models compared with UNFCCC NGHGI (2019) data
530 (incl. LULUCF); b)AnthropogenicCH, emissions from tegdown global inversions based on surface stations (SURF)
(yellow) and on satellite concentration observations (GOSAT) (green) from different estimates. Anthropogenic
emissions from these inversions were obtained by removing the sum of the natural emistians (pdand waters
and geological fluxes shown in figure 4a) from the total estimates. For consistency with the global data we plot the
global wetland emissions from the GCP inversions (blue). UNFCCC NGHGI (2@%8gported uncertainty
535 computed with th error propagation method (95% confidence interval) is 9.29 % and represents the UNFCCC
NGHGI (2018) uncertainty for all sectors (incl. LULUCF). The time series mean was computed for the cenimdon p
20102016. Two out of 11 SURF productsSELCASURFE_NIESTOMCATSURFE _UOL)arewerenot available for

2016.
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In an attempt to quantify the European TD anthropogenicd@hhponent, in FigurBb we subtract from the
total TD CH: emissionsonce ggainthe peatland emissions from the regional JISBAGINIMELI model and those
from geological and inland waters sources. The reason for correcting both regional and global inversions with the
European peatland emissions from #8&BACHHIMMELI model, lays in thefact that they are in the range of the
global wetland emissions estimates for Europe (Saunois et al., 2020). Their median for all years (1.43rTg CH
averaged over 20688017), is close to the BU estimates of peatland emissions frods®aACHHIMMELI model
(1.44 Tg CH yr'%, averaged over 2008017).

For 20102016 common period, the two ensembles of regional and global models give an anthropogenic CH
emission mean (Figurgb) of 17.4 Tg CHyr! (GOSAT) and 23.7 Tg CHyr* (SURF) compared to 19.0 + 1.7 Tg
CH, yrt for NGHGI (Fig. 5b). For the same periodotal CH, emissions (Figure 5a) from ti8JRF and GOSAT
ensemblalecrease b9.5%and4.6%, respectively. Foanthropogenic ClHemissions (Figure 5bjhe SURF and
GOSATensemble shoswa decrease of 1.1 % an@l 3%, respectively,compared to 7.3%eor the NGHGI from 2010

to 2016.

In 2017, the TD ensemble that simulates the closest anthropogenic estimate §B)gurehe UNFCCC
NGHGI (2019) is GOSAT, with the median GOSAT inversions16.4 Tg CH, yr?) falling within the uncertainty
range of UNFCCC (18.4 + 1.7 Tg GhirY).

3.2 Comparing N2O anthropegenicemissiors estimates from different approaches

3.2.1. Estimates of European and regional totai®lfluxes

Similarly, as done for Chl (section 3.1.1. and Figure 1ye present results of total.® fluxes from
EU27+UKand five main regions in Europe. Figateummarizes the totald® fluxes from NGHGI (incl. LULUCF)
for both base year 1990 and mean of 20015 period.

The total UNFCCC estimates include emissions from all sectors. We plot these and compare them with fluxes
from global datasets, BU models and TD inversions. We note that for all five regionsQhenfissions decreased
between 29 % (Northern Europe) to 43(@éestern Europe) and for EU27+UK 37 % with respect to NGHGI 1990
value. It also shows that at regional European level, the emissions from BU (anthropogenic and natural) and TD
estimates agree well with reported NGHGI data within the high uncertainttedgy UNFCCC (~80%) or observed

in the TD model rang&or EU27+UKlobal inversions show min/maxrange of 2532 % while regional inversions

show a variability range of-21 %compared to the mean 2034015 valug. This TD uncertainty is represented here

by the variability in the model ensembles and denotes the range of the extremes (min and max) of estimates within

each model ensemble. There is significant uncertainty in Northern Europe, where the TD estintatessaitder a
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source or a sink (Figu®. The current observation network is sparse, which currently limits the capability of inverse
models to quantify GHG emissions at country or regional scale.

For all other regions BU anthropogenic emissions agrdewita NGHGI given uncertainties, though we
note consistently higher estimates from TD regional and global models estimates. The difference is too high to be
attributed to the natural emission, which is related here to inland waters as only sourcechridnges for all five
regions between 0121.3 kton NO yr'. The blue bar representing the natural emissions has a lower value estimates
(Maavara et al., 2019 and Lauerwald et al., 20i@)le the maximum value was calculated according to Yao et al
2020. The higher values in Yao et al. (2020) are primarily due@® emissions from small streams, which are not
included in Maavara et al. (2019), while both studies agree fairly well regarddgMissions from larger rivers
(Yao et al., 2020).
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Figure 6: Five years (20122015) average PO emission estimates f&EU27+UK and five European regions
(Northern, Western Central, Southern and Eastern-Boi). Eastern European region does not include European
Russia and the UNFCCC uncertainty for the Rsjguof Moldova was not available. Northern Europe includes
Norway. Central Europe includes Switzerland. The data belongs to UNFCCC NGHGI (2019) submissions (grey) and
base year 1990 (black star), two BU inventories (GAINS and EDGAR v5.0), natural unch&maigsions (sum of
peatland, geological and inland waters emissions) and three TD total estimates (regional European inversions and
GOSAT and SURF estimates from global inverse models). The relative error on the UNFCCC value represents the
UNFCCC NGHGI (P18) MSreported uncertainty computed with the error propagation method (95% confidence
interval); is 80.0 % for th&U27+UK, 50.3 % for Eastern Europe ndflJ, 26.6 % for Northern Europe, 91.6 % for
Southern Europe, 51.9 % for Western Europe and 46.0 %datral Europe.
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3.2.2.NGHGI sectoral emissions and decadal changes

According to the UNFCCC (2019) NGHGI estimates for 20178b6@7+UK emitted GHGs totaling.9 Gt
COse (incl. LULUCF}¥-2-Gt+CQe{exc-LULUCE) of this total, NO emissions accounted fe6% (0.2 Gt C@e or
0.8 Mt NO yrY) (Figure7). France, UK and Germany contributed together 41% of tofalénissions, respectively
slightly higherthan for CH (Appendix B2, FigureB1bB2b).

The data in Figur@ shows anthropogenic Glémissions and their change from one decade to the next, from
UNFCCC NGHGI (2019), with the contribution from different UNFCCC sectors. In 2017, NGHGI reported
anthropogenic emissions from tB&27+UK for the four UNFCCC sectors (excl. LULUCF) (Table D be 0.8 Tg
N0 yrt. The agricultural NO emissions accounted for 76 % (+ 107 %) of t&dR7+UK emissions followed by

emissions from the energy sector with 12 % (+ 23 %). We exclude fire emissions as they only account for 1.8 % of
the total NO emissions ifEU27+UK

Between the 1990s and the 2000s, the-heif7 % reduction originates largely from IPPU and agriculture
sectors, which contributed 3.5 % and4.2 % respectively. For the period between the 2000s andZWA the net
-15.2 % redation was again mainly attributed to the IPPU sectbd.(L %), despite very small increases from the
LULUCF and waste sectors (+0.6 %).

We note thatin 2017, the amount of emissions from the IPPU sector had already decreased by 98 % compared
to 1990 and was only 3.5 kton BD yr?. Although the IPPU sector contributes in 2017 only 4% to tof@l émissions,
it was the sector with the largest reduction. IPPU sector emissions are mainly linked to the production of nitric acid
(e.g. used in fertilizer productin) and adipic acid (e.g. used in nylon pr
the five European adipic acid plants were equipped with efficient abatement technology, cutting emissie®@ by 95
%, largely through voluntary agreements of the camgg Much of the remaining IPPU emissions, from nitric acid
plants, were cut in a similar manner around 2010, a development that has been connected with the introduction of the
European Emission Trading System that made it economically interesting fpaoi@®to apply emission abatement

technologies (catalytic reduction ob@® in the flue gas) to reduce their emissions.

25



