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Abstract. Estimates of the global magnitude of atmospheric methane sources 
are cttrrently mainly based on direct flux measurements in source regions. Their 
extrapolation to the entire globe often involves large uncertainties. In this paper, we 
present an inverse modeling approach which can be used to deduce information on 
methane sources and sinks from the temporal and spatial variations of atmospheric 
methane mixing ratios. Our approach is based on a three-dimensional atmospheric 
transport model which, combined with a tropospheric background chemistry 
modtde, is also employed to calculate the global distribution of OH radicals which 
provide the main sink for atmospheric methane. The global mean concentration 
of OH radicals is va•dated with methyl chloroform (CHsCCls) observations. The 
inverse modeling method optimizes the agreement between model-calculated and 
observed methane mixing ratios by adjusting the magnitudes of the various methane 
sources and sinks. The adjustment is constrained by specified a priori estimates 
and uncertainties of the source and sink magnitudes. We also include data on 
the •sC/•2C isotope ratio of atmospheric methane and its sources in the model. 
Focusing on the 1980s, two scenarios of global methane sources are constructed 
which reproduce the main features seen in the National Oceanic and Atmospheric 
Administration's Climate Monitoring and Diagnostics Laboratory (NOAA/CMDL) 
methane observations. Differences between these two scenarios may probably be 
attributed to underestimated a priori uncertainties of wetland emissions. Applying 
the inverse model, the average uncertainty of methane source magnitudes could be 
reduced by at least one third. We also examined the decrease in the atmospheric 
methane growth rate during the early 1990s but could not uniquely associate it 
with changes in particular sources. 

1. Introduction 

Methane (CH4) absorbs infrared radiation at wave- 
lengths around 7.7 pm and thus plays an important 
role in the radiative balance of the Earth's atmosphere. 
The increase in its mean atmospheric mixing ratio from 
approximately 700 parts per billion by volume (ppbv) 
in preindustrial times to more than 1700 ppbv today is 
responsible for roughly 15% of the anthropogenic green- 
house forcing. Since it is predominantly oxidized in 
a reaction chain initialized by reaction with the by- 
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droxyl (OH) radical, thus providing a major sink for 
OH, methane also influences atmospheric chemistry. Its 
accumulation may lead to a long-term reduction of the 
tropospheric oxidizing capacity. Furthermore, methane 
also plays an important role in stratospheric chemistry 
by providing the primary in situ source for water vapor. 

The main sources and sinks of atmospheric methane 
have been identified, but there are still large quanti- 
tative uncertainties in the magnitudes of the sources. 
Improved knowledge about methane sources and sinks 
is necessary, if we want to determine the most effective 
ways of reducing methane emissions. The three princi- 
pal methane producing processes that have been identi- 
fied are (1) production by bacteria under anaerobic con- 
ditions (e.g., in wetlands, rice paddies, in the stomachs 
of cattle, in landfills), (2) fossil fuel related emissions 
(coal, oil and natural gas), and (3) incomplete burning 
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of biomass. One way to quantify methane sources is, of 
course, to perform direct flux measurements in major 
source regions. Unfortunately, measurements, for ex- 
ample, in wetlands and rice paddies, depend on many 
meteorological and biological parameters and show a 
very high variability in space and time. This makes a 
sound extrapolation from measurements at a few sites 
to the whole world highly uncertain. 

Atmospheric CH4 mixing ratios have been recorded 
regularly in the global cooperative air sampling net- 
work administered by the U.S. National Oceanographic 
and Atmospheric Administration's Climate Monitoring 
and Diagnostics Laboratory (NOAA/CMDL) in Boul- 
der, Colorado. Data are available since 1983 and pro- 
vide an extensive set of measurements of atmospheric 
methane mixing ratios. 

One might ask, whether it is possible to determine 
global CH4 sources and sinks from these data. An in- 
vestigation of this question requires a realistic atmo- 
spheric transport model which can be run with arbi- 
trary source/sink configurations. The resulting mod- 
eled CH4 mixing ratios can then be compared to the 
observations, and only those source/sink configurations 
that reproduce the main features seen in the observa- 
tions will be accepted. Such a study was first carried 
out by Fung et al. [1991] with a three-dimensional at- 
mospheric transport model which was run with seven 
different source/sink configurations. 

In the present study, we used an inverse model- 
ing method which not only allows the selection of the 
source/sink configuration that gives the best agreement 
between observed and calculated CH4 mixing ratios but 
which also enables an objective treatment of the un- 
certainties of the source and sink magnitudes. Thus 
it provides information on the extent to which the at- 
mospheric observations constrain the source and sink 
magnitudes and allows us to determine the range of 
methane emissions which are consistent with the atmo- 

spheric observations. Mathematically, the inverse mo- 
del constitutes an optimization problem, with the cost 
function defined as the sum of (weighted) squared de- 
viations of modeled and observed CH4 data. The so- 
lution of this optimization problem is given by those 
source/sink magnitudes that minimize this cost func- 
tion and lead to an optimal agreement between modeled 
and observed Ctt4 data. 

In the present study, the geographical and temporal 
variability of most CH4 sources was chosen in a way 
similar to Fung et al. [1991]. The atmospheric CH4 
sink due to reaction with OH radicals is calculated with 

a chemical module included in the transport model. 
Recently, Brown [1993, 1995] published a study on 

inverse methane modeling, following the so-called "to- 
tal inversion approach," where base source components 
correspond to the total net emissions from individual 

latitude bands and are not connected to any particular 
biogeochemical process. The present study follows the 
method of "synthesis inversion" tenting et al., 1993]. 
Here the different methane emitting processes consti- 
tute the base source/sink components. Available infor- 
mation on their temporal and geographical variability 
is included in the calculations. 

This paper is subdivided into three parts. In the first 
part (section 2), the three-dimensional transport and 
chemistry model used in this study is described and the 
calculated OH concentrations obtained with this com- 

bined transport-chemistry model are discussed. In the 
second part (section 3), the calculated OH concentra- 
tions are validated, making use of the anthropogenic 
trace gas methyl chloroform (CH3CC13). From this, a 
uniform global correction factor for the calculated OH 
concentrations is determined in order to match the ob- 

served increase of CH3CC13 mixing ratios in the 1980s. 
The calculated monthly mean OH concentrations are 
then used in the inverse modeling calculations described 
in the third part of this study (sections 4-8). Sec- 
tion 4 contains the theoretical background of the in- 
verse modeling method [Tarantola and Valerie, 1982a, 
TaranloIa, 1987]. The statistical data analysis per- 
formed with the observational data to be used in the 

inverse model and the incorporation of isotopic data 
into the model are described in section 5. In section 

6, the base methane source and sink components, their 
geographical and temporal variation, and the a priori 
estimated source magnitudes are described. The result- 
ing source and sink estimates obtained from the inverse 
model as well as the corresponding CH4 mixing ratios 
and 5•SCH4 isotope ratios are then described in section 
7, together with several sensitivity studies. Finally, the 
conclusions are summarized in section 8. 

2. Atmospheric Transport and 
Chemistry Model 

2.1. Transport Model Description 

In the present study, we employed the three-dimen- 
sional transport model TM2, developed at the Max- 
Planck-Institut f/Jr Meteorologie in Hamburg, Germany 
tHeira, ann, 1995]. It numerically solves for an arbitrary 
number of tracers the continuity equation 

d 

Z - 
on a global eulerian grid. Here p denotes the air den- 
sity, X denotes the tracer's volume mixing ratio, and 
Q denotes its net sources, all depending on spatial co- 
ordinates x and time t. The total time derivative op- 
erator d/dr describes the different transport processes 
represented in the model: advection resolved on the 
model grid and subgridscale vertical transport due to 
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convective cumulus clouds, vertical turbulence, and dry 
convection. Atmospheric mass fluxes and subgridscale 
transport data are based on the 12-hourly meteorolog- 
ical analyses from the European Centre for Medium- 
Range Weather Forecast (ECMWF) in Reading, Eng- 
land. These data are available with a horizontal res- 

olution of 2.5øx2.5 ø and on 14 vertical levels. They 
are interpolated and integrated to yield mass fluxes on 
the TM2 grid as described by tteimann and Keeling 
[1989] and tIeimarm [1995]. The TM2 model uses the 
results of this data preprocessing to calculate the three- 
dimensional advective transport by means of the slopes 
scheme of Rsssell arid œerr•er [1981]. Subgridscale ver- 
tical transport due to convective clouds is calculated 
from ECMWF's meteorological analyses using a simpli- 
fied version of the mass flax scheme of Tied•ke [1989]. 
Turbulent vertical transport is computed by stability- 
dependent vertical diffusion based on the method de- 
scribed by Losis [1979]. The present model version 
does not contain any explicit horizontal diffusion terms. 
All calculations for this study were performed with the 
coarse grid model version (with a horizontal resolution 
of approximately 8 o latitude by 10 ø longitude and nine 
vertical levels) and with meteorological data based on 
the ECMWF analyses for the year 1987, although in one 
sensitivity study (section 7.2), we used ECMWF's wind 
data analyses for 1986. The time step for the numeri- 
cal integration in the model was chosen to be 4 hours. 
Earlier versions of the model have been described by 
Heimann and Keeling [1989], Heimann et al. [1990], 
and Bros• and Heimann [1991]. 

2.2. Chemistry Module Description 

2.2.1. Chemical reactions. The chemical part 
of the model, developed at the Max-Planck-Institut fiir 
Ghemie in Mainz, Germany [Crstzen and Zimmermann, 
1991], describes the tropospheric background CH4- 
GO - Os - NOx - OH chemistry. In this study, it is 
used to calculate the large-scale geographical and tem- 
poral distribution of OH radicals in the troposphere. 

The primary OH production is initialized by the ac- 
tion of solar ultraviolet (UV) radiation on ozone (Os), 

(R1) Os by, O(•D) + 02 (A •_ 320 nm). 

The excited oxygen atoms (O( • D)) may then react with 
water vapor to form hydroxyl radicals, 

(R2) O(•D) + H20 ,2OH, 

or they are quenched to ground state oxygen atoms (O) 
which recombine with molecular oxygen (02) to regen- 
erate ozone, 

(R3) O(•D) •, O +o• O•. 

As a consequence of (R1) to (R3), most OH radicals 
are formed under warm and humid conditions and high 
intensities of UV radiation. Because hydroxyl radicals 
are highly reactive, they initialize the oxidation of many 
trace gases emitted into the atmosphere by natural or 
anthropogenic processes and are thus sometimes called 
the "detergent" of the atmosphere. 

Most OH radicals react with CO, CH4, or methane's 
oxidation products. Carbon monoxide (CO) is oxidized 
to give carbon dioxide (COs), 

(R4) CO + OH +o• COs + HOs. 

In a NOx-rich environment, this reaction is usually fol- 
lowed by 

(RS) NO + HOs , NOs + OH 

and 

hv, O)• _ (R6) NOs NO + Oa ()• < 420 nm) 

which results in net ozone production. Under NOx-poor 
conditions, however, 

(R7) Oa + HO2 , OH + 202 

primarily takes place, leading to a net ozone destruc- 
tion. During daytime, the lifetime of the nitrogen oxides 
is determined by the reactions 

(R8) NO + 03 , NOs +Os 

and 

(R9) NO2 + OH M, HNO3, 

followed by removal of HNOs from the atmosphere by 
wet or dry deposition. A lesser fraction may also react 
with OH, 

HNO3 + OH , HsO + NO3 

(R10) h•,O,• HsO + NO2 + O•, 

or be photolyzed, 

(Rll) HNO3 h•, NOs + OH (A •_ 320 nm), 

giving back NOx. At nighttime, the formation of NOs 
and NsOs also play a significant role in NOx loss. NOs 
is produced by 

(R12) NOs q-03 , NOa q-02. 

During daytime, it is rapidly photolyzed without any 
net effect, but during nighttime, N2Os molecules can 
be formed by 



46 HEIN ET AL.: THE GLOBAL ATMOSPHERIC METHANE CYCLE 

(R13) NO• q- NO• , N•Os. or is photolyzed, 

In remote areas, most of these N2Os molecules (in the 
model approximately 70%) will decay and give back 
NO2 and NOa, 

(R14) N•Os , NO• + NOs, 

again without any net effect. However, in more pol- 
luted areas, the N2Os molecules can produce HNO3 by 
beterogenous processes on wet aerosol surfaces, 

(R15) N2Os + H20 , 2HNOs, 

thus leading to NOx destruction. The effect of this 
nighttime NOx removal was included in the present mo- 
del version in a parameterized way: The probability for 
each N2Os molecule to form HNOs by (R15) before it 
decays (R14) was calculated with the three-dimensio- 
nal global atmospheric model MOGUNTIA [Dentenet 
and Crutzen, 1993; Dentenet, 1993]. These geograph- 
ically and monthly varying probabilities were used in 
this study to calculate the conversion rates from NOx 
to HNOa by (R15). 

The methane oxidation scheme is more complex but 
similar to that of carbon monoxide. It is also initialized 

by the reaction with an OH radical, 

(R16) CH4 + OH , CH3 q- H20 +o] CH302 q- H20. 

If enough NO• is present, this reaction is followed by 

(R17) CHsO2 + NO +o] CH20 + NO2 + HO2, 

and NO2 photolysis (R6), leading to net ozone produc- 
tion. In the N O•-poor parts of the atmosphere, 

(R18) CHsO2 q- I{O2 ' CI-IsO2I-I q- 02, 

followed by 

(R19) C1{sO21{ + O1{ , CH20 + OH + H20 

or by 

CI-IsO2I-I , C1{sO q- OI-I 

(R20) +o] C1{20 + 1{O2 + O1{ (A _< 370 rim), 
takes place, leading to CH20 without chemical ozone 
formation. The reaction 

(R21) CHsO2H q-O1{ ' CHsO2 q- 1{20, 

together with (R18), forms a catalytic cycle which de- 
stroys O1{ and 1{O2. Formaldehyde (C1{20) further 
reacts with O1{, 

(R22) CH20 q- O1{ +o• CO q- 1{O2 q- 1{20, 

(R23) CH20 h•, CO + H2 (A _< 365 rim), 
or 

hi/ 
CH20 , CHO + H 

(a24) +207 CO + 2HO2 (A_<330nm). 
All these reactions result in CO formation. CO will 
further be oxidized to CO2 as described above. Some 
additional reactions which influence the budgets of OH 
and H O2 radicals are also taken into account in the 
present model: 

(R25) ttO2 + HO2 , H202 + 02, 

(R26) 1{202 •", 201{ (A _< 355 nm), 

(R27) 1{202 + O1{ , 1{O2 + 1{20, 

(R28) O3 + OH , HO2 + 02, 

and 

(R29) HO2 + OH , H20 + 02. 

The reaction rates used in the model have been taken 

from the Jet Propulsion Laboratory (JPL) data com- 
pilation [DeMote et al., 1992] and are listed in Ta- 
ble 1. Photolysis rates have been calculated with a two- 
dimensional photochemical model [Br{hl and Crutzen, 
1993] using zonal mean cloud statistics and their model- 
calculated stratospheric ozone concentrations. They are 
averaged over time periods of 2 weeks. The recent 
findings concerning quantum yields of ozone leading to 
higher O(tD) and O1{ production than previously cal- 
culated [Michelsen et al., 1994] have been taken into 
account. The time step for the numerical integration of 
the chemical transformations of trace gases in the mo- 
del, as well as for emissions and deposition, was set to 
2 hours, which is half of the transport integration time 
step. 

2.2.2. Emissions. Surface emissions of NO• from 
soils, biomass burning, and industry are included in 
the model (Table 2). In the middle and upper tropo- 
sphere, lightning constitutes the most important N O• 
source. Aircraft emissions and transport of N Ox from 
the stratosphere into the troposphere are neglected in 
the present study. The geographical distribution of 
the NO• emissions from industriM sources and biomass 

burning have been taken from the data compilations 
of C. M. Benkovitz et al. (manuscript in preparation, 
1996) and Hao et al. [1990], respectively. The emis- 
sions from biomass burning are given on a monthly ba- 
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Table 1. Photochemical Reactions and Rate Constants Used In the Tropospheric Chemistry 
Module 

Reaction FLare constant, cm3s -1 

hu 0(1D) + O2 (m) o, ---, 
(R2) 0(1D) + H•.O • 2OH 2.2 x 10 -1ø 

M 

(R3) 0(1D) -• O • O3 3.2 x 10 -11 x e •'øK/T x 0.2095 x M 
4,1.8 x 10 -11 x e 110K/T X 0.781 X M 

(R4) CO + OH • CO2 + HO2 1.5 x 10 -13 x (1 + 0.6p) 
(RS) NO 4, HO2 • NO2 4, OH 3.7 X 10 --12 X e 250K/T 

h•,02 
(R6) •02 • •0 + 03 
(R7) 03 + HO2 • OH + 202 1.1 x 10 -lt x e -500K/T 
(RS) NO + 03 ----* NO2 + O2 2 x 10 -12 x e -1400K/T 

M 

(R9) NO2 + OH • HN03 •NO3,OH 
(R10) HNO3 + OH • H20 + NO3 /•NO•,OH 

h •,,O 3 
----* H20+NO2+03 

h•, 

(R11) HN03 • NO2 + OH 

(R16) CH4 + OH • CH3 + H20 +_•oa OH3 02 + H20 2.9 X 10 -12 X e -ls20K/T 
+03 

(R17) CH302 + NO • CH20 + NO2 + HO2 4.2 X 10 --12 X e 180K/T 
(R18) CH302 + HO2 ----* CH302H + 02 3.8 X 10 --13 X e s00K/T 
(R19) CH302H + OH • CH302 + H20 3.8 x 10 -12 x e 2øøx/T x 70% 

h•, 

(R20) CH302H ----, CH30 + OH 
+03 
• CH20+HO2+OH 

(R21) CH302H + OH ---• CH20 4- OH + H20 3.8 x 10 -12 x e 200K/T X 30% 
+03 

(R22) CH20 + OH • CO + HO2 + H20 1 x 10 -11 
h•, 

(R23) CH20 • CO + H2 
h•, (R24) CH20 • CHO + H +2__o•o3 CO + 2HO2 

(R25) HO2 + HO2 ----* H202 + 02 k'Ho3•-Io3 
hv 

(R26) H2 02 ---• 2OH 
(R27) H202 + OH ---• HO2 4, H20 2.9 X 10 --12 X e --160K/T 
(R28) O3 + OH • HO2 + 02 1.6 X 10 --12 X e --940K/T 
(R29) HO2 + OH • H20 + 02 4.8 X 10 --11 X e 250K/T 

kHO3,HO3 = (2.3 x 10 -13 e 6øøK/T + 1.7 x 10 -33cm 3 eløøøK/TM)(1 + 1.4 x 10 

ko(T)x•xk•(T) X 0.6 &•(T) ) kNO•,OH = ko(T)x•+&•(T) 
with 

= ( z•) -•'z s_• 
4.1 X10 --16 Xel•O•/T+l.9xlO--55e•25K/T 

Rate co•t•ts [DeMore et al., 1992] •e • cubic cent•eters per second. T: absolute Temperathe 
(Kelvin), p, • p•ess•e (atmospheres), M, • density (per cubic cent•eter). 

sis. However, it is important to note that their temporal 
variation is relatively uncertain. There are no indica- 
tions that industrial NOx emissions have a substantial 
seasonal variation. In the model, they are thus assumed 
to be constant throughout the year. 

In agreement with Crutzen and 2iramerraann I19911, 
N Ox emissions from soils are parameterized using a sim- 
ple temperature dependence and taking into account 
that no N O• is emitted from frozen soils and deserts. 
With •) being the local monthly mean surface air tem- 
perature in degrees Celsius, NOx fluxes per area land 

surface are assumed to be proportional to 0 + 5. Deserts 
are characterized by io <_ 2•, where p denotes the local 
monthly precipitation in millimeters, and soils are as- 
sumed to be frozen if the local monthly mean surface air 
temperature falls below-5øC. In agreement with Den- 
tenet and Cruizen [1993], the global annual magnitude 
of N Ox emissions from soils was set to 4 Tg N. 

The global magnitude of the N O• emissions from 
lightning is highly uncertain. Lo#an [1983] estimated a 
range of 2-20 Tg/yr N, and even up to 100 Tg/yr N 
have been suggested [Franzla• and Popp, 1989]. We de- 



48 HEIN ET AL ß THE GLOBAL ATMOSPHERIC METHANE CYCLE 

Table 2. Characterization of Atmospheric Sources of Nitrogen Oxides 

Source Global Magnitude Spatial Variation Temporal Variation Reference 

Industrial 22.2 Tg/yr N 

Soils 4 Tg/yr N 

Biomass $ Tg/yr N 
Burning 

Lightning 9.9 Tg/yr N 

Flux from the neglected 
stratosphere 

Aircraft neglected 

in industrial areas 

(predominantly eastern United 
States, central Europe, and 
Jap•u) 

predominantly over tropical 
land (except deserts) 

mainly between 25øN and 25øS 

in middle and upper 
troposphere; enhanced over 
tropics, lower over sea 

none 

temperature and 
precipitation 
dependent 

in dry season 

depending on 
convective 

activity 

C. M. Benkovitz et al., 
(manuscript in pre- 
paration, 1996) 

C•'utzen and Zimmer- 

mann [1991] and 
Dentenet and 

C•tzen [1993] 
Hao et al. [1990] 

P•'ice and Rind [1994] 

scribed its geographical and temporal distribution ac- 
cording to a parametrization recommended by _Price 
and Rind [1992, 1994] which empirically relates flash 
frequencies to convective cloud top heights and distin- 
guishes between continental and marine conditions. To 
calculate NOx emissions, a globally uniform NOx pro- 
duction of 2 x 10 •5 molecules per flash was assumed 
[Lawrence et al., 1995]. This parametrization led to a 
global NOx lightning source magnitude of 9.9 Tg/yr N. 

Because the surface emissions for CH4 and CO are not 
well established, we specified measured surface mixing 
ratios rather than emissions. For methane, these are 
based on results obtained with a preliminary version of 
the inverse model described in this paper [Hein, 1994], 
and for CO from the latitude-time distributions given 
by Dianov-Klokov and Yurganov [1981] and Dianov- 
Klokov et al. [1989]. Since CO emissions primarily 
take place over continents, we assumed, as a rough es- 
timate, CO surface mixing ratios over continents to be 
40% higher than over sea at the corresponding latitude. 
We are aware of the fact that this is a rather simple as- 
sumption. With more atmospheric CO measurements 
becoming available, a more detailed treatment of the 
global CO cycle in global chemical models should be 
possible. This might alter the geographical and tempo- 
ral distribution of model-calculated OH concentrations. 

2.2.3. Ozone flux from the stratosphere. Be- 
cause the amount of ozone that crosses the tropopause is 
highly uncertain, and since the model, due to its coarse 
resolution, is not able to calculate cross-tropopause 
fluxes of air masses in a realistic way, we prescribed 
ozone mixing ratios at the uppermost tropospheric mo- 
del level (in tropics, model level 7, centered at 200 
hPa, and in nontropical regions, model level 6, cen- 
tered at 320 hPa) according to climatological ozone 
data derived from ozonesonde measurements [Forruin 

and Langematz, 1994]. It is important to note that due 
to the inhomogeneous distribution of ozonesonde sta- 
tions, the accuracy of the climatology is highest in the 
midlatitudes of the northern hemisphere and lowest 
in the equatorial region and in the midlatitudes of the 
southern hemisphere. 

2.2.4. Wet deposition. According to Junge and 
Gustarson [1957], wet deposition causes a change in the 
concentration C of a species that can be expressed by 

OC 
= -zc 

with the deposition rate œ• given by 
eP 

L•- Azk•' (3) 
P denotes the precipitation rate which originates from 
the corresponding layer, calculated from ECMWF's 
daily precipitation forecasts [Arpe, 1991] and a clima- 
tological vertical distribution of precipitation formation 
[Newell et al., 1974], Azk denotes the thickness of the 
model layer, and L denotes the volume fraction of liq- 
uid water in clouds, defined as the ratio of the liquid 
water content (LWC) of the rain-producing cloud and 
the specific weight of water (106 gm-3). Assuming a 
globally uniform LWC of 1 gm -3, we obtain L - 10 -ø. 
The scavenging efficiency • can be approximated by the 
equilibrium ratio of water dissolved to total trace gas 
mass. Following Henry's law, this ratio can be calcu- 
lated by 

LHRT 

e- 1 + LHRT (4) 
where R denotes the universal gas constant, T denotes 
the temperature, and H denotes the Henry constant 
of the trace gas. This parametrization neglects below- 
cloud scavenging and does not separate between con- 
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Table 3. Henry Constants 

Species Henxy Constant 

HNO• 

1.67 X 10 -5 X e 6621K/T 
1.5 X 10 --6 X e 5607K/T 
so highly soluble that e = I can be assumed 

Henxy constants are in mole per liter and per atmosphere 

vective and stratiform precipitation. Values for Henry 
constants [Lind and Kok, 1986] used in this study are 
given in Table 3. 

2.2.5. Dry deposition. Dry deposition can re- 
move Oa, NOx, H•O:, CHaO:H, and ffNO8 from the 

surface layer of the atmosphere. The trace gas flux F 
to the surface is usually described as a first-order loss 
process; that is, F is the product of the trace gas con- 
centration C and a depostion velocity v, 

(o) 0 

F - 

20O 

400 

600 

800 

lOOO 
9oos 60 ø 

ß ', ,,2o ; o,, 

30 o 0 o 30 o 

latitude 

60ø90øN 

0 i 

200 
400 

600 

800 

1 000 
90øS 60 ø 

, / 

30 ø 0 ø 30 ø 60ø90øN 

latitude 

With one exception, the deposition velocities used in 
the model are based on measurements from Wesel!/ 
[1989] and Galbally and Roy [1980] and are similar to 
the values used by Valentin [1990] and Dentenet and 
Cruizen [1993]. The exception refers to ozone: On the 
basis of measurements by Kawa and Pearson [1989], a 
much lower ozone deposition velocity over sea of 0.25 
mm/s compared to earlie• estimates of 1 mm/s was ap- 
plied. To correct for lower values of the concentration of 
species deposited at the surface compared to the center 
of the lowest model grid box, the deposition velocity 
is multiplied with a wind speed dependent correction 
factor 

½D•wind (6) 
• • ½D •wind • 

as recommended by Levy and Mozim [1989]. Here cD 
denotes a drag coefficient, taken to be 0.002 globally, 
and Vwina is the absolute local horizontal wind speed in 
the bottom model layer. See Levy ei al. [1985] for more 
details. 

2.3. Calculated OH Radical Concentration 

Figures 1 and 2 show the calculated OH radical con- 
centration in :januaw and :July. 

Zonal mean concentrations are very similar to those 
calculated by Spivakovsky et al. [1990] and Dentenet 
and Crutzen [1993]. They peak in the tropical free 
troposphere between approximately 400 and 800 hPa. 
Largely following the Sun's seasonal position, concen- 
trations are highest around 20øS in :January and around 
30øN in :July. Because of higher Nay and O3 concentra- 
tions in the northern hemisphere, the northern summer 
maximum is stronger than in the southern hemisphere. 

Figure 1. Simulated monthly and zonal mean OH con- 
centrations in a) January and b) July; unit: 10Scm -• 
(24-hour mean values). 

As shown in Figure 2, OH concentrations over conti- 
nents are in most cases much higher than in oceanic 
regions. This can again be attributed mainly to dif- 
ferences in NO• concentrations: Since NO• is emit- 
ted mainly over continents and has a short lifetime of 
few days, its concentrations rapidly decrease by several 
orders of magnitude in remote regions. NOx concen- 
trations strongly influence OH concentrations by two 
mechanisms. First, ozone concentrations are usually en- 
hanced in N Ox-rich regions due to the ozone formation 
from NO: photolysis (R6). This directly translates into 
enhanced OH production via (R1)and (R2). Second, 
HO: radicals which are formed during the oxidation of 
CO (R16) as well as during CH4 oxidation (R17, R22, 
and R24) are converted into OH radicals by reaction 
with NO or O•. Since the reaction of HO: with NO 
(RS) is much faster than with Os (R7), this OH recy- 
cling is much more efficient in N Ox-rich parts of the 
atmosphere where it can significantly exceed the "pri- 
mary" OH production by reaction of O(1D) with water 
vapor (R2). 

3. Methyl Chloroform Modeling to 
Check Calculated OH Concentrations 

Methyl chloroform (1,1,1-Trichloroethane, CHsCC13) 
is a chemical of purely anthropogenic origin. Its 
sources to the atmosphere are relatively well known 
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Figure 2. Simulated monthly mean OH concentrations in model level 1 (surface) in a) January 
and b) July; unit: 105cm -3 (24-hour mean values). 

from production figures reported by the chemical in- 
dustry [Prinn et al., 1992; Midgley, 1989]. Following 
Kanakidou et al. [1995], CH3CCI• emissions for 1986 
reported for five regional areas [Midgley and McCulloch, 
1995] were distributed among the countries within each 
region proportional to their CFC-113 production figures 
[McCulloch et al., 1994]. Within each country, constant 
per capita emissions were assumed. The dominant sink 
of CH•CC13 is reaction with OH radicals, 

(R30) CHaCC13 + OH , CH•CCI½ + H20. 

Its atmospheric concentrations have been regularfly re- 
corded since the end of the 1970s at five stations during 
the Atmospheric Lifetime Experiment/Global Atmo- 
spheric Gases Experiment (ALE/GAGE) [Prinn et al., 
1992]. It is important to note that the earlier absolute 
calibration of the ALE/GAGE CHaCCla measurements 
[Prinn et al., 1992] has recently been revised [Prinn et 
al., 1995], leading to approximately 20% smaller concen- 
trations and thus a correspondingly shorter CHaCC13 
lifetime. Consequently, the estimated global averaged 
OH concentration as calculated by optimally fitting the 
observed increase in CHaCCla mixing ratios has in- 
creased by 20% [Prinn et al., 1995]. Two relatively 
minor methyl chloroform loss processes are photolysis 
in the stratosphere and hydrolysis in the ocean [But- 
ler et al., 1991]. Photolysis in the stratosphere was 
included in the model based on calculations with a two- 

dimensional photochemical model [Br•hl and Crutzen, 
1993], yielding a calculated effective global lifetime of 
CH3CCls due to stratospheric loss of 44 years. Assum- 
ing that CHsCCls concentrations in the upper oceanic 
layer are in Henry's law equilibrium with the atmo- 
sphere, the CHsCCls flux from the atmosphere to the 
ocean was calculated with a three-dimensional oceanic 

general circulation model [Maier-Reimer, 1993; Maier- 
Reitnet et al., 1993] that includes hydrolysis. The calcu- 
lated atmospheric lifetime of methyl chloroform due to 

the oceanic sink is 106 years, approximately 20% higher 
than estimated by Butler et al. [1991]. Since oceanic 
uptake contributes with less than 10% to all CHsCCls 
sinks, the estimated global averaged OH concentration 
is not very sensitive to errors in this sink and would be 
only 1-2% higher if the higher ocean sink estimated by 
Butler et al. [1991] were used. Hence potential errors 
in the applied hydrolysis rate and Henry's law constant, 
even though both have a high relative uncertainty [But- 
ler et al., 1991; Gosseit, 1987; Jeffers et al., 1989], are 
of minor importance for the global CHsCCls cycle. 

We run the three-dimensional transport model TM2 
with CHsCCls sources and sinks as described above. 
The applied OH concentrations were taken from the 
coupled transport-chemistry model and multiplied with 
a uniform global correction factor aoI•. The methyl 
chloroform concentrations obtained with the model 

were then compared with the observations at the ALE/ 
GAGE stations taking into account the revised abso- 
lute calibration of the CHsCCls measurements. This 
provides a check on the globally integrated calculated 
OH concentrations. An optimal agreement (minimized 
root mean squared deviation) between modeled and ob- 
served methyl chloroform mixing ratios was achieved 
with a uniform global correction factor for the precal- 
culated OH concentrations of 0.82. The mathematical 

procedure to determine this optimal value for aoI• is 
described in more detail by Hein [1994]. 

The corrected tropospheric annual and 24-hour mean 
OH concentration, weighted by pressure and the tem- 
perature dependence of the CHsCCls + OH reaction, is 
10.3 x 105 cm -s, towards the upper edge of the range of 
9.7 + 0.6 x 105 cm -s calculated by Prinn et al. [1995]. 
The corresponding tropospheric methyl chloroform life- 
time due to OH reaction is 5.1 years, within the range of 
4.9 H 0.3 years estimated by Prinn et al. [1995] based 
on a 12-box global atmospheric model. The reason why 
Prinn et al. [1995] obtain a slightly lower lifetime de- 
spite lower annual mean OH concentrations is not clear. 
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Figure 3. The model-calculated increase in atmo- 
spheric CH3CCla mixing ratios (solid lines) compared 
to ALE/GAGE observations [Prinn et aI., 1992, 1995] 
(dashed lines with exrorbars (mean variation within 
each month)) during the 1980s. Offset for plotting the 
values for Adrigole/Mace Head (Ireland), Cape Menres 
(Oregon), Ragged Point (Barbados), Matatu Point 
(American Samoa), and Cape Grim (Tasmania) was 
100, 60, 40, 20, and 0 parts per trillion by volume 
(pptv), respectively. 

It is probably attributed to a different description of 
CHaCCla emissions, transport, and sinks (in particular 
differences in the applied stratospheric loss rates) and 
the very different horizontal, vertical, and temporal res- 
olutions of the two models. 

The CH4 lifetime is approximately 1.6 times greater 
than the lifetime of CHaCCla due to its slower reaction 
with OH. With the TM2 model, we obtain a tropo- 
spheric methane lifetime due to reaction with OH of 8.3 
years. This value is also in the upper part of the range 
of 8.0 q- 0.5 years estimated by Prinn et al. [1995]. 

The time series of the methyl chloroform mixing ra- 
tios at the ALE/GAGE stations calculated in the mo- 
del and the atmospheric observations are shown in Fig- 
ure 3. It can be seen that the seasonal cycle is gener- 
ally well reproduced. It should be noted, however, that 
the two northern midlatitude stations in Ireland (53øN) 
and Oregon (45øN) are located within model grid boxes 
in which CHaCCIa emissions take place. Consequently, 
the modeled CH•CC13 mixing ratios at these grid points 
are, in contrast to the observations, not representative 
for unpolluted air. For these two cases, we therefore 
used model results taken at the next gridbox west of 
the stations. The seasonal cycle in Barbados (13øN) 
is strongly influenced by variations in the location of 
the Intertropical Convergence Zone (ITCZ). The over- 
all good agreement in Barbados indicates that the ITCZ 
is, at least in the Caribbean region, reasonably repre- 
sented in the model. The methyl chloroform mixing 

ratios in Samoa (14øS) are well reproduced by the mo- 
del. During E1 Nifio events, however, the observations 
show an irregular seasonality [Prinn et al., 1992] that 
cannot be xeproduced by the model. 

Figure 3 also indicates that the model slightly overes- 
timates the interhemispheric gradient in CHaCCla mix- 
ing ratios. Defining the interhemispheric gradient as the 
difference between the mixing ratios at the ALE/GAGE 
stations in Oregon (45øN) and Tasmania (41øS), this 
overestimation amounts to 12%. It may be explained by 
a small underestimation of interhemispheric transport 
in the model which has already been detected in a CFC- 
11 (CFCI$) tracer study [Hein, 1994]. Additionally, any 
underestimation of the fraction of southern hemispheric 
CHaCC13 emissions would also contribute to the overes- 
timated interhemispheric gradient in the model. There- 
fore, no significant deviation from the modeled OH dis- 
tribution is required to explain the differences in the 
modeled latitudinal distribution of CHsCCI3 mixing ra- 
tios compared to the ALE/GAGE observations. 

4. Inverse Methane Modeling 

4.1. Inverse Modeling Approach 

With an inverse modeling approach based on the 
method of TarantoIa and Valerie [1982a], we investi- 
gated the extent to which the global magnitude of the 
various methane sources can be constrained by atmo- 
spheric observations. This inverse modeling approach 
was originally applied in geophysics to localize earth- 
quake centers. In atmospheric science, Enting [1993] 
and Enting et al. [1993] first used it to study the atmo- 
spheric COs cycle. 

The inversion method adopted in the present study 
includes a priori information on the observed atmo- 
spheric methane mixing ratios and isotope ratios at 
the monitoring sites in conjunction with a priori esti- 
mates of the global magnitudes of individual methane 
sources and their uncertainties. Thereby the individual 
base source/sink components are described by their ge- 
ographical and temporal pattern which is not subject to 
the optimization but prescribed according to available 
information as described in sections 6.1 and 6.3. Solv- 

ing the inverse problem results in a postertort estimates 
of methane source magnitudes and their a postextort un- 
certainties [ Tarantola and Valerie, 1982a, 1982b; Taran- 
tola, 1987]. A significant reduction in the uncertainty 
of a particular source can be interpreted as indicating 
that the observational data indeed constrain the magni- 
tude of this source, assuming that the transport model 
is correct. On the othex hand, if the a posterJori uncer- 
tainty of a particular source is not much smaller than its 
a priori uncertainty, then it is implied that this source 
cannot be resolved by the observational network. This 
is the case when the atmospheric signal (the contribu- 
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tion of this source to the spatial and temporal variation 
in atmospheric CH4 mixing ratios) at the observational 
sites does not significantly differ from the atmospheric 
signal of another source or a linear combination of other 
sources and sinks. The specified a priori estimate of the 
uncertainty in the magnitude of a particular source also 
plays an important role. The smaller the assigned un- 
certainty, the more difficult it is to gain further informa- 
tion from the available observational data. Conversely, 
it is easier to constrain the more uncertain source mag- 
nitudes by inverse modeling than those that are already 
well established. 

In this study, we always assume a quasi-stationary 
state of the global CH4 cycle; that is, we assume an 
average state over a target time period of several years 
(section 5.1), during which no interannual changes in 
methane sources and sinks are allowed. In contrast to 

a totally stationary state, however, the observed overall 
global increase in the atmospheric methane mixing ratio 
is taken into account. 

4.2. Modeling Technique 

The continuity equation (1) for atmospheric methane 
may be written in the form 

T [P(X, t)Xmod½l(X, 7t)] 

= + 
j=l 

where x denotes the three-dimensional space and t de- 
notes the time coordinate, j runs over all n methane 
sources Qj, T denotes the operator describing all mo- 
del transport terms, p denotes the air density, Xrnodel 
denotes the modeled methane mixing ratio, and AOH 
denotes the rate of methane destruction due to reaction 

with OH radicals. In this representation, the sink terms 
due to soil uptake and stratospheric loss are formally in- 
cluded as negative source terms. Approximating Xmod½l 
in the OH sink term with the methane mixing ratio 
X derived from the coupled transport-chemistry model 
(section 2.2) makes the OH term in equation (7) inde- 
pendent of the model solution Xmod½•- For convenience, 
the abbreviation 

Qo(, t) = t) (s) 

is introduced, and for each j, a normalized base source 
component • with a global magnitude of unity is de- 
fined by 

- (0) 
where the parameters aj represent the global source 
magnitudes. Equation (7) can now be written in the 
form 

T [p(x, i[)Xmod½l(Ig , ]•)] -- • otj(•j(•, l), 
j=0 

(10) 

where the right side is independent of J(rnodel. Thus the 
solution Xmod½l, representing the modeled CH4 mixing 
ratio, can be expressed as a linear combination 

•rnød½l(lg' •) -- E Otj•j(gg, 7t) -I- O•00•00(3•, •) 
j=O 

of the solutions Xd of the inhomogenous equations 

(11) 

TLo(x,t)xj(x,t)] - •j(x,t) with Xj(x, 0) - 0, (12) 

representing the contributions of the different Ctt4 
sources to the total modeled CH4 mixing ratio and the 
solution Xoo of the homogenous equation 

T [p(x,t)Xoo(x,t)] = 0 with X00(x, 0) = 1, (13) 

representing the initialization of the model with a glob- 
ally uniform methane mixing ratio of a00. Since mixing 
ratios are conserved by transport processes, the latter 
equation has the trivial solution of unity, Xoo(x, t) - 1. 
As described in the Appendix, the taC/t2C isotope ra- 
tio can, with some approximations, be treated in an 
analogous way [Hein and Heimann, 1993]. 

To obtain the solutions Xj, the transport model TM2 
is run for 4 years for each source and sink separately. 
The first 3 years of each run are ignored, and only the 
fourth year is used. This spin-up time of 3 years is long 
compared to timescales typical for atmospheric mix- 
ing, in particular the interhemispheric exchange time. 
Hence the gradients in resulting atmospheric methane 
mixing ratios are largely independent of initial condi- 
tions. Possible errors resulting from the initialization 
with a globally uniform CI-I4 mixing ratio and a glob- 
ally constant 5•SCI-I4 isotope ratio are thus negligible. 

4.3. Inverse Problem as Least-Squares 
Optimization 

Mathematically, the inversion procedure consists of 
determining the parameters aj (j = 0,..., n) and ct00 in 
order to get an optimal agreement of the model solution 
Xmoa,, with a chosen set of observations Xobs, taking 
into account the a priori information on the parameters 
trap,j; that is, to minimize the weighted sum of squared 
deviations 

i=1 

+ - . (14) 
j=l 

Here i runs over all observational data points in time 
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and space, Xmodel,i and Xob-•,i are the modeled and ob- 
served methane mixing ratios at these points, and j 
runs over all methane sources and sinks, with c•j being 
the a posteriori and c•ap,j being the a priori source/sink 
magnitude estimates. The term si denotes the uncer- 
tainty assigned to Xob-%i, and •j denotes the uncertainty 
of c•ap,j. The global mean increase in CH4 mixing ratios 
and isotope ratios are two additional observational fea- 
tures which are used to constrain the methane source 

and sink magnitudes. They are formally treated as 
two additional data points (with indices ni + 1 and 
ni + 2) and thus included in the summation over i. We 
have (in the base scenario) 22 NOAA/CMDL stations 
with CH4 measurements and 3 stations with 5•aCH4 
measurements with 12 calendar months each; hence 
ni = (22 + 3) x 12 = 300. Together with the two data 
points for the global mean increases in CH4 mixing ra- 
tios and isotope ratios, there are 302 observational data 
points. The summation over j, on the other hand, in- 
cludes the isotopic composition (•aCH4 content) of each 
source and the kinetic isotope effects of the CH4 sinks, 
as well as two values representing the model initializa- 
tion with a globally uniform CH4 mixing ratio and a 
globally uniform •3CH4 isotope ratio. 

The mathematical solution of this minimization prob- 
lem is given by Tarantola and Valerie [1982b] and 
Tarantola [1987] and also briefly mentioned by ttein 
[1994]. The information flow in the present inverse mo- 
del is schematically summarized in Figure 4. 

5. Atmospheric Observations 

5.1. NOAA/CMDL Monitoring Network 

Atmospheric CH4 mixing ratios have been recorded 
regularly at the global cooperative air sampling net- 
work administered by the NOAA/CMDL. This network 
consists of approximately 30 stations covering latitudes 
from 82øN to 90øS. Since the network is primarily de- 
signed to be representative of unpolluted "background" 
air, many stations are located on remote islands, in 
the Arctic and in Antarctica. Several stations are also 

located on the Northern American continent, whereas 
large gaps exist on the other continents. Before 1990, 
there was not a single station on the Eurasian, African, 
and Southern American continents. A description of 
the sampling procedure and measurement methods is 
given by Steele et al. [1987], 13ang et al. [1990a, hi, and 
Dlugokenck!t et al. [1994a, hi. The data are available 
through the Carbon Dioxide Information Analysis Cen- 
ter in Oak Ridge, Tennessee [Dlugokencky et al., 1994c]. 

In the present study, we selected the main target 
time period of 1983-1989, which is assumed to rep- 
resent a quasi-stationary state of the global methane 
cycle. For sensitivity runs, performed to investigate 
apparent changes in the global atmospheric methane 

cycle since the 1980s, we selected the target time pe- 
riod 1991-1993. Unfortunately, not all stations of the 
NOAA/CMDL network were operating during a size- 
able fraction of one or both of the target time periods. 
Hence only 25 stations for 1983-1989 and 21 stations 
for 1991-1993 were selected (Table 4). 

Three more stations were excluded from the analysis 
because their particular local meteorological conditions 
were found to be not very well represented in the coarse- 
grid transport model: Cape Meares, Oregon (45øN), 
Key Biscayne, Florida (26øN), and Cape Grim, Tasma- 
nia (41øS). They are all lying either within or adjacent 
to a grid box with substantial CH4 emissions. Therefore 
the model-calculated CH4 mixing ratios are strongly in- 
fluenced by these local emissions, whereas the reported 
observations are selected to reflect unpolluted, "back- 
ground" air conditions. Thus a direct intercomparison 
of the modeled time averaged surface mixing ratio with 
the observations will inevitably be biased. It is diffi- 
cult to correct for this bias without a detailed analysis 
of the applied data screening techniques in conjunction 
with a similar data selection procedure in the model (M. 
Ramonet and P. Monfray, CO2 baseline concepts in 3- 
D atmospheric transport models, submitted to Telles, 
1996). Such an analysis, however, was not attempted 
in the present study. 

The observations that enter the optimization pro- 
cedure (equation (14))were specified as monthly val- 
ues and corresponding standard deviations of the CH4 
mixing ratio from each of the selected stations of the 
NOAA/CMDL network. These monthly values and 
standard deviation were determined from the individual 

flask measurements by means of a data analysis proce- 
dure which is similar to the standard analysis proce- 
dure employed by the carbon dioxide program of the 
Scripps Institution of Oceanography in La Jolla, Cali- 
fornia [Keeling et al., 1989]. 

Specifically, we assumed that the observations at sta- 
tion k can, for each target time period, be represented 
in the form 

where tmid denotes the midpoint of the selected tar- 
get time period (i.e., mid-1986 or mid-1992, respec- 
tively), Ak + B (t- tmid) represents the linear trend, 
and S_•e•,k(t) represents the seasonal component con- 
sisting of the sum of the first four harmonic functions 
of the base period of 1 year. The constants A&, B, and 
the coefficients of the harmonics of S_•e•,&(t) were de- 
termined from the individual flask measurements by the 
following procedure: 

1. The sampling interval at each site of the NOAA/ 
CMDL network is typically 1 week, with 2-3 reported 
flask measurements per sampling day. From all in- 
diddual observations, we first computed daily aver- 
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Figure 4. A schematic overview of the information flow in the present inverse model. There 
are three independent input data to the inverse model: (1) The contributions of the individ- 
ual sources/sinks modeled with the transport model are based on prescribed geographical and 
temporal variability for each source/sink (sections 6.1 and 6.3). The geographical and temporal 
variablitity of the sink due to reaction with OH radicals is based on calculations with the coupled 
transport-chemistry model (section 2), (2) The atmospheric observations of CH4 mixing ratios 
and 5•3CH4 isotope ratios are processed as explained in section 5.1, (3) A priori estimates of 
source/sink magnitudes are taken from literature (section 6.2). The a priori estimated magni- 
tude of the sink due to reaction with OH is based on CHaCCla simulations (section 3). Also 
included are a priori estimates of the 13CH4 content of the individual sources and kinetic isotope 
effects of the sinks (not displayed). The inverse model combines the input data and determines 
a posterJori estimates of source/sink magnitudes that minimize the weighted sum of squared de- 
viations A (equation (14)). With these a posteriori estimates, it is also possible to calculate a 
global distribution of CH4 mixing ratios (Figures 7 and 9) and isotope ratios (not shown). 

ages, thereby selecting only measurements flagged by 
NOAA/CMDL as representative of background air. 
2. To the daily averages, we fitted a smooth function 
consisting of the sum of a stiff cubic spline trend and 
four harmonics. The latter are assumed to represent 
the seasonal cycle Ss,,s,•:(t) at the station k. The 
stiffness of the spline trend was controlled by specify- 
ing the time average of the squared second derivative. 

For all station records, this parameter was set to a 
value of 10 ppbv 2 yr -4. 
3. Subsequently, at each station, a linear function 
was fitted to the spline trend curves over the target 
time periods (i.e., over the time intervals 1983-1989 
and 1991-1993). By evaluating this linear function 
at the centers of the target periods •mid, the constant 
Ak for the station k was determined. 
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Table 4. NOAA/CMDL Methane Monitoring Sites Used in This Study 

Site Model 

Code Latitude Longitude Altitude Level Site Country 

Mean CH4 
Mixing Ratio 

1983- 1991- 

1989 1993 

ALT 82øN 63øW 210m I Alert, N.W.T. Canada 
MBC 76øN 119øW 58m I Mould Bay, N.W.T. Canada 
BRW 71øN 157øW 11m I Point Barrow, U.S.A. 

Alaska 

STM 66 øN 2 o E 7m 1 Ocean Station "M" Norway 
CBA 55øN 163øW 25m I Cold Bay, Alaska U.S.A. 
SHM 53øN 174 øE 40m I Shemya Islands, U.S.A. 

Alaska 

CMO 45 øN 124øW 30m I Cape Meares, U.S.A. 
Oregon 

NWR 40øN 106øW 3475m 4 Niwot Ridge, U.S.A. 
Colorado 

AZR 39 o N 27ø W 30m I Terceira Island, Portugal 
Azores 

MID 28øN 177øW 4m 1 Sand Island, Midway U.S.A. 
KEY 26øN 80øW 3m I Key Biscayne, Florida U.S.A. 

Florida 

KUM 20øN 155øW 3m 1 Cape Kumukahi, U.S.A. 
Hawaii 

MLO 20øN 156øW 3397m 4 Mauna Loa, Hawaii U.S.A. 
AVI 18øN 65øW 3m 1 St. Croix, Virgin U.S.A. 

Islands 

GMI 13 o N 145 o E 2m 1 Mariana Islands, U.S.A. 
Guam 

CHR 2 o N 157 ø W 3m I Christmas Island Kiribati 

SEY 5 øS 550E 3m 1 Mahe Island SeycheHes 
ASC 8øS 14 øW 54m I Ascension Island, England 

Atlantic Ocean 

SMO 14øS 171øW 42m I Matatula Point, U.S.A. 
American Samoa 

AMS 38 øS 780E 150m I Amsterdam Island, France 
Indian Ocean 

CGO 41 øS 145øE 94m 1 Cape Grim, Australia 
Tasmania 

PSA 65 øS 64 ow 10m I Palmer Station, U.S.A. 
Antarctica 

SYO 69 o S 40 o E 11 m 1 Syowa, Ant arctica Japan 
HBA 75øS 27øW 10m 1 Halley Bay, England 

Antarctica 

SP O 90 ø S m 2810m 1 Amundsen Scott U.S.A. 

(South Pole) 

1740 1798 

1742 1803 

1748 1805 

1735 1793 

1733 1791 

1737 1794 

720 1776 

1693 1755 

1712 

1696 1756 

1690 1748 

1678 1739 

1661 1723 

1675 m 

1658 1722 

1629 1689 

1625 1684 

1613 1675 

1608 1667 

1600 

1600 1662 

1598 1663 

1599 1663 

1597 -- 

1598 1662 

4. The quasi-stationarity assumption implies a glob- 
ally uniform annual increase in the CH4 mixing ratio. 
This globally averaged time trend B was determined 
by averaging the time trends as determined in step 3 
for each station. During 1983-1989, we obtained an 
annual increase of 11.9 -+- 0.3 ppbv, and during 1991- 
1993, the increase was calculated to be 6.9 + 2 ppbv. 
The uncertainties in these numbers were chosen ac- 

cording to Dlugokenck•] et al. [1994b] and Steele et al. 
[1992]. Here and throughout this study, uncertainty 
figures represent double standard deviations (2•r) if 
not stated otherwise. 

5. Fo• each target time period, the monthly mean 
values Xobs,i to be used in the inverse model were 

then calculated by evaluating equation (15) for each 
month of the central year of the appropriate target 
time interval (i.e., for 1986 and 1992, respectively). 
6. Finally, the standard deviation si of each monthly 
mean value was taken to be the root mean squared 
residual between daily averages and fitted trend 
CuIve. 

5.2. Atmospheric •aCH4/•2CH4 Isotope Ratio 
Observations 

Monthly means and standard deviations of the 
•aC/•2C ratio of atmospheric CH4 were taken from 
Q•aF et al. [1991] for Point Barrow, Alaska (71øN), 
Olympic Peninsula, U.S. west coast (48øN), and Mauna 
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Table 5. Characterization of Atmospheric Methane Sources and Sinks 

Source/Sink SpatiM Variation Temporal Variation Reference 

Domestic ardmals depending on ardmal none 
population 

Rice paddies predominantly in depending on growing 
Southeastern Asia season 

Bogs predom/nantly north of depending on temperature 
SOøN (ql0 = 1.5) 

Swamps predominantly in tropical none 
regions 

Waste treatment according to statistics on none 
biodegradeable carbon 
dumped in landf'-•ls 

Biomass burning predominantly between in dry season 
25øN and 25øS 

Coal, oil, and gas see reference none 
Reaction with OH maximum in tropics maximum in spring-summer 
Stratospheric loss maximum in tropics 

Uptake by soils land surfaces, reduced in under frost-free conditions 
deserts only 

Le•ne•' et aL [1988] and 
C•'utzen et al. [1986] 

Aselmann and C•'utzen 

[1989] 
Matthews and Fung [1987] 

Matthews and Fung [1987] 

Bingeme•' and •utzen 

Hao • aL [1990] 

Seizer and Zittel [1990] 
this work 

B•'•hl and C•utzen [1993] 
and C. B 'rdhl (personal 
communication, 1993) 

DS•' et al. [1993] 

Loa, Hawaii (20øN). Unfortunately, laC/•2C ratios in 
atmospheric CH4 from the southern hemisphere are 
only available from one single station (Baring Head, 
New Zealand, 41øS [Lassey et al., 1993]). Since these 
measurements first started in August 1989, near the end 
of our base target time period, they were not included 
in the present inverse model calculations. 

Neither the data reported by Quay et al. [1991] nor 
that of Lassey et al. [1993] show an annual trend signifi- 
cantly different from zero. On the basis of this, we chose 
a globally averaged annual time trend of the •aC/•2C 
ratio of 0 + 0.06% o. 

5.3. The global 14CH 4 budget 

Because the only known 14C-free methane sources 
are those related to fossil fuels and all other important 
methane sources have a nearly identical •4C content, 
the total of all fossil fuel related methane sources can 

be calculated from global •4CH4 budget calculations. 
Recent estimates of the fraction of fossil fuel related 

CH4 emissions are 21:5 3% [Wahlen et al., 1989], 21 
4- 4% [Manning et al., 1990], and 16 4- 12% [Quay et al., 
1991]. The relatively high uncertainty given by Quay 
et al. [1991] is mainly caused by significant (and poorly 
known) •4CH4 releases from the nuclear industy, e.g. 
pressurized water reactors [Kunz, 1985]. These frac- 
tions correspond to fossil fuel related CH4 sources of 
100 4- 18 Tg/yr [Cruizen, 1995]. In two scenario calcu- 
lations with alternative a priori source magnitude esti- 
mates, a numerical value of 100 4- 25 Tg/yr [_Prather et 
al., 1995] was applied. 

6. Base Methane Source and Sink 

Components 

6.1. Geographical and Temporal Variation of 
Sources 

The base source and sink components which were 
considered in the present study are listed in Table 5. 
The geographical and temporal variation of many 
source components in this study are based on data sets 
identical or similar to those used by Fung et al. [1991]. 
In particular, we consider the methane sources from the 
following: 

6.1.1. Domestic animals. The spatial distribu- 
tion of domestic animals was taken from animal pop- 
ulation statistics [Lerner et al., 1988]. The methane 
emissions from different animal types were weighted ac- 
cording to the values given by Crutzen et al. [1986]. No 
seasonal variation was assumed. 

6.1.2. Rice paddies. Cultivated rice paddy ar- 
eas for each calendar month were taken from Aselmann 

and Crutzen [1989], who based their compilation on 
a country-by-country assessment of rice paddies by J. 
Richards in the work by DavrastSdter et al., 1987 (cited 
from Aselmann and Cvutzen [1989]). Their estimated 
global rice harvest area totals 1.3 x 106 km 2, of which 
nearly 90% is located in Asia. Aselmann and Crutzen 
[1989, p. 335] claim that "a cultivation cycle (typically) 
lasts for 4 to 5 months in most countries and is re- 

stricted to the rainy season ... Year-round cultivation is 
only found in some Asian countries in the humid tropics 
with no pronounced wet and dry season such as Indone- 
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sia, the Phillipines, or Taiwan." Lacking more detailed 
information about the temporal variation of CH4 emis- 
sions from rice paddies, we assume constant CH4 fluxes 
per area throughout the cultivation period. 

6.1.3. Natural wetlands. The geographical dis- 
tribution of natural wetland areas was taken from the 

data compilation of Matthews and Fung [1987]. In our 
definition, swamps correspond to the three categories of 
nonforested and forested swamps as well as alluvial for- 
mations in Matthews' and Fung's database, and bogs 
simply combine their two categories of nonforested and 
forested bogs. CH4 emissions from wetlands strongly 
depend on several factors including temperature, wa- 
ter table, and biological conditions. These conditions 
show a high diversity between different locations. It is 
beyond the scope of this study to develop a detailed 
model of CH4 emissions from wetlands. Therefore, we 
simply assumed no temporal variation in methane emis- 
sion rates from swamps, which are mainly located in the 
tropics. Bogs, on the other hand, are predominantly lo- 
cated north of 50øN, where the prevailing seasonal tem- 
perature variations are much more pronounced than in 
tropical regions. In this study, we assumed a simple 
dependence of CH4 emission fluxes F from bogs on the 
monthly mean surface air temperature T, 

F- FoQxo (T-Tø)I•øK, (16) 

with a Q•0 factor of 1.5. Higher Q•0 factors (in partic- 
ular Q•0 - 2, as assumed by Fung et al. [1991])lead to 
unrealistic seasonal variations of CH4 mixing ratios at 
high northern latitudes in the model. Nevertheless, it 
is important to note that other assumptions regarding 
the time dependence of CH4 emissions from wetlands 
could also be justified and would alter the results of 
the inverse model. The development of an improved 
parametrization of CH4 emissions from wetlands based 
on direct emission flux measurements would be highly 
desirable. 

6.1.4. Landfills. CH4 emissions from landfills 
were assumed to be proportional to the amount of 
biodegradeable organic carbon (DOC) dumped. Binge- 
met and Crutzen [1987] estimated that approximately 
75% of the DOC in landfills originate from municipal 
solid wastes (MSW), and 25% come from industrial 
wastes. We assumed the geographical distribution of 
industrial wastes to be identical to the distribution of 

COs emissions from fossil fuel combustion taken from 
the compilation ofMarland ei aI. [1985]. The geograph- 
ical distribution of DOC from MSW was based on per 
capita estimates made for four regions (135 kg/yr in 
the U.S.A., Canada, and Australia, 40 kg/yr in other 
Organization for Economic Cooperation and Develop- 
ment (OECD) countries, 32 kg/yr in the former Soviet 
Union and Eastern Europe, and 22 kg/yr in urban re- 
gions in other parts of the world). Fo• each horizontal 

model grid box, these per capita estimates were multi- 
plied with the human population in this grid box, de- 
rived from the human population density map for 1984 
compiled by Fung el al. [1991]. It was assumed that 
CH4 emissions from landfills do not show any seasonal 
variation. 

6.1.5. Biomass burning. For methane emissions 
from biomass burning, we used the data compilation 
by Hao ei al. [1990], who mapped the total amount 
of biomass burned each year in tropical Africa, Amer- 
ica, and Asia. The temporal distribution of biomass 
burning given by Hao et al. [1990] is based on climato- 
logical precipitation statistics [Jaeger, 1976] from which 
the timing of the dry period was derived. However, this 
temporal distribution of biomass burning is relatively 
uncertain. Improved maps of global biomass burning 
based on satellite observations will hopefully be avail- 
able in the near future. 

6.1.6. Fossil fuel related emissions. The geo- 
graphical distribution of methane emissions related to 
fossil fuel production was taken from Seizer and Zi•el 
[1990], who estimated these emissions from the oil, gas, 
and coal industry on a regional basis. These estimates 
take into account various loss processes during exploita- 
tion, transport, processing, and burning of fossil fuels. 
Nevertheless, the high variablity of the CH4 emission 
factors assigned to these processes involves large uncer- 
tainties. For instance, CH4 release from coal strongly 
differs from one mine to another (and even within one 
mine) depending, for example, on age and depth of the 
extracted coal. CH4 emissions from the oil and gas 
industry are generally believed to be less certain than 
those from the coal industry. Therefore, a scaling of 
fossil fuel related CH4 emissions to production figures 
leads to high uncertainties. Unfortunately, reliable data 
on CH4 emissions from the coal, gas, and oil industries 
are presently not available. Since there are no indica- 
tions of strong seasonal variations in the fossil fuel re- 
lated CH4 emissions, they were assumed to be constant 
throughout the year. Because the emissions from the 
Siberian gas industry are highly uncertain and subject 
to much speculation, this source was treated separately 
in this study. This Siberian gas source was assumed 
to be located east of, but close to, the Ural mountains, 
where the most important Russian gas fields are found. 
Emissions were assumed to occur in the two TM2 mo- 

del grid boxes located between 54.8øN and 70.4øN and 
between 65øE and 75øE. 

6.1.7. Other sources. Other potential sources of 
atmospheric methane have been suggested in the lit- 
erature, in particular termites, hydrate destabilization, 
and methane release from shallow lakes, ocean shelves, 
and estuaries. All these sources are either speculative 
or their geographical distribution, which is critical for 
the present inverse modeling approach, is poorly known. 
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Since it is very unlikely that the total of these sources 
exceeds 10% of all atmospheric methane sources, they 
have been neglected in the present study. 

6.2. A Priori Estimates of Source Magnitudes 
and Their Uncertainties 

In principle, the present inverse modeling approach 
requires that a priori estimates of source magnitudes 
and their uncertainties be prescribed independently 
from the atmospheric observations. In reality, this is 
difficult to achieve, since all estimates of CH4 source 
magnitudes published in the literature already explic- 
itly or implicitly use information based on atmospheric 
CH4 observations. Nevertheless, we ignore this inter- 
dependence of a priori source magnitude estimates and 
atmospheric CH4 observations. This has implications 
that are discussed in section 7.2.3. 

Estimates of source magnitudes and assessments of 
their uncertainties vary significantly between different 
authors. In order to investigate how the choice of these 
a priori estimates influences the results of the inver- 
sion, two different sets of a priori estimates, one based 
on Crutzen [1995] and the other one on the Intergovern- 
mental Panel on Climate Change (IPCC) 1994 scientific 
assessment [Prather et al., 1995] were used. In addition, 
the a priori uncertainties assigned to these estimates 
were varied. 

For mathematical convenience, we always assumed 
the source magnitudes to have a Gaussian probability 
density centered around the stated best estimates. De- 
spite the fact that the published ranges do not always 
provide a strong statistical analysis of uncertainties of 
the various methane source magnitudes, we interpreted 
the stated ranges as 95% confidence intervals (or double 
standard deviations). 

6.3. Sinks 

The main sink of atmospheric methane is its oxida- 
tion initialized by reaction with OH radicals. The global 
distribution of OH radicals in the troposphere was cal- 
culated with the three-dimensional global atmospheric 
transport-chemistry model as described in section 2. 
The a priori estimated global magnitude of the OH sink 
applied in the inverse model has been determined by 
modeling the atmospheric concentration of CHsCC13, 
presented in section 3 of this work. Its uncertainty was 
estimated to be 4- 20%, mainly due to the uncertain- 
ties of the rate coefficients for the reactions of OH with 

CHsCCls and CH4. It is important to note that the 
temporal and geographical variability of OH concentra- 
tions calculated with the chemical model is sustained by 
the application of the global uniform correction factor 
determined from modeling CHsCCls. Any significant 
error in this variability would, of course, lead to incor- 
rect estimates of CH4 source magnitudes. Despite the 

fact that there are no indications that the calculated 

OH distribution is unrealistic (sections 2.3 and 3), the 
reliability of the calculated OH concentrations cannot 
exactly by quantified. 

Another significant CH4 sink is its destruction in the 
stratosphere by photolysis and reactions with OH, CI, 
and O(zD). The two-dimensional photochemical mo- 
del developed at the Max-Planck-Institut fiir Chemie 
[Brghl and Cruizen, 1993] was employed to calculate 
the amount of CH4 destroyed in the stratosphere in each 
calendar month, latitude belt, and vertical model level. 
In each of the two stratospheric TM2 model levels, the 
sum of the destruction rates of the appropriate levels of 
the two-dimensional photochemical model was applied. 

Microbiological destruction of CH4 occurring in 
areated soils also plays an important role in the global 
methane budget. In this study, the global map of CH4 
uptake by soils compiled by D6rr et al. [1993] was 
adopted. 

T•opospheric reaction with atomic chlorine (CI) is a 
minor CH4 sink, probably not contributing to more 
than 1 or 2% of all CH4 sinks. Because of its high iso- 
topic fractionation factor [Sa•eressig e• al., 1995], how- 
ever, it might have a small effect on the distribution of 
•3CH4 isotope ratios in the troposphere, if C1 concen- 
trations in the marine boundary layer are at the higher 
end of ranges proposed by different authors [Pszenny ei 
al., 1993; Singh e• al., 1996; Wingenter e• al., 1996]. In 
this study, a possible contribution of C1 atoms acting as 
additional tropospheric CH4 sink is neglected. 

6.4. xsCH4 Content of Sources and Kinetic 
Isotope Effects 

A priori estimates of the xsCH4 content of the dif- 
ferent sources and their uncertainties were taken from 

Levin [1994]. The mean 5•3C signature of global CH4 
sources must be lower than the mean atmospheric 
5X3CH4 value, since all known CH4 sinks remove •2CH4 
faster from the atmosphere than 13CH 4. A quantita- 
tive assessment of the kinetic isotope effects (KIEs) 
is therefore important if we want to use atmospheric 
5•3CH4 observations to constrain methane source mag- 
nitudes. The most recently measured deviation of the 
rate coefficient for the reaction of OH with •3CH4 rel- 
ative to the reaction with 12CH4 is k13/k12- 1 ---5.4 
-•- 0.9%0 [CantrelI ei aI., 1990J, corresponding to a much 
lower KIE than earlier estimates. For uptake of CH4 in 
afeared soils, King ei al. [1989] measured a fraction- 
ation constant (k•z/k•2- 1) of-21 4. 10%o. Recent 
atmospheric •3CH4/•2CH4 isotope ratio measurements 
in the lower stratosphere made by Brenninkmeijer ei 
aI. [1995] showed a strong increase in 5x3CH4 values 
with decreasing CH4 mixing ratios. They attributed 
this to the fact that, in the stratosphere, some CH4 
reacts with CI. According to recent laboratory mea- 
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surements, this reaction with C1 shows an enormous 

fractionation (•s/•.- 1 - -66 q- 2%0 at 297 K), 
much larger than the reaction of CH4 with OH [Sa•eres- 
sig ei al., 1995]. In agreement with the measurements 
of Brenni•mei•er ei al. [1995], we apply an overall 
KIE for stratospheric CH4 destruction corresponding 
to/cls//cl•- 1 --12 q- 4% 0. 

7. Results and Discussion 

In this section, the results of the inverse model cal- 
culations a•e presented and discussed. The various sce- 
nario calculations a•e labeled So, S•,..., Ss. Thek main 
characteristics ate summati•.ed in Table 6. The sec- 

ond column indicates whether the base source and sink 

components have been modified compared to the base 
scenario S•. In scenario So, they have been chosen as 
explained in sections 6.1 and 6.3. In scenario S•, the 
time dependence of the emissions from bogs has been 
modified (section 7.1.1). In scenario Sa, the transport 
model TM2 was driven with ECMWF's meteorological 
analyses fo• the yea• 1986, whereas all other scenar- 
ios a•e based on the meteorological analyses for 1987. 
In the third column of Table 6, the references for the 
a priori estimates of the source magnitudes ate given. 
Column fou• indicates whether sources and sinks a•e 

adapted by the inverse model (scenarios So - S•), o• 
only source magnitudes a•e optimized and sink magni- 
tudes a•e held constant at thei• a priori estimates (sce- 
narios Sz and Ss). The measurements used to constrain 
methane source and sink magnitudes in the correspond- 
ing scenario ate given in column five. In all scenarios, 
the atmospheric observations of CH4 mixing •atios from 
the NOAA/CMDL Cooperative Flask Sampling Net- 
work have been used as discussed in section 5.1 (indi- 
cated by "CH4"). In scenarios S4 and Ss, only the CH4 

data from those stations that were operational during 
a sizeable fraction of both target time periods (1983- 
1989 and 1991-1993) were used. In all other scenarios, 
the four stations that measured CH4 during the 1983- 
1989 target time period, but not in 1991-1993, were also 
included. In all scenarios, the global mean increase in 
the atmospheric CH4 mixing ratios during the appropri- 
ate target time periods has been used as an additional 
constraint fo• the global CH4 budget. In all scenarios 
except S2, the 513CH4 observations [Quay et al., 1991] 
have also been used (indicated by "51aCH4 "). The last 
column specifies the target time period selected for the 
appropriate scenario. 

For each scenario, the optimized (a posteriori) esti- 
mates of source and sink magnitudes are given in Ta- 
bles 7, 9, or 10. The second column of each of these 
tables gives the a priori estimates belonging to each sce- 
nario included in the corresponding table. No a priori 
estimate has been made for the individual contributions 

of bogs and swamps to the total wetland source or for 
the Siberian gas and the oil/other gas source to the total 
fossil fuel related sources. Technically, this was achieved 
by setting the uncertainties of the appropriate a priori 
estimates to the very high value of 1000 Tg/yr. The 
values given in parentheses are only applied for forward 
model calculations with the a priori estimated emission 
magnitudes, which a•e displayed in Figures 5, 6, 10, and 
11. 

The a posteriori estimates of CH4 emissions from 
bogs and swamps are, however, restricted by the es- 
timated total wetland emissions. The subdivision of 

the total wetland emissions among bogs and swamps 
is solely derived from the inverse model that connects 
the geographical and temporal distribution of bogs and 
swamps with atmospheric CH4 measurements. The 
subdivision of the fossil fuel related sources is deter- 

Table 6. Brief Characterization of Scenarios Used in This Work 

Scenario Base Source Basis of a Priori Source Optimization of Applied 
Components ' Magnitude Estimates Sources and Sinks Atmospheric 

(S and S) or Measurements 
Sources Only (S) 

Target 
Time 

Period 

So T dependence of Crutzen [1995] S and S CH4, 51ZCH4 
bogs (see text) 

S1 m C•rutzen [1995] S and S OH4, •lZCHt 
S2 -- Crutzen [1995] S and S CH4 only 
S3 1986 winds C•rutze• [1995] S and S CH4, •lZCH4 
S4 -- Crutze• [1995] S and S CH4, b •ls CH4 
Ss -- CYutze• [1995] S and S CH4, b 513 CH4 
S6 -- P•'athe• et al. [1995] S and S CH4, •13CH4 
S7 • Cr•tzer, [1995] S CH4, •3CH4 
Ss -- P•'athe•' et al. [1995] S CH4, •lSCH4 

1983-1989 

1983-1989 

1983-1989 

1983-1989 

1983-1989 

1991-1993 

1983-1989 

1983-1989 

1983-1989 

'Only differences to Sx are indicated. 
brestricted to those stations that were operational during a sizeable fraction of both target time periods. 
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Figure 5. Simulated (dotted line, a priori scenario; solid line, scenario So) and observed (squares 
with l•r error bars) CH4 mixing ratio at selected NOAA/CMDL stations [Dlu!zokenckit et al., 
1994c]. The months of January to June are displayed twice in order to reveal the seasonal cycle 
more clearly. 

mined similarly. Additionally, the CH4 emissions from 
the coal industry are separately constrained by an a 
priori estimate. 

7.1. Base Scenarios 

7.1.1. Preliminary base scenario (So). The a 
posteriori estimates of source magnitudes and their un- 
certainties resulting from the inversion procedure, to- 
gether with a priori estimates as described above, are 
shown in Table 7 in the column labelled So. Figure 5 
shows the modeled CH4 mixing ratios using both the a 
priori and the a posteriori emission estimates in compar- 
ison with the observations made at the NOAA/CMDL 
stations. The sites shown here were selected to repre- 
sent different latitudes. It can be seen that the agree- 
ment between the a posteriori modeled CH4 mixing ra- 
tios and the observations is very good except for high 
northern latitudes, where the seasonal cycle is not well 
simulated. This discrepancy at high northern latitudes 
may possibly be attributed to an incorrect description 

of the temporal variations of CH4 emissions from bogs, 
the source with the most pronounced seasonal variabil- 
ity at these latitudes. Despite the fact that we did not 
develop a comprehensive and detailed model of CH4 
emissions from wetlands, we tried to obtain an improved 
agreement of model results with the observed methane 
mixing ratios at high northern latitudes by introducing 
simple modifications in the time dependence of CH4 
emissions from bogs. Indeed, the assumption that CH4 
emissions from bogs respond to surface air temperature 
changes with a time delay of 2 months improved the sit- 
uation substantially. This time lag might also be justi- 
fied by the fact that CI-Ii emissions from bogs follow are 
not directly determined by air temperature but by soil 
temperature which usually lags air temperature by sev- 
eral weeks. We therefore used this modified characteri- 

zation of CH4 emissions from bogs in the modified base 
scenario (S•) and all subsequent model calculations. It 
is, however, important to note that the mode] resolu- 
tion is insufficient to adequately describe the planetary 
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Table 7. A Priori and a Posteriori Methane Source and Sink Magnitude Estimates for the Time Period 1983-1989 

Source/ 
Sink 

A Priori 

[ Crutzen, 
1995] 

A PosterJori 

So Sx S2 Sa S•, 
(Preliminary (Modified 

Base Scenario) Base Scenaxio) (No •'C) (1986 Winds) (Sinks Fixed) 

Animals * 110-t-22 92 -t- 20 904- 20 90-t-21 84 -t-20 89-1- 20 
Rice 80-t-60 834-23 694-23 78-t-26 75-t-24 74-1-20 
Wetlands 270-t-50 231-t-27 232-t-27 228-t-28 239+27 2354-19 

Bogs ( 100)b 35-4- 8 444- 8 354-14 494-9 444- 8 
Swamps ( 170)b 1964-26 1884-25 1924-26 1904-26 1914-17 

Landfdls 404-20 434-15 404-15 414-15 364-15 404-15 

Biomass burning 404-20 434-11 414-11 414-11 274-11 424-11 
Fossil sources 1004-18 1004-15 1034-15 1024-16 1014-15 1034-15 

Coal 354-10 324-10 334.10 324.10 344-10 334-10 

Siberian gas (20) b 364-13 344-13 434.18 254-13 334-13 
Oil and other gas (45) b'c 324-23 364-23 274.25 414-22 374-22 

Tropospheric OH -4804-96 a -4884-30 -4694-30 -4744-31 -4524.29 -480 ½ 

Stratosphere -40 4. 8 -45 4. 8 -44 4. 8 -45 4- 8 -46-4- 8 -40 ½ 
Soil uptake -304.15 -264.14 -284.14 -284-14 -314-14 -30 e 
Atmospheric increase 33.44-0.8 33.64-0.8 33.64.0.8 33.64-0.8 33.64-0.8 33.64.0.8 
Total emissions 640 592 575 580 562 584 

X 2 (CH4 data only) 8.51 1.01 0.90 0.89 1.03 0.91 
X 2 (CH4 and 5 •s CH4 8.42 1.07 0.89 0.98 0.90 
data) 

Uncertainties represent 95% confidence intervals (2•); units are in Teragrams per year except for X 2, which is expressed 
in terms of cr 2. 

'including animal wastes. 
• Values in parentheses were not used for inverse modeling but only applied in forward model calculations (see text). 
Cby difference (total fossil minus other fossil sources). 
a calcnlated with the three-dimensional transport-chemistry model TM2 in this study. 
' Fixed sink magnitudes. 

boundary layer (PBL). Especially at high latitudes in 
winter, with prevailing low inversion heights, the model 
may overestimate vertical mixing between the P BL and 
the free troposphere. This deficiency could be responsi- 
ble for the underestimation of the seasonal variation of 

CH4 mixing ratios at high northern latitudes. 
7.1.2. Modified base scenario (Sx). The mod- 

eled CH4 mixing ratios for the complete set of the 
NOAA/CMDL stations used in this study, both for the 
a priori and the a posteriori emission estimates, are 
shown in Figure 6 together with results from a sen- 
sitivity run which will be described later. Compared 
to scenario So (Figure 5), the calculated seasonality at 
high northern latitudes has improved significantly, al- 
though the seasonal amplitude is still underestimated 
in the model. At all other stations, differences between 
both scenarios are small. 

In Table 7 the column labelled S1 (modified base sce- 
nario) contains the a posteriori estimates of CH4 sources 
and sinks. The major changes in source estimates are 
somewhat lower emissions from animals, rice and wet- 

lands, whereas the estimated source magnitudes for 
landfills, biomass burning and fossil sources a•e nearly 
identical to their a priori estimates. Nevertheless, all a 
posteriori source estimates are within the ranges given 
by the a priori uncertainties. It can thus be concluded 
that the a priori source estimates by Crutzen [1995] 
are, within the stated uncertainties, consistent with the 
atmospheric CH4 observations. Since the a priori esti- 
mated emissions lead to a slightly overestimated north- 
south gradient in atmospheric CH4 mixing ratios, re- 
duced emissions from animals, rice, and bogs, which 
are all mainly located in the northern hemisphere, yield 
a better agreement to the observations. 

The modeled annual and zonal mean CH4 mixing ra- 
tios are shown in Figure 7. It clearly shows the north- 
south gradient of approximately 140 ppbv which re- 
sults from the fact that most sources are located in the 

northern hemisphere (see also Figure 8). Furthermore, 
within the northern hemisphere, there is a north-south 
gradient because at high northern latitudes, sources ex- 
ceed sinks, resulting in a flux of CH4 toward the equa- 
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Figure 6. Simulated (dotted and solid lines, a priori scenario and scenario St using 1987 wind 
data; short-dashed and long-dashed line, a priori scenario and scenario S3 using 1986 wind data 
in the transport model) and observed (squares with l•r error bars) CH4 mixing ratio at selected 
NOAA/CMDL stations [Dl•#okencky et al., 1994c]. The months of January to June are displayed 
twice in order to reveal the seasonal cycle more clearly. 

tot. In the southern hemisphere, on the other hand, the 
southward CH4 flux is driven by the inflow of CH4 from 
the northern hemisphere and the absence of substantial 
sources at middle or higher latitudes (Figure 8). 

In Figure 9, showing the annual mean methane mix- 
ing ratios near the surface, the north-south gradient can 
again be seen, and the maxima over all continents ex- 
cept Antarctica are also apparent. According to the 
model simulations, the worldwide highest mixing ra- 
tios occur over central Europe and the former Soviet 
Union, where fossil fuel related sources (e.g., Siberian 
gas), bogs, domestic animals, and waste treatment are 
the most important methane sources. The high values 
seen over China and India can be attributed to emis- 

sions from rice paddies and the high cattle population 
in India. For the maximum in the eastern United States 

and Canada, cattle, wetlands, fossil fuel related sources, 
and landfills are responsible. The central African and 
southern American maxima are predominantly due to 
biomass burning and swamps; in southern America, cat- 
tle are also important. 

The fact that the model can adequately reproduce 
phase and amplitude of the seasonal variation at the 
Antarctic stations (Figure 6), far away from methane 
sources, confirms that the seasonal variation of modeled 
OH concentrations in the southern hemisphere should 
be quite realistic. However, it is important to note 
that seasonal variations in methane at the Antarctic 

stations are also influenced by transport from the north- 
ern hemisphere and from tropical southern hemispheric 
sources, especially biomass burning. Both interhemi- 
spheric transport and tropical sources have a strong sea- 
sonality that shows a significant interannuM variability 
which was not taken into account in the model because 

the meteorological data applied in the model was always 
taken from ECMWF's analyses of the year 1987. 

The mean annual meridional profile of CH4 mixing 
ratios (Figure 10a) confirms that the north-south gradi- 
ent can be very well simulated in the model. This state- 
ment is also true for the •3C/•2C isotope ratios (Fig- 
ure 10b), at least as far as atmospheric •3CH4/t2CH4 
measurements existed for the 1980s. 
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Figure 6. (continued) 
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Figure õ. (continued) 

Modeled seasonal variations in •aC/•C isotope ratios 
in atmospheric methane are generally in phase with the 
observations (Figure 11). Their amplitude is overesti- 
mated in the a priori scenario but well simulated with 
the a posterJori estimates of emissions and adopted t3C 
content of sources and KIE's (Table 8). Although this 
is very promising, more 6t3CH4 measurements are nec- 
essary to make a more sound comparison. 

7.2. Sensitivity Studies 

7.2.1. Information content of •SC/•2C obser- 
vations (scenario S2). To investigate the informa- 
tion content of isotope observations, we run the inverse 
model ignoring the atmospheric taCH4 observations and 
compare the resulting a posteriori emission estimates 
and their uncertainties (scenario S2) with the standard 
scenario (St). With two exceptions, the a posteriori 
uncertainties in scenario St are not substantially re- 
duced compared to scenario S2 (Table 7). Thus we can 
conclude that the atmospheric t3CHa observations do 
not add a significant constraint on the methane emis- 
sions to the CHa mixing ratio measurements. This may 
be attributed to (1) the scarcity of atmospheric taCH4 

observations compared to the CH4 mixing ratio obser- 
vations available including the lack of southern hemi- 
spheric taCH4 measurements during our target time pe- 
riod and (2) the uncertainties in the taCtt4 content of 
the various CH4 sources. The two exceptions are bogs 
and Siberian gas. Since they are both located at high 
northern latitudes, their signal in atmospheric CH4 con- 
centrations only differs from each other in its season- 
ality, but meridional CH4 concentration gradients are 
similar. The different •3C content of both sources thus 

significantly helps to discriminate between both sources. 
Since the source magnitudes in scenario S2 are very sim- 
ilar to St, S2 is not displayed in graphical form. 

To investigate to what extent increased knowledge 
of isotopic characteristics of atmospheric methane and 
its sources and sinks would help to further restrict the 
atmospheric CH4 budget, we run the inverse model, 
varying (1) uncertainties in 6t3CHa measurements, (2) 
uncertainties in the tag content of sources and in the 

kinetic isotope effects, and (3) both uncertainties simul- 
taneously. In this sensitivity study, the corresponding a 
priori uncertainties have been multiplied with a scaling 
factor 3'. The (geometric) mean of the resulting squared 
a posteriori source uncertainties, expressed in percent of 



HEIN ET AL.- THE GLOBAL ATMOSPHERIC METHANE CYCLE 65 

200 

400 

600 

800 

1000 
90os 60 ø 50 ø 0 ø 30 ø 60ø90øN 

latitude 

Figure 7. Simulated annual and zonal mean CH4 con- 
centrations in the base scenario Sl' isolines are 1620, 
1650,..., 1800, 1900, 2000 ppbv (solid lines) and 1605, 
1635, ., 1785, 1850, 1950 ppbv (dashed lines). 

its a priori value, is plotted versus the scaling factor 7 
in Figure 12. 

It can be seen that a better knowledge of the xSC con- 
tent of CH4 sources and fractionation factors alone does 

not help much to constrain the CH4 source magnitudes. 
Lower uncertainties in atmospheric •xa measurements 
alone would also be relatively inefficient in constraining 
CH4 source magnitudes. A substantial improvement 
can only be obtained by reducing both uncertainties in 
the •XSCH4 measurements and in the XSC content of 
CH4 sources and fractionation processes due to sinks 
simultaneously. 

However, we did not investigate the effect of intro- 
ducing additional 5xsCH4 measurement sites. More 
•xsCH4 measurements, for example, in the southern 

hemisphere, are expected to increase the power of the 
isotopic data as constraints for CH4 emission magni- 
tudes, since the interhemispheric •sCH4 gradient is a 
prominent observational feature. 

7.2.2. 1986 winds (scenario Ss). The use of 
ECMWF's analyzed wind fields based on one single year 
(1987) in the transport model could potentially influ- 
ence the results. In scenario Ss, we performed a sen- 
sitivity study, in which wind fields from the year 1986 
were used instead. The resulting modeled CH4 mix- 
ing ratios at the NOAA/CMDL stations are included in 
Figure 6. Seasonal cycles are generally similar to those 
obtained in the base scenario (S•). Smaller differences 
are apparent at particular months at some stations, for 
instance, at Mould Bay, Canada (in January, March, 
and December), at Point Barrow, Alaska (in January, 
March, and October), on the Azores (in December), at 
Cape Kumukahi, Hawaii (in January and February), on 
Guam (in February), and on Christmas Island (from 
January through April). They can be attributed to in- 
terannual differences in wind speed, wind direction, and 
vertical stability of the atmosphere in the region of these 
stations and nearby methane sources. At high north- 
ern latitudes, fluctuations in CH4 mixing ratios can be 
attributed to the Siberian gas source, which is in the 
present simulations specified in a relatively small area. 
Hence interannual variations in atmospheric transport 
in the Siberian region substantially affect methane con- 
centrations in high northern latitudes. The a posterJori 
CH4 emission estimates resulting from the inverse mo- 
del, driven with 1986 wind data, are given in Table 7 
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in the column labelled S3 (1986 winds). It can be seen 
that a posteriori source magnitudes are quite similar to 
those of the base scenario (S•). The main difference 
is a reduction of the biomass burning emissions com- 
pensated by a corresponding reduction in the OH sink. 
However, the differences from scenario St are generally 
within the limits given by the stated uncertainties. 

7.2.3. Sensitivity of results to a priori esti- 
mates. The main result of the inverse modeling ap- 
proach is the reduction of the a priori uncertainties of 
the source magnitudes. In the base scenario S•, the un- 
certainty of the emissions from rice paddies is reduced 
by more than 50%, the uncertainties of the biomass 
burning and wetland emissions are reduced by approxi- 

mately 40%, the uncertainty of the landfill emissions is 
reduced by 25%, while the other source magnitude un- 
certainties (animals, coal, and total fossil sources) are 
not significantly reduced. 

With two sensitivity studies, we investigated how 
this result depends on the a priori estimates of source 
magnitudes and their uncertainties. First, in scenario 
S6 we choose a different set of a priori estimates of 
CH4 sources based on the 1994 IPCC Scientific Assess- 
ment [Prather et al., 1995], instead of those made by 
Crutzen [1995]. Several source magnitudes differ be- 
tween both sets of estimates, with the largest difference 
being the contributions of wetlands. Crutzen estimated 
the natural CH4 source based on preindustrial CH4 lev- 
els known from measurements of air trapped in ice cores 
[Nakazawa et al., 1993] assuming no significant changes 
in global mean OH concentrations and thus came up 
with an estimated wetland source of 270 4- 50 Tg/yr. 
The lower IPCC estimate is mainly based on flux mea- 
surements in the Amazon region and in high-latitude 
tundra regions. The a priori estimates based on IPCC 
together with a posteriori estimates resulting from the 
inverse model are listed in Table 9. Comparing scenario 
Se with S1, the largest differences are found in the es- 
timated wetland source. Applying the inverse model, 
the high a priori estimate of wetland emission made by 
Crutzen [1995] and the low estimate of Prather et al. 
[1995] tend to converge to intermediate values of 232 
4- 27 Tg/yr and 193 4- 27 Tg/yr, respectively. The 
difference in the wetland source between both scenar- 

ios is fully attributed to the (predominantly tropical) 
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swamps, whereas bogs, which are mainly located north 
of 50øN, have similar magnitudes in both scenarios. 
This difference is, on the other hand, mainly compen- 
sated by a corresponding reduction of the estimated OH 
sink from 469 Tg/yr in scenario Sx to only 442 Tg/yr 
in scenario S6. This simultaneous reduction in the CH4 
source from swamps and the OH sink, combined with 
some minor changes in the other sources, affects the 
modeled CH4 mixing ratios only slightly, since both the 
swamp source and the OH sink peak in tropical regions 
and their atmospheric signals in the CH4 mixing ratios 
at the observational sites nearly cancel each other. 

This behavior reflects a principle difficulty of inverse 
modeling: the ill-conditioned nature of the inverse prob- 
lem. This means that small uncertainties in the atmo- 

spheric observations are mapped (by the inverse model) 
onto much higher uncertainties in the source/sink esti- 
mates. The reason behind this is the fact that very 
different source/sink configurations may result in very 
similar modeled CH4 mixing ratios, at least at the avail- 
able stations which are located relatively far away from 
major sources. To demonstrate this, we rerun the in- 
verse model with the a priori estimates from scenarios 
Sx and S6 but keeping the sink magnitudes constant at 
their a priori values. The resulting a posteriori source 
estimates are listed in the right columns of Tables 7 and 
9 (scenarios S? and Ss, respectively). The predicted 
concentration differences between scenarios So and Ss 
are indeed small (not displayed), despite the fact that 
the sources and sinks show relatively large differences. 

In the present NOAA/CMDL network, most stations 
are located far away from major source regions since 
the network was designed to monitor large-scale back- 
ground air. Clearly, the numerical condition of the in- 
verse problem would be much better if more stations 

downwind of major sources were available. However, 
other uncertainties would be enlarged. For instance, 
CH• mixing ratios at such stations are much more vari- 
able than at background stations and depend on local 
meteorological conditions which are often badly repre- 
sented in coarse-grid atmospheric models. 

With the notations of equation (14), the weighted 
mean squared deviation between modeled and observed 
CH• data X: is defined as 

Table 8. A Priori X3C Content of Atmo- 
spheric CH4 Sources According to Levin [1994] 
and Kinetic Isotope Effects (k•3/k•.- 1) of 
CH4 Sinks and Their a Posteriori Estimates 
Obtained With the Inverse Model 

Source/Sink A Priori A PosterJori (Sx) 

Animals -62-1-3 -61.8-4-2.9 

Rice -63:1:3 -62.8-4-2.9 

Bogs -64-4-3 -64.8-4-2.8 
Swamps -59-4-5 -58.7-4-3.3 
Land_qlls -514-2 -50.94-2.0 

Biomass burning -254.3 -25.04-3.0 
Coal -354.3 -34.94.3.0 

Siberian gas -404-2 -40.14-2.0 
Oil and other gas -404-2 -40.04-2.0 
Tk-opospheric OH -5.44.0.9 -5.44-0.8 
Stratosphere -12:t:4 -12.24-4.0 
Soil uptake ~214.10 -21.84.9.6 
Atmospheric trend 04..06 -.01-4-.05 

Uncertainties represent 95% confidence inter- 
vals (2or). All 5•aC values are expressed in per mil 
versus PeeDee Belemnite (PDB), the atmospheric 
trend in per rail per year. From Canttell et al. 
[1990], King et al. [1989], and Brenninkrneijer et 
al. [1995]. 
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X 2: L. E $• (Xmodel,i- Xobs,i)' ß (17) 
gi i=1 

As listed in the last line of Table 9, it increased only 
slightly from S6 to Ss because the increased differences 
at some tropical stations, in particular, at Mauna Loa 
(20øN), on Christmas Island (2øN), and in American 
Samoa (14øS) are to a large degree compensated by 
reduced differences at Antarctic stations due to a more 

realistic simulation of the seasonal amplitude in CH4 
mixing ratios at these stations. 

In a further sensitivity study, we investigated how 
changes in the precision of atmospheric measurements 
and in the a priori estimated source/sink magnitudes 
alter the results of the inverse model. This was in- 

vestigated by scaling the uncertainties assigned to the 
atmospheric CH4 and 513CH4 observations and/or the 
a priori CI'I4 source/sink magnitudes with an overall 
scaling factor 7- Analogous to section 7.2.1, we plot 

the mean remaining variance of the CH4 source mag- 
nitude estimates after the inverse model was applied 
relative to their a priori values versus the scaling fac- 
tor 7 (Figure 13). Clearly, in the hypothetical case of 
a much better a priori knowledge of source magnitudes 
(i.e., lower a priori uncertainties), our ability to further 
reduce uncertainties in source magnitude estimates by 
the inverse model would be much more limited. 

In reality, a priori source magnitude estimates are, in 
contrast to the assumption in our modeling approach, 
not independent from each other and from the observed 
CH4 concentrations (section 6.2 of this work). This im- 
plies that we might underestimate the a priori uncer- 
tainties of CH4 source magnitude estimates. As can be 
seen from Figure 13, with higher a priori uncertainties 
of CH4 sources, the atmospheric data would become 
more important to constrain source estimates, and the 
relative difference between the uncertainties of a pri- 
ori and a posterJori source magnitude estimates would 
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Table 9. A Priori Methane Source and Sink Magnitude Estimates Ac- 
cording to the 1994 Intergovernmental Panel on CIimate Change (IPCC) 
Scientific Assessment and Corresponding a Post_eriori Estimates Ob- 
tained with the Inverse Model for the Time Period 1983-1989 

Source/ A Priori 

Sink (IPGC) S• 

A PosterJori 

S8 
(Sinks Fixed) 

Animals • 110+18 101+17 102+17 

Rice 60+40 64+22 77+19 
Wetlands 135+50 193+27 215+19 

Bogs (40) !' 41+8 40+8 
Swamps (95)b 153+26 174+18 

Landfalls 65+43 38-4-22 40+21 

Biomass burning 404-30 464-12 484-12 
Fossil sources 100+25 100+21 102-4-21 

Coal 35+15 30+15 30-4-15 

Siberian gas (20) b 33+14 32-4-13 
Oil and other gas (45) b,c 364-28 404-28 

ß ropospheric OH -4804-96 d -4424-29 -480 f 

Stratosphere -40+8 -42 +8 -40 t 
Soil uptake -304-15 -25+14 -30 • 
Atmospheric increase 33.38+0.8 33.6+0.8 33.54-0.8 
Total emissions 510 542 584 

X 2 (OH4 data only) 2.33 0.90 0.92 
X 2 (OH4 and •13 data) 2.20 0.90 0.91 

Uncertainties represent 95% confidence intervals (2•r); units are in Tera- 
grarw_s per year, except for X 2, which is expressed in terms of 

ß Including animal wastes. 
•Values in parentheses were not used for inverse modeling but only applied 

in forward model calculations (see text). 
CBy difference (total fossil minus other fossil souxces). 
d Calculated with the tkree-dimensional transport-chemistry model TM2 in 

this study. 
e Calculated from global CH4 budget equation using given emission esti- 

mates. 

fFixed sink magnitudes. 

be enlarged. Therefore, the calculated reduction of the 
average uncertainty of CH4 source magnitudes of ap- 
proximately one third obtained in the base scenario (St) 
indicates only a lower limit of the information gained 
from atmospheric observations. On the other hand, ab- 
solute uncertainties of the individual a posterJori CH4 
source magnitude estimates may be slightly underesti- 
mated. 

As also shown in Figure 13, possible decreases in the 
uncertainties of atmospheric CH4 and 5•3CH4 mea- 
surements lead to lower uncertainties in the methane 

source magnitudes estimated by the inverse model. For 
example, a 50% smaller data uncertainty (7 = 0.5) re- 
duces the mean remaining variance of the source mag- 
nitudes from 46% to 28% of their a priori value. Fur- 
ther efforts to decrease the uncertainty of monthly mean 
CH4 concentrations at measurement sites, for instance, 
by higher sample frequencies or quasi-continous in situ 
measurements [Dlugokencky et al., 1995], as well as ef- 
forts to increase the number of properly chosen mea- 

surement sites, could therefore be highly valuable for 
the understanding of the atmospheric methane cycle. 

7.3. Differences Between the 1980s and the 

1991-1993 Target Time Period (Scenarios 
S4, S•) 

The rate of increase of atmospheric Ctt4 mixing ra- 
tios slowed down during the 1980s [Steele et al., 1992], 
and an even more dramatic decrease in its growth rate 
occurred in the early 1990s [DlugokenckF et al., 1994b]. 
The reason for this behavior, whether due to changes in 
sources, in sinks, or a combination of both, is not un- 
derstood. In this study, we restricted ourselves to the 
question of whether this decrease in the atmospheric 
methane growth rate could be associated with changes 
in particular sources, provided that the methane life- 
time did not change. Therefore we performed an inverse 
model run in which we used atmospheric Ctt4 data from 
the time period 1991-1993 (scenario Ss) and compared 
it to our results obtained for 1983-1989. Since four of 
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Figure 13. Reduction of CH4 source uncertainties versus a scaling factor 3/ for uncertainties 
in atmospheric CH4 and •xaCH4 measurements (solid line with squares) or in a priori source 
magnitude estimates (dotted line with triangles). The case 7 - 1 corresponds to the base 
scenario S•. 

the observational sites used in the base scenario calcula- 

tions (those on the Azores, Virgin Islands, Amsterdam 
Island, and Halley Bay in Antarctica) were not mea- 
suring methane during a sizeable fraction of the 1991- 
1993 time period, we could only use 18 NOAA/CMDL 
stations in this calculation. To allow for a sound com- 

parison, we also repeated the calculation for the target 
time period 1983-1989 with these 18 stations (and the 
,•'aCtI4 data) only (scenario S4). 

Since we assumed no variation in CH4 lifetime be- 
tween both target time periods, sink magnitudes in 
scenario S5 were fixed in order to match the CH4 life- 
time resulting from scenario S4. Because of increased 
CH4 concentrations in 1991-1993, however, absolute 
sink magnitudes should have also increased since the 
1983-1989 target time period. This effect overcompen- 
sates the effect of the reduced atmospheric growth rate, 
leading to a slightly higher total CI-I4 emission estimate 
of 587 Tg/yr in 1991-1993 compared to 577 Tg/yr in 
1983-1989 Table 10. A simila• increase in total CH4 
sources of 1.4 Tg/yr a has also been calculated by Prinn 
et al. [1992] assuming no changes in CH4 lifetime dur- 
ing the time period 1983-1990. However, the differ- 

ence in total CH4 emissions estimated for 1983-1989 
and 1991-1993 is small compared to the uncertainties 
of the individual source magnitudes. 

A remarkable difference between scenarios S4 and Ss 
is the decrease in estimated Siberian gas emissions from 
37 q- 15 Tg/yr to 17 q- 14 Tg/yr (Table 10). Since we 
used the same a priori estimate of total fossil sources 
(100 4- 18 Tg/yr) for both target time periods, the cal- 
culated CI-I4 emissions from oil/other gas, on the other 
hand, increase from 31 q- 24 Tg/yr to 46 q- 23 Tg/yr. To 
balance the global CH4 budget, the inverse model yields 
increased emissions from rice paddies (88 4- 20 Tg/yr in 
1991-1993 compared to 70 q- 24 Tg/yr in 1983-1989), 
whereas all other source magnitude estimates do not 
change much. However, such an enormeous increase in 
CH4 emissions kom rice paddies can hardly be believed 
to be real, probably pointing to limitations in the reli- 
ability of the inverse model when applied to the target 
time period 1991-1993. These problems may arise from 
the fact that the methane growth rate shows a high 
temporal and interhemispheric variability during these 
three years [Dlugokencky et al., 1994b, 1995]. Hence 
the assumption that the atmospheric CH4 cycle was in 
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Table 10. A Priori and a Posteriori Methane Source and Sink Magni- 
tude Estimates for the Two Time Periods 1983-1989 and 1991-1993 

SolJ.rce/ 

Sink 

A Priori 

[ Crutzen, 
199•] 

A PosterJori 

S4 S• 
(1953-1959) (1991-1993) 

Animals a 1104-22 914-20 904-20 

Rice 804-60 704-24 884-20 

Wetlands 2704- 50 2344-28 2374- 20 

Bogs (100) b 444- 8 444- 7 
Swamps (170) b 1904-26 192-4-19 

Landfills 404-20 374-16 354-15 

Biomass burning 404-20 434-11 404-12 
Fossil sources 1004-18 1024-16 974-15 

Coal 354-10 334-10 354-10 

Siberian gas (20) b 374-15 174-14 
Oil and other gas (45) b,½ 314-24 464-23 

Tropospheric OH -4804-96 a -4714-39 -489 e 
(-530) b 

Stratosphere -404-8 -444-8 -46 e 
Total emissions 640 577 587 

X 2 (CH4 data only) 0.97 0.94 
X 2 (CH4 and 6 •-3 data) 0.96 0.93 

Uncertainties represent 95% confidence intervals (2•r); units are in Te- 
ragrams per year, except for X 2, which is expressed in terms of •r 2. 

' Including animal wastes. 
b Values in parentheses were not used for inverse modeling but only ap- 

plied in forward model calculations (see text). 
½By difference (total fossil minus other fossil souxces). 
a Calculated with the three-dimensional transport-chemistry model TM2 

in this study. 
e Calculated from S4 assuming constant methane lifetime during both 

target periods; absolute values are higher than in S4 since average atmo- 
spheric methane mixing ratios have been growing from 1651 ppbv in 1986 
to 1714 ppbv in 1992. 

a quasi steady state is not a very good approximation 
during the period 1991-1993. Nevertheless, our results 
support the conclusion of DIugokencky et al. [1994a, b] 
that the decrease in the CH4 growth rate between 1984 
and 1992 may be driven by changes in the region north 
of 30øN, probably in the Siberian gas industry or coal 
mining in the former Soviet Union. However, it is im- 
portant to note that the apparent changes in source es- 
timates between scenarios S4 and S5 are not exceeding 
the stated uncertainties and are thus not statistically 
significant (on the 95% confidence interval). In addi- 
tion, our assumption that CH4 lifetime did not change 
between both target time periods is also somewhat spec- 
ulative. Hence the question as to which sources might 
have changed during the last decade cannot uniquely 
be answered on the basis of the present inverse model. 

The sudden reduction in the CH4 growth rate ob- 
served in 1992/1993 can, of course, only be explained 
by sudden changes in sources and/or sinks. Since we 
always used multiyear averages of measured data and 
'are, consequently, only able to simulate average states 
of the atmospheric methane cycle over the multiyear 

target time periods, such sudden changes can not be 
addressed with the inverse model in its present form. 
Effects of possible changes in atmospheric transport are 
also beyond the scope of this study, where the atmo- 
spheric transport always employs meteorological data 
from the years 1986 and 1987. 

8. Conclusions 

We applied an inverse modeling method on the global 
atmospheric CH4 cycle in order to investigate the 
extent to which the available measurements of atmo- 

spheric CH4 mixing ratios and isotope ratios constrain 
large-scale atmospheric CH4 sources. We confirmed the 
result of Fung et al. [1991], who concluded that it is pos- 
sible to construct scenarios of global methane sources 
which reproduce the main features seen in the N OAA/ 
CMDL methane observations. Additionally, the few 
available atmospheric •3C/•2C isotope ratio measure- 
ments are also well simulated. 

The inverse modeling approach applied in this study 
enables an objective treatment of the uncertainties of 



72 HEIN ET AL.: THE GLOBAL ATMOSPHERIC METHANE CYCLE 

the source and sink magnitudes and allows us to in- 
vestigate the extent to which the atmospheric observa- 
tions constrain the source and sink magnitudes. Since 
we ignored that a priori source magnitude estimates are 
already influenced by information obtained from atmo- 
spheric CH4 concentration measurements, we can only 
give a lower limit for the average reduction of source 
magnitude estimates inferred from atmospheric obser- 
vations. On the other hand, the absolute a posteriori 
uncertainties of source magnitudes calculated by the 
inverse model may be slightly underestimated. The 
inverse modeling approach enabled an objective deter- 
mination of the range of methane emissions which are 
consistent with the atmospheric observations. This is 
the main advantage of this inverse method compared 
to the approach of .lung et al. [1991] who were only 
able to, subjectively, select several source/sink configu- 
rations and check them for consistency with the obser- 
vations. Nevertheless, the conclusions of Fung et al. 
[1991] and this study are in remarkably good agree- 
ment. The method applied in this study substantially 
differs from the approach of Brown [1993, 1995] who 
did not use any a priori information on the location 
and seasonality of CH4 sources. Furthermore, they per- 
formed their calculations with a two-dimensional trans- 

port model, thereby ignoring any longitudinal variabil- 
ity of CH4 sources, sinks, and atmospheric concentra- 
tions. We assume that this significantly reduces the 
power of atmospheric observations for deducing CH4 
emissions. We also confirmed the result of Fung et al. 
[1991] that it is not uniquely possible to select only one 
single source/sink configuration. Furthermore, we can 
conclude that the atmospheric observations do reduce 
the uncertainties of estimated methane source magni- 
tudes by at least one third, with highest uncertainty 
reductions for rice paddies, wetlands, biomass burn- 
ing, and landfills. The uncertainty of the estimated 
CH• emission magnitude from animals could not be 
reduced significantly. This is also found for the fossil 
fuel related CH4 emissions, which are constrained by 
the global •4CH4 budget. The uncertainty in methane 
lifetime, predominantely determined by uncertainties in 
the calculated global mean OH concentrations, also con- 
tributes to the uncertainties in CH4 emission estimates. 

Overall, it can be concluded that scenarios S• and S6 
are both capable of adequately simulating the main fea- 
tures seen in the NOAA/CMDL CH4 and the available 
513CH4 observations. 

We could demonstrate that the ill-conditioned nature 

of the inverse problem constitutes a principal difficulty 
in constraining CH4 emissions from measured atmo- 
spheric mixing ratios. The reason behind this is the 
fact that substantially differing source/sink configura- 
tions do not necessarily lead to substantial differences 
in modeled methane mixing ratios at the present obser- 

vational network sites. Therefore small uncertainties in 

the observational data correspond to much higher un- 
certainties in the estimated emission magnitudes. 

The choice of a particular base year for the meteo- 
rological input data used in the transport model TM2 
apparently does not strongly influence the results of the 
inverse model. Nevertheless, in further studies we plan 
to use wind data based on each particular year to be 
simulated rather than averaging the status of the at- 
mospheric methane cycle over a multiyear target time 
period. Of course, this will substantially increase the 
required computational resources. 

Clearly, the available data on the geographical and 
temporal variability of the CH4 sources and sinks 
strongly influence the results of a synthesis inversion 
study. We demonstrated this by lagging the time de- 
pendence of the temperature controlled CH4 emissions 
from bogs by 2 months. This led to a substantially 
improved agreement of the seasonal cycle of modeled 
and observed atmospheric CH4 mixing ratios at high 
northern latitudes. However, we did not attempt in 
this study to systematically quantify the uncertainties 
in CH4 source magnitude estimates arising from erro- 
neous information on the geographical and temporal 
variability of all methane sources and sinks. 

The limited amount of atmospheric 13CH4 observa- 
tions does not significantly constrain most methane 
emission magnitudes. However, they are helpful to 
discriminate between CH4 emissions from bogs and 
Siberian gas, the two major sources at high northern lat- 
itudes. With more atmospheric 51aCH4 measurements 
available, and the assessment of the lsCH4 content of 
the various CH4 sources and the kinetic isotope effects 
of its sinks being improved, the isotopic 5XaCH4 data 
might be much more useful in constraining the global 
atmospheric CH4 budget. 

Appendix 

The continuty equation (1) for •'SCH4/•'•CH4 isotope 
ratios has the form 

T t)s(:, t)] 

= --)•OH(X, t)(1 + e)p(a;, t)Xmod•l(x, t)R(z, t) 

+ • Q.i(x, t)Rj, (A1) 
j--1 

where the notations of equation (7) apply, R and Rj de- 
note the iSC/•:C isotope ratios of atmospheric methane 
and methane sources, respectively, and e (= kis/ki:- 1) 
describes the kinetic isotope effect of the reaction with 
OH. Substracting the continuty equation (7), mul- 
tiplied with an arbitrary reference isotope ratio Rref, 
yields 
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T •O(2•, •)Xrnodel(2•, •) (R(3•, •) - Rref)] 

= -AoI-I (z, t)(1 + e)p(x, t)Xmodel(a• , •)(R(/•, t) - Rref) 

+ Z QJ(z' t)(Rj - Rref) ß (A2) 
j=l 

Applying abbreviation (8) and the usual 5 notation, 

(A3a) 

Sre f - (1 n t- 5ref)RpDB, (A3b) 
and 

1% = + (AS) 

where RrDB denotes the PeeDee Belimnite (PDB) Car- 
bonate Standard of approximately 0.0112372 [Craig, 
1957], this is equivalent to 

T [p(x,/)Xmoa•(z, t) (5(z, i) - 5r•)] 

-- Qo(z,t)((1 + e)(1 + 5(z, t)) - (1 + 5ref)) 

+ Y] t)(eq - 
j=l 

(A4) 

We set 5ref (up to now arbitrary) to the global mean 
atmospheric 5•3CH4 value 5arm and approximate in the 
Q0 term, 

(1-]-e)(1-l-5(:r, t))• (1-]-e)(1-l-Satm) • 1-]-Satm-l-e. (AS) 

Hence (A4) can be written in the form 

T [,o(z, t)Imod½l(a5 , t)(5(a5, t) -- •Satm)] 

= Qo(3•, •)(• -[- Z Qj(lr, •)(Sq•j - 5atrn ) ß (X6) 
j=l 

For convenience, the further abbreviations Ao -- e and 
Aj -- 5qj --5arm (j -- 1,...,n) may be introduced. 
Together with definition (9), this leads to 

T Lo(a:, t)Xmoa=•(z, t) (5(a:, t) - 5a, ra)] 

T [p(z, •) (5(•, Z) - 5.tm)] -- j•O AjOtj •j(z, t). ß = Xatm 
(A9) 

Similar to the case of CH4 concentrations (equation 
(10)), (X9)can thus be solved by 

5(25, •) -- 5arm -- j•O hjo•j .= Xatrn XJ(•'t) + A00, (A10) 
where the X5 (J - 0,..., n) denote the solutions ofequa- 
tions (12) and A00 represents the initialization with a 
globally uniform •aCH4/•CH4 isotope ratio. 

It is important to note that, in the case of a trace 
gas with sudden big changes in magnitude or isotopic 
composition of its sources, the approximation made in 
equation (A8) could lead to substantial errors in mod- 
ebrig isotope ratios (Tans, 1997). However, in the case 
of the global methane cycle, this error is smM1 com- 
pared to the uncertainties of the isotopic composition 
of the different sources and fractionation processes and 
the limitations arising from the scarcity of available at- 
mospheric measurements of xsCff4/•CH4 isotope ra- 
tios. 
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= z). (Az) 
j=0 

Since the deviation of the atmospheric CH4 mixing ratio 
Xmoa,•(z,t) from its global mean value Xa•m is small 
(generally less than 5% of X•tm, except for few grid 
points directly at strong sources), Xmoa•(z, t) can be 
approximated by X•tm yielding 

v Z)Xm Z) -- &,m)] -- Z), 
j=0 

(As) 
or, equivalently, 
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