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Acronyms and Abbreviations

CHIMERE
COSMO
ECMWEF
ECPL
EDGAR
Empa
FLEXPART
FMI

LMDz
MACC
MicroHH

NILU
osu
ovsQ
PYVAR
RMSE
TNO
UHEI
uu
uvsQ

name of a multi-scale area-limited Eulerian chemistry-transport model
Consortium for Small-scale Modelling

European Centre for Medium-Range Weather Forecasts
Environmental Chemical Process Laboratory

Emission Database for Global Atmospheric Research

Swiss Federal Laboratories for Materials Science and Technology
FLEXible PARTiIcle dispersion model

Finnish Meteorological Institute

Laboratoire de Météorologie Dynamique, zoom

Monitoring Atmospheric Composition and Climate

name of a computational fluid dynamics code made for Direct Numerical Simulation
(DNS) and Large-Eddy Simulation (LES) of turbulent flows in the atmospheric bound-
ary layer

Norwegian Institute for Air Research

Observatoire des Sciences de I'Univers

Observatoire de Versailles Saint-Quentin-en-Yvelines

PYthon based VARIiational data assimilation framework

Root Mean Square Error

Netherlands Organisation for Applied Scientific Research

University of Heidelberg

Utrecht University

Université de Versailles Saint-Quentin-en-Yvelines
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The aim of this task is to study how the various CH4 sources, with different isotopic signatures,
in different areas and environments in Europe, such as the regional or city scale, blend into
larger-scale concentration fields. Forward simulations of atmospheric CHs4 mixing ratios and
CH, isotopes have been carried out for 2015 at the European scale and at the city-scale. Sim-
ulated CHy4 total mixing ratios and isotopic ratios of '°C and 8D have been compared to meas-
urements at various locations in Europe.

The simulations were carried out at UVSQ and Empa using two meso-scale models. Regional-
scale CH4 simulations were made using yearly natural wetland emissions and yearly emissions
from two anthropogenic inventories. The isotopic composition of CHs was computed from the
forward simulated sectoral CH4 mixing ratios combined with source signatures from the litera-
ture.

The comparison to measurements results in a good agreement between simulated and meas-
ured data, both for CHs mixing ratio and the isotopic composition.

These simulations are the basis for the estimation of errors in transport models and emission
fluxes that are required to derive top-down estimates of emissions from atmospheric measure-
ments of CH, for the deliverable D3.4 (Top-down estimates of EU-scale CH4 emissions, due
project month 42).

Simulations allow a broad investigation of the magnitude, the sectoral and spatial distribution
of atmospheric CH4 mixing ratios, and how the simulated mixing ratios depend on emissions.
Isotopologues are useful to discriminate sector contributions of CH4 emissions as the isotopic
composition varies highly depending on the source type. For instance, the signature is different
depending on whether CH4 is produced by thermogenic (e.g. natural gas), biogenic (e.g. do-
mestic animals) or pyrogenic (combustion) sources.

The comparison between measured and simulated CH4 mixing ratios and isotopic composition
can be used for evaluating flux measurement methods and other data gained from measure-
ments, such as isotopic source signatures or emissions estimated from measurements.

In the MEMO? project, forward simulations of atmospheric CH4 mixing ratio and isotopic com-
position have been made with the regional models CHIMERE (Menut et al., 2013, Mailler et
al., 2017) and FLEXPART-COSMO (Henne et al., 2016). Given their horizontal resolutions of
1-50 km, these models are suitable to interpret measurements that are taken at some distance
from main emission sources, i.e. after these emissions have been mixed in the atmosphere.
Interpretation of local measurements within MEMO? relies on smalll scale dispersion modelling,
like the Gaussian Plume model Polyphemus for simple cases and the fluid dynamic code Mi-
croHH for more complex terrains. The small-scale models were introduced during several train-
ing events (15t MEMO? school, Workshop on Gaussian Plume Modeling) and are discussed in

4
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more detail in the deliverable D3.1 (New tools to estimate CH. source strengths from point
sources, including mobile measurements) and the milestone report MS10 (Large Eddy simu-
lation tools ready for campaign and workshop).

As mentioned above, numerical models have been used for performing forward simulations of
CH4 and isotopic compositions of 8'C (*C/'*C ratio) and 8D (D/H ratio) at the European scale.
The simulations have been carried out with the aim to characterize the various CHs4 sources in
different areas and environments in Europe, as well as at different spatial scales, i.e. from city
to regional scales. Another objective is to compare the simulated mixing ratios to measured
mixing ratios to assess the representation errors in the modelling approach (due to the resolu-
tion of the models’ grids as compared to point measurements).

As part of the MEMO? project, UVSQ and Empa performed forward simulations of atmospheric
CH4 mixing ratio with regional scale models over Europe.

Measurements

We use hourly data obtained from measurement sites that have hourly CHs measurements
available for at least six months in our analysis period of 2015. This resulted in 31 measure-
ment sites in Europe that are described in Table 4 and shown in Figure 1. We chose 2015 for
the analysis as this was the most recent year at the time of the work with the most available
measurements. Regarding measurements of isotopologues, we obtained semi-hourly meas-
urements of nearly 5 months, started in November 2016, made in Lutjewad (NL) and Heidel-
berg (DE) by the partner universities Utrecht University (UU) and Heidelberg University (UHEI).
These measurements are of good quality and very valuable as isotopic measurements of this
length and frequency in time are scarce in Europe.

Regional scale models

CHIMERE is a Eulerian chemistry-transport model designed for regional atmospheric compo-
sition. At UVSQ, it is driven by the PYVAR-CHIMERE modelling and data assimilation frame-
work (Chevallier et al. 2005, Pison et al., 2007). FLEXPART-COSMO is a Lagrangian particle
dispersion model. Both models are driven by meteorological fields from high-resolution numer-
ical weather prediction. We carried out forward simulations on a horizontal resolution of
0.5°x0.5° (~50 x 50 km?), 0.1° x 0.1° (~10 x 10 km?) (CHIMERE) and 7x7 km? (FLEXPART-
COSMO).

These two models need inputs in the form of meteorological data, boundary and initial condi-
tions, as well as emissions from anthropogenic and/or natural sources. The model specifica-
tions, including their set-ups and input data, are listed in Table 1.
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A mountain
¢ coastal
o other

Figure 1: Measurement sites used for analysis in 2015.

Meteorological data
The meteorological data used to drive the CHIMERE model are obtained from the ECMWF

(European Centre for Medium-Range Weather Forecasts) model which provides short-range
meteorological forecasts (0-12 hours). The meteorological data used for FLEXPART-COSMO
are obtained from the COSMO (Consortium for Small-scale Modelling) model (Baldauf et al.,
2011).

Boundary mixing ratios and initial mixing ratios

In case of CHIMERE, the boundary mixing ratios, i.e. the background values that enter the
model domain at the boundaries, and initial mixing ratios of CH4 are taken from the analysis
and forecasting system developed in the MACC (Monitoring Atmospheric Composition and
Climate) projects (Marécal et al. 2015). In case of FLEXPART-COSMO, they are taken from
the measurement time series of the measurement stations of interest.

Regarding the background values of the isotopes, simulations of 8'°C and 8D made by the
LMDz (Laboratoire de Météorologie Dynamique, zoom mode) model (Hourdin et al., 2006)
were used. The average value over the year 2015 of the LMDz simulations for 8'C is -47.5%o,
for dD -85.7%.

Emissions

The prior anthropogenic emissions are taken from the TNO-MACC _III (Kuenen et al., 2014),
the EDGARV4.3.2 (Janssens-Maenhout et al., 2017) and the TNO GHGco (Denier van der
Gon et al., 2019) emission inventories as shown in Table 2. These inventories were chosen
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because they are available over Europe at a resolution finer than 0.5°x0.5°, the lowest model
resolution we used for carrying out the simulations.

The simulation of atmospheric CHs mixing ratio and isotopologues has been carried out for
total CH4 but also for each of the main emission sectors of CH4 for 2015 using yearly emissions
from 2011. This year was the latest available year of the TNO-MACC_Ill emission inventory at
the time of the study. Therefore, we used this year for extracting the emissions from both the
TNO-MACC_IIl and EDGARvV4.3.2 emissions inventories.

In Europe, for anthropogenic emissions, agriculture is the main emitting sector, followed by the
waste sector. Other relevant emission sources for CHs are non-industrial combustion plants
and the production, extraction and distribution of fossil fuels. The latter two sectors were
grouped into one category and named extraction and distribution of fossil fuels and non-indus-
trial combustion hereafter.

Table 1: Configurations of the CHIMERE and FLEXPART-COSMO models for carrying out the forward simula-
tions of CHs+ mixing ratio (see text and list of acronyms for abbreviations)

CHIMERE FLEXPART-COSMO
Type Eulerian Lagrangian
Species Total + sectoral CH4 Total + sectoral CH4
Period simulated 2015 2015
Type of emissions Anthropogenic + Natural wet- Anthropogenic
land
Horizontal resolution 0.5° x 0.5°,0.1°x 0.1° 7 km x 7 km
Anthropogenic emissions TNO-MACC_III & TNO-MACC_lII &
EDGARvV4.3.2. TNO GHGco
Wetland emissions ORCHIDEE None
Meteorology ECMWF COSMO
Boundary and initial concen- MACC Background from the measure-
trations ment time series of the desired
station

Table 2: Description of the anthropogenic emission inventories used in this study (see text and list of acronyms
for abbreviations)

Inventory/Model EDGAR version 4.3.2 TNO-MACC_lII TNO GHGco
Emission Anthropogenic Anthropogenic Anthropogenic
Coverage Global Europe Europe
Spatial resolution 0.1°x 0.1° 0.125° x 0.0625° 0.1° x 0.05°
Temporal resolution  Monthly and yearly Yearly Yearly
Available years 1970-2012 2000-2011 2015

Years used 2011 2011 2015
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Isotopic signatures

As none of the regional models is set up to simulate isotopic composition, UVSQ and Empa
computed the *C and '?C, as well as the atmospheric isotopic ratios of 8'°C and 8D, from the
forward simulations of CHs. Sectoral simulated CH4 mixing ratios and signatures of '*C and
oD obtained from various literature sources (Table 3) were used to determine the “simulated”
&'3C and &D ratios through the following steps (shown for §'*C):

1) Obtain sectoral "*C and "?C: ==

13C
12C

= ( o 1) * PDByeq

1000%o0

2) Sum the sectoral "*C and 'C to get the totals

3) Compute modelled 8'3C: §13¢C = (

13C/12C
PDBgtq

- 1) %1000 %o

with PDBsg=0.0112372 being the Pee Dee Belemnite reference standard.

Table 3: Initial 53C and 6D values from literature used for the different emission sectors. As not all studies
provide error ranges, we only used the averages: the error ranges are therefore not reported here.

Emission sector

Agriculture

Waste

Extraction and distri-
bution of fossil fuels &
non-industrial com-
bustion
Other anthropogenic
sources

Natural wetlands

Background

Isotope ratio
813C (%)
-68

Simulations  of
isotope ratios
by the LMDz
model (~-47.5)

Isotope ratio
8D (%)
-319

-293

-175

-175

-330

Simulations of
isotope ratios
by the LMDz
model (~-85.7)

Literature source

Levin et al.,, 1993, Bréas et al., 2001,
Bilek et al., 2001, Klevenhusen et al.,
2010, Uzaki et al., 1991, Tyler and Bilek,
1997, Réckmann et al., 2016
Bergamaschi et al., 1998, Levin et al.,
1993, Zazzeri et al., 2015, Games and
Hayes, 1976, Réckmann et al., 2016
Levin et al., 1999, Lowry et al., 2001,
Thielemann et al., 2004, Zazzeri et al.,
2016, Rockmann et al., 2016

Levin et al., 1999, Chanton et al., 2000,
Nakagawa et al., 2005, Réckmann et al.,
2016

Tyler et al., 1987, Smith et al., 2000, Ga-
land et al., 2010, Happell et al., 1995,
Martens et al., 1992, Bilek et al., 2001,
Sugimoto and Fujita, 2006

Thanwerdas et al., (in prep)
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3.3 Results and conclusion

The total CH4 mixing ratios simulated by CHIMERE are illustrated in Figure 2 a) showing their
average over 2015. As expected, the mixing ratios are highest above emission hot-spot areas,
such as over the Po Valley in Italy (red and purple colours with values > 2050 ppb) or the area
over Belgium, the Netherlands and North-western Germany (mainly red and some purple col-
ours with values > 2000 ppb), which are areas of intensive agriculture. Furthermore, the Sile-
sian Coal Basin in Poland, at the border to the Czech Republic and Slovakia (purple colours
with values >2100 ppb) and some areas of Romania, including Bucharest, show elevated mix-
ing ratios (red and purple colours with values > 2020 ppb); activities connected to fossil fuels
(e.g. coal mining, oil refineries) are the reason for that.

Figure 2 b) shows CH4 mixing ratios made by FLEXPART-COSMO at the location of one spe-
cific measurement site, Lutjewad, for one specific day, 01.11.2016. Most of the area in Figure
2 b) is empty as the CHas in the FLEXPART-COSMO model, taken from the emission inventory,
was released from the Lutjewad measurement site and the modelled weather conditions on
that day carried the released CHjs to the coloured areas, mainly the Netherlands, Belgium and
the UK.

>2100 10.16

2050

2000

CHa [ppb]
CHa [ppb]

1950

1900

1850 9.8

4
-16.38 -11.38 -6.38 -1.38 362

Figure 2: Simulated total CH4 at the surface level made by CHIMERE (a)) over Europe and by FLEXPART-
COSMO (b)) at the location of Lutjewad for one specific day (01.11.2016). For both simulations, the TNO-
MACC_III emission inventory was used.

The simulated isotopic composition has been compared to the measurements provided by the
MEMO? partners, at Lutjewad (Figure 3) and Heidelberg. The models are able to represent the
average and to capture the temporal variability of the measured ratios. The performances of
the models have been evaluated with the aid of the Pearson correlation (Pearson, 1895) and
the RMSE (root mean square error) (Armstrong and Collopy, 1992) in Figure 4. Generally, the
simulated isotopic compositions by both models are well correlated, i.e. R? = 0.55, to the meas-
urements. The correlation between the FLEXPART-COSMO simulations and the measure-
ments is about 14% higher than the correlation between the CHIMERE simulations and the
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measurements, meaning that the FLEXPART-COSMO simulations represent the measure-
ments’ variability better. The RMSEs are similar for both models showing that both models’
simulated values are, in absolute terms, similarly close to the measured values.
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Figure 3: Comparison of the simulated CH+ (a)), 63C (b)) and 6D (c)) to the measured ones (blue lines) at the
measurement site Lujtewad (Netherlands) in the period of 12.11.2016-31.03.2017
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a7 R? = 0.59 a R? = 0.67
N = 2006 N = 2006
RMSE = 0.53 RMSE = 0.73

y = 0.68x-15.87

=50 -49
Observation

y = 0.58x-19.69

b)

—49 —48 -47
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Figure 4: Correlation between simulated and observed 613C (a + b) and 6D (c + d) at the measurement site
Lujtewad. Simulated values were made by FLEXPART-COSMO (b + d) and CHIMERE (a + c) using the TNO-
MACC_III inventory.

The simulations enable us to explore the sectoral contributions: Figure 5 shows the results of
the sectoral discrimination at Lutjewad. For this figure, we took the simulated CH4 from the
anthropogenic and wetland emission sources, as well as the total CH4 without the background
into account. The background here is neglected as we are interested in the sectoral contribu-
tions above the background. We compared the contribution of each emission sector to the total
contribution in relative terms, which showed that 40-60% of the simulated mixing ratio above
the background is due to the agriculture sector.

The simulated mixing ratios of total CH4 have been compared to the measurement sites listed
in Table 4. Figure 6 shows the correlation of simulated CH4 mixing ratios to measured ones in

11
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the form of a so-called hexbin plot. The colours indicate how often one data point, a comparison
of one measured and one simulated value, occurs. The values with light blue colour are outli-
ers. Most of the data (orange and red) are close to the “perfect” line (black line) that indicates
where a data point should be if the simulation matched the measurement perfectly. The corre-
lation between measurements and simulations is r=0.73, a good agreement, for both the TNO-
MACC_Ill and EDGARV4.3.2 inventories, which means that these inventories lead to similar
(i.e. not significantly different) simulated mixing ratios on the annual scale. This indicates that
the inventories were built in a similar way.

Agriculture

Waste

Fossil + non-ind. comb.
Other anthr.

Wetland

o
0

0.6

©
iN

Relative Contribution

i
M |
: W‘ ’Nl ‘Vu"“\ ‘L ) "V\N}'m\

2016-11 2016-11  2016-12 2016-12 2017-01 2017-02 2017-02 2017-03 2017-03 2017-03
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Figure 5: Sectoral discrimination of CHs mixing ratios above background at Lutjewad. The emissions from
TNO-MACC_III were used to simulate the sectoral contributions of CH+ by CHIMERE that are shown in this
figure. Only the results for TNO-MACC are shown as the other inventories contain very similar amounts of
emissions at this location. Moreover, the sectoral contributions are similar with FLEXPART-COSMO.
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Figure 6: Correlation between simulated and measured CHs+ mixing ratios for 2015. The hourly simula-
tions were carried out with CHIMERE using the EDGARv4.3.2 (left) and TNO-MACC_III (right) emission
inventories. For the comparison, hourly measurements were used.
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Table 4: List of measurement sites measuring CHs and available for the simulation year 2015

Trigram Name of site

Beromuenster

Biscarrosse

Cabauw

Capo Granitola

Deltadel'Ebre

Lecce
Environmental-
Climate
Observatory

Ersa

Finokalia

Gredos

Giordan
Lighthouse

Heidelberg
Ispra

LaegernHochwacht

Lamezia Terme

Lutjewad

Observatoire de
Haute Provence

Observatoire
pérenne de
I'environnement

ovsQ

Pic du Midi

Contributor

UBERN
LSCE
InGOS

WDCGG

WDCGG/IC3
WDCGG

LSCE

ECPL?®

WDCGG/IC3
WDCGG

UHEI
INnGOS/JRC

UBERN
WDCGG

InGOS

OosuP

LSCE

LSCE

LSCE

Country

Switzerland
France

the
Netherlands
Italy

Spain
Italy

France

Greece

Spain
Malta

Germany
Italy

Switzerland

Italy
The
Netherlands

France

France

France

France

Coordinates
(latitude,
longitude)
47.19, 8.18
44.38, -1.23

51.9703,
4.9264

37.6667,
12.65

40.74, 0.79

40.3358,
18.1245

42.9692,
9.3801

35.3378,
25.6694

40.35, -5.18
36.07, 14.22

49.25, 8.41

45.8147,
8.636

47.82, 8.4

38.8763,
16.2322

53.4036,
6.3528

43.931, 5.712

48.5619,
5.5036

48.7779,
2.0486

42.9372,
0.1411

MEMO?2: MEthane goes MObile — MEasurements and MOdelling

Altitude
above
level [m]

1009
120
0

15
36

533

150

1456*
160

146
210

872

650

390

150

2877*

sea

13
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Puijo FMI® Finland 62.9096, 232
27.6549
Puy de Déme INGOS/LSCE  France 45,7719, 1465*
2.9658
Ridge Hill University of UK 51.9974, - 199
Bristol 2.5398
Saclay CEA France 48.7227, 160
2.142
Hyytiala University of Finland 61.8474, 181
Helsinki® 24.2947
m Sonnblick WDCGG/UBA  Austria 47.05,12.95  3106*
Tacolneston University of UK 52.5177, 56
Bristol 1.1388
Trainou INGOS/LSCE  France 47.9647, 131
2.1125
Angus University of UK 56.555, - 313
Bristol 2.9864
_ Valderejo WDCGG/IC3  Spain 42.88, -3.21 1122*
m Weybourne NILU Norway 52.95,1.121 31
* mountain sites °OVSAQ: Observatoire de Versailles Saint-Quentin-en-Yvelines
M: |sotopic data obtained through MEMO? 4FMI: Finnish Meteorological Institute

@ ECPL: Environmental Chemical Process Laboratory ®NILU: Norwegian Institute for Air Research
® OSU: Observatoire des Sciences de I'Univers

4. Possible impact

UVSQ and Empa successfully established the modelling framework necessary for performing
forward simulations of CHs and isotopologues, which is a crucial step in the modelling work
within MEMO?. The simulations of CH4 have been thoroughly analysed but with only two avail-
able long-term measurement time series of isotopologues, our knowledge about them is still
limited. The modelling and analysis of isotope ratios will be continued in more detail as the
number of available measurements is expected to increase, due to the measurement work
within MEMO? (especially on the isotopic signatures of the different sources). This will make it
feasible to investigate possible improvements from using isotopes to separate sector contribu-
tion.

The forward simulations and the knowledge gained through them are currently used for esti-
mating the errors in emission fluxes and transport models required for deriving top-down esti-
mates of CHs emissions, as well as build the basis of the inverse modelling work necessary
for the deliverable D3.4. Even though we found that the emission inventories used here lead
to similar forward simulated mixing ratios, their impact on the top-down derived emission esti-
mates will be analysed.
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This report will be available via the MEMO? website and the associated simulations will be
available on the ICOS repository. Furthermore, the results from forward simulations are being
used for on-going publications that will be open to the public.
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