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ABSTRACT

Previous studies on ice core analyses and recent in situ measurements have shown that CH4 has
increased from about 0.75 to 1.73 mmol/mol during the past 150 years. Here, we review sources
and sink estimates and we present global 3D model calculations, showing that the main features
of the global CH4 distribution are well represented. The model has been used to derive the total
CH4 emission source, being about 600 Tg yr−1 . Based on published results of isotope measure-
ments the total contribution of fossil fuel related CH4 emissions has been estimated to be about
110 Tg yr−1 . However, the individual coal, natural gas and oil associated CH4 emissions can not
be accurately quantified. In particular natural gas and oil associated emissions remain speculative.
Since the total anthropogenic CH4 source is about 410 Tg yr−1 (~70% of the total source) and
the mean recent atmospheric CH4 increase is ~20 Tg yr−1 an anthropogenic source reduction
of 5% could stabilize the atmospheric CH4 level. We have calculated the indirect chemical effects
of increasing CH4 on climate forcing on the basis of global 3D chemistry-transport and radiative
transfer calculations. These indicate an enhancement of the direct radiative effect by about 30%,
in agreement with previous work. The contribution of CH4 (direct and indirect effects) to climate
forcing during the past 150 years is 0.57 W m−2 (direct 0.44 W m−2, indirect 0.13 W m−2). This
is about 35% of the climate forcing by CO2 (1.6 W m−2) and about 22% of the forcing by all
long-lived greenhouse gases (2.6 W m−2). Scenario calculations (IPCC-IS92a) indicate that the
CH4 lifetime in the atmosphere increased by about 25–30% during the past 150 years to a current
value of 7.9 years. Future lifetime changes are expected to be much smaller, about 6%, mostly
due to the expected increase of tropospheric O3 (�OH) in the tropics. The global mean concentra-
tion of CH4 may increase to about 2.55 mmol/mol, its lifetime is expected to increase to 8.4 years
in the year 2050. Further, we have calculated a CH4 global warming potential (GWP) of 21
(kgCH4/kgCO2) over a time horizon of 100 years, in agreement with IPCC (1996). Scenario
calculations indicate that the importance of the climate forcing by CH4 (including indirect effects)
relative to that of CO2 will decrease in future; currently this is about 35%, while this is expected
to decrease to about 15% in the year 2050.

1. Introduction sphere of about 7.9 years (Table 1). Most CH4 is
removed from the atmosphere through oxidation
by hydroxyl radicals (OH) in the troposphereAtmospheric methane (CH4 ) is a moderately
(Levy, 1971). Further, a fraction of about 7–11%reactive trace gas with a lifetime** in the atmo-
is destroyed in the stratosphere and 1–10% is
removed by bacterial consumption in soils (Born

* Corresponding author.
et al., 1990). The current global mean atmospheric

** The CH4 ‘‘lifetime’’ (or turnover time) is defined as
CH4 level (year 1995) is about 1.73 mmol/mol (i.e.,the total atmospheric CH4 burden divided by the sum
mmol CH4/mol air). During the last glacial max-of all loss processes; the ‘‘adjustment’’ time (or response
imum (~18,000 years BP) the CH4 level wastime) quantifies the decay of an instantaneous CH4 emis-

sion pulse (Subsection 4.4). about 0.35 mmol/mol; it increased to about
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Table 1. Atmospheric mixing ratios of CO
2
, CH

4
, N

2
O, CFC-11 and CFC-12 during the last glacial, the

pre-industrial period and from 1900–1995 (IPCC, 1990–1996; Montzka et al., 1996; Cunnold et al., 1997)

CO2 CH4 N2O CFC-11 CFC-12
mmol/mol mmol/mol nmol/mol pmol/mol pmol/mol

Last glacial 195 0.35 244 0 0
(#18000 yr BP)

1850 280 0.75 260 0 0
1900 296 0.97 292 0 0
1960 316 1.27 296 18 30
1970 325 1.42 299 70 121
1980 337 1.57 303 158 273
1990 354 1.72 310 258 484
1995 360 1.73 312 258 532
1995 annual 1.6 0.008 0.5 −0.6 0

increase (0.45%) (0.45%) (0.25%) (−0.2%)

Present atmospheric 50–200 7.9 120 50 102
lifetime (years)

0.75 mmol/mol by the middle of the 19th century ants, rice fields, bacterial decay of wastes and

sewage, and methane losses from fossil fuel use. It(Rasmussen and Khalil, 1984; Chappellaz et al.,
1990). Since then CH4 increased much more should be emphasized that the assessment of indi-

vidual source strengths is very difficult, and israpidly as a result of agricultural expansion and

industrialization, i.e., by more than 100% associated with uncertainties up to a factor of 2.
The ‘‘scaling’’ problem intrinsic to extrapolation(Etheridge et al., 1992). Table 1 gives a summary

based on recent studies and our own calculations from local measurements is hard to deal with. For

example, a large number of geographically specificas presented in section 4; also shown are the 1995
growth rates and the atmospheric lifetimes. soil properties affect both microbiological CH4

production and destruction.Atmospheric CH4 growth rates were particu-

larly fast during the 1970s, ~20 nmol/mol yr−1 Global three-dimensional (3D) models can be
used to assess the total source strength by calculat-(Blake and Rowland, 1988), while they remained

high during the 1980s, ~12 nmol/mol yr−1 . By ing the CH4 destruction by OH and evaluating

the accuracy of OH calculations by methyl chloro-the end of the 1980s and early 1990s, the CH4
increase reduced to ~9 nmol/mol yr−1 , whereas form (CH3CCl3 ) simulations (Prinn et al., 1995).

In Section 2 we describe a global model used toin 1992 it was only very small, practically zero in

the northern hemisphere (Dlugokencky et al., perform such an assessment, and in Section 3 we
present the results from a global OH-CH4 simula-1994a,b). During the past few years, the CH4

growth rate approximately regained the value of tion and a more detailed discussion of emission

estimates. Since emissions of CH4 and of other1991, ~8 nmol/mol yr−1 . Explanations for these
rather strong fluctuations in the CH4 trend are reactive trace gases affect the abundance of OH,

we have performed a 200 year (1850–1992–2050)still ambiguous and will be further discussed in

sections 3 and 4. scenario simulation to study CH4 lifetime changes
and associated indirect chemical effects. The scen-There is little doubt that the doubling of atmo-

spheric CH4 during the past 1–2 centuries is the ario is presented in Section 2 and the calculations

of the consequent CH4 distributions and lifetimesresult of anthropogenic emissions (Etheridge et al.,
1992). Natural CH4 sources constitute only about in Section 4.

In the current atmosphere, one added CH4one third of the total present-day source (EPA,
1993). It mostly involves microbiological decay of molecule absorbs infrared radiation (IR) about 25

times more efficiently than one added CO2 molec-organic matter under anoxic conditions in wet-

lands, in particular swamps, marshes and tundras. ule (Lelieveld et al., 1993). The main reason for
this is that CO2 levels are about 200 times higher,Important man-made sources are domestic rumin-
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so that many of its absorption lines are already Mass-conserving transport is driven by 3D wind
fields obtained from meteorological observationssaturated. The climate effects of increasing green-

house gases are quantified in terms of their radiat- over a ten year period (Oort, 1983). It may be

argued that the meteorology during this decadeive forcing, i.e., their perturbation of the global
mean radiation balance in W m−2 (IPCC, 1990). does not ideally represent the two-century period

covered by this study. Thus temperature, humidity,According to IPCC (1996) the total radiative

forcing by increasing levels of CO2 , CH4 , N2O cloudiness etc. are the same for the three emis-
sion scenarios considered (1850, 1992, 2050).and halocarbons during the past 150 years is

about 2.5 W m−2 , of which 1.6 W m−2 is due to Nonetheless, we claim that the 2-, 3- or more-fold

increases of reactive trace gas emissions since pre-CO2 and 0.47 W m−2 to CH4 . Section 5 presents
calculations which are in close agreement with industrial times dominate atmospheric chemical

compositions rather than climate changes.this. Note that this 2.5 W m−2 only accounts for

the direct forcing by well-mixed greenhouse gases, The large-scale diffusion coefficients are propor-
tional to the day-to-day variances and covariancesand it has an uncertainty of about 15%.

Stratospheric ozone depletion and increased aero- of the monthly wind fields. Vertical transport of

short-lived trace species in precipitating deep con-sol concentrations cause a negative (cooling) for-
cing of 1–2 W m−2 , however, this number is rather vective clouds has been parameterized with a

mass-flux scheme, based on statistics of convectiveuncertain (IPCC, 1996). Although the estimated

negative forcing by aerosols is expressed as a precipitation (Feichter and Crutzen, 1990). The
tropospheric chemistry description in the modelglobal average, it is largely restricted to the regions

downwind of the emissions, so that this regional accounts for CH4-CO-NO
x
-O3-OH photochem-

istry, pertaining to the background global tropo-negative forcing cannot simply be discounted with
the global effect of well-mixed greenhouse gases sphere (Crutzen and Zimmermann, 1991).

Heterogeneous processes have also been(IPCC, 1994).
Further, the increases of CH4 and other chemic- accounted for to simulate the chemical effects by

aerosols and clouds (Dentener and Crutzen, 1993).ally reactive gases, in particular carbon monoxide

and nitrogen oxides, have led to an increase of Tracer studies of the chlorofluorocarbons CFC-11
and CFC-12 (Zimmermann, 1987), radioactivetropospheric ozone, which enhances the green-

house forcing by 0.2–0.6 W m−2 (IPCC, 1996). 85Kr (Zimmermann et al., 1989), 222Rn (Feichter

and Crutzen, 1990) and CH3CCl3 (Crutzen andThe radiative forcing by tropospheric O3 is of
regional nature, largely spatially coinciding with Zimmermann, 1991; Dentener, 1993) have been

performed to test the model performance. Itthat of pollution aerosols (but opposite in sign).

In Section 5 we present an update of the radiative appears that especially the relatively long-lived
trace species are well represented by the model.forcing of CH4 and its indirect effects, e.g., through

tropospheric O3 . We also evaluate the CH4 climate The CH4 emission distributions for wetlands

and rice paddies have been adopted from Aselmanindex, expressed as a Global Warming Potential,
a measure of the time integrated CH4 radiative and Crutzen (1989), and that of animals from

Crutzen et al. (1986). Total emission sourceforcing relative to that of CO2 . Section 6 presents

the conclusions. strengths are given in Table 2. Methane emissions
by termites are distributed according to Fung
et al. (1991). Industrial emissions have been scaled

to those of CO2 (Marland and Rotty, 1984; WRI,2. Model description and emission scenario
1990; Lelieveld and Van Dorland, 1995). Biomass
burning emissions were adopted from Hao et al.The global 3D chemistry-transport model used

in this study simulates the transport and chemistry (1991). Fossil fuel related CH4 emissions have
been based on the compilation discussed in EPAof trace constituents in the troposphere (Crutzen

and Zimmerman, 1991). The model has a Eulerian (1993). For descriptions of deposition routines
and the emission distributions of other tracegrid with 10 layers in the vertical dimension,

accounting for atmospheric pressure levels from species we refer to Crutzen and Zimmermann

(1991), Lelieveld et al. (1993) and Lelieveld and1000–100 hPa (up to ~16 km altitude); the hori-
zontal resolution is 10°×10° latitude by longitude. Van Dorland (1995).
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Table 2. Estimated pre-industrial, contemporary and future emissions, updated after the IS92a scenario of
IPCC (1992) (in T g yr−1; NO

x
in T g N yr−1)

1850 1992 2050

Emission source CH4 CO NO
x

CH4 CO NO
x

CH4 CO NO
x

energy use 110 540 25 175 760 54
biomass burning 10 110 2 40 400 6 50 550 7.5
vegetation 100 100 100
CH4 oxidationa 345 845 1330
natural NMHC 325 325 325
anthropogenic NMHC 30 120 165
wildfires 30 30 30
soils 5 5 5
lightning 5 5 5
domestic ruminants 20 80 165
wild ruminants 5 5 5
rice paddies 27 80 95
animal wastes 5 30 60
landfills 10 40 75
wastewater 6 25 45
wetlands 145 145 145
oceans 10 40 10 40 10 40
freshwaters 5 5 5
termites 20 20 20
CH4 hydrates 5 10 15
total 268 980 12 600 2400 41 865 3300 71.5

a Not included in the model as emission but calculated as a chemical source in the troposphere.

It is likely that desiccation of peat bogs and releases from wastes and sewage were only 15

Tg yr−1 and that emissions from energy use canwetland conversion for agricultural purposes (e.g.,
rice production) have decreased the areal extent be neglected in the simulations of the mid 1800s.

The future (2050) emission trend estimatesof natural wetland CH4 emissions during the past

150 years. On the other hand, since methanogenic (Table 2) are based on the IS92a scenario
developed by the Intergovernmental Panel onbacteria are sensitive to temperature (Cicerone

and Oremland, 1988), global warming may stimu- Climate Change (IPCC, 1992), including some

modifications based on recent developmentslate CH4 production in wetlands and increase the
thaw season in high latitudes. We have, rather (IPCC, 1996). It accounts for World Bank and

United Nations population forecasts, and defor-arbitrarily, assumed that these natural emissions

have remained constant over the 200 year period estation rate and agricultural development studies
by the Food and Agriculture Organization.considered. Because the world human population

has increased by a factor of 4 during the past 150 General assumptions basic to the IS92a scenario

are that the world population in 2050 is 9.1×109years, we hypothesize that the anthropogenic emis-
sions through biomass burning and domestic and that the average annual economic growth is

2.4%. The assumption involving fossil fuel relatedruminants were about 75% less in 1850.

Studies of rice cultivation indicate that the emissions include a global increase in energy use
efficiency (per unit of gross national product) ofpaddy area harvested by the middle of the past

century was up to one third of the current area 0.8% yr−1 in the period to 2025, and 1% yr−1
from 2025 to 2050 (IPCC, 1992). It has been(Darmstadter et al., 1987; Aselmann and Crutzen,

1989), so that we have reduced the pre-industrial anticipated that towards the second half of the

next century limitations in fossil fuel resourcesemissions from this source accordingly.
Furthermore, we have assumed that the CH4 start playing a role; advances in energy technolo-
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gies may also be expected. Needless to say that (Montzka et al., 1996). Apart from a small sink
by dissolution in the oceans (6%) and photolysisthese developments can strongly influence trace

gas emissions. Assumptions based on available oil in the stratosphere (3%), CH3CCl3 is destroyed

in the atmosphere by its reaction with OH.and gas reserves have been adopted from the study
of Masters et al. (1991). We obtain quite good agreement between our

model results and measured CH3CCl3 , althoughThe radiative forcing calculations have been

performed with a code originally developed by the model CH3CCl3 is slightly lower (Fig. 1).
Nevertheless, this indicates that the main featuresMorcrette (1991), which treats 2 short-wave and

6 long-wave spectral intervals, and it has been of the global OH distribution are simulated within

about 10%. In turn, this provides confidence thatextended to account for non-CO2 greenhouse
gases and aerosols. The model has been compared the total CH4 destruction in the troposphere, 510

Tg yr−1 , is calculated adequately, although thewith five different radiation schemes in the context

of an Ozone Forcing Intercomparison (Shine et al., slight underestimation of OH may indicate that
this value is a lower limit. By also accounting for1995). The forcing calculations use the Fixed

Dynamical Heating formulation (Mode B in loss processes in soils and the stratosphere, and

the measured annual increase, we derive a totalWMO, 1992). This deviates from the instantan-
eous radiative forcing calculation in which the net CH4 sink of 600±80 Tg yr−1 , which must equal

the total source (Table 3). IPCC (1996) mentionsradiative flux change at the tropopause is calcu-

lated keeping all other parameters (e.g., H2O and a 20 Tg lower annual CH4 destruction by tropo-
spheric OH of 490 Tg yr−1 . Nevertheless, thetemperature) constant in troposphere and strato-

sphere. In our results the stratospheric temper- IPCC (1996) implied total source (597 Tg yr−1 ) is
in good agreement with our estimate.atures have been allowed to adjust to a new

equilibrium in the radiation model, making use of This CH4 source estimate is also within the

range of 520–625 Tg yr−1 calculated by Hein et al.the fact that this new equilibrium is reached within
a few months after applying the perturbation. (1997) who applied an inverse modelling tech-

nique, referring to the year 1987, to deduce meth-Note that this adjustment in the troposphere takes

up to decades because of the large heat capacity ane sources from observed temporal and spatial
variations of atmospheric CH4 mixing ratios. Aof the oceans. More details and recent updates of

the radiation scheme are described in Van Dorland global 3D model was used and OH fields were

validated on the basis of CH3CCl3 simulations.et al. (1997).
Inverse modelling involves iterative optimization
of the agreement between model calculated and

3. Sources of methane
measured CH4 from a global network, including
13CH4/12CH4 isotope ratios (Fung et al., 1991;

3.1. T otal CH
4
source

Quay et al., 1991). Hein et al. (1997) concluded

that emission estimates of rice paddies, wetlands,About 90% of the removal of CH4 from the
atmosphere occurs through reaction with OH, landfills, oil associated gas and natural gas leakage

have relatively large uncertainty ranges, up tomostly in the troposphere. Although concentra-

tions of OH are highly variable in space and time,
its global mean distribution can be relatively
accurately determined from model calculations.

Table 3. Estimated sinks (and implied total source)We have tested our model calculated OH by
of atmospheric methanesimulating methylchloroform (CH3CCl3 ) concen-

trations based on known emissions, and by com-
Sinks Tg yr−1

paring the results against measurements from the
ALE/GAGE global network (Prinn et al., 1995). reaction with OH in the troposphere 510±50

bacterial oxidation in soils 30±15This compound has been used as a solvent and
40±10reactions with OH, Cl and O(1D) incleaning agent, and its release to the atmosphere

the stratosphereis well quantified. For example, the recent emission
atmospheric increase 20±5

reduction, as reported by the industry, is consistent
total sink plus increase (=source) 600±80

with the observed atmospheric CH3CCl3 decrease
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Fig. 1. Model calculated CH3CCl3 concentrations (solid lines), compared with observations (dotted) from Prinn
et al. (1995).

about±50%. On the other hand, methane emis- Quay et al. (1991) estimated 16%, while Manning
et al. (1990) obtained a fractional contribution ofsions from coal mines and domestic ruminants

appear to be somewhat better constrained, within about 25%.
Overall we adopt a fraction of 20%, whichabout ±25%. Individual source estimates will be

further discussed in Subsections 3.3 to 3.6. seems to be generally accepted, with an uncertainty

range of±4%. Thus with a total source strength
of 600±80 Tg yr−1 (Table 3), it can be argued

3.2. T otal fossil CH
4
source

that ‘‘old’’ methane contributes about 85–160

Tg yr−1 to CH4 emissions. A small fraction, 5–15Biogenic methane in the natural atmosphere
reflects the 14C/12C ratio in atmospheric CO2 , Tg yr−1 , is attributed to methane volatilization

from warming permafrost regions, loss of CH4determined by 14CO2 production by cosmic radi-

ation. The 14CO2 is taken up by vegetations and hydrates from ocean sediments and other minor
geological CH4 sources (EPA, 1993). Hence, wetakes part in the CO2/CH4 cycle, i.e., assimilation

and methanogenesis of organic material. The frac- obtain a ‘‘best estimate’’ of 110±45 Tg yr−1 asso-

ciated with the mining and use of fossil fuelstion of 14C in the increasing amount of CH4 in
the atmosphere is sensitive to fossil fuel related (Table 4). We emphasize that the indirectly derived

best estimate of the total fossil CH4 source has aCH4 emissions because ‘‘old’’ methane from geolo-

gical deposits is depleted in 14C. By inference, the smaller uncertainty compared to those of indi-
vidual fossil sources, as will be discussed inrelative contribution from fossil fuel related CH4

sources can be estimated from 14CH4/12CH4 meas- Subsection 3.5. It should be noted that IPCC
(1996) also assumes a 20% fossil fuel contributionurements in the atmosphere. Wahlen et al. (1989)

calculated that 21±3% of all atmospheric CH4 is to the total CH4 source, which would be 120

Tg yr−1 of 597 Tg yr−1 . However, the IPCC (1996)old methane. An even higher fraction, up to 30%,
was estimated by Lowe et al. (1988). However, listing of source estimates (Table 2.3b) mentions
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Table 4. Estimated fossil fuel related and other emissions originates from boreal wetlands, e.g., in
northern Canada and Siberia. Arctic tundras emit14CH

4
-free emissions

comparatively little because of the short duration
Sources Tg yr−1 of the thaw season. Temperate wetlands are less

important since they occupy less than 5% of the
coal mining and combustion 45±15

global wetland area. A main source of uncertain-oil and gas related emissions 65±30
ties in wetland emission estimates is the poortotal fossil fuel related 110±45
characterization of nutrient and flooding condi-methane hydrates and other geological 10±5

sources tions. Moreover, it is difficult to quantify the
total 14CH4-free 120±40 relative contribution of bacterial CH4 consump-

(20±4% of 600±80 Tg yr−1) tion (methylotrophy) during its diffusion from the
anoxic production (methanogenesis) zone to the

surface (Reeburgh et al., 1994). Another natural
only 100 Tg yr−1 for fossil fuel related CH4 source of methane is release by termites. Emissions
releases. Nevertheless, it can be argued that these from termite nests vary strongly, up to a factor of
estimates are within the limits of uncertainty. 100, largely related to the size of the colonies.

Hence global source estimates are uncertain, about
10–40 Tg yr−1 , with a central value of 20 Tg yr−13.3. Natural sources
(IPCC, 1992; Martius et al., 1993). Natural CH4The adding of current natural and man-made sources include the destabilization of gas hydrates

source estimates and associated uncertainties pro- and the melting of permafrost. Although large
vides a relatively inexact method to estimate the amounts of methane are stored as hydrates in
total CH4 source, yielding roughly 300–800 marine and continental sediments, only a very
Tg yr−1 . Estimates of natural CH4 emissions have small fraction leaks to the atmosphere. Finally,
large uncertainties, for example, wetlands may emissions from oceans and freshwaters are estim-
contribute 70–175 Tg yr−1 (EPA, 1993). However, ated to be 5–25 Tg yr−1 .
in Subsection 4.3, we present model simulations

of pre-industrial CH4 levels and compare these
3.4. Agricultural sourceswith ice core data, which constrains this source to

about 115–175 Tg yr−1 (Table 5). Although trop- Biogenic CH4 emissions of agricultural origin
ical wetlands occupy less than 20% of the global include livestock and rice cultivation. Micro-
wetland area, they cause about 60% of the emis- organisms in the forestomach (rumen) of domestic
sions, mostly due to the relatively high soil temper- ruminants, in particular of cattle, produce methane
atures, high plant production and intense solar in appreciable amounts. The methane is released
radiation at low latitudes (Bartlett and Harriss, by exhalation or eructation. The amount of CH41993). The majority of non-tropical wetland CH4 produced through enteric fermentation primarily

depends on the feed intake. Typically, the average
emission factors are relatively low in southernTable 5. Estimated natural methane emissions
Asia (~28 kg yr−1 per animal) and high in western

Sources Tg yr−1 Europe (~64 kg yr−1 ) (Crutzen et al., 1986; EPA,
1994). Most of the CH4 release by animals is

wetlands 145±30
produced by ruminant cattle (Table 6); other

termites 20±20
domestic and wild animals add about 25 Tg yr−1 .oceans 10±5
Domestic ruminants are estimated to contributewild ruminants 5±5

freshwaters 5±5 80±20 Tg CH4 yr−1 , while wild animals release
CH4 from sedimentsa 5±5 ~5 Tg yr−1 (Tables 5, 6). In addition, anaerobic
total natural 190±70 decomposition of animal wastes may contribute

30±15 Tg yr−1 (EPA, 1994; Berges and Crutzen,a We assume that half the ‘‘old’’ CH4 release of 10
1996).Tg yr−1 is from melting permafrost regions caused by

About half of all CH4 emissions occurs in theanthropogenic climate warming, while the other half is
natural, e.g., from hydrate destabilization. tropics. A significant part of these are from rice
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Table 6. Estimated agricultural methane emissions 110±45 Tg yr−1 , however, individual sources are
poorly quantified. The least uncertain of these is

Sources Tg yr−1 the use of coal, accounting for about 45±15

Tg yr−1 (Table 4). It should be emphasized that
biomass burning 40±30

most coal associated emission studies have beendomestic ruminants 80±20
performed in western Europe and the USA, whichanimal wastes 30±15
may not be representative for Asian coal mines,rice paddies 80±50

total agricultural 230±115 for which measurements are not available
(Kirchgessner et al., 1993; EPA, 1994). Ventilation

of underground mines for safety reasons contrib-
utes most. A minor fraction of the CH4 is currentlycultivation, mostly from southern Asia. Emissions

from rice paddies depend on many local factors, recovered from the mine gas for local energy

production. Surface coals contain less methanein particular temperature, soil type, microbiology,
rice variety, fertilization practices and flooding compared to underground coals, so that emissions

are much smaller. Most coal production andconditions. In particular temperature and the

flooding regime appear to be important. For associated CH4 releases occur in China, Russia
and the USA. Additional important source regionsexample, rainfed rice fields emit less CH4 com-

pared to irrigated paddies due to periodic droughts are eastern Europe, South Africa and the UK. In

fact, 90% of coal associated CH4 emissions areduring the growth season (Neue and Sass, 1994).
Since floodings and soil factors are not well caused by only 10 large coal producing countries

(EPA, 1994).known, estimates of global rice paddy CH4 emis-
sions are rather uncertain. IPCC (1992) mentions By inference from the above mentioned estim-

ates of the total fossil CH4 source and the coala range of 20–150 Tg yr−1 and WMO (1994) of

20–100 Tg yr−1 , however, the lower limit of these associated source, oil and gas related emissions
may amount to 65±30 Tg yr−1 , although theranges appears inconsistent with sensitivity calcu-

lations with our global model. In fact, the strong extremes of this range seem rather unlikely.

A recent study carried out within the IEAincrease of global rice cultivation during the past
century probably has contributed significantly Greenhouse Gas R&D Programme estimated the

total methane release by oil and natural gasto the observed CH4 increase. In recent decades,

the areal growth of rice fields may have been systems to be somewhat lower, about 47 (40–70)
Tg yr−1 (IEA, 1997). Oil and natural gas produc-small, although the crop yields have increased

substantially. tion in Russia and the USA account for more

than 40% of the global energy production fromSavanna burning, deforestation, shifting cultiva-
tion, and firewood and agricultural waste burning these fuels (EPA, 1994). Reliable emission estim-

ates are lacking since measurements of vents areare also important sources of CH4 (Crutzen and

Andreae, 1990; Andreae and Warneck, 1994). In close to absent, and measurements of gas leakages
from transport and distribution are scarce. Oiladdition, the burning of agricultural residues, e.g.,

of rice straw, sugarcane and other agricultural associated gas is usually not used for energy

production; it is vented, flared or re-injected intodisposals, is also significant. However, the estim-
ates of CH4 emissions from biomass burning are the oil field. The amounts released during oil

production are substantial, whereas the fractionrather uncertain, ranging from 10–70 Tg yr−1 .
Main causes are the lack of information about the vented is unknown. Moreover, some methane may

survive due to inefficient combustion during flar-areal extents of the burning and the difficulty of
quantifying the flaming and smoldering phases, ing. Aircraft measurements over Siberian produc-

tion areas confirm the significance of oil associatedassociated with differences in combustion temper-
atures and efficiencies (Lobert et al., 1991). gas emissions (Sugawara et al., 1996; Tohjima

et al., 1996). Further, crude oil is usually stored
for some time during which CH4 can be outgassed.

3.5. Fossil fuel related sources
Leakage of natural gas may occur during pro-

duction, transmission, storage and distribution.As mentioned earlier, the total CH4 release
related to the mining and use of fossil fuels is Recently, much emphasis has been placed on CH4
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releases from Siberian gas fields, however, estim- could very well contribute to the stabilization of
atmospheric CH4 . More than 90% of all CH4ates are highly speculative (Andronova and Karol,

1993; Dlugokencky et al., 1994a). Only little release from sewage systems is of industrial origin;

domestic sewage is thought to be of minor impor-information is available about the state of main-
tainance and gas releases from the pipeline tance. Industrial waste water sources include food

and paper industries and oil refineries. Currentnetwork through Russia and the other former

Soviet states, although large losses from high emissions from these sources are estimated at
25±10 Tg yr−1 (IPCC, 1992; EPA, 1994).pressure pipelines seem unlikely (Zittel, 1997).

Measurements of methane emissions from com-

pressor stations and transmission pipelines in
Russia have been conducted jointly by RAO 4. Methane distribution and lifetime
Gazprom and Ruhrgas AG in 1997. The methane

emissions from this sector have been estimated at 4.1. Chemical feedbacks
less than 1% of the natural gas transported. The

Methane removal from the atmosphere is larg-
gas production sector in West-Siberia will be

ely a consequence of its reaction with OH, formed
investigated by the end of 1997 (Ruhrgas, personal

via the action of solar radiation on ozone and
communication).

water vapour:
Natural gas losses in the USA mostly occur

during transmission and storage, while production R1: O3+hu (l<315 nm) �O(1D)+O2 ,
appears to be less important (Harrison and

R2: O(1D)+H2O �2OH.
Cowgill, 1996: cited in Shorter et al., 1996). In the
USA methane emissions from the natural gas The reaction of hydroxyl with methane and other

gases destroys OH, limiting its lifetime to a fewindustry have been estimated to be about 6

Tg yr−1 , i.e., 1.4% of the natural gas production seconds. On a global scale, about half of the OH
is removed by emissions of carbon monoxide (CO)in the reference year 1992 (transmission/storage

37%, production 27%, processing 12%, distribu- and most of the rest by methane and its reaction

products (Law and Pyle, 1993; Crutzen, 1995).tion 24%) (EPA, 1996). Low-pressure networks,
e.g., in the USA, Germany and the Netherlands Although OH is rapidly destroyed, it is partly

replenished as a by-product in the CH4 and COhave losses that are usually less than a percent

(Mitchell, 1993; Lamb et al., 1995; Shorter et al., oxidation chains. Moreover, additional OH is
formed when the oxidation occurs in the presence1996). Overall, the currently available information

is insufficient to quantify these sources worldwide of nitrogen oxides (NO
x
=NO+NO2 ). Table 7

presents the main reaction sequence (see alsoand distinguish natural gas from oil associated
emissions in the global CH4 budget. Fig. 2). Next to OH formation, e.g., through reac-

tions R1 and R2, the partitioning between HO2
and OH by reaction R6 plays an important role

3.6. Domestic waste and sewage
in NO

x
-rich air, thus enhancing OH. Further, the

destruction of CH4 yields formaldehyde (CH2O)Microbiological decomposition of domestic

waste and sewage produces substantial amounts
of methane. In particular landfills provide condi-

Table 7. Main reaction sequence that leads to O
3tions favourable for CH4 formation, and the global

formation by CH
4
oxidation in an NO

x
-rich environ-

source is estimated at 40±20 Tg yr−1 ; the USA
ment. Note that further breakdown of CH

2
O (R5)

is the largest source country with a fractional
additionally yields O

3
and OH

contribution of 40% or more (Bingemer and
Crutzen, 1987; EPA, 1994). Main controlling fac- R3: CH4+OH (+O2 ) �CH3O2+H2Otors are landfill moisture and acidity. Improved R4: CH3O2+NO �CH3O+NO2

R5: CH3O+O2 �CH2O+HO2waste management, recycling and biogas recovery
R6: HO2+NO �NO2+OHas well as incineration are cost-effective in reducing
R7: 2NO2+hu (l<420 nm) �2NO+2OCH4 emissions. The same is true for improved
R8: 2O2+2O (+M) �2O3 (+M)

wastewater treatment. Note that reduction of these
net: CH4+hu+4O2 �2O3+CH2O+H2Osources by technological methods and recycling
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remote marine atmosphere, NO
x

levels are very
low. The short NO

x
lifetime of about 1–2 days

limits its transport from the source regions.

At these low NO
x

levels (i.e., less than
25–50 pmol/mol) the hydroperoxy radicals pro-
duced in the breakdown of CH4 and CO cannot

react with NO but destroy O3 and thus limit the
regeneration of OH radicals.

Thus, if NO
x

levels are relatively high, methane

oxidation in the atmosphere is a net source of
ozone and hydroxyl radicals, whereas net destruc-
tion of O3 and OH prevails if NO

x
is low. Further,

about three quarters of the OH reacts with CO,
of which 35% originates from CH4 destruction.
On a global scale, emissions of CO and CH4 both

remove about half of the OH. Evidently, CH4
emissions and concurrent CO and NO

x
emissions

should be evaluated simultaneously, also because

these species to a large extent have the same
sources, i.e., biomass burning and fossil fuel related

emissions. The chemical feedbacks of these gases
on OH, and thus the lifetime of CH4 , depend
critically on their source strengths and transports

throughout the global atmosphere (Chameides
et al., 1977; Isaksen and Hov, 1987). These consid-
erations also indicate that in the pristine (NO

x
-

poor) atmosphere a relatively strong positive feed-
back exists between growing CH4 emissions, loss
of OH and a consequently increasing CH4 lifetime.

On the other hand, in more polluted environments
(NO

x
-rich) this feedback is reduced since OH

losses are partly compensated by O3 formation
Fig. 2. Major reactions in the CH4 oxidation chain. In

and OH regeneration. This aspect will be further
NO

x
-poor air CH2O is mostly formed through CH3O2H addressed in Subsection 4.4.( left), whereas in NO

x
-rich air the direct path to CH2O

dominates.

4.2. Recent CH
4
trend change

The atmospheric growth rate of CH4 was par-which, in turn, photodissociates and reacts with

OH to yield HO2 radicals and carbon monoxide. ticularly large in the decades before the 1980s
(Etheridge et al., 1992). It decreased by a factorThrough this pathway CH4 oxidation in the tropo-

sphere forms about 845 Tg CO yr−1 , which is of 2 by the end of the 1980s to about 9 nmol/

mol yr−1 , roughly equal to the current CH4about 35% of the total atmospheric CO source
(Table 2). Anthropogenic sources (including increase. However, during 1992 the upward CH4

trend reached a temporary minimum. In fact, inanthropogenic CH4 and other hydrocarbons) con-

tribute about 65–70% to the total atmospheric the northern hemisphere methane increased only
by 1–2 nmol/mol during this period, and theCO burden of 400 Tg; this fraction is expected to

increase to about 75% in the year 2050 (Table 2). growth reduction was strongest between the
equator and 30°N (Dlugokencky et al., 1994a).It should be emphasized that the above men-

tioned reaction paths (Table 7) assume the pres- Globally, the sources must have decreased and/or

the sinks must have increased by about 10 Tg yr−1ence of nitrogen oxides. In the pristine pre-
industrial atmosphere as well as the contemporary in 1992 compared to the previous years. Evidently,
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an explanation challenges our knowledge about occur (Bartlett and Harriss, 1993; Hogan and
Harriss, 1994). Rice field CH4 emissions are alsothe emissions and sink processes that control the

levels of atmospheric methane. Next we discuss strongly temperature dependent (Neue and Sass,

1994). Methanogenic bacteria are most sensitivesome possible causes.
The sudden CH4 trend depression coincided to temperature variations under sub-optimal con-

ditions, i.e., 20–30°C. This temperature range iswith the eruption of Mt Pinatubo in the

Philippines (15°N) in June 1991. This volcano typical for the latitudes where rice fields are loc-
ated. For example, Holzapfel-Pschorn and Seilerdeposited 15–20 Tg SO2 into the stratosphere,

which was converted into sulfate aerosol within (1986) observed an emission doubling from a 20

to 25°C soil temperature increase. Parashar et al.several months. Although the sulfur species were
initially released near 15°N, a considerable fraction (1993) even measured an emission doubling from

a temperature change of only 25 to 27°C.reached the southern hemisphere, covering the

30°N to 20°S latitude band relatively rapidly An additional sensitive factor in wetland and
rice field CH4 emissions is the water table (Whalen(McCormick et al., 1995). Several months after

the eruption a temporary stratospheric ozone and Reeburgh, 1992; Neue and Sass, 1994). The

methane is produced in the flooded anoxic zonereduction of about 6% occurred in the tropics,
mostly due to aerosol induced warming of the after which it is partly destroyed during upward

diffusion through the oxic zone. Soil dryingstratosphere and consequent dynamical lifting

(Labitzke and McCormick, 1992; Brasseur and enhances bacterial CH4 oxidation and reduces its
release to the atmosphere. As a consequence ofGranier, 1992). Further, since sulfate aerosol pro-

vides a reactive surface to catalyze heterogeneous the continental Pinatubo cooling the summertime
land-ocean temperature contrasts and the mon-O3 loss, anomalously strong depletion of the ozone

layer took place in 1992 (Gleason et al., 1993). soon intensity may have been reduced in 1992.

Thus, a decrease of the summer monsoon precip-After about 2 years most of the aerosol was
removed from the stratosphere by sedimentation. itation in subtropical latitudes may have contrib-

uted to a lowering of the water table andSatellite observations of aerosol optical depth

as well as Lidar and balloon sounding data suppression of CH4 emissions. Unfortunately,
accurate precipitation data are lacking to provideshowed that the Pinatubo aerosol loading of the

stratosphere was a factor of 40–50 higher com- empirical support. Nevertheless, most rice field

emissions occur in northern low latitudes, wherepared to the pre-Pinatubo situation. This caused
a mean surface temperature decrease in the north- the 1992 CH4 growth deceleration was strongest.

Overall, the Pinatubo temperature and consequentern hemisphere of 0.5–1 K and a global average

decrease of about 0.5 K (Dutton and Christy, hydrological effects on CH4 emissions were prob-
ably substantial. It should be mentioned that also1992). The largest Pinatubo aerosol induced sur-

face cooling, derived both from observations and CH4 breakdown by its reaction with OH is tem-

perature dependent, and that a temperaturefrom climate modelling, occurred in 1992, reaching
a maximum over the northern hemispheric contin- decrease leads to reduced evaporation and OH

formation though reaction R2. However, the effectents during late summer and fall of that year

(Lacis and Mishchenko, 1995; Robock and Mao, from a 0.5 K temperature change on OH is rela-
tively small.1995).

Temperature is one of the most sensitive factors Furthermore, the temporary acceleration of

stratospheric ozone loss in 1992 has caused anof methanogenesis in anaerobic ecosystems
(Harriss and Frolking, 1992; Westermann, 1993). increase of ultraviolet (UV) radiation penetration

into the troposphere. It has been hypothesizedDlugokencky et al. (1994a) estimated that the

1992 temperature effect of Pinatubo aerosol that this has enhanced OH formation and thus
CH4 destruction (Madronich and Granier, 1992;reduced the wetland CH4 emissions by about 2

Tg, based on a temperature dependence of high Bekki et al., 1994; Fuglestvedt et al., 1994). We
used our global 3-D model to perform a sensitivitylatitude wetlands and bogs (Fung et al., 1991).

However, the aerosol effect was also significant in calculation, by decreasing stratospheric O3 col-

umns according to satellite observations (TOMS)the tropics and subtropics in the northern hemi-
sphere, where considerable wetland CH4 emissions between 1980 and 1990 (DO3 during this period
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was −3 to −6%, mostly in middle and high this combination of factors explains the 1992
trend break.latitudes). The largest stratospheric O3 reduction

occurred at high latitudes during spring. The Finally, Dlugokencky et al. (1994a) suggested

that Russian fossil fuel related CH4 emissionsresults indicate tropospheric OH enhancements
by 1 to 5% at middle to high latitudes, respectively, decreased substantially during 1992. In particular

oil associated CH4 emissions from the Tyumenand a global mean increase of 0.5–1%. This causes

a CH4 trend reduction of approximately 3–4 Tg production field in Siberia may have decreased
during the past decade (Plotnikov et al., 1995).per decade (~0.1 nmol/mol yr−1 ). This effect,

although in the right direction, is too small to However, this is unlikely to be very important for

1992 since it is not consistent with the CH4 trendaccount for the observed CH4 growth reduction
since the 1970s. Nevertheless, the additional O3 recovery after 1992.
loss that occurred due to the Pinatubo aerosols

has enhanced this effect, accounting for part of
4.3. Simulated CH

4
distributions

the 1992 CH4 trend depression. Dlugokencky et al.
(1996) noted that, initially, scattering from the The simulated contemporary CH4 distribution

(Fig. 3) corresponds well to that derived from thePinatubo aerosols and UV absorption by SO2
have decreased the UV flux during late-1991 and NOAA/CMDL network (Steele et al., 1987,1992;

Dlugokencky et al., 1994b). Discrepancies are atearly-1992, thus moderating the consequent OH

effect on CH4 . most a few %, close to the measurement uncer-
tainty of about 1% (Dlugokencky et al., 1994b).Thus, we propose that the Pinatubo temper-

ature and hydrological effects have played an The calculated difference between northernmost
and southernmost NOAA/CMDL sampling sites,important role in the 1992 CH4 trend depression.

This is consistent with the observation that the i.e., comparing Antarctica to Greenland and

northern Canada (~150 nmol/mol), agrees withstrongest reduction occurred in the northern trop-
ics and subtropics. Furthermore, Lowe et al. (1994) the observations (Fig. 3). Mean CH4 levels in the

northern hemisphere are 5–6% higher than in theindicated that a decrease of southern hemispheric

biomass burning CH4 emissions may have played southern hemisphere, owing to the 3 times larger
source strength in northern latitudes. Longitudinalan additional role. It is likely that this also contrib-

uted to a global decrease of CO emissions (Granier variations are relatively strong in the northern

hemisphere, being most pronounced at about 50°et al., 1996). Reduction of CO by about 6% per
year between 1990 and 1993 (Novelli et al., 1994) north (up to ~0.1 mmol/mol). Such variations are

small in the southern hemisphere and basicallyand consequently increasing OH levels enhance

CH4 destruction, which should be particularly absent in high latitudes, as sources in these regions
are small.significant in low latitudes. Table 8 summarizes

these possible causes for the CH4 trend depression Longitudinal CH4 variations are considerably

smaller in the free troposphere compared to thein 1992, assuming that they each contributed
roughly 2±2 Tg yr−1 ). In fact, it seems likely that boundary layer. Seasonal CH4 variations (not

shown) amount to ~2% in the southern and up

to ~4% in the northern hemisphere; concentra-Table 8. L ikely causes of the 1992 CH
4

trend
tions reach a maximum during winter. Despite thedepression
high latitude wetland emissions during the thaw

Main cause (total ~10 Tg CH4 yr−1) season, the coincident summertime OH maximum
suppresses CH4 levels during this season.

surface temperature decrease (Pinatubo)
Latitudinal gradients are strongest across the

reduced wetland emissions
Intertropical Convergence Zone (ITCZ), as inter-reduced rice field emissions
hemispheric exchange is relatively slow (~1 year).reduced monsoon intensity (Pinatubo)

lowering water table, enhancing soil CH4 oxidation At the 0° meridian this tropical gradient reaches
increased UV flux and OH formation (Pinatubo) 0.5 nmol/mol per degree latitude. Note that this
reduced biomass burning CH4 emissions gradient at 0° is particularly strong during north-
reduced biomass burning and industrial CO emissions

ern winter, whereas a similarly strong gradient
reduced CO+OH, increased OH

occurs along 80°E (over India) during summer,
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Fig. 3. Model simulated annual mean CH4 concentrations (isolines) compared to measurements in the year 1992
(bold printed) in mmol/mol, derived from the NOAA/CMDL flask sampling network (CDIAC, 1993).

associated with the relatively high northern loca- the future CH4 level is 10% lower compared to

that of IPCC (1996), which presents a mean CH4tion of the ITCZ. An annual and global CH4
maximum occurs over Siberia, caused by the level of 2.79 mmol/mol for the atmosphere in 2050

according to the IS92a scenario. This discrepancycombined influence of European and Asian

emissions. can be explained by the IPCC (1996) assumption
that the OH-feedback on the CH4 lifetime betweenPre-industrial methane distributions strongly

deviate from the current ones, as the total CH4 1850 and 1992 remains the same between 1992

and 2050, whereas we calculate that this feedbacksource strength has been estimated to be about
265–270 Tg yr−1 (Table 2). Note that this includes reduces substantially in the future period

(Subsection 4.4). As in the 1992 atmosphere, thenearly 80 Tg yr−1 from mid-19th century anthro-

pogenic emissions, largely from agricultural activ- CH4 seasonality is to a large extent determined
by chemical destruction. Methane emissions areities. We calculate that the hemispheric difference

in CH4 burden was only 2%, while the pole-to- dominated by anthropogenic sources which are

relatively constant throughout the year; naturalpole concentration difference was about 6%.
Analyses of ice cores in Antarctica and Greenland emissions are at maximum during summer when

the CH4 levels reach a minimum.have shown that pre-industrial methane levels

near the surface were about 0.7–0.8 mmol/mol
(Etheridge et al., 1988), consistent with our simula-

4.4. Changing CH
4
lifetime

tions of the 1850 scenario (Fig. 4). This provides

indirect support for our estimate of the total The ‘‘lifetime’’ of methane in the atmosphere is
usually defined as the quotient of the CH4 burdennatural CH4 source, assuming that it did not

undergo major changes during the past century. in the atmosphere (4600 Tg in the reference year

1992) and the annual CH4 breakdown by itsIn our future-scenario simulations we assume a
65% anthropogenic CH4 emission growth between reaction with OH and minor loss processes in the

stratosphere and in soils (600 Tg yr−1 minus1992 and 2050 (Table 2). We calculate that the
global mean CH4 surface concentration increases annual increase). The model calculated CH4 life-

time is 4600/580=7.9 years, somewhat less com-further, by about 50%, from 1.72 to 2.55 mmol/mol,

which is a factor of 3–4 higher compared to pre- pared to the IPCC (1996) estimate of 8.6 years.
Note that IPCC (1996) additionally uses the ‘‘turn-industrial concentrations (Fig. 4). Our estimate of
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Fig. 4. Model calculated annual mean surface level CH4 for the past (1850) and future (2050) emission scenarios,
in mmol/mol.

over time’’ for ‘‘lifetime’’. Further, IPCC (1994) OH levels are dependent on simultaneous

emissions of tropospheric O3 precursors, mainlyhas applied the concept of ‘‘adjustment time’’ (or
response time) to quantify the decay of an instant- CH4 , CO and NO

x
(Thompson and Cicerone,

1986; Isaksen and Hov, 1987; Crutzen andaneous CH4 pulse into the atmosphere. The

CH4 adjustment time has been introduced as Zimmermann, 1991). The relevant chemical feed-
backs and controlling processes have beenpart of ‘‘global warming potential’’ calculations

(Section 5), which are based on emission pulse summarized in Subsection 4.1. Although photo-

dissociation of O3 in the presence of water vapoursimulations. The adjustment time of an emission
pulse exceeds the lifetime (Prather, 1994). A single (R1–2) is the dominant hydroxyl source, the parti-

tioning between OH and HO2 is strongly affectedCH4 pulse depletes OH and thus increases the

CH4 lifetime, which is an important positive feed- by the reactions CO+OH and NO+HO2 .
Further, the reaction with CO is a major directback. Unfortunately, the terms ‘‘adjustment time’’,

‘‘turnover time’’ and ‘‘lifetime’’ are quite confusing. OH sink. Nonetheless, CH4 oxidation by OH
contributes to CO formation so that CO and CH4For example, the IPCC (1996) Summary for

Policymakers mentions a lifetime of 12±3 years emissions are global hydroxyl sinks of similar

magnitude.although this refers to the adjustment time.
Previous studies have demonstrated that global Fig. 5 shows the calculated annual and zonal

Tellus 50B (1998), 2



.   .142

Fig. 5. Model calculated annual and zonal mean, daytime OH levels for the past (1850), present (1992) and future
(2050) emission scenarios, in molecules cm−3 .
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mean OH distributions for the past, current and 8.4 years in 2050, despite the anticipated strong
growth of CH4 and CO emissions (Table 9).future emission scenarios. Relatively small OH

changes occur in high latitudes, in particular in

the southern hemisphere. However, we calculate
5. Climate forcing and indirect effectsthat in middle latitudes in the northern hemisphere

and in the tropics significant OH reductions have
The actual greenhouse effect of one molecule oftaken place between 1850 and 1992. It seems likely

CH4 in the atmosphere is about 25 times that ofthat the major part of these OH reductions, par-
CO2 . On the other hand, the absolute increaseticularly in the extratropics, have occurred before
of CO2 is 200 times larger. The radiative forcings1980. After this period stratospheric O3 depletion
from increasing greenhouse gases (GHG) arehas enhanced tropospheric OH formation. It
defined as the consequent changes in outgoingappears that most of the 1850–1992 OH changes
infrared irradiance (=radiant flux density inhave occured over the oceans. Relatively minor
W m−2 ) at the top of the atmosphere. Since strato-hydroxyl changes occured over the continents in
spheric temperatures respond relatively quickly toindustrialized and biomass burning areas where
GHG changes (within months) these are allowedenhanced O3 levels and, consequently, OH forma-
to adjust to the forcing (radiative equilibrium).tion compensate OH depletion by increasing CH4 Because the rest of the climate system adjustsand CO. Comparing the 1850 and 1992 simula-
much more slowly (within decades), the tropo-tions shows that in the NO

x
-poor marine environ-

spheric temperatures are kept fixed in the calcula-ments increasing CH4 and CO reduce OH. Fig. 5
tions and we calculate the effect on the outgoingalso illustrates that the OH change between 1850
infrared radiation (WMO, 1992). The radiativeand 1992 is comparatively larger than that during
forcing calculations for methane must account for

the 1992–2050 period.
spectral overlap with nitrous oxide. For the N2OIn the 2050 simulation the most significant NO

x level in 2050 we adopt 370 nmol/mol (IPCC,
and thus O3 increases occur over southern Asia

1996), in addition to the 1850 and 1992 levels
and central America. In general, increasing NO

x given in Table 2.
emissions by countries with emerging economies

Our calculations show that the radiative forcing
and associated pollution problems reduce the tro-

from increasing CH4 between 1850 and 1992 is
pospheric volume of NO

x
-poor air, thus enhancing

0.44 W m−2 , slightly less than the 0.47 W m−2
large-scale O3 and OH formation. Consequently,

presented by IPCC (1996). This CH4 forcing of
the fraction of the troposphere in which oxidation

0.44 W m−2 is about 28% of that by CO2of CH4 and CO depletes OH reduces significantly.
(1.6 W m−2) and about 18% of the cumulative

This effect of increasing NO
x

in the future simula- forcing by all well-mixed greenhouse gases
tion is most pronounced in the tropics where (2.47 W m−2 ) i.e., by increasing CO2 , CH4 , N2Ostrong industrial and traffic emission increases are and CFCs. Furthermore, we calculate that the
expected. Currently, tropical emissions are domin- additional future CH4 radiative forcing based
ated by biomass burning, being less efficient in on the 2050 emission scenario is 0.28 W m−2
producing NO

x
compared to fossil fuel combus- (Table 10), based on a global mean CH4 level of

tion. The overall effect is that the background 2.55 mmol/mol (Subsection 4.3). This would be
NO

x
-poor tropical troposphere will be increas-

ingly converted into an NO
x
-rich environment.

This partly counteracts the hydroxyl depletion
Table 9. Calculated CH

4
lifetime in the past

caused by increasing CH4 and CO emissions. In (1850), current (1992) and future (2050)
summary, our simulations show that during indus- atmosphere
trialization atmospheric OH has reduced substan-

tially, particularly in the tropics, so that the Year Lifetime (yr)

lifetime of CH4 has increased from 6.2 years in
1850 6.21850 to 7.9 years in 1992. However, during the
1992 7.9

next decades the CH4 lifetime may not increase
2050 8.4

proportionally, increasing only by about 6% to
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Table 10. Calculated CH
4

radiative forcings and sions to increasing tropospheric O3 is roughly
indirect eVects (W/m2); the contribution by decreas- equal to that by CO emissions (both about one
ing OH is indicated between parentheses quarter), while the other half should be attributed

to NO
x

emissions. Furthermore, increasing CH41850–1992 1992–2050 also alters the chemistry of stratospheric O3 , how-

ever, the effect on climate is only minor. It should
direct effect (including 0.44 (0.11) 0.28 (0.01)

be noted that the CH4-OH positive feedbackOH feedback)
on the methane lifetime (i.e., more CH4�lessindirect effects

tropospheric ozone 0.11 0.07 OH�more CH4 ) also contributes to the climate
stratospheric H2O 0.02 0.01 effect, which is included in the CH4 radiative

total CH4 0.57 0.36
forcing calculations presented above. We calculate

forcing by CO2 1.6 2.3
that this feedback added about 25% to the directCH4 relative to CO2 35% 15%
CH4 effect between 1850 and 1992, while it contrib-

utes only about 5% in the future scenario

(Table 10). Fig. 6 shows the contribution of CH4about 12% of that by CO2 (2.3 W m−2 , assuming to climate forcing relative to the other GHGs for
a CO2 level of 510 mmol/mol in 2050). the 1850–1992 period. Further, our calculations

It also follows that the radiative forcing per suggest that the contribution by CH4 relative to
CH4 increment becomes smaller as the atmo- that of CO2 will decrease substantially, from 35%
spheric CH4 burden increases, due to saturation in 1992 to 15% in 2050 (Table 10).
of the CH4 spectral lines (most importantly in the To compare the cumulative climate perturba-
7.6 mm band). For the past CH4 trend (1850–1992) tions of different greenhouse gases in time, ‘‘relat-
we obtain a mean radiative forcing of 0.46 W m−2

ive radiative forcings’’ are applied (Rodhe, 1990).
per mmol/mol CH4 increase, while in future

The most commonly used index of radiative for-
(1992–2050) this reduces by about 25% to

cing is the global warming potential (GWP). The
0.34 W m−2 per mmol/mol CH4 that is added to

GWP of methane is the time integrated radiative
the atmosphere. In fact, the radiative effects of

forcing from the release of 1 kg of CH4 relative to
both CH4 and CO2 are non-linearly dependent on

that of 1 kg of CO2 (IPCC, 1990)*. The time
their concentration. Nevertheless, the factor of 25

integration implies that the trace gas lifetimes as
difference in ‘‘greenhouse effectiveness’’ of these

well as their climate forcings are explicitly consid-
molecules remains approximately constant on the

ered. Thus, the model calculated GWP describes
century time scale that is considered here.

how much stronger a just emitted amount of CH4In addition to the direct radiative forcing,
perturbs the atmospheric radiation balance over

indirect chemical effects also contribute through
a 20–500 year period (typically 100 years) com-formation of radiatively active gases, notably
pared to a simultaneously emitted amount of CO2 .tropospheric O3 and stratospheric water vapour.
The lifetime of CO2 (50–200 years) is determinedThis increases the direct effect by approximately
by relatively rapid dissolution in the upper layer30% (Lelieveld et al., 1993; IPCC, 1994). The
of the oceans (within several years) and centurymajor part of this is due to tropospheric O3 time scale exchange processes with the deepformation (Table 10), while the stratospheric H2O oceans. The IPCC recommended GWP integra-effect contributes only about 5%. Altogether,
tion time intervals are 20, 100 and 500 years. Theincreasing tropospheric O3 from man-made CH4 , GWP of methane decreases as longer time integra-CO and NO

x
emissions contributes 0.38 W m−2

tions are applied (>10 years), since the CO2to the 1850–1992 global mean radiative forcing,

while for the 1992–2050 scenario this adds
0.28 W m−2 , equal to the direct forcing by increas-

* A GWP can be expressed in kg/kg, referring to theing CH4 (Van Dorland et al., 1997).
units commonly used for emissions, or in mol/mol, refer-

We have performed sensitivity calculations by
ring to the comparison of a molecule of CH4 with a

individually increasing NO
x
, CO and CH4 emis- molecule of CO2 . The mass units can be converted into

sions from the 1850 to 1992 levels. Thus we derive molar units by dividing by MCO2/MCH4=2.75, the ratio
of the CO2 and CH4 molecular weights.that the contribution of anthropogenic CH4 emis-
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Fig. 6. Calculated contributions of the long-lived greenhouse gases to radiative forcing of climate during the period
1850–1992. The contribution of methane (0.57 W/m2 ) includes the direct (0.44 W/m2 ) and indirect chemical effects
(0.13 W m−2 ).

lifetime exceeds that of CH4 by an order of related emissions (Lelieveld et al., 1993). By this
measure the emission of 1 kg CH4 to the present-magnitude.

The GWPs of methane for the three IPCC day atmosphere is 21 times more effective in

perturbing the radiative balance compared to thatrecommended time horizons are listed in Table 11.
The GWP values pertaining to the indirect forcing of 1 kg CO2 . Note that on a molecule/molecule

basis this ratio is 7.6.are also included, i.e., indirect effects from radiat-

ively active CH4 reaction products. The GWPs
that include indirect effects agree closely with
those presented by IPCC (1996), although our 6. Conclusions
GWP for 20 years is slightly higher (7%). The
relevant time horizon depends on the policy After carbon dioxide, methane is the most
application. For example, the most suitable for important contributor to the radiative forcing of
the evaluation of long-term climate changes associ- climate, in particular if we include indirect effects
ated with global ocean circulations is 500 years, brought about by chemical changes in the atmo-
for sea level change it is 100 years, while for sphere. While about 75% of the anthropogenic
continental and ocean surface warming it is 20 CO2 emissions are caused by the use of fossil fuels,
years (IPCC, 1990). The time horizon most com- for CH4 this fraction is roughly 25%. The estim-
monly used is 100 years because it approximates ated present-day total CH4 source is 600 Tg yr−1 ,
the lifetime of CO2 , the dominant climate forcing of which 110±45 is due to releases from the
agent. The 100 year time horizon is thus particu- mining/production, transport, storage, distribu-
larly useful in comparing the GWPs of fossil fuel tion and combustion of coal, oil and gas. The

contribution by coal mining is about 45 Tg yr−1
and that by oil and gas use 65 Tg yr−1 . There isTable 11. Global warming potentials of CH

4
and

insufficient information available to unequivocallyindirect chemical eVects; the contributions by indir-
distinguish between the oil and gas related emis-ect eVects are indicated between parentheses
sions. Field measurements of CH4 and its isotopes,

Time horizon (yr) GWPa and associated modelling, are required to reduce
the uncertainties.

20 60 (18) Agricultural emissions are an important factor
100 21 (4)

in the atmospheric CH4 budget, contributing
500 7 (1)

about 230 Tg yr−1 (nearly 40%) to the current

total source, i.e., more than half of the anthropo-a Expressed in units of kgCH4/kgCO2 ; conversion into
mol/mol by dividing by 2.75. genic CH4 source. Biomass burning (40 Tg yr−1),
Tellus 50B (1998), 2
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domestic ruminants (80 Tg yr−1 ), volatilization tion from ice cores. We calculate that the lifetime
of CH4 in the atmosphere increased from 6.2 tofrom animal wastes (30 Tg yr−1 ) and rice pro-
7.9 years during the 1850–1992 period, resultingduction (80 Tg yr−1 ) predominate. In addition,
from OH depletion by CH4 and CO emissions.domestic wastes and industrial sewage are import-
Future anthropogenic emissions can furtherant CH4 sources. Currently, only about 30% of
reduce OH and thus increase the CH4 lifetime.the total CH4 source is natural, and this fraction
However, this effect will be moderated by theis expected to reduce to about 20% in the year
expected large scale NO

x
and O3 pollution from2050. Since the current total anthropogenic CH4 emissions in tropical and subtropical countries,source is about 410 Tg yr−1 , a reduction of these

associated with their emerging economies. On theemissions by about 5% (~20 Tg yr−1 ) would
basis of our future scenario we derive a CH4stabilize the atmospheric CH4 level. It should be
lifetime of 8.4 years in the year 2050.possible to achieve this reduction through rela-

The calculated 1850–1992 direct radiative for-tively minor emission control measures, e.g., by
cing of climate by increasing CH4 is 0.44 W m−2 ,applying improved technology in waste treatment,
and for the 1992–2050 period we obtainrecycling, biogas recovery and energy production.
0.28 W m−2 . The contribution of increasing O3 inThe strong upward CH4 trend in the 1970s and
the troposphere to the radiative forcing of climateearly 1980s declined by about a factor of 2 to
is similar to that of CH4 . About one quarter of8–9 nmol/mol yr−1 in the late 1980s and early
this O3 effect is attributed to CH4 oxidation in1990s. We performed a sensitivity study based on
the atmosphere, a main indirect effect. Otherobserved stratospheric O3 loss between 1980 and
indirect effects, i.e., by the CH4 reaction products1990, indicating a CH4 trend reduction of about
CO2 and H2O (the latter is only relevant in the1 nmol/mol per decade due to increases of tropo-
stratosphere) are minor, adding only about 5% to

spheric UV penetration and OH formation. We
the direct effect. In fact, the CO2 effect is negligible

conclude that the decelerating CH4 growth rate
because most of it (~80%) derives from biogenic

during the past decade can only partly be
CH4 so that it is recycled CO2 . The indirect effects

explained by atmospheric chemical effects.
enhance the direct CH4 forcing for 1850–1992

Consequently, reduction of the global source
from 0.44 to 0.57 W m−2 ; the calculated CH4strength was probably an important factor.
forcing (direct and indirect) for 1992–2050 is

An enhanced temporary decline of the CH4 0.36 W m−2 . The calculated 1992 radiative forcing
trend occurred in 1992, being strongest in the

by CH4 (direct and indirect) is 35% of that by
tropical and sub-tropical northern hemisphere. We

CO2 ; we expect that this will reduce to about
infer that this was at least partly due to temper-

15% by the middle of the next century.
ature and associated hydrological effects caused The calculated GWPs of CH4 over 20, 100 and
by the Mt Pinatubo sulfate cloud in the strato- 500 year time horizons are 60, 21 and 7, respect-
sphere. The temporary cooling at the surface and ively (mass CH4/CO2 ). Thus the relative climate
reduced precipitation during the summer monsoon influence of anthropogenic CH4 emissions com-
in 1992 affected the CH4 emissions from natural pared to those of CO2 is largest when evaluated
wetlands and rice fields. For example, the emis- over a time horizon of decades but it diminishes
sions from rainfed rice fields in southern Asia, on a time scale of centuries. The century time
where the temperature sensitivity of methanogen- scale is recommended, since it most closely
esis is at maximum, may have decreased signific- approximates the lifetime of CO2 , being the most
antly during this period. Additional temporary important anthropogenic greenhouse gas.
factors were the Pinatubo aerosol induced tropo-

spheric UV and OH enhancement and a reduction

of biomass burning emissions.

We performed emission scenario calculations

for the years 1850, 1992 and 2050 (IPCC-IS92a). 7. Acknowledgements
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