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Summary of project objectives
(10 lines max)

1. Improve estimates of global CH4 emissions using new satellite retrievals
2. Improve estimates of European CH4 and N20 emissions using in-situ observations

3. Develop coupled global / regional inversion system with high spatial resolution

Summary of problems encountered (if any)
(20 lines max)
no major problems

Summary of results of the current year (from July of previous year to June of current
year)

This section should comprise 1 to 8 pages and can be replaced by a short summary plus an existing
scientific report on the project
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Improve estimates of global CH4 emissions using new satellite retrievals

A new series of global CH4 flux inversions has been performed following the modelling protocol of
the Global Carbon Project CHs (GCP-CHay; https://www.globalcarbonproject.org/methanebudget/).
The inversions assimilate either (1) only surface observations (from NOAA Earth System Research
Laboratory (ESRL) global cooperative air sampling network), denoted inversion 'Invl (NOAA)', or
(2) both surface observations and satellite retrievals of column-average dry-air mole fractions (XCH4)
from GOSAT (using the GOSAT OCPRv7.2 product [Parker, 2016], denoted inversion 'Inv2
(OCPR)..

Figure 1 shows the derived (a posteriori) CH4 emissions for both inversions (average CH4 emissions
for 2010-2017). The significant differences in the derived spatial emission patterns between the two
inversions are due to the different observational constraints: While the surface observations from
remote background stations provide information on emissions mainly on larger continental scales, the
GOSAT satellite retrievals provide additional constraints on regional scales. Major significant
differences between the two inversions are in particular the higher derived CH4 emissions over the
central-south United States, lower emissions in western equatorial Africa (Congo basin), higher
emissions in eastern equatorial Africa, and lower emissions in the Persian Gulf area in 'Inv2 (OCPR)'
compared to 'Invl (NOAA)'. Over the United States, similar emission patterns had been reported in
earlier studies, both using the TM5-4DV AR system at coarser resolution (6°%4°) [Alexe et al., 2015]
and in independent studies using higher resolution regional inversion systems and regional surface
and aircraft observations [Miller et al., 2013].

Figure 2 shows the time series of observed and simulated CH4 dry air mole fractions at some
representative remote global NOAA monitoring stations, demonstrating the overall excellent
agreement between a posteriori model simulations and observations. Furthermore, the figure
illustrates that the simulated station time series of 'Inv2 (OCPR)' are very similar to those of 'Inv1
(NOAA)', which demonstrates that the regional inversion increments induced by the GOSAT XCHg4
retrievals can be largely reconciled with the continental scale constraints from the high-accuracy
surface observations.

Figure 3 shows the time series of XCHj retrievals and assimilated XCHa.. The figure demonstrates the
overall very good agreement between retrievals and model simulations (please note, that similar to
previous studies we applied a bias correction of the XCHj retrievals as function of latitude and month
[Bergamaschi et al., 2013; Alexe et al., 2015]). However, Figure 3 (3rd panel) also shows a small
regular residual as function of latitude and season (on the order of a few ppb), indicating that some
remaining retrieval and / or model errors cannot be fully compensated by the bias correction.

In further sensitivity studies we investigated the impact of using different a priori emission
inventories, in particular comparing inversions using the time dependent CH4 inventories provided by
GCP-CH4 with inversions using the same a priori inventories for all years, showing that the derived
trends of global total emissions are largely independent from the applied a priori inventory, but the
derived partitioning between different major source categories are partly sensitive on the applied a
priori (results not shown).

The model results were submitted to the GCP-CH4 project and have been used in an updated analysis
of the global CH4 budget, which will be presented in a comprehensive publication of the GCP-CH4
group [Saunois et al., 2019].

Furthermore, the new inversions are used for the further validation of the Copernicus Atmosphere
Monitoring Service (CAMS) CH4 products (updating and extending the previous report [Koffi and
Bergamaschi, 2018]. Since the JRC TM5-4DVAR inversion system was used as prototype of the
operational CAMS inversion system, the comparisons of the CAMS and JRC CHj4 inversions provides
a benchmark to evaluate the specific model setup and further model updates of the CAMS TMS5-
4DVAR system.
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Improve estimates of European CH4 and N20 emissions using in-situ observations

Within the H2020 project VERIFY ("Observation-based system for monitoring and verification of
greenhouse gases"; http://verify.lsce.ipsl.fr/) first CH4 inversions have been performed, following the
VERIFY modelling protocol and common input data sets (a priori emission inventories and
observational data).

Figure 4 shows the derived European CH4 emissions (average of 2005-2016) of these first preliminary
inversions. Compared to previous studies [e.g. Bergamaschi et al., 2018] the time series has been
significantly extended (covering now 12 years). However, many stations do not cover the full 2005-
2016 period. Therefore, the derived CH4 emissions are probably partly affected by incomplete
temporal data coverage. This particular issue will be further investigated in the 2nd series of VERIFY
inversions, which will be performed in the coming months (using updated observational data sets).
The first TM5-4DV AR CHj4 inversion have been also used to extract 'baselines' for the EMPA
FLEXPART - extended Kalman-filter system (FLEXPART-eKF) [Brunner et al., 2012], using the
"Rodenbeck scheme" [Rédenbeck et al., 2009] (also in the framework of the VERIFY project).
FLEXPART-eKF is a regional modelling system limited over the European domain and relies on the
provision of realistic boundary conditions or 'baselines' (which are the concentrations at the
measurement stations in absence of emissions from the regional domain). The default approach of
FLEXPART-eKF is to estimate the baselines during the inversion (including the baseline in the state
vector). Our study showed that using the TM5-4DV AR baselines instead of the 'default’ baselines has
a large impact on the CH4 emissions derived by FLEXPART-eKF. The first VERIFY CH4 inversions
(including the study on the impact of using different baselines) have been presented at the 8th
International Symposium on Non-CO> Greenhouse Gases (June 12-14, 2019, Amsterdam, The
Netherlands) [Bergamaschi et al., 2019].

The 2nd series of VERIFY inversions will use updated a priori emission inventories and extended
observational data sets, and will be extended until end of 2017. Furthermore the new inversion series
will analyse the use of more consistent observational data set over certain sub-periods (with more
complete data coverage) to allow also a better analysis of emission trends.

Develop coupled global / regional inversion system with high spatial resolution

First CH4 inversions have been performed using a regional 4DV AR prototype inverse modelling
system based on the regional Lagrangian particle dispersion model FLEXPART, coupled to the TM5-
4DVAR inverse modelling system (main model development: Arjo Segers, TNO; FLEXPART
simulations: Dominik Brunner, EMPA). In contrast to FLEXPART simulations mentioned in the
previous section (which were driven by ECMWF ERA-INTERIM meteorological fields), here a
specific high-resolution version of FLEXPART (developed by EMPA) is employed, driven by
meteorological fields from the COSMO-7 numerical weather prediction system at a horizontal
resolution of 7 km [Henne et al., 2016]. The coupling between the regional FLEXPART/ COSMO-7
system and the global TM5-4DVAR inverse modelling system is based on the method of R6denbeck
et al. [2009] (similarly as described above for the FLEXPART-eKF system).

First results were presented at the 3rd ICOS Science Conference, Prague, 11-13 September 2018
[Bergamaschi et al., 2018].
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Summary of plans for the continuation of the project
(10 lines max)

The global CH4 flux inversions will be further extended (until 2018) in order to further analyse trends
in global and regional CH4 emissions.

A 2nd series of VERIFY inversions will be performed in the second half of 2018 using updated a
priori emission inventories and extended observational data sets. The new inversion series will
analyse the use of more consistent observational data set over certain sub-periods (with more
complete data coverage) to allow also a better analysis of emission trends.

The coupled FLEXPART-COSMO / TM5 4DVAR inversion system will be further developed.
Specific issues for the further development are the speed-up of the current prototype system (which is
relatively slow due to the very high spatial resolution), the extension of observational data sets from
multiple stations and the investigating of different approaches to estimate the model representation
errors.
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Figure 1: Derived (a posteriori) total CH4 emissions (average 2010-2017). Top: inversion 'Inv1
(NOAA)' including only NOAA surface observations. Bottom: inversion 'Inv2 (OCPR)' using both
NOAA surface observations and XCHy satellite retrievals from GOSAT.
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Figure 2: Simulated and observed CH4 dry air mole fractions at remote global NOAA monitoring
stations. Simulations of Inv 2 (OCPRv7.2) for period 2009-2017 (shown in orange) are very similar
to simulations of Inv 1 (NOAA) (shown in blue; performed for entire period 2000-2017) and
therefore mostly 'hidden' in the figure. Measurements are shown by black symbols.

June 2019 This template is available at:
http://www.ecmwf.int/en/computing/access-computing-facilities/forms



latitude

XCH measurements

20090101-20180101

90

60

30

o]

=30

latitude

latitude

latitude

latitude

-60

-90
2009

2010

XCH TMS
o 4

60

30

0

-30

-60

-90

2011

2012

2013

1750 T

2014 2015 2016 2017 2018

2009

90

&0

30

0

-30

-60

-90

2010

201

2012

)(CH4 measurements — TM5

2013

2014 2015 2016 2017 2018

dXCH

2009

STD XCH, model — measurements

2010

2011

2012

2013

2014 2015 2016 2017 2018

60

30

0

-30

-60

-90
2009

XCH, number of measurements

2010

2011

2012

2013

2014 2015 2016 2017 2018

90

60

30

0

—-30

-60

-90
2008

2010

2011

2012

2013

2014 2015 2016 2017 2018

Figure 3: Use of XCH4 retrievals from GOSAT in inversion 'Inv2 (OCPR)'. Top: XCHy4 retrievals
(GOSAT OCPRvV7.2 product); latitudinal average. 2nd panel: Assimilated column average dry air
mole fractions XCHa.; latitudinal average; 3rd panel: difference between XCHj retrievals and
assimilated XCHy; latitudinal average. 4th panel: standard deviation between XCHj retrievals and
assimilated XCHg; Sth panel: total number of used XCHy retrievals per latitude.
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Figure 5: Inverse modelling of regional CH4 emissions around monitoring station Ispra, Italy using
the coupled high-resolution FLEXPART-COSMO-7 / TM5-4DVAR inverse modelling system. Top
left: a priori emissions. Bottom left: a posteriori emissions. Bottom right: difference between a

posteriori and a priori.
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