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SOURCES AND TRENDS; DISTRIBUTION OF SOURCE FLUXES AND THEIR
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ABSTRACT

The goal of isotopic studies of atmospheric methane is the

determination of the relative fluxes of the various sources of

different isotopic composition. Because of the large number of

generic anthropogenic source types it is not possible to deter-

mine their relative strengths based on carbon-13 data alone.

However, by combining sources of similar isotopic composition

(as well as similar origin}, and utilizing results from other

studies it is possible to calculate some important features of

the atmospheric CH4 cycle. If the lifetime is 10 years or

longer then, either the combined fluxes from rice and herbivores

are smaller by 35 % than the independent estimates, or the natural

flux is much smaller than is calculated from the concentration in

old polar ice cores; the latter possibillty would imply that the

lifetime has been decreasing since preindustrial times. Alterna-

tively, for the constraints of a constant lifetime and agreement

of the calculated results of the isotopically light fluxes from
l

rice and herbivores with independent estimates, the lifetime would

have to be 6.5 years. The I=C/I=C ratio of atmospheric CH4

is increasing in both the southern and northern hemisphere with a

faster rate in the former. Analysis of these results shows that



the increasing fluxes of CH4 from biomass burning in the south-

ern hemisphere contribute about 60 % of the rate of increasing con-

centration. In the past decade the trend in the northern hemisphere

can be interpreted as caused by both increasing and decreasing fluxes

from the natural wetlands sources. The inventory of increasing

fluxes is greater than the amount needed to account for the increas-

ing concentration, from which it is inferred that the rate of loss

must have been increasing, and that the average global concentration

of OH free radicals has been increasing.

INTRODUCTION

The understanding of the causes of the increasing concentration

of atmospheric CH4, an important trace gas that contributes to

the radiative global heat balance and hence climate change, is made

difficult by the lack of quantitative knowledge of the fluxes of the

many anthropogenic sources and their rates of change. A principal

goal of isotopic studies is to determine the relative distribution

of the fluxes of the isotopically different sources that are needed

to agree with the average value determined from the atmospheric

composition modified by the fractionation effect of the atmospheric

removal processes. Measurments of the isotopic temporal trends,

when combined with independent estimates of the growth rates of some

generic sources types, can yield estimates of the growth rates of

important sources that are not known. Following is a summary of

measurements of the isotopic compositions of CH4 produced by

the various generic sources, of atmospheric CH4 and its trend.
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ISOTOPIC COMPOSITION OF THE SOURCES

Table 1 lists the categories of the major sources of atmo-

spheric CH4 and the average of the measured values of the iso-

topic composition reported by several laboratories. The non-

anthropogenic sources is one large category of natural sources

consisting of natural wetlands of all types, termites, forest and

savanna fires caused by lightning, oceans and lakes and any possible

natura_ l_akages from natural gas deposits. Although there have been

many measurements of the isotopic composition of CH4 emitted from

the various natural wetlands such as the Arctic tundra, Amazon flood-

plain, peatlands, Everglades marsh, temporate marshes, etc. (e.g. see

Stevens and Engelgemeir, 1988, Quay et al., 1988, Tyler et al., 1987,

Wahlen et al., 1989, Burku and Sackett, 1986, Martens et al., 1986)

it would be very difficult to determine the overall global average

isotopic composition from such data. This average can be determined

from the value of -49.7 %. measured for CH_ in the air contained in

100-300 year old ice cores (Craig et al., 198e), at a time when

anthropogenic emissions were negligible. The value for the sources,

only natural at this 1_ime, would be -56.7 7.. after applying the

fractionation factor C_= 0.994 (Cantrell et al., 1990) of the atmo-

spheric loss processes, as well as a small correction of -1%. for

the decreasing carbon-13 abundance of atmospheric CO= caused by

contributions from fossil fuel burning (Keeling and Mook, 1979 and

Friedli et al., 1988). The value of -65 %. shown for rice is the

average of the measurements by Stevens and Engelkemeir, 1986, Wahl en

et al., 1989 and Tyler et al., 1988. For CH4 from herbivores

we use the value -60 %. based on the comprehensive study by Rust,



1981. The values for natural gas CH4, -44 %., and CH4 from

coal mining, -37 %., are based on the extensive compilations of

Schoell, 1980, Rice and Claypool, 1981 and Deines, 1980. For CH_

from biomass burning a value equal to the average isotopic composi-

tion of trees and C_ plants, -25 %., (Craig, 1953> is used as the

measured values show little fractionation by the burning process from

the isotopic composition of the biomass (Stevens and Engelkemeir,

1988 and Wahlen et al., 1989). In order to reduce the number of

independent variables, the CH4 from rice paddies and herbivores

are combined and treated as a single generic source with an average

_ I=C of -63 %. based on the independent estimates of the relative

fluxes. The fluxes from natural gas leakage and coal mining can be

combined as one generic fossil fuel source since the isotopic com-

positions are similar, having an average value of -41%., and both

contain 100 % "dead" carbon.

ISOTOP IC COMPOS IT ION OF ATMOSPHERIC METHANE

Measurments of _I=C of atmospheric CH_ by various groups

are listed in Table 2. The agreement is adequate for purposes of

determining the average global value of the sources but the results

from different groups are not in good enough agreement to be com-

pared with each other for temporal trends or latitude gradients.

There may be small real differences due to different locations of

sample collection, but the main differences are most likely caused

by differences in sample preparation and _alibration o__ the working

isotopic standards used in the mass spectrometric analysis. The

latter is a difficulty inherent in trying to establish to + 0.1 %.
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the absolute accuracy of samples which differ by the large amount

of - 47 %. from the Peedee belemnite carbonate used as the common

standard.

CALCULATION OF SOURCE BUDGETS

The overall objective is to determine the relative if not the

absolute fluxes of the five generic types comprising the sources of

atmospheric CH4. A sixth unknown variable is the lifetime of

atmospheric CH4 during the time, 100-300 years ago, of the age

of the polar ice cores for which the isotopic composition and con-

centration of the entrapped CH4 was measured. There are only

four constraints based on measureable quantities of the overall

CH4 cycle: The two mass balance equations for _CH4 and

x_CH_ for the current (1978) condition of atmospheric CH4;

where C is the atmospheric burden in teragrams, F_ the individual

fluxes, _Ci the isotopic composition of the sources, _C. the

average atmospheric isotopic composition, and _ the average frac-

tionation factor of the atmospheric loss processes having the value

-6.0 %.. A third constraint is the mass balance for I_CH4

100-300 years ago when the concentraion was 45 % of that in 1978 and
!

representing only natural sources (Craig and Chou, 1982),
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The fluxes of the natural sources are dependent on the unknown

lifetime, _, in this pre-industrial time. The mass balance for

"_CH4 at this time was the basis for determining the isotopic

composition of the natural sources and so does not constitute another

independent constraint. The current lifetime (1978) is 10 + 2 yr

based on the lifetime of C=_CI_ determined from its atmo-

spheric burden and production rate and the relative rates of reac-

tion of CH4 and C2H_CI_ with OH (Prinn et al., 1987). The

fourth constraint is the abundance of 14CH4 in atmospheric CH4,

measured as 21% of the total flux in 1987 (Wahlen et al., 1989,

Quay et al., 1988 and Lowe et al., 1991). The reference year for

these calculations is 1978; back-correcting for the growth rate of

2.75 %/yr in both global natural gas and coal production (see

Figure 1.), the flu>: from these combined sources in 1978 would have

been 15 % of the total flux which value agrees quite closely with

the independent estimate_ of 35 +25 Tg/yr (see Seller et al., 1984)

if the total flux was 462 Tg/yr for a lifetime of I0 years.

The solution for the unknown fluxes using these constraints is

underdetermined with an excess of three degrees of freedom, the

unknown lifetime for the ice core CH4 and the fluxes of two of

the following sources: combined rice and herbivores, landfills, and

biomass burning. Assuming the lifetime at the time of the ice core

samples was the same as now, then the budget calculations reduce by
J

one degree of freedom, i.e. the fluxes of two of the remaining

three sources can be expressed in terms of a third, for which an

independent estimate, not based on isotopic data is introduced.

There is not a large uncertainty introduced by taking the independent
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estimate of 50 + 20 Tg/yr for the flux of CH4 from landfills

(Bingemer and Crutzen, 1987) and calculating the unknown fluxes of

the other sources as shown in Table 3. The results in Table 3 show

that for a lifetime of 10 years the combined fluxes from rice and

herbicores of 115 Tg/yr disagree by a large amount with the indepen-

dent estimates of ca. 178 _ 54 Tg/yr. Also the value fc:r the

natural fluxes are much greater than the amount estimated by Mattews

and Fung, 1979. Note that in the case of the flux from rice and

herbivores the discrepancy becomes significantly less at the lower

limit of eight years for the lifetime while the difference becomes

much greater in the case of the natural fluxes. For the constraints

that the lifetime be constant for the past 300 yrs and that the

combined fluxes from rice annd herbivores agree with the independent

estimates, the lifetime would have to be 6.5 yrs. With the existing

uncertainties of the lifetime and the independent estimates of the

combined fluxes from rice and herbivores it is not possible to deter-

mine the natural fluxes, the lifetime 100-300 years ago, and any

long term trend of the lifetime. Several experimental studies have

shown that the concentration of tropospheric ozone, the precursor

of OH, has been' increasing in recent decades as well as in the past

century (Logan, 1985 and Hough and De_nent, 1990). In the following

section on isotopic trends other evidence is presented that the

sirik rate in the northern hemisphere has been increasing in the past
J

decade.

The above treatment demonstrates that in calculating flux

budgets of the atmospheric CH4 cycle from isotopic data it is

necessary to consider data from several different facets of research,



which when taken together could provide comprehensive information on

the cycle.

TEMPORAL TRENDS OF THE E_C/!_C RATIO IN ATMOSPHERIC METHANE

The ice core data showed that the isotopic composition remained

constant for 200 years while the concentration had increased from

0.65 to 1.2 ppm 3 to 5 decades ago (Craig et.al., 1988). The two

per mil enrichment since then is attributed mainly to the heavy CH4

from biomass burning increasing more rapidly (4.5 %/yr) than the

increase in light CH4 from rice and cattle.

Figure 2 shows the temporal trend of the carbon-13 isotopic

composition of atmospheric CH4 from 1978 to 1989 in both hemi-

spheres (Stevens, 1988). The trend of _(_C) during the past

12 years was 0.14 %./yr in the southern hemisphere and averaged 0.10

%./yr in the northern hemisphere, with a possible non-linear trend

as shown by a greater slope after 1983. The trends of the average

isotopic composition of the source fluxes in each hemisphere

can be derived using a two box model of the atmosphere with the

mass balance equations for _CH4 and _2CH4 taking into account

the interhemispheric exchange (Stevens et al., 1983).



where _NA and _A are _I_C of atmospheric CH4 in the northern

and southern hemisphere resp., _s and _ss are _I_C of the average

CH4 sources in the northern and southern atmosphere resp., CN and

Cs are the concentrations in the respective heemispheres, _ and _x

arL the loss rate and interhemispheric exchange rate.

In the southern hemisphere the _C/_2C ratio of the sources

in that hemisphere increased at an average rate of 0.45 per mi l/yr

for the decade. In that hemisphere biomass burning is the major

anthropogenic source; rice and cattle production are estimated at

only 20 and 25 % respectively of the global production, while losses

from natural gas systems, coal mining and landfills are negligible.

The increasing trend can most plausibly be attributed to the increas-

ing fluxes from the very isotopically heavy CN4 from biomass

burning associated with the rapid deforestation in that hemisphere

in recent decades. The magnitude of the isotopic trend gives a quan-

titative measure of the rate of increase of biomass burning in the

southern hemisphere from the relation

F_/L_t =

= 3.3 Tg/yr _ .

where F_ is the flux from biomass burning in the southern

hemisphere, Fs..._. , the total flux in the southern hemisphere

of ca. 200 Tg/yr, and _, the _C/ _-_3 ratio for CH4 from

biomass burning, -25 per mil. This rate would be 0.2 Tg/yr 2



greater taking into account the increasing rates (I to 2 %/yr) of

the small fluxes of light CH4 from rice and cattle in that hemi-

sphere. Since the global increasing concentration of atmospheric

CH4 is I.I %/yr (Khalil and Rasmussen_ 1990 and Blake and

Rowland_ 1988) 7 and the global flux is ca. 500 Tg/yr_ the increas-

ing fluxes from biomass burning in the southern hemisphere account

for 60 % of the increasing concentration, and must be the leading

cause of the increasing concentration_ assuming the other 40 % is

due to increasing fluxes of ali the anthropogenic sources in the

northern hemisphere and the sink rate and fluxes of the natural

sources are constant. Analysis of the trends in the northern hemi-

sphere will show that both the fluxes of the natural sources and

the the loss rate are likely increasing_ but that does not change

the evidence that biomass burning in the southern hemisphere is the

major anthropogenic source causing the increase in the concentration.

In the northern hemisphere the trend of the _c/_2C ratio of

the fluxes averaged -0.07 %./yr over the decade. The slope was

-0.20 %./yr until 1983 when it changed to +0.05 %./yr. The calcu-

lated rate of change based on estimates of the rates of groi_th of

the isotopically light and heavy CH4 flutes of the anthropogenic

sources in this hemisphere as shown in Table 4 is + 0.08 to 0.17

%./yr for the decade. The disparity with the average measured

trend is too large to be explained by uncertainties in the factors

involved in the calculation_ i.e. rates of growth and fluxes. The

difference implies that there was a much greater increase in fluxes

of isotopically light CH4 than can be reasonably accounted for

by the increases in the production of rice and cattle, the only

I0
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light anthropogenic sources. A plausible explanation is that the

fluxes of the natural sources were changing_ i.e. some combination

of increasing light CH4 and decreasing heavy CH4 fluxes.

The former possibility seems more likely because the temperate-

zone wetlands in the sub-arctic regions of the northern hemisphere
l

account for a major fraction of the global natural sources and

produce light CH4 (Mattews and Fung, 1987). For C_4 with

_C = -65 %., the required rate of increase in the flux would be

to 2 to 4 Tg/yr 2. There was an increase in global temperature

from 1975 to 1982 (Hansen and Lebedeff, 1987) that could have caused

increases in fluxes from these wetlands as well as increasing fluxes

from rice paddies not accounted for by increasing acreage (Harriss,

1989). In the years 1984-85 there was a pronounced cooling of -1 °

for the northern temperate zone (Angell, 1988) which might have

caused decreased fluxes from these northern wetlands and the change

in the slope of the isotopic trend observed after 1983. The trend

of the isotopic composition of atmospheric CH_ might be a simple

indication of average temperature trends in the regions of the

northern temperate zone wetlands. There is evidence that the arctic

regions have undergone amplified warming (Lachenbruch, 1986), which

is predicted in models of climate change. Continuous monitoring of

the isotopic trends in both hemispheres over the coming decades

might be a means of indicating these changes.
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Table 1. The carbon-13 isotopic composition o. the sources of atmo-

sphe_ic CH4. The uncertainty is estimated + 2 %. except as

noted in the table.

l

Source _I=C
(%.)

Natural -56.7

Rice Paddies -65

Herbivores -66

Land_il ls -51

Natural Gas -44 + 5

Coal Mining -37 + 5

Biomass Burning -25

13



Table 2. Measurements o_ the carbon-13 isotopic composition o_

atmospheric CH4.

"_i_C (%.)

Laboratory Year Southern , Northern
Hemi sphere Hemi sphere

A 1978 -47.9 -47.9

A 1988 -46.5 -47.0

B 1986-7 -45.9 -46.6

C 1987 -47.4

D 1985 -46.5

E 1989 -47.13
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Table 3. The relative flu×es of the sources of atmospheric CH4

in 1978 assuming a constant lifetime over the age of the ice cores

in which the concentration and isotopic abundance were measured and

the flux from landfills is 50 Tg/yr.

F1 ux

ndependent
Source ( % of total) (_ = 10 yr) (_ _ayr_ Estimate

Tg/yr Tg/yr Tg/yr

Natural 41 _ 189 a 236 a 100 b

Rice + herbivores 24 115 146 178 _ c

Landfills 10.8 50 50 50 + d

Fossil fuel 15 69 85 60 e

Biomass Burning 8.4 39 50 60 _ 30 f

a) Lifetime assumed constant.

b) Mattews and FungT 1987.
c) Seiler et a_._ 1984._ Khalil and Rasmussen_ 1991_ and Crutzen

et al. _ 1986.
d) Bingemer and Crutzen_ 1987.
e) Holzapfel-Pschorn and Seiler_ 1986 and Hitchcock and Wechsler_

1972.

f} Crutzen et al. _ 1979.
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Table 4. The calculated contribution of the increasing flu×_s of

the anthropogenic sources to the trend of the average isotopic

composition of the sources for the northern hemisphere from 1978 to

1989 and comparison with the measured change.

Source Flux Growth Rate I=C__ I_o I_C_/ t_vg

(Tg/yr) (%/yr) (%.) (%./yr)

Rice 100 0.5-1.0 9 - 12 - 0.02-0.04 ?

Cattle 78 0.6 - 8 - 0.011

Landfills 50 2.0 - + 2 + 0.003

Fossil Fuel 69 2.75 + 12 + 0.06

Biomass

Burning 25 b 0 - 2.0 + 27 + 0 - 0.04

Calculated TOTAL = + 0.01 to + 0.1%./yr

Measured rate = - 0.07 %./yr

DIFFERENCE = -0.08 to -0.17 %./yr

The indicated difference corresponds to 2 to 4 Tg/yr 2 in

the rate of increse of a flux of CH4 having I_C = -65 %..

a. Assumed rate equals population growth

b. Assumed flux in northern hemisphere is half of estimated global flux.
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FIGURE CAPTIONS

Fig. 1. The growth rate for the global production of hard coal,

natural gas, and cattle. Production units based on values for

the year 1980 = 100 (from United Nations Statistical Yearbooks).

Fig. 2. The stable carbon isotopic composition of atmospheric methane

for the northern hemisphere (solid line) and southern hemisphere

(dashed line) from 1978 to 1989. The points are the average

values of annual or semi-annual sets of measurements ranging from

4 to 15 in number.
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