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Abstract. The main anthropogenic sources of methane in industrialised countries (landfill/waste
treatment, gas storage and distribution, coal) are far easier to reduce than CO, sources and the
implementation of reduction strategies is potentially profitable. Statistical databases of methane
emissions need independent external verification and carbon isotope data provide one way of
estimating the expected source mix for each country if the main source types have been characterised
isotopically. Using this method each country participating in the CORINAIR 94 database has been
assigned an expected isotopic value for its emissions. The averaged 813C of methane emitted from the
CORIN4AIR region of Europe, based on total emissions of each country is -55.4%o for 1994. This
European source mix can be verified using trajectory analysis for air samples collected at background
stations. Methane emissions from the UK, and particularly the London region, have undergone more
detailed analysis using data collected at the Royal Holloway site on the western fringe of London. If
the latest emissions inventory figures are correct then the modelled isotopic change in the UK source
mix is from -48.4%o in 1990 to -50.7%o in 1997. This represents a reduction in emissions of 25% over
a 7-year period, important in meeting proposed UK greenhouse gas reduction targets. These changes
can be tested by the isotopic analysis of air samples at carefully selected coastal background and
interior sites. Regular sampling and isotopic analysis coupled with back trajectory analysis from a
range of sites could provide an important tool for monitoring and verification of EC and UK methane
emissions in the run-up to 201 0.

1. INTRODUCTION

Global CO 2 emissions are not being reduced at the rates expected to meet Kyoto targets, so
more attention is being given to reduction of methane, the greenhouse gas with the second
biggest global warming potential (GWP). Statistical inventories suggest that methane
emissions are reducing in developed countries, but to verify these findings it is essential to
make independent atmospheric measurements. In addition, the carbon isotopic analysis of air
samples provides a method of understanding which source emissions are changing.

To date, assessments of methane emission are mostly made by 'bottom-up' methods, using
statistical databases multiplied by estimates of emission factors. Typically, 'bottom-up'
estimates of emissions are very precise, cited to the nearest source unit and often without
errors, but are highly inaccurate, as the emissions factors are poorly known and vary greatly
with local conditions, climate, and cultural factors. Moreover, such estimates necessarily
depend on government, and cannot easily be verified independently. In contrast, direct 'top-
down' atmospheric measurement of emissions are accurate in that there is a known amount of
methane in the atmosphere but are imprecise with are large error margins when assigning the
methane to source regions. Direct atmospheric studies can be independent of national
administrations, and indeed can be made from outside national borders. Methane has
considerable attraction as a way of complying with Kyoto promises if source fluxes can be
quantified accurately. In comparison to the difficult but essential task of social redesign to
reduce carbon dioxide emissions, some methane sources can be reduced without major costs
or even with profit [1]. In densely populated industrial regions the two major sources of
methane are landfills and fossil fuel extraction and distribution and examples of reduction
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strategies include reducing gas leaks or utilising landfill gas. Such fluxes should be a major
target for efforts to reduce greenhouse gas emissions.

The use of isotopes of methane in correlation with concentration data and regional and
national emissions statistics is still in its infancy. The detailed study of methane sources in the
Heidelberg region of Germany by Levin et al. [2] revealed that calculation of source
proportions by isotopic analysis could, when combined with data from background methane
measurement stations, be used in the long term to monitor the progress of reduction strategies.
Levin et a. [2] showed clearly that the official emissions inventory that region of Germany
would need substantial revision to be consistent with the atmospheric record.

2. METHANE INVENTORY DATA

Official inventory estimates are calculated for the UK and European Union, as part of the
Kyoto process, e.g. CORINAIR 94 [3]. Such estimates depend largely on statistical
calculations that scale up from the per-unit' results of studies of specific source types to
obtain a regional bulk estimate. Wider ranging but less detailed inventories are maintained by
the EMEP co-operative programme for monitoring and evaluation of the long range
transmission of pollutants in Europe (www.emep.int/), but many countries do not provide
methane data and yet more do not provide up to date information. Similar data can be
obtained through the United Nations Framework Convention on Climate Change
(www.unfccc.de). The data are normally divided by the UNESCO snap categories of sources,
which in the case of methane allow each source group to be assigned a 6' 3C value. Even when
the data are reported there are some inconsistencies. It is not compulsory to include natural
emissions. Wetland emissions are a significant source in some regions of Ireland, Sweden and
Finland, with other localised pockets around Europe. Such emissions are highly variable
depending on season and annual temperature and so are difficult to quantify, but have a
significant influence on the isotopic mix of emissions in the regions where they are present.

3. ISOTOPES OF METHANE

3.1. Isotopic characterization of methane sources

Anthropogenic and natural methane sources in Europe have a wide range of 6'13C signatures
[e.g. 45,6,7,8]. Depending on the combination of sources in a particular region, these
signatures can be used to estimate the proportion of each source category within a source mix.
If the emission from one source is accurately quantified then it is also possible to use the
isotopic signature to estimate emissions from the other sources.

Natural sources, mostly from wetlands, are an important source in some peripheral regions of
Europe and have widely varying isotopic values from around -58%o for tropical wetlands, to -
63%o in the boreal wetlands, to - 67 %o for those more than 60'N which are only active during
the summer months. They are important in regional source isotopic mixes because they are
depleted in 13 C relative to other sources and the value assigned to this category for the mostly
temperate European wetlands is -63%o.

The isotopic signatures of specific anthropogenic sources vary according to local conditions
[e.g. 2,4,9,10]. However, some generalisations can be made. Emissions to atmosphere from
landfills have a tightly constrained range of 613C from -56 to -5O%o with averages varying
from -5 5 to -5 %o [4,6,8,1 1 dependent on the region of the world and the landfill practices
in operation. Eructations from ruminants have been measured at -62±3%o [4]. Organic wastes
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from animals typically have 613C values between the landfill gases and the ruminant
emissions, probably -58±3%o.

Coal mining activity and domestic coal burning, although in decline in much of Europe, is
still a significant contributor to emissions, and has well defined 6'13C of -35±3%o [7]. Natural
gas. in contrast, has a very wide range of values. The gas from the North Sea fields. is very
distinctive: it is thermogenic gas with a range of isotopic values from -37 to -28%o. To
constrain the gas source in the S of England the 6 13C of the natural gas supply at Royal
Holloway, University of London (RHUL) was measured each month from 1997 to 1999
giving an average of -34.2± 1.4%0 (n=20) [8]. This source of gas is significantly heavier
isotopically than the mix of Siberian gases supplied to most European countries east of the
Rhine, and averaging close to -5O%o when used in the Heidelberg system, SW Germany [2].
Our own measurements of gas from St. Petersburg, Russia, are in the range -51.5 to -48.5%o,
and confirmed by Levin (pers. comm. 1998, 2000). This represents mixing of the shallow
West Siberian gas which is dominantly biogenic -64 to -58%o) and deeper reserves which are
more thermogenic -5 0 to -3 8%o, [ 12]I).

Minor emissions of methane from vehicles are around -28±3%o based on experiments in
Heidelberg [3.4]. These emissions are related to the 613C of the hydrocarbon mix of the fuel
used and the distribution and age of vehicle types (probably very similar throughout western
Europe); those which have less efficient combustion giving higher methane emissions which
are more depleted in 13C [13]. The industrial combustion source of methane, also declining in
recent years is dependent on the fuel being combusted, and for the purposes of calculating
national 613C mixes, it is taken to be the same as the fossil fuel mix for each country.

3.2. The regional isotopic mix of atmospheric methane

Once background concentration and isotopic records have been established for stations in the
European realm of the Northern Hemisphere it is possible to use the excess concentration and
isotopic shift to calculate the 613C of the source or source mix responsible for this excess
(Table ). The data for background and samples are plotted with 613C on the y-axis and
1/concentration on the x-axis. Lines passing through both background and sample points will
intercept the y-axis at the 613C value representing the source or source mix of the excess
methane (in simplified terms when 1/concentration approaches 0).

The ideal background stations are maritime sites where during certain wind directions the air
is well mixed and has negligible influence of continental emissions during the 4-5 days prior
to arrival. The background stations used for Europe are Mace F-ead, Ireland, and Izajia,
Tenerife. Isotopic seasonality is of the order of 0.4 %o at 530N [see 8,14] for Atlantic air
arriving from the western sector. When the wind changes to the east the air mass contains
excess methane from European emissions. Most air masses followv trajectories along which
there is incorporation of emissions from more than one country (Fig. 1). An isotopic shift
from -48 to -53%o was observed in the source mix for the Heidelberg region between 1990
and 1995 [2], largely due to reduction of coal mining emissions and a change in the source of
the gas supply. Monitoring the isotopic shift in central European air arriving at Mace Head
shows change from -54.0 to -55.6%o between 1996 and 2000. Furthermore air from southern
Europe shows greater depletion in 13C , down to -57%o, indicative of more natural and
agricultural sources and less fossil fuel and landfill.
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Table . 8' 3 C estimations of methane source regions for selected air masses arriving at Mace
Head and west London during the period 1995 to 2000. (sampling station indicated in
parentheses).

Date Sample Background Calc source Possible error
V'C (%o) CH, (ppb) 813C (%o) CH4 (ppb) 8'3C (%o) (%o

Regional and Remote Sources (Mace Head)

Canadian Source -63 +1%o
3 1/7/96 -47.29 1780 -47.13 1761 -62.1 +8/-IS
12/2/97 -47.39 1820 -47.23 1802 -63.4 +9 -17
4/2/98 -47.35 1824 -47.20 1812 -70.0 +14 -40
7/9/98 -47.45 1849 -47.25 1825 -62.7 ±71/-9

19/8/99 -47.58 1824 -47.41 1805 -63.7 +8 /-16

European Mixed Source - decreasing -54 to -56%o
31/1/96 -47.87 1984 -47.20 1795 -54.2 ±0.8
20/3/96 -47.79 1973 -47.15 1790 -54.1 ±0.8
24/9/97 -47.95 1912 -47.50 1795 -54.9 ±1.3
24/9/98 -48.14 2017 -47.35 1805 -55.0 ±0.6

1/4/99 -47.73 1920 -47.20 1795 -55.3 ±1.3
21/10/99 47.94 1947 -47.45 1815 -55.2 ±1.3

28/6/00 -47.99 1922 -47.38 1780 -55.6 ±1.3

Irish Source (peatbogs /ruminants) -6641o
27/4/95 -47.57 1817 -47.15 1 775 -65.3 ±5.2
16/8/95 -47.86 1805 47.45 1765 -65.9 ±5.5

31/10/95 -48.03 1850 -47.60 1805 -65.5 ±4.9
14/8/96 -47.94 1849 -47.12 1765 -65.2 ±2.5

19/12/96 -47.94 1859 -47.28 1795 -66.5 ±3.5
19/11/98 -47.78 1872 -47.30 1825 -66.4 ±4.8

4/8/99 47.79 1840 -47.31 1795 -66.9 ±5.2
10/11/99 -48.25 1896 -47.45 1815 -66.2 ±2.8

Urban Sources (within 20km of Royal Holloway sampling site)

a) West London Source Mix
14/6/96 -47.58 2053 47.40 1795 -48.8 ±0.5
18/8/96 -48.11 3356 47.45 1800 -48.8 ±0.2
5/12/96 47.54 2611 -47.08 1825 -48.6 ±0.2
11/9/97 -47.97 2245 -47.56 1800 -49.6 ±0.4

b) Natural Gas Source (-32.8 to -35.0%o measured)
1/4/97 -42.35 2882 -47.10 1820 -34.2 ±0.2
9/7/97 -44.27 2352 -47.15 1800 -34.9 ±0.4

19/3/98 -45.00 2182 -47.20 1820 -33.9 ±0.5

c) Biological Anthropogenic Sources (Landfill -dominated)
14/6/96 -49.21 2946 -47.40 1795 -52.1 ±0.2
18/8/96 -49.51 3554 47.45 1800 -51.6 ±0. 1
11/9/97 -49.51 2824 -47.50 1840 -53.3 ±0.2

Errors are calculated using ±3ppb for all concentrations and ±0.03%Yo for all V1 CH, data.
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FIG. 1 Examples of 4-day back trajectories for air masses arriving at Mace Head. These examples are
shown in Table I and were used to calculate the -54%o source mix for 1996. These continental air
masses normally' contain 150-200 ppb methane in excess of the Atlantic background signal.

The isotopic signal of some large regional sources (e.g. western Europe as a whole; Canadian
wetlands; Siberian wetlands and gasfields) can be detected at background stations up to 5000
km away [14]. Table outlines the range of regional and local sources which have been
identified by measuring excess methane over background at the Mace Head and London sites.
The difference in the main local sources is clearly highlighted. Over central Ireland, close to
Mace Head, the emissions to air will be mostly agriculture and wetland with signatures of
613 C below -60%o, whereas in the urban and industrial conurbations such as London the
source mix will be mostly fossil fuel or landfill-related with the excess emissions mix being
mostly in the range -52 to -48%o.

4. THE LONDON REGION AND UK EMISSIONS

Diurnal measurement and analysis campaigns at the Royal Holloway site have been used to
estimate emissions from the London region. Methane emissions from the London area are
dominated by 2 main source groups (Table ), waste treatment (landfill and sewage with 81 3C
calculated as -52.5%o) and fossil fuel extraction and distribution (natural gas, -34%o). Other
minor sources are road traffic, due to inefficient engine combustion (- 2 7%o) and agriculture
(enteric fermentation and animal waste, -62.4%o).

The distinctive isotopic character of the major methane sources in SE England and the UK as
a whole allow emissions estimates for comparison with inventory data. A regional source mix
of methane with 6' 3C -49.0 to -48.4%o for the London area during 1996 and 1997 [8],
suggests that the emission for London was 240-3 12 kt/yr, less than 10% of the UK total, but
3 8-79% higher than suggested by the latest statistical inventory estimates for those years [15].
The proportion of landfill can be calculated from the isotopic mix, using the isotopic
signatures for the main source categories, statistical figures for gas leakage and the number of
farm animals within the region. The London source mix consists of 77-81 % emissions from
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waste processing (mostly landfill), 16-21% from fossil fuels (mostly leakage in the gas
distribution network), and about 1 % each from transport and animals.

In the case of the London study, isotopic techniques were developed for monitoring methane
emissions from a large conurbation by using a peripheral measurement site. The results are
significant in that they could be used in devising policies to reduce emissions in the region;
more generally, the technique is applicable to devising and monitoring reduction strategies in
other large conurbations or regions with high methane emissions.
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lowering of the landfill emissions, should mean that the isotopic mix for the UK is more
enriched in 3C by approximately .5%o than previously thought. More importantly this
recalculation would result in an enrichment of 2%o for the London source mix, but this is
clearly not seen in the air sample data. The other main changes observed in the UK statistics
since 1970 have been attributed to reduction in emissions from coal mining and coal
combustion as the industry has declined, and the effects of the strike of 1984 are clear from
the inventory (Fig. 2a,2). This has removed a source with relative 13C enrichment from the
emissions mix.

The modelled isotopic change for the UK source mix using recent emissions figures [16 is
from -48.4%o in 1990 to -50.7%o in 1997. This represents a reduction in emissions of 25%
over a 7-year period, important in meeting Kyoto targets. Further reductions in the attempt to
reach the 2010 UK targets of 20% cuts in greenhouse gas emissions will be clearly seen in the
isotopic record. Fig. 2 shows the effects of a further 50% reduction in fossil fuel, waste and
transport emissions between 1997 and 2010, resulting in a shift in the UK 6'13 C mix from -

50.7 to - 5 3 .8 %o. Much will depend on the perceived accuracy of the emissions inventory
figures, especially when landfill statistics have errors of ±-40%.

5. METHANE EMISSIONS FROM EUROPE

5.1. Methane emissions from the European Community

Statistical databases of methane emissions [e.g. 3,16] need independent external verification
and carbon isotope data provide one way of estimating the expected source mix for each
country if the main source types have been characterised isotopically. The CORINAIR 94
database provides the most detailed statistical database for methane emissions from western
Europe to date and this has been used to give a first estimation of what the isotopic mixes for
the emissions for each country should look like (Table II, Fig. 3). Those countries with large
urban centres and much heavy industry (Germany, United Kingdom) are close to -5 1 %o, those
with emissions dominated by agriculture and wetlands (Finland, Sweden, Ireland) are closer
to -6O%o (Fig. 3). Although there will be variations from region to region within a country (as
with London at -49%o), most air masses crossing countries should be expected to pick up a
component which is fairly representative of the emissions from that country. Even for Europe
as a whole it seems that this basic premise holds true. The table allows some estimates to be
made of what isotopic mix should be expected for air collected at remote sampling sites such
as Mace Head, when the trajectory' comes from continental Europe. The overall isotopic mix
for emissions from the EC 15 is calculated as -55.4%o for 1994 (Table II), close to the
observed values from the continental trajectories arriving at Mace Head for 1995-2000 (-54.0
to -55.6%o), but the 13 for air collected in central Europe in 1994 is approximately 2%o
enriched relative to the estimate from CORINAIR inventory data, based on results from
Heidelberg [2]. The isotopic shift from -48 to -53%o observed in the source mix for the
Heidelberg region in the early 1990's [2] was interpreted as being largely due to reduction of
coal mining emissions and a change in the source of the gas supply.

The comparison between atmospheric and inventory isotopic calculations suggest reductions
in anthropogenic sources have been occurring, the isotopic shift is very clear although the rate
of change is now slowing, but the isotopic offsets clearly suggest that there are discrepancies
in the source proportions. While this difference could be explained by national statistics
underestimating the magnitude of anthropogenic sources, it could also be explained by eastern
European emissions to the air masses. Both of these possibilities will be explored below.
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TABLE II. 1994 statistical emissions estimates [3] for EC15, Norway and Switzerland.
Isotopic emissions mixes for each country based on proportions of emissions from coal (-
35%6o), gas, waste treatment and disposal (-52.5 %o), agriculture, nature (-63%o) and transport
(-27%.). Gas 3 3C depends on source region (e.g. North Sea -35%o, Siberia -50%o),

agriculture 63 3C depends on proportions of enteric fermentation (-63%o) to animal waste (
5 8%o).

Country Ktlyr CH4 % tot 813C(%0) Country Kt/yr CH44 % tot 83(.
Italy 4853 17.8 -56.4 Denmark 785 2.9 -59.9
Germany 4848 17.8 -51.2 Austria 632 2.3 -59.4
UK 3848 14.2 -51.2 Greece 483 1.8 -57.0
Spain 3164 11.6 -55.1 Norway 467 1.7 -52.6
France 2937 10.8 -55.8 Belgium 434 1.6 -55.5
Sweden 1964 7.2 -62.4 Portugal 383 1.4 -60.4
Holland 1190 4.4 -54.6 Switzerland 374 1.4 -58.6
Ireland 845 3.1 -60.5 Luxembourg 23 0.1 -59.1
Finland 803 3.0 -60.6 Total 27191 100.0 -55.4
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FIG. 3 a) Methane emissions for countries of western Europe from CORINAIR 94 [3] ranked in
order from highest to lowest. Note the highly variable reported emissions from nature (mostly
wet/an ds}. b sotopic signature of ant hropogenic compared to all sources and the percentage
contribution of anthropogenic sources to the national totals. Note that the anthropogenic sources
g?-oup here does not include agriculture, only those sources which are potential targets for emissions
reduction.
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5.2. Changes to emissions inventories from 1994 to 1998

Inventory data is currently available from EMEP up to 1998, but not all countries have
reported data since 1996. In addition more countries than for CORINAIR 94 (notably Sweden
and Spain) have chosen not to report their natural emissions. This makes an enormous
difference in emissions, with the isotopic ratio thereof increasing from -62 to -56%o and -55
to -5l%o, respectively. Overall the revised estimate for the EC15 for 1996 is -53.8%o, very
close to the -54%o observed based on trajectory calculations during 1996, but known to be
underestimating natural emissions. Since the 1994 inventory most countries have recalculated
their methane emissions. The most significant changes have been the cuts in landfill
emissions estimates. These reductions were 40-60% by the 3 biggest emitters, Genmany.
United Kingdom and Italy.

While some of the landfill reduction is down to increased incineration, the main reason is a
reduction in the amount of carbon in landfills thought to be converted to methane. Estimated
emissions from fossil fuels and agriculture remained relatively constant over the 1994-98
period, except for Italy who also introduced a 40% cut in agricultural emissions. These major
cuts in emissions by Italy could have been isotopically verified because the isotopic mix
would shift from -56.0 to -54.3%o. Most other countries changed by less than I1%o compared
to 1994 figures.

5.3. Emissions from eastern Europe - effects on the European isotopic mix

Many of the air masses crossing Europe from the east sample emissions from countries such
as Poland, the Czech Republic and Ukraine which still have large coal industries and which
produce significant methane emissions (at 813C of -35%o) from these regions. The gas supply
comes mostly from Russia, which is taken as -5O%o from our previous studies, otherwise the
same isotopic values have been selected for the source categories. The low fossil fuel
emissions inventory estimate for the Czech Republic in the EM1EP database is difficult to
reconcile with the amount of coal being mined, unless coal emissions are 2-3 times lower than
Germany, France or the United Kingdom per tonne of coal produced. Making adjustments for
this anomaly would put the Czech republic with the most C-enriched source mix in Europe
at -44%o. Poland at -5O%o is the only further anomaly compared to the EC15, with the Baltic
States giving the most depleted mixes for this region at -58%o. Overall though, the mix for all
the countries of Eastern Europe with currently available data is -51 .3%o, a significant
difference to the EC 15. This means that using the 1996 data the European mix would be
close to - 5 3 %o, which does not fit with the atmospheric data evidence, further implicating an
underestimation of natural emissions in the inventories.

6. CAN ISOTOPES OF METHANE BE USED TO VERIFY INVENTORIES?

The work of Levin et al. [2] and Lowry et al. [8] have shown that national statistical self-
assessments of methane emissions can be verified using independent atmospheric
measurements. Many more stations are needed across Europe to develop a detailed picture of
the changing methane emissions, but already there is a sparse E-W transect of isotopic records
through Europe to draw upon, from Mace Head in the west to St. Petersburg in the east. This
atmospheric data already distinguishes the urban regions from the rural regions and allows
Europe wide estimations of source changes. The shift toward greater depletion in 13C of the
European source mix should continue as better landfill practice, reduction in gas leaks and the
decline of the coal industry continue but as the proportion of natural and agricultural
emissions increases the rate of change of the mix will slow down.
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The further development of automated continuous flow techniques for isotopic analysis of
greenhouse gases over the coming years (and already capable of precision of ±O.O6%o) will
rapidly increase the number of samples which can be analysed and reduce the amount of
sample required by 2 orders of magnitude. While the initial set-up costs will be high the
proceeding analytical and sampling costs will be greatly reduced. Analysis of daily back
trajectories for a range of background sampling sites will allow the isotopic source mix
changes for individual countries to be monitored and compared with statistical data. By
careful selection of coastal background and interior sampling sites the isotopic data will
provide an important tool for monitoring and verification of BC and UK methane emissions in
the run-up to 201 0. When urban emissions are better understood, it should also be possible to
monitor the progress of reduction strategies in those countries not able, or not willing, to keep
track of their emissions.
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