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Changes with respect to the DoA

This deliverable was initially due on 315t December 2020. The due date was postponed to 15t
January 2021 and finalised one week before the revised deadline.

Dissemination and uptake
(Who will/could use this deliverable, within the project or outside the project?)

This deliverable may help to guide political discourse on the topic of Europe’s contribution to
global emissions in the modern period (modern emissions), when considering historical
context (cumulative emissions), when considering international trade (consumption-based
emissions) and the per-capita emission. This builds a wide-ranging picture of Europe’s
‘responsibility’ for historical and modern emissions.

Short Summary of results

The EU27 emitted 3.2 Gt of fossil CO2 per year in the period 2010-2019 and thus contributed
9% towards global fossil CO2 emissions. The average per-capita emissions of CO2 of the EU27
(6.6 t CO2 per capita per year) lies around 40% above the global average. The EU is a net
importer of fossil CO2 emissions embodied in imported goods and services. Total
consumption-based emissions in the EU27 were 3.7 Gt CO2 per year in this period, 15% above
territorial emissions alone. The EU27 share of cumulative CO2 emissions since 1850 was 17%
in 2018, substantially below its share in 1960 (27%). For the most recent period for which
regional CH4 emissions estimates are available (2003-2012), European anthropogenic
emissions of CHs amounted to 24-25 Tg CHs per year and represented 7% of global
anthropogenic CHs emissions. For the most recent period for which some regional N;O
emissions estimates are available (2007-2016), European direct anthropogenic emissions of
N20 amounted to 0.7 (0.4-1.0) Tg N per and represented 13% of global direct anthropogenic
N20 emissions.

In simple terms, the EU27 contributes significantly to the global emissions of anthropogenic
CO,, CHsand N2O. Emissions of CO2 from the EU27 have been falling since the 1980s. The EU27
contributions to annual emissions and cumulative emissions have also fallen since the 1960s,
in part due reduced EU27 emissions and in part due to emissions growth in other nations.
Nonetheless, the EU27 exports a significant fraction of its CO2 emissions to other nations and
its per-capita emissions remain above the global average.

An unprecedented 7% drop in emissions was estimates for 2020 as a consequence of
responses to the COVID-19 pandemic, which included policies to significantly restrict mobility
in many countries. The estimate drop for EU27 is for a particularly large fall in emissions in
2020 (11%), partly because of the stringent and extensive confinement measures in place,
and partly due to the large contribution of the transport sector to total emissions in Europe.

VERIFY is a research project funded by the European Commission under the H2020 program. Grant Agreement
number 776810.
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The departure of the UK from the EU impacts the EU’s emissions record as follows. The UK
formerly accounted for 19% of the EU’s emissions in the 1960s, 14% in the 1990s, 12% in the
2010s and 11% in 2019 (note that this fraction fell through time because the UK’s emissions
fell more rapidly than the EU as a whole).

Evidence of accomplishment
(report, manuscript, web-link, other)

The content of this report represents the accomplishment of the work.

VERIFY is a research project funded by the European Commission under the H2020 program. Grant Agreement
number 776810.
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1. Executive Summary

The Global Carbon Dioxide Budget

Anthropogenic emissions of CO; were 40.2 + 3.1 Gt CO; per year in the period 2010-2019,
34.4 + 1.7 Gt CO; per year (86%) of which was fossil CO,.

46% of anthropogenic CO, emissions remained in the atmosphere, leading to an 18.6 +
0.3 Gt CO; per year increase in the atmospheric CO; stock in the period 2010-2019. The
remaining 54% of anthropogenic emissions were sequestered by the land and oceans.
The EU27 emitted 3.2 Gt of fossil CO, per year in the period 2010-2019 and thus
contributed 9% towards global fossil CO, emissions.

The average per-capita emissions of CO, of the EU27 (6.6 t CO; per capita per year) lies
around 40% above the global average.

The EU is a net importer of fossil CO, emissions embodied in imported goods and services.
Total consumption-based emissions in the EU27 were 3.7 Gt CO; per year during 2009-
2018, 15% above territorial emissions alone.

The EU27’s share of cumulative CO, emissions since 1850 was 17% in 2019, substantially
lower than in 1960 (27%).

Policy responses to the COVID-19 pandemic are projected to have caused an
unprecedented global decline (-7%) in fossil CO, emissions in 2020, which was stronger
still in the EU27 (-11%).

The departure of the UK from the European Union impacts the contribution of the EU to
global CO; emissions. EU27 emissions were 19% lower than in the former EU28 (EU27+UK)
in the 1960s, 14% lower in the 1990s, 12% lower in the 2010s and 11% lower in 2019. The
difference between EU27 and former EU28 emissions declined throughout the time series
as the UK’s share of EU28 emissions fell.

The Global Methane Budget

Anthropogenic emissions of CHs amounted to 366 (348-392) or 357 (334-375) Tg CHa per
year in the period 2008-2017, according to bottom-up and top-down estimation methods,
respectively.

Natural emissions of CH4 are comparable in magnitude and amounted to 371 (245-488) or
218 (183-248) Tg CHa per year in the period 2008-2017, according to bottom-up and top-
down estimation methods, respectively. The strength of the atmospheric constraints on
the top-down budget indicates a likely overestimation of bottom-up emissions.
According to top-down estimates, 3% of total CHs emissions remained in the atmosphere,
leading to a 18 (0-49) Tg CHa per year increase in atmospheric stock of CHa. The remaining
97% of emissions were removed through chemical reaction in the atmosphere and
through soil uptake. Bottom-up estimates of atmospheric growth in CHs are considerably

VERIFY is a research project funded by the European Commission under the H2020 program. Grant Agreement

number 776810.
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higher (>100 Tg CHa per year) but likely relate to a large overestimation of natural CHs
emissions.

For the most recent period for which regional estimates have been published (2003-2012),
European anthropogenic emissions of CHs amounted to 24-25 Tg CHs per year and
represented 7% of global anthropogenic CHs emissions. Please note that ‘Europe’ is
defined in this case as the EU27 plus the UK, Norway, Switzerland, Bosnia and Herzogovina,
Montenegro, Albania, and North Macedonia.

The Global Nitrous Oxide Budget

Anthropogenic emissions of N2O amounted to 7.3 (4.2-11.4) Tg N per year in the period
2007-2016 according to bottom-up methods.

Natural emissions of N2O are comparable in magnitude and amounted to 9.7 (8.0-12.0) Tg
N per year in the period 2007-2016 according to bottom-up.

Bottom-up and top-down estimates are in agreement on the magnitudes of the total
(anthropogenic plus natural) source of N2O, the sinks of N2O, and the balance of sinks and
sources.

According to top-down and bottom-up estimates, 21-26% of total N,O emissions
remained in the atmosphere, leading to a 4.3 (3.8-4.8) Tg N per year increase in
atmospheric stock of N;O. The remaining emissions were removed almost exclusively in
the atmosphere by via chemical reaction.

For the most recent period for which regional estimates have been published (2007-2016),
European anthropogenic emissions of N2O amounted to 0.7 (0.4-1.0) Tg N per year and
represented 13% of global anthropogenic N,O emissions. Please note that ‘Europe’ is
defined in this case as the EU27 plus the UK, Norway, Switzerland, Bosnia and Herzogovina,
Montenegro, Albania, and North Macedonia.

VERIFY is a research project funded by the European Commission under the H2020 program. Grant Agreement

number 776810.
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2. Introduction

The goal of this deliverable is to provide annual updates on the global emissions of CO,, CH4 and
N0 and their partitioning in the environment, with an assessment of the EU contribution to these
budgets. It is an update of deliverable 7.1 (Jones and Le Quéré, 2020a). These reports represent
a synthesis of the activities of the international research community mostly conducted under the
umbrella of the Global Carbon Project, with many of the strands of work led by VERIFY
researchers. These syntheses include regular evaluations of the global carbon budget each year
since 2007 (Canadell et al., 2007; Le Quéré et al., 2013, 2014, 2015a, 2015b, 2016, 2018a, 2018b;
Friedlingstein et al., 2010, 2019a, 2020a), global methane budget periodically (Saunois et al.,
2016, 2020) and the global nitrous oxide budget (Tian et al., 2020).

In this first iteration of the deliverable, we present results from the 15th edition of the global
carbon budget (Friedlingstein et al., 2020a), which focuses on fluxes of CO,, the second edition of
the global methane budget (Saunois et al., 2020), and the first edition of the global nitrous oxide
budget (Tian et al., 2020). The global nitrous oxide budget is under construction, with a target
submission date early in 2020.

A focus is placed on anthropogenic emissions of these greenhouse gases as these relate to human
perturbation of the natural carbon and nitrogen cycles, which has increased the atmospheric
concentrations of greenhouse gases above the natural level (Ciais et al., 2013). Increases in the
atmospheric concentrations of CO,, CHs and N;O since 1750 have resulted in global radiative
forcings of 1.95, 0.62, and 0.18 W m™2, respectively (Etminan et al., 2016) and are the largest
drivers of climate change in the industrial era (Myhre et al., 2013).

Here we also present further analyses of the EU27 and European contributions to fossil CO;
emissions and anthropogenic emissions of CHs and N,0. A summary of the EU27 and European
contributions to total fossil CO, emissions is provided in Table 1, while an additional analysis for
individual emission sources (coal, oil, gas and cement) is provided in Table 2. Express summaries
of the European contributions to anthropogenic CHs and N2O emissions are provided in Table 4
and Table 6, respectively.

VERIFY is a research project funded by the European Commission under the H2020 program. Grant Agreement
number 776810.
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3. The Global Carbon Budget (CO,)

The data presented in this section is based on the global carbon budget assessment for the years
1959-2019, completed by (Friedlingstein et al., 2020a), with additional analysis of the European
contribution to global fossil CO, emissions facilitated by the supplemental dataset to that study.
The study is referenced as follows:

Friedlingstein, P., O’Sullivan, M., Jones, M. W., Andrew, R. M., Hauck, J., Olsen, A., Peters, G. P.,
Peters, W., Pongratz, J., Sitch, S., Le Quéré, C., Canadell, J. G., Ciais, P., Jackson, R. B., Alin,
S., Aragdo, L.E. O.C., Arneth, A., Arora, V., Bates, N. R., Becker, M., Benoit-Cattin, A., Bittig,
H. C., Bopp, L., Bultan, S., Chandra, N., Chevallier, F., Chini, L. P., Evans, W., Florentie, L.,
Forster, P. M., Gasser, T., Gehlen, M., Gilfillan, D., Gkritzalis, T., Gregor, L., Gruber, N.,
Harris, I., Hartung, K., Haverd, V., Houghton, R. A, llyina, T., Jain, A. K., Joetzjer, E., Kadono,
K., Kato, E., Kitidis, V., Korsbakken, J. I., Landschutzer, P., Lefévre, N., Lenton, A., Lienert,
S., Liu, Z., Lombardozzi, D., Marland, G., Metzl, N., Munro, D. R., Nabel, J. E. M. S., Nakaoka,
S.-l., Niwa, Y., O’Brien, K., Ono, T., Palmer, P. I., Pierrot, D., Poulter, B., Resplandy, L.,
Robertson, E., Rédenbeck, C., Schwinger, J., Séférian, R., Skjelvan, 1., Smith, A. J. P., Sutton,
A.J., Tanhua, T., Tans, P. P., Tian, H., Tilbrook, B., van der Werf, G., Vuichard, N., Walker,
A. P., Wanninkhof, R., Watson, A. J., Willis, D., Wiltshire, A. J., Yuan, W., Yue, X. and Zaehle,
S.: Global Carbon Budget 2020, Earth Syst. Sci. Data, 12(4), 3269-3340, doi:10.5194/essd-
12-3269-2020, 2020.

The dataset which supports the analysis presented here (2020 National Emissions v1.0.xlsx;
(Friedlingstein et al., 2020b)) can be found via the reference below:

Friedlingstein, P., O’Sullivan, M., Jones, M. W., Andrew, R. M., Hauck, J., Olsen, A., Peters, G. P.,
Peters, W., Pongratz, J., Sitch, S., Le Quéré, C., Canadell, J. G., Ciais, P., Jackson, R. B., Alin,
S., Aragdo, L.E. O.C., Arneth, A., Arora, V., Bates, N. R., Becker, M., Benoit-Cattin, A., Bittig,
H. C., Bopp, L., Bultan, S., Chandra, N., Chevallier, F., Chini, L. P., Evans, W., Florentie, L.,
Forster, P. M., Gasser, T., Gehlen, M., Gilfillan, D., Gkritzalis, T., Gregor, L., Gruber, N.,
Harris, I., Hartung, K., Haverd, V., Houghton, R. A., llyina, T., Jain, A. K., Joetzjer, E., Kadono,
K., Kato, E., Kitidis, V., Korsbakken, J. I., Landschitzer, P., Lefévre, N., Lenton, A., Lienert,
S., Liu, Z., Lombardozzi, D., Marland, G., Metzl, N., Munro, D. R., Nabel, J. E. M. S., Nakaoka,
S.-l.,, Niwa, Y., O’Brien, K., Ono, T., Palmer, P. I., Pierrot, D., Poulter, B., Resplandy, L.,
Robertson, E., Rodenbeck, C., Schwinger, J., Séférian, R., Skjelvan, I., Smith, A. J. P., Sutton,
A. )., Tanhua, T., Tans, P. P, Tian, H., Tilbrook, B., van der Werf, G., Vuichard, N., Walker,
A. P., Wanninkhof, R., Watson, A. J., Willis, D., Wiltshire, A. J., Yuan, W., Yue, X. and Zaehle,
S.: Supplemental data of the Global Carbon Budget 2020, available at:
https://doi.org/10.18160/gcp-2020, ICOS-ERIC Carbon Portal, last accessed: 16 November
2020, , doi:https://doi.org/10.18160/gcp-2020, 2020b.

VERIFY is a research project funded by the European Commission under the H2020 program. Grant Agreement
number 776810.
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The aim of the global carbon budget is to disentangle the drivers of rising atmospheric CO;
concentrations, which are well constrained (Figure 1), by quantifying each of four fluxes that
relate either to sources or sinks of atmospheric CO; (Figure 2; Table 1):

e emissions from fossil fuel combustion, non-combustion fuel use, and cement production
(Err);

e emissions from land use and land use change, including deforestation and intensification
of agriculture (Eruc);

e the land sink for anthropogenic CO; resulting primarily from enhanced terrestrial net
ecosystem productivity (Sianp), and;

e the ocean sink for anthropogenic CO; resulting primarily from enhanced CO; dissolution
at the ocean surface and physical transport to the deep ocean (Socean)

Each of these budget terms is estimated separately and using a distinct methodology, as
described in (Friedlingstein et al., 2020a) and summarized briefly in the following sub-sections of
this report. The residual of Efr + ELuc — Sianp — Socean provides an estimate of the net input of CO;
to the atmosphere, which can be compared with the measured growth in the atmospheric CO;
stock (Gatm). A budget imbalance term (Biv) quantifies the difference between the estimated and
the measured values of Garv, thus representing the CO; that cannot be accounted for by the
estimates of Err, ELuc, Siano and Socean. Overall, the global carbon budget equation is expressed
as: Ere + ELuc = Gatm + Socean +Stanp + Biwm.

Atmospheric CO, concentration

420

PPm Data: Scripps/NOAA-ESRL

Measured at Mauna Loa, Hawai
400
380 -
360

Monthly mean
340 Al
Seasonally

320 corrected trend

1960 1970 1980 1990 2000 2010 2020

VERIFY is a research project funded by the European Commission under the H2020 program. Grant Agreement
number 776810.
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Figure 1: The global CO; concentration increased from ~277ppm in 1750 to a projected 410 ppm in 2020 (up

48%). Figure by Robbie Andrew adapted from Friedlingstein et al. (2020a).

Vegetation
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and lakes |
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Figure 2: Perturbation of the global carbon cycle caused by anthropogenic activities, averaged globally for
the decade 2010-2019 (Gt CO; per year). Figure by Robbie Andrew adapted from Friedlingstein et al.

(2020a).

Table 1: Decadal average values and 1-sigma uncertainty ranges for each flux of the global carbon budget.
Values for the latest year of data-based estimates are shown (2019), as are projected values for 2020.

Reproduced from Friedlingstein et al. (2020a, 2020b).

I Mean (Gt CO; yr-!) Gt CO; yr! |
| 1960- 1970- 1980- 1990- 2000- 2010- 5019 2020
I 1969 1979 1989 1999 2009 2019 (Projected)
Total emissions (EFrt+ELuc)
Fossil CO2 emissions 23.1 £ 282 + 344 357
(Er) I1+£0.6 17 £ 0.9 199 % | 12 | 4 17 |8 332
o 2.6 3.7 3.8 3.7 3.7 . R
EU27 Contribution (24%) (22%) (19%) (16%) (13%) 3.2(9%) | 2.9 (8%) 2.6
EU27+UK 3.2 4.3 4.4 4.3 4.2 3.6 3.3
Contribution (30%) (26%) (22%) (22%) (19%) (15%) (11%)
Land-use change 54+26 | 46+26 47+26 | 5+26 | 53+26  57+26  66+26 5.9
emissions (ELuc)
Total emission 16.4 £ 217 £ 246 28.1 £ 335+ 402 £ 423 + 39.0
otal emissions 26 27 28 28 29 3.1 3.1 :
Partitioning
Growth rate in
. 102 £ 125 + 1.6 £ 14.8 + 18.6 £ 19.9 +
atmospher!c CO; 64%09 0.9 03 03 03 03 03 19.4
concentration (GaTM)
Ocean sink (Socean) 36x1.1 | 46+14 6316 | 72+17 | 7919 | 92+2.1 | 96+22
Terrestrial sink 10.7 = 125 % 1.5+
Se) 4623 | 76%27 | 73%33 | 95%34 | ¢ T oy

VERIFY is a research project funded by the European Commission under the H2020 program. Grant Agreement

number 776810.
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Budget imbalance

Bim = Err+ELuc - 1.8 0.7 -1.4 -0.1 0.1 0.2 1.3

(GAaTM*+SoceantSLAND)

3.1. Global Fossil CO, Emissions

Estimates of Egr are based on national reported fuel use statistics from the 42 Annex | countries
reporting to the UNFCCC (UNFCCC, 2020), or otherwise by analyses of records of energy use and
fuel use, production, trade, and cement clinker production (Andrew, 2019; Boden et al., 2017; BP,
2020).

Global fossil CO; emissions have risen continuously in recent decades, although the rate of growth
has varied (Figure 3). In the 1990s, global fossil CO, emissions rose at a rate of ~1% per year on
average. Fossil CO, emissions growth accelerated in the 2000s to an annual growth rate of ~3%
per year, before decelerating in the 2010s to the same rate observed in the 1990s (~1% per year).

The changes in decadal growth of fossil CO, emissions correspond to a changing fuel mix (Figure
4). At the global scale, decadal trends in the coal emissions have been a particularly strong driver
of decadal trends in total fossil CO> emissions. The 3% per year growth in global fossil CO>
emissions observed during the 2000s corresponds with a period of rapid growth in coal emissions
in this period (~4% per year) relative to the stable coal emissions observed in the 1990s. Emissions
from coal have stabilised once more in the past decade, driving lower growth of total fossil CO;
emissions that matches 1990s levels. In the 2010s, low growth in coal emissions has been partially
offset by accelerated growth of natural gas and persistent growth in oil emissions. The recent
stabilisation of coal emissions relates to the stability of emissions from its two key sectors: energy
and heat production, and; industry (Figure 5).

Policy responses to the COVID-19 pandemic, which have aimed to restrict mobility in many
countries, have led to significant reductions in emissions in 2020 versus 2019. The global carbon
budget 2020 presented four estimates for the impact, including updated estimates from
published studies (Forster et al., 2020; Le Quéré et al., 2020b; Liu et al., 2020) and one additional
estimate compiled using methods closely aligned with those used in previous iterations of the
global carbon budget. The median estimate indicates a drop in global emissions of -6.7% in 2020
versus 2019, which has not been known in living memory. However, the major part of this large
change is considered to be a dramatic change in demand-side behaviour, rather than due to
structural changes in supply-side technology or to policies intended to influence supply-side use
of fuels. It remains to be seen if this unique year will serve as a platform for sustained future
reductions in global fossil CO, emissions that would be consistent with the target to limit warming
to well below 29C, as outlined in the 2016 Paris Agreement.

3.1.1. Summary of Flux Magnitude

VERIFY is a research project funded by the European Commission under the H2020 program. Grant Agreement
number 776810.
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Global fossil CO, emissions have trended upwards over the past half-century (Figure 3), from 11.0
+ 0.6 Gt CO; per year in the 1960s to 34.4 + 1.7 Gt CO; per year in the period 2010-2019 (Table
1). In 2019, fossil CO, emissions amounted to 35.7 + 1.8 Gt CO,. Due to global policy responses to
the coronavirus pandemic, which restricted mobility and economic activity in many countries, a
fall in emissions of unprecedented magnitude is projected for 2020 (-6.7%).

40 Gt Global Fossil CO, Emissions

CO,

30

20

1960 1970 1980 1990 2000 2010 2020

projected

Figure 3: Global fossil CO, emissions have risen steadily over the last decades. Fossil CO, emissions will
likely be 61% higher in 2019 than the year of the 1t IPCC report in 1990. Figure by Robbie Andrew adapted
from Friedlingstein et al. (2020a).

Annual Fossil CO, Emissions in European Union (27)

2.0 Gt b e total th: -11.5% (-15.8% t 1
C rojected total emissions grgwth: -11.5% (-15.8% to -7.1%
02 rojecte emissions g 5% (-15. C )
1.5

< W,\'\/“ Projected Gt CO, in 2020

I Qi1
1.0 \ W 12.2% (-17.2% to -7.3%)
i Coal 0.6
0.5 W 20.2% (-25.2% to -15.2%)
| mmmmei o = N e Cement 0.1

0

W 5.3% (-8.3% to -2.3%)
1960 1970 1980 1990 2000 2010 2020

projected

VERIFY is a research project funded by the European Commission under the H2020 program. Grant Agreement
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Figure 4: Share of global fossil CO, emissions in 2019: coal (39%), oil (33%), gas (21%), cement (4%), flaring
(1%, not shown). Figure by Robbie Andrew adapted from Friedlingstein et al. (2020a).

VERIFY is a research project funded by the European Commission under the H2020 program. Grant Agreement
number 776810.
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14 Gt Fossil CO, emissions by sector
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Figure 5: (Top panel) Global fossil CO, emissions are dominated by electricity, heat, & energy (45%),
industry (23%), and national transport (19%). International aviation and marine bunkers contribute 3.5%
and remaining sectors 10%. (Bottom panel) Coal CO, emissions are dominated by electricity, heat, and
industry, with both showing significantly lower growth & even declines in the last few years. Reproduced
from Peters et al. (2020).

3.2. Land Use Change Emissions

VERIFY is a research project funded by the European Commission under the H2020 program. Grant Agreement
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Estimates of CO, emissions from land use change are based on two bookkeeping models, which
use satellite images and land use records to track transitions between land uses with different
carbon storage capacities, including deforestation, the expansion of agricultural and urban land
into previously natural (non-forest) areas, peat drainage and changes to crop rotation systems.

In the middle of the 20™ Century, emissions of CO> from land use change were approximately as
large as fossil CO; emissions (Figure 6). However, rising fossil CO, emissions combined with no
significant trend in land-use change emissions over the past half-century mean that land use
change emissions contribute the minor fraction of the total anthropogenic CO, emissions to the
atmosphere (~¥14% in the period 2010-2019; Figure 6; Table 1). Emissions were above the decadal
average in 2019 due to coincident upticks in deforestation fire in Amazonia and Indonesia. In
2020, deforestation fires have remained comparably common in Amazonia but subsided in
Indonesia, prompting a return to near-average land use change emissions for the recent decade.

3.2.1. Summary of Flux Magnitude

Land use change emissions showed no significant trend over the past half-century (Figure 6) and
amounted to 5.7 + 2.6 Gt CO; per year in the period 2010-2019 (Table 1). In 2019, CO; emissions
from land use change were around 16% above the average of the 2010-2019 period (6.6 * 2.6),
whereas a return to near-average emissions is projected for 2020 (5.9 Gt CO; per year).

Annual CO, Emissions

40 Gt
COe Fossil carbon

30
20

10 1 g

e / \k_,‘/'*v\f\r//“\*/ Land-use
N\ st = change
e A o

0

1960 1970 1980 1990 2000 2010 2019

VERIFY is a research project funded by the European Commission under the H2020 program. Grant Agreement
number 776810.

16



15/01/2020

VERIFY WP7 Task7.2

N

VERIFY_D7.2_Report on EU contribution to the Global Budgets for GHG_v3

Figure 6: Land-use change emissions are highly uncertain, with no clear trend in the last decade. Total
global emissions: 43.0 + 3.3 GtCO; in 2019, 56% over 1990. Percentage land-use change: 39% in 1960, 14%
averaged 2010-2019. Figure by Robbie Andrew adapted from Friedlingstein et al. (2020a).

3.3. Partitioning of Emitted CO;

A fraction of the anthropogenic CO; that is emitted to the atmosphere remains in the atmosphere,
while a fraction is sequestered by the land and ocean sinks.

The global carbon budget bases its estimates for growth in the atmospheric CO; stock on direct
atmospheric CO; measurements from a dense global network of monitoring stations.

Land sink estimates derive from 17 process-based models, which quantify the sequestration of
CO, through terrestrial net ecosystem production (NEP) under changing atmospheric CO;
concentrations, climate and nutrient availability. NEP represents the balance of CO; removed
from the atmosphere through photosynthesis and CO, emitted to the atmosphere through
respiration and fire, and hence it is a measure of the added stock of fixed organic carbon held in
vegetation and soils.

Ocean sink estimates derive from 9 process-based models, which estimate the uptake of CO; at
the ocean surface and the transport of CO; by ocean currents. These models also include
representation of biogeochemical transformations by marine ecosystems, but these play only a
minor role in the ocean CO; sink. Uptake occurs due to a CO; concentration gradient at the ocean-
atmosphere surface, which promotes dissolution of CO; to surface waters as atmospheric
concentrations rise. The CO; is then transported downwards to depth, which decreases the
surface CO; concentration and triggers further uptake.

The process-based land and ocean models are used to quantify the uptake of anthropogenic CO,,
over and above the natural cycle of carbon in the land and ocean systems. The uncertainty around
estimates of the land and ocean sinks for anthropogenic CO; is informed both by variation
between models and by comparison with separate estimates of CO; fluxes from data-based
products and inversion models.

All three partitions have grown over the past half century, with the land and ocean carbon sinks
continuing to buffer the effects of anthropogenic emissions on the climate system. The
atmospheric partitioning of anthropogenic CO; emissions has typically held a range of 40-45% for
the past half a century despite significant increase in CO, emissions. Nonetheless, the absolute
increase in the atmospheric stock of CO; is trending upwards and this drives climate change.

3.3.1. Summary of Flux Magnitudes

VERIFY is a research project funded by the European Commission under the H2020 program. Grant Agreement
number 776810.
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Growth of the atmospheric CO; stock has trended upwards over the past half-century (Figure 7),
from 6.4 £ 0.9 Gt CO; per year in the 1960s to 18.6 + 0.3 Gt CO; per year in the period 2010-2019
(Table 1). This trend approximately matches the increase in anthropogenic CO, emissions in
relative terms, and hence the decadal fraction of anthropogenic CO; emissions that remains in
the atmosphere has remained within a narrow range of 39-51% since the 1960s. The growth in
the atmospheric stock of CO, was 19.9 + 0.3 Gt CO; in 2019 and is projected to fall modestly in
2020 to 19.4 Gt CO,.

The ocean sink has trended upwards over the past half-century (Figure 9), from 3.6 £ 1.1 Gt CO;
per year in the 1960s to 9.2 £ 2.1 Gt CO; per year in the period 2010-2019 (Table 1). The ocean
sink was 9.6 + 2.2 Gt CO2 in 2019 and is not projected to change significantly in 2020.

The land sink has trended upwards over the past half-century (Figure 10), from 4.6 + 2.3 Gt CO»

per year in the 1960s to 12.5 + 3.9 Gt CO; per year in the period 2010-2019 (Table 1). The land
sink was 11.5 £ 4.5 Gt CO; in 2019.

o5 Gt Annual atmospheric growth

CO;
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Figure 7: The atmospheric growth rate has shown a steady increase. The high growth in 1987, 1998, &
2015-16 reflect a strong El Nifio, which weakens the land sink. Figure by Robbie Andrew adapted from
Friedlingstein et al. (2020a).
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Figure 8: The airborne fraction is the ratio of the growth in atmospheric concentration and total annual CO;
emissions. Around 45% of CO, emissions remain in the atmosphere despite sustained growth in CO;
emissions. Figure by Robbie Andrew adapted from Friedlingstein et al. (2020a).
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Figure 9: The ocean carbon sink continues to increase. 9.21+2.1 GtCO,/yr for 2010-2019 and 9.6+2.1
GtCO,/yr in 2019. Figure by Robbie Andrew adapted from Friedlingstein et al. (2020a).
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Figure 10: The land sink was 12.613.3 GtCO,/yr during 2010-2019 and 11.514.5 GtCO,/yr in 2019. Figure by
Robbie Andrew adapted from Friedlingstein et al. (2020a).

3.4. Budget Imbalance

A budget imbalance term quantifies the difference between (i) the growth in atmospheric CO; as
estimated according to the source and sink estimates presented above, and (ii) the measured
growth in atmospheric CO; presented above. The budget imbalance is a small component of the
global budget, equating to -0.4% of anthropogenic CO, emissions in the period 2010-2019 (-0.2
Gt CO; per year). The negative sign of the budget imbalance indicates either that emissions
sources were underestimated or that the land or ocean sinks of CO, were overestimated, though
not significantly.

No trend in budget imbalance is observed over the past half-century (Figure 11), which indicates
that the process-based models broadly capture the dynamics of uptake of atmospheric CO; over
decadal time periods. Several significant deviations of the budget imbalance from zero most likely
indicate key events affecting the sinks of CO, that were not represented by the process-based
models, particularly those related to the multi-annual to decadal variability. Budget imbalance
deviated significantly from zero in four years since 1960 (Figure 11). In general, the small budget
imbalance term lends support to the approach of the global carbon budget by confirming that the
budget is closed within the constraints of known uncertainties.

VERIFY is a research project funded by the European Commission under the H2020 program. Grant Agreement
number 776810.
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Figure 11: Unexplained variability in the global carbon balance caused by uncertainty and understanding
hinder independent verification of reported CO; emissions. Positive values indicate overestimated
emissions and/or underestimated sinks. Figure by Robbie Andrew adapted from Friedlingstein et al.
(2020a).

3.5. European Contribution to Global Fossil CO, Emissions

The collective emissions of fossil CO, from the EU27 increased from the 1960s (2.6 Gt CO; per
year) to the 1970s (3.7 Gt CO; per year), remained stable between the 1980s and the 2000s (3.7-
3.8 Gt CO; per year), and reduced to 2.9 Gt CO; per year during the 2010s (Table 2). These changes
occurred alongside increased emissions from other large emitters, notably the USA between the
1980s to the 2000s, China since the 1970s but particularly in the 2000s, and India since the 1980s
(Figure 12). Hence the contribution of the EU27 to global fossil CO, emissions fell successively
from 23% in the 1960s to 8% in the 2010s (Figure 14).

In the past decade, 15 of the 27 EU member states significantly reduced their territorial fossil CO;
emissions (at the 95% level) while maintaining a growing economy: Belgium, Croatia, Czech
Republic, Denmark, Finland, France, Germany, lItaly, Luxembourg, Malta, the Netherlands,
Romania, Slovakia, Slovenia, Sweden. The drivers of recent decarbonization were examined by
(Le Quéré et al., 2019), who found that across the countries examined, the deployment of
renewable energy replacing fossil energy and the lower use of energy where the two main causes

VERIFY is a research project funded by the European Commission under the H2020 program. Grant Agreement
number 776810.
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of decreases in emissions. The study also showed that countries that had more climate and energy
policies in place also had larger cuts in emissions.

The fuel mix of the EU27’s fossil CO, emissions has also changed through time and is characterized
by the substitution of coal emissions with natural gas emissions, which share electricity and heat
production as their dominant fuel usage sector. Since the 1990s, EU27 emissions of CO, from coal
have fallen steadily alongside increased CO; emissions from natural gas (

In 2020, emissions of fossil CO> fell more sharply in the EU27 (-11.3%) than at the global level in
response to the COVID-19 pandemic. This chiefly relates to the large contribution of the transport
sector to total emissions in EU27 nations; emissions from the transport sector were impacted
more strongly than other sectors due to the disproportionate effect of policies on mobility.

The departure of the UK from the European Union impacts the contribution of the EU to global
CO2 emissions. EU27 emissions were 19% lower than in the former EU28 (EU27+UK) in the 1960s,
14% lower in the 1990s, 12% lower in the 2010s and 11% lower in 2019 (Table 1). The difference
between EU27 and former EU28 emissions declined throughout the time series as the UK’s share
of EU28 emissions fell.

VERIFY is a research project funded by the European Commission under the H2020 program. Grant Agreement
number 776810.
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Table 2; Figure 13). In the 1980s, emissions from coal in the EU27 were a factor of 3.4 greater
than emissions from natural gas, whereas this factor fell to 1.3 in the period 2010s. In 2019,
emissions from coal fell by unprecedented 18% and emissions from coal fell below those from
natural gas for the first time. Overall, the EU27 is moving away from coal and toward natural gas
as it reduces its total fossil CO, emissions and its contribution to global fossil CO2 emissions.

Emissions of CO; from oil, whose predominant use is in the transport sector, peaked in the 1970s,
were stable in the 1980s and 1990s, fell in mid-2000s to the late-2000s to early-2010s and reached
a new stable level in recent years (Figure 13). Cement emissions make a small contribution to the
EU27s fossil CO, emissions and show no clear trend.

The EU27’s fuel mix trajectory differs from that of other nations and country groupings, and thus
its contribution to global fossil CO, emissions from specific sources has also varied in time (Table
2; Figure 14). The EU27 contributed 7% of global CO, emissions from natural gas in the 1960s,
which rose to around 16% in the 1970s-1990s and subsequently fell to 11% in the period 2010-
2019. On the other hand, emissions of CO, from coal and oil fell steadily from 31% and 20%,
respectively, in the 1960s to 5% and 11%, respectively, in the period 2010-2019 (Table 2; Figure
14). Overall, the EU27 contributes more toward CO; emissions from natural gas than it did in the
mid-to-late 20t Century, but less towards emissions from coal and oil.

In 2020, emissions of fossil CO; fell more sharply in the EU27 (-11.3%) than at the global level in
response to the COVID-19 pandemic. This chiefly relates to the large contribution of the transport
sector to total emissions in EU27 nations; emissions from the transport sector were impacted
more strongly than other sectors due to the disproportionate effect of policies on mobility.

The departure of the UK from the European Union impacts the contribution of the EU to global
CO; emissions. EU27 emissions were 19% lower than in the former EU28 (EU27+UK) in the 1960s,
14% lower in the 1990s, 12% lower in the 2010s and 11% lower in 2019 (Table 1). The difference
between EU27 and former EU28 emissions declined throughout the time series as the UK’s share
of EU28 emissions fell.

VERIFY is a research project funded by the European Commission under the H2020 program. Grant Agreement
number 776810.
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Table 2: The contribution of Europe and the EU27 to carbon emissions from each major source of fossil CO,.
Based on data published in Friedlingstein et al. (2020a).

Global
EU27
%

Global
EU27
%

Global
EU27
%

Global
EU27
%

Global
EU27
%

Mean (GtCO, yr') GtCO, yr' |
1960s 1970s 1980s 1990s 2000s 2010s Year 2019
TOTAL
10.8 16.7 19.6 22.8 27.7 34.0 35.2
2.6 3.7 3.8 3.7 3.7 3.2 2.9
24.0 22.1 19.5 16.2 13.3 9.3 8.3
COAL
5.2 6.1 7.9 8.7 1.1 14.6 14.4
1.6 1.5 1.7 .4 1.2 1.0 0.7
30.8 24.6 21.2 15.8 10.9 6.8 5.1
OIL
4.0 7.7 8.1 8.9 9.9 10.6 1.1
0.8 1.7 1.6 1.5 1.5 1.3 1.3
20.1 22.5 19.2 17.2 15.4 12.0 1.4
GAS
1.2 2.2 3.0 42 5.3 6.8 7.6
0.1 0.4 0.5 0.6 0.8 0.8 0.8
7.1 15.7 16.3 14.9 15.0 11.2 10.2
CEMENT

0.2 0.3 0.4 0.6 0.9 1.4 1.6
0.1 0.1 0.1 0.1 0.1 0.1 0.1
34.2 31.7 23.8 5.1 10.2 5.1 4.7

VERIFY is a research project funded by the European Commission under the H2020 program. Grant Agreement

number 776810.
24



15/01/2020
WP7_Task7.2

VERIFY
VERIFY_D7.2_Report on EU contribution to the Global Budgets for GHG_v3

16 Gt Annual Fossil CO, Emissions and 2020 Projections

COQ Projected global emissions growth: -6.7% Projected Gt CO, in 2020

Y All others 14.3
VW 7.4%

12

4 . J”. N o T— e ot
: el T Mo, EU2726
- =y ¥ 11.2%
o - - India 2.4
= ¥ 9.1%

S

—
s —
O g Tt e e — I

1960 1970 1980 1990 2000 2010 2020

projected

Figure 12: Global fossil CO, emissions are projected to decline by about 7% in 2020, based on the median of
four different estimates. The EU27 contribution to global fossil CO, emissions was 24% in the 1960s, 9% in
the 2010s, and 8% in 2019. Figure by Robbie Andrew adapted from Friedlingstein et al. (2020a).
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b

Figure 13: Emissions in the EU27 see sharp declines in both oil and coal due to the pandemic, with less
effect seen for natural gas. Figure by Robbie Andrew adapted from Friedlingstein et al. (2020a).
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Figure 14: The EU27 contribution to total emissions of fossil CO, and emissions from individual fossil CO;
sources, excluding international bunkers. Based on data from Friedlingstein et al. (2020a).

3.5.1. Emissions Per Capita

In 2019, the average per-capita emissions of CO, of the EU27 (6.6 t CO; per capita per year) lies
around 40% above the global average (4.7 t CO; per capita per year). EU27 per-capita emissions
peaked in 1980 at 10 t CO; per year and have since trended downwards at a steady rate (Figure
15). The global average per-capita emission of CO, shows only a small positive trend since the
2000s, despite noteworthy increases in per-capita emissions in China and India. Reductions in
per-capita emissions from the EU have partially offset the increased per-capita emissions from
China and India, but to a lesser than extent than the larger reductions in per-capita emissions
observed in the USA (Figure 15).

VERIFY is a research project funded by the European Commission under the H2020 program. Grant Agreement
number 776810.
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Figure 15: Countries have a broad range of per capita emissions reflecting their national circumstances.
Figure by Robbie Andrew adapted from Friedlingstein et al. (2020a).

3.5.2. Consumption-based Emissions

Consumption-based emissions estimates account for the CO, emissions embodied in the goods
and services that are traded between nations or country groupings (Figure 16). Along with the
USA and other developed Organisation for Economic Co-operation and Development (OECD)
nations, the EU27 is a net importer of embodied CO; emissions (Figure 17). Estimates made as
part of the global carbon budget suggest that the EU imported 0.47 Gt CO; per year in the most
recent decade for which data is available (2009-2018), which represents a 15% addition to the 3.2
Gt CO; per year emitted within the EU27 territory during the same period. Total consumption-
based emissions from the EU27 in the period 2009-2018 averaged 3.7 Gt CO; per year.

VERIFY is a research project funded by the European Commission under the H2020 program. Grant Agreement
number 776810.
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Figure 16: Flows from location of generation of emissions to location of consumption of goods and services.
Figure by Robbie Andrew adapted from Friedlingstein et al. (2020a) and based on the approach of Peters et
al. (2011).
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Figure 17: Allocating fossil CO, emissions to consumption provides an alternative perspective on emissions
from (top panel) OECD and non-OECD nations and (bottom panel) selected nations or country groupings.
Figure by Robbie Andrew adapted from Friedlingstein et al. (2020a).
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3.6.1. Cumulative Historical Emissions

Historical emissions are one indicator of the share of ‘responsibility’ of nations or regions for the
anthropogenic perturbation of the carbon cycle. As the EU27 continued to reduce its share of
global fossil CO; emissions in the past half-century (Figure 14), its share of cumulative emissions
since 1850 fell (Figure 18). In 1960, around 27% of cumulative fossil CO, emissions related to
historical emissions from the EU27, whereas by 2019 its share had reduced substantially (17%).
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100%

80%

United Kingdom

Japan

° Russia

60% India

EU27
40%

USA
20%

China

0%

1850 1900 1950 2000 2019
@®Global Carbon Project ¢ Data: CDIAC/UNFCCC/BP/USGS
Figure 18: Cumulative fossil CO, emissions were distributed (1850-2019): USA 25%, EU27 17%, China 13%,

Russia 7%, UK 5%, Japan 4% and India 3%. Figure by Robbie Andrew adapted from Friedlingstein et al.
(2020a).

VERIFY is a research project funded by the European Commission under the H2020 program. Grant Agreement
number 776810.

30



. 15/01/2020
VERIEY WP7_Task7.2
~ VERIFY_D7.2_Report on EU contribution to the Global Budgets for GHG_v3

4. The Global Methane Budget (CH,)

The data presented in this section is based on the global methane budget assessment for the
years 2000-2017, completed by Saunois et al. (2020). The article is referenced as follows:

Saunois, M., Stavert, A. R., Poulter, B., Bousquet, P., Canadell, J. G., Jackson, R. B., Raymond, P.
A., Dlugokencky, E. J., Houweling, S., Patra, P. K., Ciais, P., Arora, V. K., Bastviken, D.,
Bergamaschi, P., Blake, D. R., Brailsford, G., Bruhwiler, L., Carlson, K. M., Carrol, M.,
Castaldi, S., Chandra, N., Crevaoisier, C., Crill, P. M., Covey, K., Curry, C. L., Etiope, G.,
Frankenberg, C., Gedney, N., Hegglin, M. |., Hoglund-Isaksson, L., Hugelius, G., Ishizawa,
M., Ito, A., Janssens-Maenhout, G., Jensen, K. M., Joos, F., Kleinen, T., Krummel, P. B,,
Langenfelds, R. L., Laruelle, G. G., Liu, L., Machida, T., Maksyutov, S., McDonald, K. C,,
McNorton, J., Miller, P. A., Melton, J. R., Morino, |., Miller, J., Murguia-Flores, F., Naik, V.,
Niwa, Y., Noce, S., O’'Doherty, S., Parker, R. J., Peng, C., Peng, S., Peters, G. P., Prigent, C.,
Prinn, R., Ramonet, M., Regnier, P., Riley, W. J., Rosentreter, J. A., Segers, A., Simpson, .
J., Shi, H., Smith, S. J., Steele, L. P., Thornton, B. F., Tian, H., Tohjima, Y., Tubiello, F. N.,
Tsuruta, A., Viovy, N., Voulgarakis, A., Weber, T. S., van Weele, M., van der Werf, G. R,,
Weiss, R. F., Worthy, D., Wunch, D., Yin, Y., Yoshida, Y., Zhang, W., Zhang, Z., Zhao, Y.,
Zheng, B., Zhu, Q., Zhu, Q. and Zhuang, Q.: The Global Methane Budget 2000-2017, Earth
Syst. Sci. Data, 12(3), 1561-1623, doi:10.5194/essd-12-1561-2020, 2020.

The analysis of the European contribution to global methane emissions, presented here, was by
regional emissions data from the earlier global methane budget assessment for the years 2000-
2012,

completed by Saunois et al. (2016). This supporting article is referenced as follows:

Saunois, M., Bousquet, P., Poulter, B., Peregon, A., Ciais, P., Canadell, J. G., Dlugokencky, E. J.,
Etiope, G., Bastviken, D., Houweling, S., Janssens-Maenhout, G., Tubiello, F. N., Castaldi,
S., Jackson, R. B., Alexe, M., Arora, V. K., Beerling, D. J., Bergamaschi, P., Blake, D. R,,
Brailsford, G., Brovkin, V., Bruhwiler, L., Crevoisier, C., Crill, P., Covey, K., Curry, C,
Frankenberg, C., Gedney, N., Hoglund-Isaksson, L., Ishizawa, M., Ito, A., Joos, F., Kim, H. S,,
Kleinen, T., Krummel, P., Lamarque, J. F., Langenfelds, R., Locatelli, R., Machida, T.,
Maksyutov, S., McDonald, K. C., Marshall, J., Melton, J. R., Morino, 1., Naik, V., O’Doherty,
S., Parmentier, F. J. W., Patra, P. K., Peng, C,, Peng, S., Peters, G. P., Pison, |, Prigent, C.,
Prinn, R., Ramonet, M., Riley, W. J., Saito, M., Santini, M., Schroeder, R., Simpson, I. J.,
Spahni, R., Steele, P., Takizawa, A., Thornton, B. F., Tian, H., Tohjima, Y., Viovy, N.,
Voulgarakis, A., Van Weele, M., Van Der Werf, G. R., Weiss, R., Wiedinmyer, C., Wilton, D.
J., Wiltshire, A., Worthy, D., Wunch, D., Xu, X., Yoshida, Y., Zhang, B., Zhang, Z. and Zhu,
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The aim of the global methane budget is to disentangle the drivers of rising atmospheric CHs
concentrations, which are reasonably well constrained (Figure 19), by quantifying both natural
and anthropogenic sources and sinks of atmospheric CHa4 (Figure 20) which include:

e Natural emissions from: natural wetlands; other inland waters; wild animals, wildfires;
termites; terrestrial geological sources; terrestrial permafrost and hydrates; vegetation;
oceanic geological sources; biogenic oceanic sources.

e Anthropogenic emissions from: agriculture and waste; fossil fuel extraction, combustion
and use, and; biomass fires and biofuel combustion.

e Sinks driven by chemical reactions in the atmosphere (tropospheric OH
oxidation; stratospheric loss; tropospheric reaction with Cl) and soil uptake of CHa.

Fluxes associated with each of the listed sub-categories are estimated by reviewing multiple
estimates from a range of available bottom-up datasets. The bottom-up datasets use a range
of methodologies, including process-based models, inventories and data-driven approaches, as
described by Saunois et al. (2020). The global flux estimates deriving from bottom-up analysis are
also compared with top-down sector-based estimates from inversion models, which utilise
measurements of atmospheric CHs concentrations, reanalysis products that represent
atmospheric dynamics, models of atmospheric chemistry, and prior constraints on emissions and
sinks to quantify CHs fluxes occurring at the surface. The bottom-up and top-down approaches
used to construct the global methane budget are summarised below.
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Figure 19: (Top panel) Globally averaged atmospheric CH4 concentrations (ppb) and (Bottom panel) its
annual growth rate (ppb yr-1).
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Figure 20: Global Methane Budget for the 2008-2017 decade. Both bottom-up (left) and top-down (right)
estimates are provided for each emission and sink category in Tg CH, yr%, as well as for total emissions and
total sinks.

4.1. Summary of the Bottom-up and Top-down Estimation Approaches

Saunois et al. (2020) provide the following summary of their bottom-up and top-down estimation
approaches. The reader is directed to Saunois et al. (2020) for further information regarding the
approach to flux estimation for specific sectors and CHa4 sources.

Bottom-up estimates of methane emissions for some processes are derived from models (e.g.,
biogeochemical models for wetlands, models for termites), inventories (agriculture and waste
emissions, fossil fuel emissions, biomass and biofuel burning emissions), satellite based products
(large scale biomass burning), or observation based upscaling for other sources (e.g., inland
water, geological sources). From these bottom- up approaches, it is possible to provide estimates
for more detailed source categories within each main emissions category. However, the total
methane emission derived from the combination of independent bottom-up estimates is
unconstrained.

For the atmospheric inversion (top-down) approach the situation is different. Atmospheric
observations provide a constraint on the global source, given a fairly strong constraint on the
global sink derived from methyl chloroform. The inversions reported in this work solve either for
a total methane flux, or for a limited number of flux categories. In most of the inverse system the
atmospheric oxidant concentrations are prescribed and thus the atmospheric sink is not solved.
Indeed, the assimilation of CH4 observations alone, as reported in this synthesis, can help to
separate sources with different locations or temporal variations but cannot fully separate
individual sources as they often overlap in space and time in some regions. Global and regional
methane emissions per source category were obtained directly from the gridded optimized
fluxes, wherever an inversion had solved for the relevant five main emissions categories.
Alternatively, if the inversion solved for total emissions (or for different categories other than the
five main emissions categories), then the prior contribution of each source category at the spatial
resolution of the inversion was scaled by the ratio of the total (or embedding category) optimized
flux divided by the total (or embedding category) prior flux. The soil uptake was provided
separately in order to report total gross surface emissions instead of net fluxes (sources minus
soil uptake). In summary, bottom-up models and inventories are presented for all source
processes and for the five main categories defined above globally. Top-down inversions are
reported globally only for the five main emission categories.

The major sink for atmospheric CHs is oxidation by the hydroxyl radical (OH), mostly in the
troposphere. Other losses are by photochemistry in the stratosphere (reactions with chlorine
atoms (Cl) and atomic oxygen (O('D)), oxidation in soils, and by photochemistry in the marine
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boundary layer (reaction with Cl). All the inverse models contributing to the top-down estimate
account for CH4 oxidation by OH and O(D), and some include stratospheric chlorine oxidation. In
addition, most of the top-down models use OH distribution, a proxy for CHs chemical removal,
which substantially reduces uncertainties. Half of the top-down models use the climatological soil
uptake magnitude and distribution (37-38 Tg CHa4 yr-1), while half of the models use an estimate
from the biogeochemical model VISIT, which calculates varying uptake between 31 and 38 Tg CH4
yr! over the 2000-2017 period.

Bottom-up estimates for methane chemical sinks and lifetime are based on climatological values
for from the global models contributing to the Climate Chemistry Model Initiative (CCMI). These
are not used extensively for interpretation and analysis and are not discussed further below.

4.2. Anthropogenic Emissions

Total anthropogenic emissions of CHs were estimated to be 366 (348-392) or 357 (334-375) Tg
CH4 per year in the period 2008-2017, according to the bottom-up and top-down methods,
respectively (

Table 3). Close agreement was observed between the methods, both for the total anthropogenic
emissions estimates and the emissions estimates for individual sectors (

Table 3).

The largest source of anthropogenic CHs is the agriculture and waste sector, which includes the
enteric fermentation by ruminant livestock, the use of manure, rice cultivation, landfill and
wastewater processing (

Table 3). 56-61% of CH4 emissions derive from the agriculture and waste sector (according to both
bottom-up and top-down methods), including 30% from livestock and manure use (as estimated
by the bottom-up method only). Emission from fossil fuel extraction, combustion and other use
were the second largest source, responsible for around 31-35% of total anthropogenic CHa4. The
smallest component of global anthropogenic CHs4 emissions is biomass and biofuel combustion
(8% according to both bottom-up and top-down methods).

4.3. Natural Emissions

The bottom-up estimates for natural CHs emissions was 371 (245-488) Tg CH4 per year in the
period 2008-2017, substantially greater than the equivalent top-down estimate of 218 (183-248)
Tg CH4 per year. According to the median and range of the bottom-up estimates, natural CHa
emissions are of approximately equal magnitude to those of anthropogenic CHa4. On the other
hand, no top-down estimate for natural CHs emissions estimates exceeds the lowest top-down
estimate for anthropogenic CH4 emissions.
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Saunois et al. (2020) concluded that the discrepancy between bottom-up and top-down estimates
exists principally because of larger bottom-up estimates for emissions from natural wetlands,
other inland water systems, and geological sources. The strength of the atmospheric constraints
on the top-down budget indicates a likely overestimation of bottom-up emissions.

Table 3: Global methane source and sinks in Tg CH4 yr from Saunois et al. (2020), derived from bottom-up
(BU) and top-down (TD) approaches. Uncertainties are reported as the range of estimates.

2000-2009 2008-2017 2017 |
BU TD BU TD BU D
Total 369 215 371 218 367 232
ota 245-485 176-243 | 245-488 | 183-248 | 243-489 | 194-267
N | Wetland 147 180 149 181 145 194
Natural Sources atural Wetlands 102-179 153-196 | 102-182 | 159-200 | 100-183 & 155-217
Other Natural Sources 222 35 222 37 222 39
143-306 21-47 143-306 | 21-50 143-306 | 21-50
. . 13
of which oceanic 922
Total 334 331 366 357 378 362
325-357 310-346 | 348-392 | 334-375 | 357-404 | 339-379
Agriculture and Waste 192 202 206 217 213 221
178-206 198-219 | 191-223 | 207-240 | 198-232 | 205-246
. . 104 111 115
of which livestock & manure 93-109 106-116 110121
. ) 60 65 68
of which landfill & waste 5563 60-69 6471
Anthropogenic Sources | Fossil Fuels 110 101 128 111 135 108
94-129 71-151 113-154 | 81-131 121-164 | 91-121
of which coal mining 32 42 a4
24-42 29-61 31-63
. . 73 80 84
of which oil & gas 60-85 68-92 7297
Biomass and Biofuels 31 29 30 30 29 28
26-46 23-35 26-40 22-36 24-38 25-32
. . 12 12 13
of which biofuels 914 10-14 10-14
All Chemical Loss 595 505 596 518 595 531
489-749 459-516 | 489-749 | 474-532 | 489-749 | 502-540
. . . 553
Sinks of which tropospheric OH 176677
Soil Uptake 30 34 30 38 30 40
11-49 27-41 11-49 27-45 11-49 37-47
All Sources 703 547 737 576 747 596
566-842 524-560 | 594-881 @ 550-594 | 602-896 @572-614
All Sinks 625 540 625 556 625 571
500-798 486-556 | 500-798 | 501-574 @ 500-798 | 540-585
Sources-Sinks 78 3 112 13 120 12
-10 - 38 0-49 0-41
. 6 18 17
Atmospheric Growth 5.7 17-19 14-20
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4.4. Sinks

The total sink of atmospheric CHs was estimated to be 556 (501-574) Tg CHa4 per year by the top-
down method in the period 2008-2017. According to the top-down approach, 93% of the total
loss occurred through chemical removal in the atmosphere while 7% occurred through soil uptake
of CHa.

The top-down estimates for the total CHs sources and sinks indicate that the majority of CHa
emissions are countered by sinks. The atmospheric growth of CHs amounts to 13 Tg CH4 per year,
and hence 3% of the CH4 emitted annually remains in the atmosphere as CHa.

According to the bottom-up approach, the total sinks and sources are severly unblanced and
cannot provide a reliable approximation of atmospheric growth in CHg, as in the case of top-down
estimates. The budget imbalance (total sources — total sinks) is 112 Tg CHa per year during 2008-
2017, a factor of 6 greater than the observed global increase in atmospheric CHs4 concentrations
during the period (18 Tg CH4 per year). As natural emissions are overestimated and inconsistent
with constraints from atmospheric CHs measurements, bottom-up estimates of atmospheric
growth in CHs are considered unreliable.

4.5. European Contribution to Global Methane Emissions

Saunois et al. (2020) did not provide regional estimates for CHs emissions in the second iteration
of the global methane budget, however the European contribution to CHs4 emissions in the 2003-
2012 period assessed in the first iteration of the global methane budget remains insightful
(Saunois et al., 2016). Stavert et al. (in prep.) will provide updated regional estimates for the 2008-
2017 period (e.g. for the EU27).

Please note that Saunois et al. (2016) define ‘Europe’ as the EU27 plus the UK, Norway,
Switzerland, Bosnia and Herzogovina, Montenegro, Albania, and North Macedonia (see Figure
21).

According to the central top-down estimates presented by Saunois et al. (2016), European
emissions amounted to 28 Tg CHa4 per year in the period 2003-2012 (5% of the global total for the
same period; Table 4). Central top-down estimates indicate low natural emissions in Europe (3 Tg
CHa per year or 1% of global natural emissions). Central top-down and bottom-up estimates of
anthropogenic CHa4 emissions were similar (24 and 25 Tg CHa per year, respectively) and suggest
that Europe contributes 7% towards global anthropogenic methane emissions. The largest
anthropogenic emissions sector in Europe was the agriculture and waste sector (16-18 Tg CHa
year). Europe contributed a slightly larger fraction of global emissions from agriculture and waste
(8-9% of the global total), especially emissions from livestock and manure and from landfill and
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waste (10% and 12%, respectively). Hence agriculture and waste emissions represented a greater
fraction of European CHs emissions (66-74%) than global CHs emissions (58-59%).

Methane emissions (TgCH,.yr)
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Figure 21: (Top panel) Methane global emissions from the
five broad categories for the 2003-2012 decade for top-
down in- versions models (left light-coloured boxplots) in
TgCH4 yr—! and for bottom-up models and inventories
(right dark-coloured box plots). Median value, and first
and third quartiles are presented in the boxes. The
whiskers represent the minimum and maximum values
when suspected outliers are removed. (Bottom panel)
Regional CH4 budget in Tg CH4 yr— per category (same as
for top panel) and map of the 14 continental regions
considered. The CH; emissions are given for the five
categories from left to right (wetlands, biomass burning,
fossil fuels, agriculture and waste, and other natural). Top-
down estimates are given by the right dark-coloured boxes
and bottom-up estimates by the left light-coloured boxes.
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Table 4: European contribution to global methane emissions by source type in Tg CH; yr! from Saunois et
al. (2016) using bottom-up (BU) and top-down (TD) approaches. Uncertainties are reported as the range of
reported estimates. Differences of 1 Tg CH4 yr! in the totals can occur due to rounding errors.

2003-2012
BU TD
204
Natural Sources Global 182-296
Europe 3 (1%)
333 345
Total Global 355 340 259-370
Europe 24 (7%) 25 (7%)
. 198 201
farieulture & Global 178 206 115-243
Europe 18 (9%) 16 (8%)
Anthropogenic of which livestock | Global 107
97-111
Sources & manure
of which landfill & | Global 22
52-63
waste
118 112
Fossil Fuels Global 114-133 77-133
Europe 6 (5%) 7 (7%)
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VERIFY
of which coal Global
mining
of which oil, gas & Global
industry
Biomass & Global
Biofuels
Europe
of which biofuels | P2
All Sources Global
Europe

44
26-50

80
69-88

30
24-35
1 (4%)
12
10-14

34
15-55
1 (2%)

555
533-568
28 (5%)
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5. The Global Nitrous Oxide Budget (N,O)

The data presented in this section is based on the global methane budget assessment for the
years 1980-2016, completed by Tian et al. (2020). The article is referenced as follows:

Tian, H., Xu, R., Canadell, J. G., Thompson, R. L., Winiwarter, W., Suntharalingam, P., Davidson,
E. A., Ciais, P., Jackson, R. B., Janssens-Maenhout, G., Prather, M. J., Regnier, P., Pan, N.,
Pan, S., Peters, G. P., Shi, H., Tubiello, F. N., Zaehle, S., Zhou, F., Arneth, A., Battaglia, G.,
Berthet, S., Bopp, L., Bouwman, A. F., Buitenhuis, E. T., Chang, J., Chipperfield, M. P.,
Dangal, S. R. S., Dlugokencky, E., Elkins, J. W., Eyre, B. D., Fu, B., Hall, B., Ito, A., Joos, F.,
Krummel, P. B., Landolfi, A., Laruelle, G. G., Lauerwald, R,, Li, W,, Lienert, S., Maavara, T.,
MaclLeod, M., Millet, D. B., Olin, S., Patra, P. K., Prinn, R. G., Raymond, P. A, Ruiz, D. J., van
der Werf, G. R., Vuichard, N., Wang, J., Weiss, R. F., Wells, K. C., Wilson, C., Yang, J. and Yao,
Y.: A comprehensive quantification of global nitrous oxide sources and sinks, Nature,
586(7828), 248-256, d0i:10.1038/s41586-020-2780-0, 2020.

The aim of the global nitrous oxide budget is to disentangle the drivers of rising atmospheric N,O
concentrations, which are reasonably well constrained (Figure 19), by quantifying both natural
and anthropogenic sources and sinks of atmospheric N2O (Figure 20) which include:

e Natural emissions from soils, inland waterways and the global oceans, as well as
production in the atmosphere in particular by lightning flashes.

e Anthropogenic emissions from agriculture, fossil fuel use, waste and waste water,
biomass burning, perturbed emissions from inland waterways and the global oceans due
to nitrogen additions, and perturbed emissions due to responses of the Earth System to
climate, CO; and land use change.

e Sinks driven by chemical reactions in the atmosphere (losses via photolysis and reaction
with electronically excited atomic oxygen), and also by soil uptake.

Fluxes associated with each of the listed sub-categories are estimated by blending multiple
estimates based on bottom-up and top-down approaches (see section 5.1 for an overview of the
principles of each approach). Detailed (sub-categorised) estimates of natural and anthropogenic
emisisons derive from bottom-up methods, while inversion models provide additional estimate
for coarser emission categories and are used for validation. Meanwhile, the sinks are estimated
principally by top-down approaches, though observation- and process model- based methods are
also included where possible. Overall, the global N2O budget strives to make the best use of
available observations, inventories process model outputs and inversion models to provide the
most complete and comprehensive budget that is possible at the current time.

VERIFY is a research project funded by the European Commission under the H2020 program. Grant Agreement
number 776810.

41



15/01/2020
VERIFY WP7 _Task7.2
VERIFY_D7.2_Report on EU contribution to the Global Budgets for GHG_v3

GLOBAL N;O BUDGET
Mm a A

4
. e o el
as |
' . e
. b s 2O
‘ VU tae Law s AR VT SEPRe
" a5
o

Figure 22: Global Nitrous Oxide Budget for the 2007-2016 decade. The overall budget represents a synthesis
of bottom-up and top-down approaches, with coarser information from top-down and more detailed (sub-
categorised) estrimates deriving mostly from bottom-up approaches. Top-down and bottom-up estimates
are in good agreement on the magnitude of the top-level fluxes within their respective uncertainty ranges.
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Table 5: Global nitrous oxide sources and sinks in Tg N yr! from Tian et al. (2020), derived from a
combination of bottom-up (BU) and top-down (TD) approaches. Uncertainties are reported as the range of

estimates.
1980s 1990s 2000s 2007-2016
BU BU BU D BU D
Total 5.6 6.2 6.7 7.3
3.6-8.7 3.9-9.7 4.1-10.3 4.2-11.4
Agriculture (soil 2.6 3 3.4 3.8
emissions, manure
use and management, 1.8-4.1 2.1-4.8 2.3-5.2 2.5-58
aquaculture)
Fossil fuels and 0.9 0.9 0.9 1
industry 0.8-1.1 0.9-1.0 0.8-1.9 0.8-1.1
. Waste and waste water 0.2 0.3 0.3 0.3
Anthropogenic 0.1-0.3 0.2-0.4 0.2-0.4 0.2-0.5
Sources (BU) Bi burni 0.7 0.7 0.6 0.6
'omass burning 0.7-0.7 0.6-0.7 0.6-0.6 0.5-0.8
Perturbation of natural | 1.1 1.2 1.2 1.3
processes by nitrogen
deposition on land and | 0.6-1.9 0.7-2.1 0.6-2.1 0.7-2.2
oceans
Pertubation of natural 0.1 0.1 0.2 0.2
processes by CO2,
climate, and land use -0.4-0.7 -0.5-0.7 -0.4-0.9 -06-1.1
change
Total 9.9 9.8 9.8 9.7
8.5-12.2 8.3-12.1 8.2-12.0 8.0-12.0
Soils 5.6 5.6 5.6 5.6
4.9-6.6 4.9-6.5 5.0-6.5 4.9-6.5
Natural Oceans 3.6 3.5 3.5 3.4
Sources (BU) 3.0-4.4 2.8-4.4 2.7-4.3 2.5-4.3
Inland Waters, 0.3 0.3 0.3 0.3
Estuaries, Coasts 0.3-0.4 0.3-0.4 0.3-0.4 0.3-0.4
Ligntning / 0.4 0.4 0.4 0.4
atmospheric
production 0.2-1.2 0.2-1.2 0.2-1.2 0.2-1.2
Atmospheric Sink (BU 13.3 12.1 135 12.4
Sinks & TD) 12.2-14.4 11.4-13.1 12.4-14.6 11.7-13.3
face Sink (BU) <<0.1 <<0.1
Surface 03-0 03-0
15.5 15.9 16.4 15.9 17 16.9
All Sources (BU & TD) 12.1-20.9 | 12.221.7 | 12.3-22.4 | 151-169 | 12.2235 | 15.9-17.7
All Sinks 13.3 12.1 13.5 12.4
12.2-14.4 11.4-13.1 12.4-14.6 11.7-13.3
Sources - Sinks 31 3.8 35 4.5
-1.1-9.2 0.2-10.7 | -1.4-9 -0.1-10.4
Observed Atmospheric Growth 3.7 4.3
3.2-4.2 3.8-4.8

5.1. Anthropogenic Emissions

Total anthropogenic emissions of N2O were estimated to be 7.3 (4.2-11.4) Tg N per year in the
period 2007-2016 according to bottom-up methods (Table 5). Close agreement was observed
between the bottom-up and top-down methods for the total sources (Table 5). Top-down
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approaches did not provide specific estimates for anthropogenic and natural emissions and so it
is not possible to make a more detailed comparison at this time.

The largest source of anthropogenic N2O is the agriculture sector, which includes direct emission
from agricultural soils, manure left on pastures, manure management and use as a fertiliser, and
aquaculture (

Table 3). 52% of global N,O emissions derive from agriculture, followed by the perturbation of
natural processes by nitrogen deposition to land and ocean surfaces (18%) and direct emissions
from fossil fuel and industry (14%). The smallest component of global anthropogenic N,O
emissions is the perturbation of natural processes by increases in atmospheric CO3, changes in
climate and changes in land use.

5.2. Natural Emissions

The bottom-up estimates for natural N,O emissions was 9.7 (8.0-12.0) Tg N per year in the period
2007-2016. According to the median and range of the bottom-up estimates, natural N,O
emissions marginally exceed anthropogenic N,O emissions, accounting for 57% of total emissions.
The largest natural source of N0 is natural emission from soils, which accounts for 58% of total
natural N2O emissions (

Table 3). Natural emission from oceans follows (35%), while production in the atmosphere by
lightning flashes and inland waterways make up small fractions (<5%).

The top-down method does not distinguish between anthropogenic and natural sources of N,O.
However, the top-down estimate for total emissions of 16.9 (15.9-17.7) Tg N per year is in good
agreement with the bottom-up estimate for total emissions of 17.0 (12.2-23.5) Tg N per year.

5.3. Sinks

The total sink of atmospheric NoO was estimated to be 13.5 (12.4-14.6) Tg N per year or 12.4
(11.7-13.3) Tg N per year in the period 2007-2016, according to the bottom-up and top-down
methods, respectively. Hence, there is an approximate agreement between the two approaches
on the magnitude of the total sinks. The sink occurs almost exclusively in the atmosphere via
photolysis and reaction with electronically excited atomic oxygen, with soil uptake representing
a small (at most 0.3) component of the total sinks according to bottom-up methods.

Both bottom-up and top-down estimates for the total N,O sources and sinks indicate that a large
portion of N,O emissions remain in the atmosphere and are not countered by sinks. The observed
atmospheric growth of N,O amounts to 4.3 (3.8-4.8) Tg N per year, equivalent to ~25% of the N,O
emitted annually, remains in the atmosphere. Based on the imbalance of accountable sinks and
sources, the bottom-up method indicates an atmospheric growth of 3.5 (-1.4 —9) Tg N per year
and the top-down method indicates an atmospheric growth of 4.5 (-0.1 — 10.4) Tg N per year, or
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21-26% of the total sources. Hence, both bottom-up and top-down assessments of the N,O sinks
and sources reconcile approximately with observed growth in atmospheric N,O concentrations.

5.4. European Contribution

The data presented in the first edition of the global nitrous oxide budget (Tian et al. 2020) allow
for the European contribution to anthropogenic emissions from select sectors (see Figure 23)
based on bottom-up methods. The top-down methods have not yet provided individual estimates
of anthropogenic and natural N;O emissions and so cannot be used to assess the European
anthropogenic contribution to N;O emissions.

Please note that Tian et al. (2020) define ‘Europe’ as the EU27 plus the UK, Norway, Switzerland,
Bosnia and Herzogovina, Montenegro, Albania, and North Macedonia (see Figure 23).

Tian et al. (2020) estimated the European anthropogenic emissions of N,O for the most significant
sector, agriculture, which contributed to around half of global anthropogenic emissions. In
Europe, emissions from agriculture amounted to 0.5 (0.3-0.8) Tg N per year or 14% of global
emission for the sector (Tian et al., 2020; Figure 23).

Tian et al. (2020) also reported European emissions from the remaining direct emission sectors —
that is, the sectors in which emissions can be meaningfully deemed attributed to human activities
within a region rather than resulting from processes that are global or cross-regional in nature
(for example, the indirect emissions of N2O in Europe that are caused by perturbed climate and
CO2 cannot be exclusively attributed to European activities). The European emissions of N,O from
other direct anthropogenic sources (the sum of emissions from fossil fuels, industry, waste and
waste water, and biomass burning) amounted to 0.2 (0.1-0.3) Tg N per year or 11% of the global
emissions from these sectors. Summing all direct anthropogenic N2O emissions within Europe
gives a total of 0.7 (0.4-1.0) Tg N per year, or 13% of global direct anthropogenic N.O emissions.

Future iterations of the global nitrous oxide budget are likely to contain more detailed analysis
of the regionality of emissions for more specific sectors, and top-down estimates are also likely
to emerge.
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Figure 23: Nitrous oxide emissions by region for select sectors, from Tian et al. (2020). As seen at the global
scale, around 50% European anthropogenic N>O emissions related to agriculture.
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Table 6: European contribution to global methane emissions by source type in Tg N yr'! based on Tian et al.
(2020) using a bottom-up (BU) approach. Uncertainties are reported as the range of reported estimates.

Total

Agriculture (soil emissions,
manure use and management,
aquaculture)

Anthropogenic
Sources (BU)

Other direct emissions (Fossil
fuels and industry + Waste and
waste water + Biomass burning)

Global

Europe

Global

Europe

Global

Europe

2007-2016
7.3
4.2-11.4
0.7
0.4-1.0
13%

3.8
2.5-5.8
0.5
0.3-0.8
14%

1.9
1.7-2.2
0.2
0.1-0.3
11%
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6.3. Deliverables

This deliverable updates H2020 VERIFY deliverable 7.1 (Jones and Le Quéré, 2020a). H2020 CHE
deliverable 1.3 compares top-down and bottom-up estimates of CO, emissions in greater depth
(Jones et al., 2021). H2020 VERIFY deliverable D7.4 (Jones and Le Quéré, 2020b) further assessed
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the contribution of the EU27 emissions to global radiative forcing from CO; and CH4, providing
further context regarding the modern and historical responsibility of the European contribution
to modern climate change.
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7. Conclusions

This deliverable has summarized the latest outputs from the Global Carbon Project’s analysis of
the global carbon budget and the global methane budget. It synthesizes the latest understanding
of each budget and constrains the EU27 contribution to anthropogenic emissions of CO,, CHs and
N,O (wider European contribution, in the case of CHs and N;O).

The EU27 emitted 3.2 Gt of fossil CO; per year in the period 2010-2019 and thus contributed 9%
towards global fossil CO, emissions. The average per-capita emissions of CO; of the EU27 (6.6 t
CO, per capita per year) lies around 40% above the global average. The EU is a net importer of
fossil CO, emissions embodied in imported goods and services. Total consumption-based
emissions in the EU27 were 3.7 Gt CO; per year in this period, 15% above territorial emissions
alone. The EU27 share of cumulative CO, emissions since 1850 was 17% in 2018, substantially
below its share in 1960 (27%).

An unprecedented 7% drop in emissions occurred in 2020 as a consequence of responses to the
COVID-19 pandemic, which included policies to significantly restrict mobility in many countries.
The EU27 experienced a particularly large fall in emissions in 2020 (11%), likely due to the large
contribution of the transport sector to total emissions in Europe.

For the most recent period for which regional CH4 emissions estimates are available (2003-2012),
European anthropogenic emissions of CHs amounted to 24-25 Tg CH4 per year and represented
7% of global anthropogenic CHs4 emissions.

For the most recent period for which some regional N,O emissions estimates are available (2007-
2016), European direct anthropogenic emissions of N,O amounted to 0.7 Tg N per and
represented 13% of global direct anthropogenic N,O emissions.

In simple terms, the EU27 contributes significantly to the global emissions of anthropogenic CO,,
CH4 and N20. Emissions of CO, from the EU27 have been falling since the 1980s. The EU27
contributions to annual emissions and cumulative emissions have also fallen since the 1960s, in
part due reduced EU27 emissions and in part due to emissions growth in other nations.
Nonetheless, the EU27 exports a significant fraction of its CO, emissions to other nations and its
per-capita emissions remain above the global average.
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