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o 3C/'C isotopic ratios: 1. Inverse modeling of source processes
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11 [1] A time-dependent inverse modeling approach that estimates the global‘magnitude of
12 atmospheric methane sources from the observed spatiotemporal distribution’ of

13 atmospheric CH,, '*C/'*C isotopicratios, and a priori estimates ofithe source strengths is
14 presented. Relative to the a priori source estimates, the inverse modeliealls for increased
15 CHy4 flux from sources with strong spatial footprints in theytropics and Southern

16 Hemisphere and decreases in sources in the Northern Hemisphere. The CH4 and *C/'*C
17 isotopic ratio observations suggest an unusually high CH, flux from swamps (~200 +
18 44 Tg CH4/yr) and biomass burning (88 & 18 Tg CH,/yr). with relatively low estimates of
19 emissions from bogs (~20 = 14 Tg CHy/yr), and landfills'@35 + 14 Tg CHy/yr). The

20 model results support the hypothesis that the 1998 CH;'growth rate anomaly was caused
21 in part by a large increase in CH, production from'wetlands, and indicate that wetland
22 sources were about 40 Tg CHy/yr higher in 1998 than 1999.  INDEX TERMS: 0315

23 Atmospheric Composition and Structure: Biosphere/atmosphere interactions; 0322 Atmospheric Composition
24 and Structure: Constituent sources and sinks; 0368 Atmosphetic Composition and Structure: Troposphere—

25

constituent transport and chemistry; 1040 Geochemistry: Isotopic composition/chemistry; KEYWORDS:

26 inverse model, isotopic signature, methane
28  Citation: Mikaloff Fletcher, S. E., P. P. Tanss"I. M. Bruhwiler, J. B. Miller, and M. Heimann (2004), CH, sources estimated from
29  atmospheric observations of CH, and its '*C/ IZC isotopic ratios: 1. Inverse modeling of source processes, Global Biogeochem. Cycles,
30 18, GBXXXX, doi:10.1029/2004GB002223.
32 1. Introduction . vapor comes from the oxidation of CHy [Jones and Pyle, 45
. . o { . 1984]. 46
33 2] High-quality, quantitative/ estimates of the CH, bud- . . .
a1 ge[t]are gc ruqcial E; qpre dicting climéte’ change magaging [3] Over the last 150 years, the mixing rguo of CH, in the 47
35 Earth’s carbon reservoirs, and.understandin étmos heric atmosphere has more than doubled [therzdge et al., 1998.]’ 4
36 chemistry, CH, is the se::on o, importait greenll)muse prlrr;larlly as the res1}111t of thq addltlo.n olf hamthropogemc 49
) . ! X t t 5
37 gas after CO, and is responsible for approximately 20% of filcee 211:1:1101‘:5::5 S;loc dustsiorrim(;lfnilr;ufrgllmaas ucs(?;n(:;}ifnﬁlnd ;(1)
38 the direct radiative forcing from all long-lived greenhouse e a8 S P £as, &
. biomass burning, and landfills. CH4 is also produced 52
39 gases [Intergovernmental Panel on Climate Change v b bic b L lands. d dra. 5
40 (IPCCQC), 2001]. CHy is the second most important sink for naturally by anacrobic bacteria in wetlands, dry tundra, 53
4 OH (’1 1 .h' ﬁ < th . determinant of th and termites. The oceans evolve CH,; from anaerobic 54
1 ; dira;nlca, W iltc llf E fthrfnmg;y ierrml?sn dgiti ne bacteria in surface waters, fossil methane in marine sedi- 55
13 OC);I Zlags C:g)?;l }; rt(zmt racl)le iil ?ro (())Sspthie(; 03 aollut?oti ments, and destabilization of methane hydrates, although 56
" F'4 P ty ] 2002p d about half I; 111) tratosoh P ; these sources are thought to be relatively small due to 57
[Fiore et al., ], and about half of all stratospheric water oxidation of CH, in the water column. Oxidation of CH, 58
by OH radical in the troposphere is the principle CH, sink, 59
accounting for approximately 90% of all CH, destruction. 60
—_— In addition, CH,4 is oxidized by methanotrophic bacteria in 61
"Now at Department of Atmospheric and Oceanic Sciences, University bi il é‘ b t '};h OH. CI Izi 0O (1D) in th
of California, Los Angeles, California, USA. acrobic So1's and by reaction wi > 1, an ( ) nthe 62
stratosphere. 63
Copyright 2004 by the American Geophysical Union. [4] Despite the importance of CHy4 to Earth’s radiative 64
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balance and atmospheric chemistry, there are still large
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Table 1. Methane Budget and the Mean §'>CH, Isotopic Signatures of the Sources and Sinks®

A Priori Estimates,

Range of Estimates

Reported by IPCC Mean Isotopic

t1.2 Sources Tg CHa/yr [2001], Tg CHu/yr Signature
t1.3  Total wetlands 92-237 —58%0'
t1.4 Swamps 917
t1.5 Bogs and tundra 54% ‘
t1.6  Rice agriculture 60° 25-100 —63%o’
t1.7  Ruminant animals 93° 80115 —60%o'
t1.8  Termites 20¢ 20-20 —70%o'
t1.9  Biomass burning 524 23-55 —25%0'
t1.10 Energy 75-109 )
t1.11  Coal 38° —37%"
t1.12  Natural gas and 57° —44%0"

other industrial )
t1.13 Landfills 50° 35-73: —55%0'
t1.14 Ocean 10 1015 —60%o'
t1.15 Hydrates 5f 5-10 —60%o"
t1.16 Total source 530 500-600 ~—53%0'

Range of Estimates
A Priori Estimates, Reported by /PCC

t1.17 Sinks Tg CHy/yr [2001],Pg CH,/yr Isotopic Fractionation
t1.18 Tropospheric OH 507¢ 450-510 5.4%0’
t1.19 Stratospheric loss 40" 40-46 12%0"
t1.20 Soils 30" 10-30 22%o'
t1.21 Total 77 ~ 6.7%

*TPCC range of estimates covers the high and low estimates from a suite of budgets compiled using different approaches listed in the
t1.22 IPCC [2001] report. These estimates are typical of the range of €stimates that can be found in the literature for CH, sources.
t1.23  “Lelieveld et al. [1998]. .
t1.24 “EDGAR emissions database [Olivier et al., 1996].
t1.25  YSanderson [1996].
t1.26 eLevine et al. [2000].
£1.27 ‘Bingemer and Crutzen [1987].
£1.28 €Cicerone and Oremland [1988]. A
t1.29 "On the basis of Spivakovsky et al. [2000}QH fields and model CH, mixing ratios, tuned to /PCC [2001] total CH,4 loss.
t1.30  'IPCC [2001].
t1.31  'Whiticar [1993].
t1.32  “Cantrell et al. [1990]. , ;
£1.33 'Brenninkmeijer et al. [1995], reflectingsthe.total observed isotopic fractionation due to OH, O'D, and CI in the stratosphere.
t1.34 ler et al. [1994].

uncertainties in estimates of the CH, fluxes as shown by the
wide range of IPCC'[2001uestimates in Table 1, and the
causes for the observedyvariability in the recent CH,4 growth
rate are not well undetstood [Dlugokencky et al., 2003,
2001, 1998]. The growth rate of atmospheric CH, for the
1990s has an overall decreasing trend and includes anom-
alous increases in the growth rate in 1991 and 1998 and a
large decrease in the growth rate during 1992. Much
progress has been made toward qualitatively attributing
these features to source and sink processes by correlating
them to changes in climate, fossil fuel consumption, and
other phenomena [i.e., Dlugokencky et al., 1996; Bekki et
al., 1994; Dlugokencky et al., 1998]. The 1998 growth rate
anomaly occurred during an unusually warm year, marked
by precipitation anomalies associated with the transition
from a strong El Nifio condition to a La Nifia [Bell et al.,
1999; Curtis et al., 2001]. Comparisons between the CHy
growth rate anomaly and a process-based model of wetlands
which included temperature and precipitation anomalies
illustrated that increased biospheric production could
account for this event [Dlugokencky et al., 2001].

Conversely, Langenfelds et al. [2002] and Van der Werf et
al. [2004] attributed much of the 1997—1998 CH, anomaly
to extensive fires.

[5] Process-level estimates of CH, fluxes have significant
uncertainties due to the aggregation or extrapolation of local
measurements, often representing only a limited time
period, of sources with large spatial and temporal variability
to regional or global scales. Model simulations of the CHy4
atmospheric mixing ratio resulting from these bottom-up
source estimates typically overestimate the interhemispheric
gradient of CHy relative to the observations [i.e., Fung et
al., 1991; Hein et al., 1997, Houweling et al., 1999] (also
Figure 1, this study) implying that the sources may be
overestimated in the Northern Hemisphere (NH) and/or
underestimated in the Southern Hemisphere (SH).

[6] Inverse modeling is a “top-down’ approach to opti-
mize trace gas flux estimates using observations of atmo-
spheric mixing ratios, a model of atmospheric transport, the
spatial distributions of the sources, and, in most cases, a
prior estimate of the source magnitudes to calculate an
optimal combination of fluxes to match the observational
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Figure 1. Latitudinal gradient of (top) CHysand (bottom)
§'*CH, of the observations (diamonds), forward sinjulation
based on the a priori estimates (asterigks), andsforward
simulation based on the a posteriori source , estimates
(squares). Error bars on the observations reflect the standard
deviation of the individual observations from the annual
mean.

data and our current understanding of the source processes.
This technique has been applied to several atmospheric
trace gases including CO, [e.gwEnting and Mansbridge,
1989; Tans et al., " 19903ukan /et al., 1998; Gurney et
al., 2002], CHy [e.g., ‘Hein etial., 1997; Houweling et al.,
1999], and CO [e.g., Kasibhatla et al., 2002; Bergamaschi
et al., 2000b].

[7] One of the difficulties associated with using atmo-
spheric observations of CH4 to gain insight into the sources
and sinks of CHy is that atmospheric observations primarily
provide information regarding the spatial distribution of the
total CH,4 flux, and some of the CH, source processes have
a great deal of spatial overlap. Two approaches have been
used to address this issue in CHy, inverse studies. In one
approach, an inverse model was used to determine the
spatial distribution of CH, flux required to match the
atmospheric observations without differentiating the flux
by source process [Houweling et al., 1999]. While this
technique was able to reduce the uncertainty of the total
CH,4 flux, especially in the NH, it provided limited insight
into the physical processes responsible for the differences
between the inverse model and process-based estimates. In
an alternate approach, inverse models have been used to
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estimate the magnitude of the total global fluxes for separate
source process based on the spatial distribution of the
sources [e.g., Hein et al., 1997; Bergamaschi et al.,
2000a, 2001] or from separate source processes across large
spatial regions [Chen, 2004]. These inverse estimates tend
to find decreases in source estimates relative to the prior
estimates for source processes with larger footprints in the
NH and increases in sources with large footprints in the SH,
consistent with the¢ forward modeling results suggesting that
a priori sources lead/to an overestimate of the interhemi-
spheric gradient. While Hein et al. [1997] were able to
reduce the uncertainties associated with the source estimates
using the station obsetvations; they also found that a variety
of different soutee scenarios could also match the observa-
tional datagsinsline with the earlier work of Fung et al.
[1991].

[8] Ineluding observations of isotopic ratios in CHy
inversions may add a unique constraint to the problem by
taking advantage of differences between the isotopic dis-
crimination” associated with different source processes. In
addition to providing a new constraint to the underdeter-
minedyCH, inverse problem, observations of isotopic ratios
may improve partitioning of the flux estimates between
source processes with similar spatial patterns but differing
isotopic signatures. The source processes can be separated
into four broad categories based on their isotopic signatures:
bacterial sources, including wetlands, rice paddies, ruminant
animals, and termites, biomass burning, fossil sources, and
landfills (Table 1).

[9] Previous inverse model studies have made limited use
of observations of stable isotopes of CHy. Bergamaschi et
al. [2000a] used the NOAA/CMDL observations of CHy to
estimate the magnitude of the CH, source, then used
observations from two SH stations and one NH station of
the '*C/'*C isotopic ratio in atmospheric CH, and the
inverse CH, source estimates to optimize the isotopic
signature of each source process. Hein et al. [1997] used
observation of '*C from three stations to further constrain
their inverse study and optimize the isotopic signatures of
the sources. However, since in the latter study only stations
in the NH were used, interhemispheric gradient information
was not included. Using a two-box model with annual,
hemispheric averages of '*C/'°C and CH,, Miller et al.
[2002] conducted a simple inversion for two general CHy
source categories, bacterial CH4 production and biomass
burning, holding fossil fuel sources fixed. These studies
found that measurements of '*C/'*C isotopic ratios com-
bined with measurements of CH4 could provide constraints
to the methane budget.

[10] Here we present the first time-dependent
inverse estimates of CH,; constrained by both the
GLOBALVIEW-CH, data product and observations of the
BC/"2C isotopic ratios from six NOAA/CMDL stations
from 1998—1999. The variations between the two inverse
model years are shown and discussed in the context of the
1998 methane growth rate anomaly, and the inverse esti-
mates are compared with recent process-based estimates and
discussed in the context of observed physical phenomena
likely to affect the source processes. In addition, the
sensitivity of the inverse estimates is tested in response to
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several potential sources of error. In a companion paper
[Mikaloff Fletcher et al., 2004], a complimentary technique
will be used to interpret the relative source process con-
tributions to regional CHy4 inverse estimates with observa-
tions of '*C/'*C isotopic ratios in CH,.

2. Methods

[11] This study employs a time dependent assimilation
and source retrieval technique [Bruhwiler et al., 2000]. It is
a conceptually straightforward mass balance approach that
has minimal dependence on prior estimates. The behavior of
a trace gas over time in the presence of sources, sinks, and
transport processes can be described by the mass continuity
equation,

dy
Y1 1
7 °y+S, (1)

where T is an operator that describes the atmosphericd

transport processes, y is the atmospheric abundance of the
trace gas, and S is the net effect of sources and sinks.

[12] The effect of the sources over a given time step
from a defined source region on the atmospheric abun=
dance of a trace gas at an observing station in the absence
of transport error over a given time period can be described

by /

_yj = Z H,‘JX[.

i=1,nsrc

obs

Vi

(2)

In this equation, y°** is the observed mixing fatio at station ;,
x; is the source strength for the ith soure€region, and nsrc is
the total number of source regions. The theoretical mixing
ratio in the absence of sources, y, is calculated by applying
the transport model to the .three “dimensional trace gas
distribution from the previous time step without including
source processes. H; is the (basisfunction matrix which
describes the signal observedsat the station after one time
step in response to an arbitrary, st€éady source from the ith
source region, calculatediby.emitting 1 Tg CH,4/yr from the
source region and allowing the transport model to act on
these emissions. After the emissions have been transported
for one inversion time step, in this case 1 month, the
resulting mixing ratio distribution is sampled at the station
locations. Thus, in the absence of error, the difference
between the observed mixing ratio of a trace gas and the
modeled mixing ratio in the absence of sources is described
as a linear combination of the sources. This calculation was
done monthly over the period of the inversion, 1998—2000.
One important limitation to our inversion is that the basis
functions only reflect 1 month of model transport. Errors in
the flux estimates for a given month step are propagated to
the next time step because they influence the modeled
spatial distribution of the trace gas, y; in equation (2).
Therefore an underestimate in the flux from a region in a
given month may lead to an underestimate in the flux from
that region or a neighboring region in a later month, since
no mechanism is included for flux estimates from previous
months to be adjusted based on observations for the current

MIKALOFF FLETCHER ET AL.: SOURCE PROCESS METHANE INVERSION, 1

GBXXXX

month. This is likely to result in increased temporal noise in
the inverse estimates.

[13] In addition to the station observation constraints used
in the Bruhwiler et al. [2000], constraints from process-
based estimates of the sources, or a priori estimates, have
been included. A Singular Value Decomposition (SVD) is
applied to determine the optimal source magnitudes
required to match the observations and the prior estimates.
When including a/priori estimates, the relative weighting of
the atmospheric obsérvations and the a priori estimates
based on their estimated uncertainty, o, plays a critical role
in the inverse flux.estimates. In the limit of high model-data
mismatch error relative to the prior uncertainty, the a
posteriori inverse.estimates may primarily reflect the a priori
estimates. Insthis mversion, the uncertainty associated with
the prior estimates was set equal to the difference between
the high “and_low estimates for each source process
published in the JPCC [2001] (Table 1), except in the case
of termitesywhere the uncertainty was assumed to be 20 Tg
CHy/yr. The uncertainty associated with the observational
data is much less straightforward, because it is not primarily
associated with the measurements themselves; rather, it due
to limitations in the model’s ability to describe the station
observations. In this study, an average uncertainty was
estimated for both continental and coastal or marine sites
based on the mean standard deviation of the residuals from
the smooth curve in the observations. Sites sampling marine
air were assigned a model-data mismatch uncertainty of
10 ppb and those sampling continental air were assigned an
uncertainty of 21 ppb. This choice of sigma values results in
a primarily data-driven inversion with the a priori
constraints only ruling out truly nonphysical results such
as uptake due to processes known to act exclusively as
sources.

[14] In this experiment, following Hein et al. [1997], each
source process is estimated separately with the spatial
distribution of the source processes represented by the
NASA Goddard Institute for Space Studies (GISS) flux
maps described by Fung et al. [1991]. As in the work of
Fung et al., the five major wetland types [Matthews and
Fung, 1987] are grouped into two broad categories: bogs,
which occur mainly between 50°N and 70°N, and swamps,
which primarily occur in the tropics. The isotopic signature
of each source is prescribed in order to use the isotopic
ratios measured at each observing station as additional
constraints on the methane flux estimates. It is important to
note that source process inversions are subject to significant
error due to the inherent assumption that the a priori spatial
distribution of each source process is correct and has little or
no interannual variability. In addition, the large spatial
extent of the source processes may lead to errors. Since the
internal spatial distribution of the sources for a model region
cannot be adjusted by the inversion and the sampling
network is sparse, inaccuracies and unrepresented varia-
bility in the spatial pattern for the region have been shown
to introduce biases, also called ‘aggregation error”
[Kaminski et al., 1999]. Conversely, if very small model
regions are used in an inverse model, the current observing
network is unlikely to be able to provide sufficient
constraints for many of the model regions, resulting in
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inverse estimates that are strongly determined by a priori
estimates.
[15] Equation (2) can be rewritten in terms of '°C as

Z H;;Rix;,

i=1,nsrc

Robq obs

Vi — Ry = (3)

where R}’bs and R, represent the '*C/'’C ratios of
the observations and the model simulation, calculated in
the absence of sources durmg the time step, and R; is the
isotopic ratio of '*C/'?C in CH,4 observed for each source
process. In order to isolate very small changes in the
isotopic ratio due to the isotope effects of source and sink
processes, stable isotope ratios are conventionally expressed
as 6"°C, the fractional deviation of the isotopic ratio of the
sample, Rgample, from a standard, Ryegerence-

613C _ ( Rsample _

reference

1> % 1000. (4)

By using a linear combination of equation (2) and
equation (3) and applying the definitions of §'°C
(equation (4)), we can write an equation for the CHy
sources in terms of both §'°CH, and CH, (Appendix A).

Z HI ]xlﬁerc7

i=1,nr

60b§ obs __

(5)

oy =

where 87 is the isotopic signature of the ith seuree process.
The uncertainty estimate, equation (5), which plays an
important role in estimating the a posteriori error estimates
and the relative weighting of each linear equation in the
system of linear equations, is expressed in terms of the
uncertainty associated with & and the uncertainty
associated with y, 0;’

o= (05’}1,)24-(6]6;')2

Thus, if equation (S)uwere used, the uncertainty for the
isotopic signature constraints would be strongly dependent
on the arbitrary reference value selected in equation (4),
Ricference- Therefore we set/the reference ratio equal to the
calculated isotopic ratio expected in the absence of sources,
which is different for each station, such that the calculated
0 = 0 and equation (5) reduces to

ST
= § HU O

i=1nr

j)

(6)

*ObS obs

(7)

where §*°® and §** represent the delta values defined in
terms of the calculated isotopic ratio for each station.
Equation (7) is added to the inversion as an additional
constraint on the CH, flux estimates.

[16] The isotopic ratios used in this equation are shown in
Table 1. The biomass burning source has a spatial pattern in
the isotopic signature of the sources. The two primary plant
photosynthetic pathways, C-3 and C-4, have differing
isotopic signatures in plant biomass leading to differing
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isotopic signatures in emissions from combustion of C-3
and C-4 plants [Chanton et al., 2000]. To account for this, a
spatial map of the relative fraction of C-4 plants [St#ill et al.,
2003] and mean isotopic signatures from C-3 and C-4 plants
[Chanton et al., 2000] are applied to create a spatially
varying isotopic signature from biomass burning. The
resulting global mean isotopic signature from biomass
burning is —25%o.

[17] The initial /conditions were set as close to the real
atmosphere as possible. First, a “test” inverse model was
initialized to the observed hemispheric mean values of
atmospheric CHy.and oB%eH, [Miller et al., 2002] and run
from 1998 to 2000. The three-dimensional CH, and §'*CH,
fields from the'final time step of this “test” inversion are
then used torinitialize the inverse model. The first 3 months
of the final inverse results were excluded for further model
spin-upstime.. Three months is the time required for the
modeled CH, mixing ratios to be further corrected by the
station observations such that the differences between

~wmodeled and observed CHy no longer reflect inaccuracies

m the initial conditions.

[18] "Recent work has shown that it takes much longer to
establish large-scale spatial gradients in the isotopic ratios
than total CHy4 [Tans, 1997; Lassey et al., 2000]. This
implies there may be a slowly adjusting drift in the
calculated atmospheric isotopic ratios due to inaccuracies in
the initial conditions, which would lead to errors in the
source partitioning by the inverse model. However, these
errors are likely to be smaller than the errors associated with
paucity of available data [7ans, 1997].

[19] The transport was represented by the coarse-grid
version of the global, three-dimensional tracer transport
model, Transport Model 3 version 3.3 (TM3) [Heimann
and Korner, 2003], with a spatial resolution of 7.8° latitude
by 10° longitude by nine vertical levels. TM3 solves the
continuity equation numerically for an arbitrary number of
trace gases in a three-dimensional Eulerian grid using ‘off-
line’ wind fields. The National Centers for Weather
Prediction/National Center for Atmospheric Research
(NCEP/NCAR) wind fields concurrent with the model year
were used. Recent model studies have suggested that a
significant part of the inter-annual variability in the CHy
growth rate may be explained by variability in model
transport [Warwick et al., 2002; Johnson et al., 2002],
implying that using meteorology corresponding to the
current model year rather than repeating meteorology from
a single year may be critical in correctly inferring surface
fluxes from the observed CH,; mixing ratios. Tracer
transport that is resolved in the model grid is calculated
using a “slopes scheme” [Russell and Lerner, 1981], where
the distribution of each tracer within each model grid-box is
represented by a three-dimensional linear slope of the
mixing ratio distribution. Vertical sub-grid scale transport is
calculated based on cumulus cloud convection [Tiedke,
1989] and vertical diffusion based on calculated air stability
[Louis, 1979]. The ability of TM2, an earlier version of the
model, and the fine grid version of TM3 to reproduce
important features of tracer transport such as the interhemi-
spheric gradient and seasonal cycle due to transport of a
trace gas has been tested with SFs, a chemically and
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biologically neutral trace gas with a single, well-known
anthropogenic source in the TransCom Model Intercompar-
ison experiment [Denning et al., 1999], and the role of the
choice of model resolution on tracer transport in TM3 has
been explored by Heimann and Korner [2003].

[20] The CH,4 sinks due to tropospheric OH, stratospheric
loss, and oxidation by aerobic soils were prescribed and not
optimized. CHy is oxidized by OH in the following reaction:

CH, + OH —— CH; + H,0, (8)
which has a temperature -dependent rate constant of k =
245 x 1072 em 2 s~ e V75T [DeMore et al., 1997]. The
global distributlon of OH was represented by the monthly
OH fields of Spivakovsky et al. [2000], which were scaled to
match the IPCC estimate of 507 Tg CHg/yr. These OH
fields have been tested for consistency with the budgets of
CH;CCl;, a trace gas with well-known emissions that is
destroyed primarily by OH oxidation, in addition to a suite

of other important atmospheric trace gases [Spivakovsky et

al., 2000]. Spivakovsky et al. [2000] estimated the total
uncertainty to be no greater than £15%.

[21] The destruction of CH, by OH was assigned a
Kinetic Isotope Effect (KIE) of 1.0054 based on the
laboratory measurements of Cantrell et al. [1990]. A more
recent measurement of this KIE of 1.0039 has been made by
Saueressig et al. [2001]. This value is used to testuthe
sensitivity of the inverse result to the KIE of CHjy
destruction by tropospheric OH.

[22] In addition to the tropospheric. OH sink, which is
responsible for approximately 88% of total CH4 loss, CH4 is
destroyed in the stratosphere by OH, Cl, and¥®©'D. Owing to
the large Kinetic Isotope Effect (KIE) of €H, destruction by
Cl, the stratosphenc loss term has relatlvely strong influence
on atmospheric §'*CH, in comparison ty&H., [Gupta et al.,
1996; McCarthy et al., 2001]. A"spatially uniform strato—
spheric loss term with a global, total equal to the /PCC
[2001] estimate of 40 Tg CHy/yr was applied to all model
grid cells above the temperature inversion as defined by off-
line temperature fields. FollowingrHein et al. [1997], total
isotopic fractionation of CHy due'to chemical destruction in
the stratosphere by QH/Cl,’and O'D was assigned an
isotopic dlscrlmmatlon of 12%o based on observations of the
correlation between §'°CH; and CH, in aircraft measure-
ments [Brenninkmeijer et al., 1995]. These measurements
occurred near the tropopause at high southern latitudes, a
region of strong transport from the stratosphere to the
troposphere and are in good agreement with the observa-
tions of Sugawara et al. [1997]. Tropospheric Cl was not
represented in the model, but recent measurements have
suggested that there may be a significant active Cl sink in
the boundary layer [Platt and Hénninger, 2003]. Owing to
the large Cl KIE, this is an 1mp0rtant source of uncertainty
in the interpretation of the §'>CH, observations.

[23] The spatial distribution of the soil sink was repre-
sented by the NASA GISS field described by Fung et al.
[1991], and the total flux was tuned to the /PCC [2001]
emission estimate of 30 Tg CH,/yr. An isotopic fractiona-
tion of 22%o was assigned to the soil sink based on the
measurements of 7yler et al. [1994]. Like the stratospheric
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sink, owing to its strong isotopic fractionation the soil sink
has a much greater impact on the atmospheric '>*CH, than
it does on total CHy.

[24] The GLOBALVIEW-CH, data product based on
measurements from several international laboratories was
used to represent the spatiotemporal CH, distribution
(GLOBALVIEW-CHy [National Oceanic and Atmospheric
Administration (NOAA), 2001]). GLOBALVIEW-CH, is
based on regular Samples collected at 67 land stations and
along two ocean ship tracks. The ship tracks sample 17
positions in the Pacifie. Ocean and seven positions in the
South China Sea..The sampling sites are preferentially
located to sample remote marine boundary layer air in order
to ensure thatisthe samples consist of well-mixed air,
representing@background mixing ratios of the trace gases
measured. Duplicate samples are collected in flasks,
typicallys onee_per week, and analyzed for CH, by gas
chromatography (GC) followed by flame ionization detec-
tion (FID):sThe measurements are adjusted to a single scale,
the NOAA Climate Monitoring Diagnostics Laboratory
(NOAA CMDL) scale, in order to account for differences
between individual laboratories’ standard scales [NOAA,
20017

[25] In order to create a temporally consistent time series
over all the contributing stations, these observations are fit
to a smoothed curve and the smoothed curve is sampled at
regular, 7.6 day intervals. In cases where the data record is
incomplete, the existing observations are extended based on
the site climatology and observations from remote marine
boundary sites at similar latitudes. The data extension and
integration process used in GLOBALVIEW is described in
more detail by Masarie and Tans [1995].

[26] Weekly, duplicate flask samples from six NOAA
CMDL Cooperative Air Sampling Network have been
sampled for §'°CH, at the Institute for Arctic and Atmo-
spheric Research (INSTAAR) by GC isotope-ratio-mass-
spectrometry (IRMS) since 1998 [Miller et al., 2002]. The
stations sampled for §'>CH, are Barrow Alaska
(71°N), Niwot Ridge, Colorado (40°N), Mauna Loa, Hawaii 5
(20°N), Cape Matatula, American Samoa (14°S), Cape
Grim, Tasmania (40°S), and South Pole, Antarctica (90°S).
These observations are fit to a smoothed curve, excluding
outliers more than 3 standard deviations from an initial
smoothed curve fit. The smoothed curve is sampled at
7.6 day intervals to create a §'*CH, data set comparable to 5
GLOBALVIEW-CH,. It is worthy of note that trace gas

observations at American Samoa are particularly difficult to 5

interpret due to the complex tropical meteorology at this
site, and this station may be especially sensitive to errors in
model transport.

[27] Long-term observational records of 8'*CH, are avail-
able for a number of other observing stations [e.g., Lowe et
al., 1994; Quay et al.,
National Institute of Water and Atmospheric Research
(NIWA) observations of §'°CH, at Baring Head, New
Zealand, and Scott Base, Antarctica [Lowe et al., 1994], are
used to validate the inverse estimates in section 6, but only
the 8'3CH, observations from the NOAA/CMDL network
are used to constrain the inversion. The CH, observations
from different laboratories have been carefully compared,

6 of 17

1999; Bergamaschi et al., 2000a]. 5



t2.1

£2.2

t2.3

t2.4

t2.5

t2.6

2.7

2.8

t2.9

t3.1

t3.2

t3.3
t3.4
t3.5
t3.6
3.7
t3.8
t3.9
£3.10
t3.11
t3.12
£3.13

t3.14

GBXXXX

MIKALOFF FLETCHER ET AL.: SOURCE PROCESS METHANE INVERSION, 1

GBXXXX

Table 2. Summary of the Inversion Scenarios Implemented to Compare Prior Estimates With Inverse Results and Test the Sensitivity of

the Inverse Results to Various Potential Sources of Error

Scenario Description Additional Details

SO a priori source estimates forward simulation of prior source estimates shown in
Table 1

S1 a posteriori estimates, excluding observations of §'*CH, inverse source estimates using CH, observations and
prior estimates only, with no §'>CHy constraints

S2 a posteriori estimates, including observations of §13CH, inverse source estimates with §'>CH, constraints in
addition to observations of CH,4 and prior estimates

S3 sensitivity to OH kinetic isotope effect S2/with the Saueressig et al. [2001] measurement of
the KI1E for OH

S4 sensitivity to OH fields-upper limit S2 withhOH increased by 15% to the upper end of the
uncertainty, estimate of Spivakovsky et al. [2000]

S5 sensitivity to OH field-lower limit S2 with OH ‘decreased 15% to the lower end of the

~uncertainty estimate of Spivakovsky et al. [2000]
S6 sensitivity to initial conditions '82 initialized to the observed hemispheric mean CH,

and"8'>CH, for 1998 [Miller et al., 2002]

adjusted to a common scale [NOAA, 2001], and are
available as a single, self-consistent data set. Limited

comparisons between NOAA/CMDL observations and data™

from NIWA, Quay et al. [1999], and Francey et al. [1999]
suggest there may be offsets between laboratories of about
0.1%0 [Miller et al., 2002], about 15% of the interhemi-
spheric gradient. Therefore, careful measurement intercom-
parisons and linking of scales are essential beforesthese data
can be incorporated in the inversion to avoid introducing
large biases.

[28] Inverse estimates were calculated for a variety of
different “inverse scenarios,” summarized in" Table 2, to
isolate the impact of including the §'*GH,4 observations and
test the sensitivity of the inverse estimates'to uncertainties in
the model. ; A

[20] The first scenario, SO, is simply the.a priori source
estimates. These source estimates have been chosen to
reflect a best process-based estimate only; therefore they
do not balance the CH, budget./S1 isithe inverse estimate
including only the observationsyof CH,, but excluding
observations of §'°CH,, and S2%§ the inverse model
incorporating the observationsyof 6'>°CH,. Throughout this
paper, if the scenario_being discussed is not explicitly
specified, we refer to'S2."Scenarios 3 to 7 test the sensitivity
of the inverse modelito’ uncertainties in OH chemistry,
model transport year, and initial conditions. The base

scenarioy, S2, uses a KIE of 5.4%0 for the oxidation of
CHy by OH¥S3 applies the more recent measurement of the
OH/KIE [Saueressig et al., 2001]. The error associated with
thenOH  fields used to represent the chemical sink in this
study has been estimated as £15% [Spivakovsky et al.,
2000]. To explore the sensitivity to this error, the OH fields
have been increased uniformly by 15% in S4 and decreased
by 15% in S5. Recall that the total OH sink based on the
within-model CH,4 mixing ratio using the Spivakovsky OH
fields of 470 Tg CH,/yr has been adjusted to match the
IPCC estimate of 507 Tg CHy/yr, which is within the error
limits of the Spivakovsky OH fields. The 15% variation for
these scenarios was applied to the uncorrected value of
470 Tg CHy/yr in keeping with the original context of the
error estimate. As a result, these scenarios are expected to be
asymmetric around the base scenario. Finally, in S6, the
model is initialized to the observed hemispheric mean
atmospheric CH, and §'3CH, to evaluate the sensitivity of
the inverse estimates to small errors in the initial conditions
after the relatively short model spin-up time [7ans, 1997].

3. Inverse Estimates

[30] Comparing the a priori estimates with the a posteriori
estimates (Table 3) constrained by the CH,4 observations
alone (S1), the largest single change is the dramatic increase

Table 3. Annual Mean Source Estimates for the A Priori Fluxes (S0) and the 1998—1999 Mean a Posteriori Estimates for the Inverse

Scenarios Described in Table 2%

Sources SO S1 S2 S3 S4 S5 S6
Swamps 90 204 + 46 206 + 44 196 + 44 228 + 44 134 + 44 200 + 44
Bogs 50 8+ 15 21 + 14 22 + 14 20 + 14 25+ 14 23 + 14
Tundra 5 3+4 4+4 5+4 4+4 4+4 4+4
Rice agriculture 60 69 + 18 54 +17 50 £ 17 56 £ 16 47 + 17 59 +17
Ruminant Animals 93 94+ 19 91 £ 18 88 + 18 91 + 18 89 £ 18 91 + 18
Termites 20 36 + 19 29+ 18 22+ 18 30+ 18 24 + 18 33+18
Biomass Burning 52 65 + 20 88 £ 18 102 + 18 94 £+ 18 68 + 18 80 + 18
Coal 38 30+ 12 30+ 11 34 +£11 31 +12 28 £ 11 29 £ 11
Natural gas 57 57 £ 18 52+ 18 56 +18 53+18 46 + 18 53 +18
Landfills 50 42 + 14 35+ 14 35+ 14 36 + 14 33+ 14 37+ 14
Total source 515 609 610 610 644 498 609

“Note that the relatively small ocean sources and all of the CH, sinks have been prescribed.
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in CHy from swamps relative to the a priori estimates. This
difference is driven by the fact that forward simulations of
the a priori estimates lead to an underestimate of SH CHy
mixing ratios compared to the observations, as shown in
Figure 1. Since swamps have a strong spatial footprint in
the SH and the a priori estimates for wetlands are highly
uncertain, the inverse model calls for an increase in
swamps to match the interhemispheric gradient. Adding
the observations of §'>CH, (S2) does not significantly
change this conclusion. Since the isotopic signature of
wetlands is strongly depleted in '>C compared to the
atmosphere, this source is expected to be well constrained
by the observations of atmospheric §'°CH,. Therefore
the observations of CH, and 6'°CH, both strongly support
an increased source from swamps. From a strictly
atmospheric perspective, these features of the CH,4 obser-
vations might also be matched by a large increase in the
ocean source, which was prescribed in this study, rather
than an increase in swamp emissions. However, shipboard

measurements of seawater and atmospheric CH4 do notd

support such a dramatic increase in the oceanic CH, flux
estimates [e.g., Bange et al., 1998; Bates et al., 1996;
Bange et al., 1994].

[31] Two recent process-model studies have also called
for increased wetland spatial coverage or CHy flux from
wetlands. Using a GCM in conjunction with a vegetation
model and algorithms for determining wetland area based
on topography and soil moisture, Kaplan [2001] estimated
11.0 x 10° km? of wetlands globally, about twieesthe spatial
coverage estimated by earlier wetland inventory/apptoaches
[i.e., Aselmann and Crutzen, 1989; Maitthewsyand Fung,
1987]. This was largely attributed to temporary wetlands
that are inundated for only part of the ye€ar and are therefore
not likely to be accounted for in wetland inventories. These
seasonal wetlands accounted for 61% ofithe total wetland
area estimate in this study, and,ovetshalf of the seasonal
wetlands occur in the tropics. Although this study does
show a large increase in the spatial extent of wetlands
compared to previous worky Kaplan concluded a CH,
wetland source of 140 Tg CH,/yrponly about 30 Tg CHy/yr
more than the inventory=based estimate of Matthews and
Fung [1987] using a €H4 flux estimation technique based
on heterotrophic respiration. In addition to the Kaplan study,
Walter [1998] used a proe€ss model to calculate flux from
wetlands as a function of temperature and hydrological
conditions, finding an unusually large source of 263 Tg
CHy/yr, even higher than that found in this top-down
approach.

[32] The previous CH, inversions of Hein et al. [1997]
and Bergamaschi et al. [2001] also found a large source
from swamps. Chen [2004] found a lower total wetland
source of 140—150 Tg CHy/yr but very high emissions from
rice cultivation of 110—120 Tg CHy/yr. He suggested that
the high inverse estimate rice paddies may be partially due
to wetlands since wetlands and rice paddies have similar
spatial patterns and seasonal cycles. These studies are based
on different time periods than this one, so these estimates
are not entirely comparable; however, they are consistent
with the hypothesis that CH, emissions from swamps may
be underestimated.
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[33] The inverse flux estimates from bogs are reduced
relative to the a priori sources based on the CH4 observa-
tions alone (S1), which is not surprising since this source
has a large spatial pattern in the NH, and the priors tend to
overestimate sources in the NH slightly in the forward
model. However, in S2, constrained by the observations
of §'3CH,, this source is not as greatly reduced. Like
swamps, the distinctive isotopic signature of the source
from bogs is expected to provide a strong constraint for
this source processs; A very low estimate of CH,4 from bogs
from the 1998—1999period would have been surprising
since 1998 was_an unusually warm year with positive
precipitation anomalies over many high northern latitude
land regions during the growing season [Bell et al., 1999;
Curtis et al4:20017, and the anomalously high growth rate
in 1998 has been partially attributed to increased emissions
from northern_wetlands resulting from these conditions
[DIugokencky et al., 2001].

[34] Both,S1 and S2 estimated a somewhat high source
estimate for termites, although this difference is not large
compared to the error estimates on the a posteriori sources.
Since termites are a small, spatially diffuse source with a
similar isotopic signature to wetlands, rice paddies, and
ruminant animals, the station observations may not be
sufficient to discriminate between this source and the other
bacterial sources.

[35] As shown in Table 1, the a priori estimate for
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the range of biomass burning estimates. This high estimate
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of biomass burning is consistent with the observations of 664

CHy,, since differences between S1 and the a priori estimate
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are small compared to the uncertainty. The observations of 666

§'>CH, call for an even greater biomass burning source.
This source is expected to be better constrained by the
observations of §'*CH, than any other source process. Like
bacterial sources, biomass burning has a very distinctive
isotopic signature; however, unlike these sources the isoto-
pic signature of biomass burning is not shared by any other
source process. The inverse studies of Hein et al. [1997],
and Bergamaschi et al. [2001] indicated a much lower
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biomass burning source than this study, and the estimates of 675

Chen [2004] were somewhat lower. This may be due in part
to the limited use of §'°CH, observations to constrain the
total CH,4 budget in these studies, the differing observational
time period, or differences in inverse methodologies. Miller
et al. [2002] and Quay et al. [1999] also found relatively
high biomass burning sources using global mass balance
calculations of CH,4 and §'*CH,. In addition, recent studies
have indicated that the biomass burning source may have
been elevated during the period of this inversion
[Langenfelds et al., 2002; Van der Werf et al., 2004].

[36] The landfill source estimate is reduced slightly com-
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pared to the a priori estimates by the observations of 687
atmospheric CH, and reduced further by the inclusion of 688

the §'CH, observations. The isotopic signature of the
landfill source is very close to that of the background
atmosphere, so it is not constrained very well by the
atmospheric isotopic data.

[37] Differences between a priori and a posteriori esti-
mates of CH, emissions from tundra, rice agriculture,
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ruminant animals, coal, and natural gas are small compared
to the inverse error estimates for both S1 and S2. In order to

visualize the differences between the total a priori and a

posteriori fluxes spatially, the emissions estimates from the
source processes were used to create a total flux map by
multiplying the assumed a priori spatial pattern for each
source process by the corresponding inverse source esti-

mate. Recall that we have not estimated the flux from

each grid box iﬁvidually. In Figure 2, the total flux

maps for the a p CH,4 flux, the a posteriori CH, flux
(S2), and the dif es between the a priori and a
posteriori estimates pared. While the small ocean
source has beér scribed, there are some emissions

occurring in 0
islands. S

[38] Ove 1¢ a posteriori estimates have been reduced

is consistent with the changes expected from the
ric gradient of the forward simulation in
ire 1. In North America and western Europe, the total

relative@) ‘the.a priori sources in the NH and increased in the
ich

teriori flux is smaller than the a priori flux, largely due

sr¢ases in estimated emissions from landfills and coal
in industrial regions and the small decrease in bogs at high
northern latitudes. In eastern Eurasia, there is a slight
crease in some high-latitude regions due to the decrease
in the a posteriori bog source relative to the a priori sources
and an increase in midlatitudes resulting from the large
increase in swamps.

[39] The spatial pattern of the difference between the a
priori and a posteriori fluxes is especially interesting in

Southeast Asia. In much of Asia, there is a decrease in

the total a posteriori flux estimates relative to the a priori

source estimates due to decreases in the emissions from

L e s

|

rice agriculture and coal mining. However, nearby grid

:-165.:-145 -126:-105 -85 65 45 ' 25 A

boxes in southern China and Indonesia show a great
increase in CH, emissions over the a priori sources
caused by the dramatic increase in the swamp source
strength. This may be a bias in the model associated with

the large spatial extent of the source-process regions. It is
possible that the spatial pattern of swamps overestimates
relative importance of the wetland contribution from these
islands. However, due to the aggregation of the CH,

fluxes to an entire source process in the inverse model,

the flux from this small region must be increased pro-

portionally to all other swamps, possibly leading to an
overestimate of the flux from these islands. In order to
accommodate this overestimate, the inverse model might
underestimate the source from the continental rice
paddies. This possibility illustrates one of the major

problems associated with this type of inverse model.

Since the isotopic signatures of rice paddies and swamps

are similar, including the observations of §'*CH, is not

-4.0 -3.0

-2.0 -1.0

Methane Flux (Tg CH,/grid box)

-0.7 -0.5 -0.25 0.0 0.25 0.5 0.75 1.0 2.0 3.0 40 5.0

likely to improve this problem.

Figure 2. Global distribution of CH, flux in Tg CH,4 grid
cell ™! yr' averaged over the 1998—1999 inversion time
period for (top) a priori estimates, (middle) a posteriori
estimates (S2), and (bottom) the difference between the a
posteriori estimates and the a priori estimates.
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Table 4. Hemispheric and Global Total CH, Fluxes of the A Priori
Estimates, Inverse Estimates Constrained by the Isotopes (S2), and
the Work of Houweling et al. [1997]

A Priori Estimates A Posteriori Estimates Houweling et al.

Region (S0) (S2) [1999]
NH 398 401 340
SH 127 209 165
NH:SH ratio 3.1 1.9 2.0
Global total 525 610 505

[40] The largest increases in CHy4 flux over the a priori
estimates occur in South America and Africa, and are
primarily driven by the large increase in swamps and
biomass burning and secondarily affected by the larger a
posteriori estimates of termites and natural gas. This change
is in approximate agreement with the inverse CHy flux maps
of Houweling et al. [1999].

[41] The hemispheric distribution of the sources in the a

priori estimates, the a posteriori estimates, and the inverse
study of Houweling et al. [1999] are compared in Table 4.
As 1illustrated in more detail above, the NH:SH ratio’is
strongly reduced by including the atmospheric observations.
The a posteriori NH:SH ratio used in this™ study is
remarkably similar to the values estimated by Houweling
et al. [1999], despite significant differences in the model
representation of the OH sink, inverse technique, and time
period of the inverse model. The Houweling, study
[Houweling et al., 1999] used a chemistry transport model
(CTM) tuned to match the CH3CCl; “@bservations to
represent the OH chemistry and a time-independent inverse
technique in which the inverse model was solved for each
model grid box rather than aggregatingithemodel to larger
inverse regions. The similarities between the NH:SH ratio
of these very different inverse models suggests this feature
is robust with respect to OH loss and inverse technique and
strongly driven by the atmospheric data. The large
differences between the globalutotal CH, flux estimated
by Houweling et al. ‘andithis study are due partly to the fact
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that they were modeling an earlier time period (1993—1995)
and partly to the smaller estimate of the OH sink (450 Tg
CHy/yr) by Houweling et al.

4. Interannual Variability

[42] The time period covered by these estimates coincides
with the anomalously large 1998 CH, growth rate followed
by a decrease insthe CH, growth rate in 1999, so these
inverse results may, be able to add to the discussion of the
causes of these anomalies. Unfortunately, the observations
of 8'CH, at the NOAAWEMDL flask sites did not begin
until 1998 and the model requires 3 months of spin-up time,
so only 9 months of inverse results for 1998 are available.
Table 5 shews the"mean source estimates for the last
9 months/of 1998 and the full year of 1999. The a priori
sourcesgdornot vary interannually but do vary seasonally.
Differences between the a priori estimates listed for 1998
and»1999uepresent the seasonal bias associated with only
including the last 9 months of 1998 in the average, where
the’ full year is included for 1999. The total a posteriori
source,€stimate is much larger for 1998 than 1999, due in
part to the seasonal bias associated with the time period
sampled and in part to the anomalous 1998 growth rate. In
the a priori sources, the April—December mean is 25 Tg
CHy/year higher than the annual average. In addition, the
1998 growth rate increase corresponds to an increase of
~24 Tg CHy/yr in the imbalance between CH,4 sources and
sinks compared to the earlier 1995-1997 time period
[Dlugokencky et al., 2001]. Between 1998 and 1999, the
global observed growth rate decreased from 12.7 ppb to
2.6 ppb, indicating a corresponding decrease in the source/
sink imbalance.

[43] Currently, there are two competing hypotheses
regarding the 1998 growth rate anomaly. On the basis of
careful analysis of the methane growth rate and a process
model experiment, Dlugokencky et al. [2001] suggested that
the 1998 growth rate increase was due to increased flux
from wetlands as a result of the temperature and precipita-
tion anomalies. Conversely, a recent multispecies analysis
study suggested that a great deal of the 1998 CH, growth

t5.1 Table 5. Mean A Priori and A Posteriori Flux Estimates of CH, Flux for April—December 1998 and All of 1999*
A Posteriori (S2) A Posteriori (S2)
A Priori Estimates 1998 April—Dec. A Priori Estimates 1999 Annual
April-Dec. Mean, Mean, Annual Mean, Mean,
t5.2 Sources Tg CHy/yr Tg CHy/yr Tg CHy/yr Tg CHy/yr
t5.3  Swamps 92 221 + 44 90 208 + 44
t5.4  Bogs 61 30+ 13 50 12 + 143
t5.5  Tundra 7 12 +4 5 0+4
t5.6  Rice agriculture 71 53+ 17 60 56 £17
t5.7  Ruminant animals 93 97 + 18 93 87 + 18
t5.8  Termites 20 48 + 18 20 16 £ 18
t5.9  Biomass Burning 51 91 + 18 52 88 +20
t5.10 Coal 38 15+ 11 38 40 + 11
t5.11 Natural gas 57 49 + 18 57 62 + 18
t5.12  Landfills 50 34+ 14 50 31 +14
t5.13 Total source 540 646 515 601
“Note that the a priori source estimates do not include interannual variability. The differing a priori sources from 1998 to 1999
t5.14 reflect the seasonality of the sources since the two time-averaged values include different months.
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Figure 3. Comparisoft between the monthly mean §'>CH, measurement record at six observing stations
(diamonds), model simulation based on a priori sources (asterisks), and the model simulation based n the
a posteriori sources (squares).‘The observing stations shown are Barrow, Alaska (BRW), Niwot Ridge,
Colorado (NWR), MaunayLoa, Hawaii (MLO), Tutuila, American Samoa (SMO), Cape Grim, Tasmania
(CGO), and SouthyPole, Antarctica (SPO). Error bars on the measurements represent the standard
deviation of the individual observations from the smoothed curve.

rate anomaly was caused by'biomass burning rather than
wetlands based on cofrelations between atmospheric
observations of CO, and, it’s 8'°C, H,, CH4, and CO
[Langenfelds et al., 2002]. In addition, Van der Werf et al.
[2004] also attributed much of the CH4 anomaly to biomass
burning based on satellite observations of fires combined
with atmospheric models, CO observations, and observed
emission rations.

[44] The results of this inversion support the conclusions
of Dlugokencky et al. [2001] that a large portion of the 1998
growth rate anomaly was due to an unusually large wetland
source. The large change between 1998 and 1999 occur in
the wetland sources including swamps, bogs, and tundra,
although the interannual variations in swamps and bogs are
not far larger than the error estimates and should be
interpreted with caution. In addition, the large change in the
termite source, which is not consistent with process-level
understanding of the interannual variability of termite
emissions, is most likely due to variability in the wetland
source. Since the termite source has a similar isotopic

signature to wetlands and a somewhat similar spatial
footprint to swamps, it is possible that the inverse model
is not effectively partitioning these two sources and part of
this variability is actually due to wetlands. The magnitude
of the 1998—1999 wetland variations is also in reasonable
agreement with the process model simulations of
Dlugokencky et al. regarding the anomaly. Using a global
process-based model that includes soil temperature and
moisture, they calculated an emission anomaly of
11.6 Tg CHy/yr for wetlands north of 30°N and 13 Tg for
tropical wetlands.

[45] There is very little variation in the biomass burning
estimate between these two model years. However, it is
likely that fires played an important role in the increasing
growth rate at the end of 1997 and perhaps the beginning of
1998, consistent with the Langenfelds study [Langenfelds et
al., 2002]. There was an anomalous wildfire source from
peat fires in Asia at the end of 1997, resulting in a large
perturbation to the carbon cycle [Page et al., 2002], but this
event is not observed in these results, since 1997 and the
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early months of 1998 were not included in these estimates.
In addition, owing to the large uncertainty estimates
associated with this work, these results do not preclude a
moderate biomass burning anomaly in addition to large
wetland fluxes during 1998. For example, if OH was lower
in 1998 than 1999 [e.g., Novelli et al., 2003], the ratio of
bacterial sources to biomass burning sources might also be
overestimated in 1998 and/or underestimated in 1999, since
OH enriches atmospheric CH, in "*C.

[46] The reason that the inversion attributed the bulk of
the 1998—1999 variability to bacterial sources rather than
biomass burning can be found in the observational record of
6'*CH, (Figure 3). If this anomaly were primarily due to
biomass burning, one would expect to see a peak in the
observations of §'°CH, to reflect the relatively heavy
isotopic signature of this source. Instead, more negative
§'3CH, isotopic signatures were observed at Barrow,
Alaska, Mauna Loa, Hawaii, and Cape Grim, Tasmania,
in late 1998. Therefore the observations used to constrain

this model call for greater fluxes from sources with lightent

isotopic signatures than the background atmosphere in
1998, resulting in high estimates of bacterial sources.

[47] Two hypothetical model scenarios were used to
examine how well the observations of CH, and &§'>GHj
might be able to constrain a biomass burning anomaly; The
1998 anomaly reflects to a source/sink imbalance of.24 Tg
CH4 [Dlugokencky et al., 2001]. In one biomass burning
scenario, the entire anomaly is attributed to biomass burning
by increasing the a posteriori biomass burningsby 24 Tg
CH,4 in 1998 and reducing the a posteriori wetland)source
by an equal amount. The second scenario,reflects.the effect
of attributing one third of the total anomaly to biomass
burning and the remainder to wetlandsfollowing the results
of an earlier analysis of §'*CH, [Miller et al., 2002].

[48] These scenarios were constructed'byscombining the a
posteriori CH, and §'3CH, mixing ratios with CH,4 and
'3CH, mixing ratios calculated‘by forward model simula-
tions of a 1998 biomass burning petturbation, [CH4lss perts
and a 1998 wetland perturbation, [CHs]gg per» in which
both perturbations include OH loss. The resulting concen-
trations of CH,4 and "°@Hygsean be written as

[CH4]Scenario = [CH‘da posterion' + [CH‘dBB pert [CH4]Wetl, pert (9)

[13CH4} 4 [13CH4]

Scenario

= [13 CH4] a posteriori
_ [I3CH4]

BB pert

Wetl. pert” (10)
Then the §'°CH, for the new scenario is calculated
following equation (4).

[49] A 24 Tg CH4 increase in the biomass burning source
and a corresponding decrease in the wetland source during
1998 would result in a significant change in the '*C/'*C
isotopic ratio of atmospheric CH4 at most observing sta-
tions, but very little change in the CH4 mixing ratio, as
shown for MLO in Figure 4. At the end of 1998, the
atmospheric 6'>CH, for this scenario is between 0.16 and
0.23 per mil higher than the a posteriori isotopic signature
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Figure 4. Comparison between the monthly mean (top)
§'°CH, and (bottom) CH, measurement record at MLO
(diamonds), model simulation based on a posteriori sources
(squares), and two scenarios which explore the effect of a
1998 biomass burning anomaly on atmospheric §'*CH, and
CHy4. In once scenario, the entire 1998 anomaly was
attributed to biomass burning by reducing the a posteriori
wetland source by 24 Tg CH, during 1998 and increasing
the a posteriori biomass burning source by the same amount
(asterisks). Then, the possibility of an anomaly due to a
combination of increased biomass burning and wetland
emissions was examined by reducing the a posteriori
wetland source by 8 Tg CH4 during 1998 and increasing
the a posteriori biomass burning source by the same amount
(triangles). Error bars on the measurements represent the
standard deviation of the individual observations from the
smoothed curve.

for the three NH stations and between 0.02 and 0.16 per mil
higher for the SH stations. At MLO, NWR, and SMO, the
difference between the a posteriori 8'°CH,4 and the new
scenario during 1999 is close to the magnitude of the
seasonal cycle. Conversely, the second scenario, in which
only one third of the total anomaly is shifted to biomass
burning, is still reasonably consistent with the observations
(Figure 4). This simulation combined with the error estimate
associated with the a posteriori biomass burning flux
indicates that the observations used to constrain the inverse
model are consistent with moderate contribution of biomass
burning to the 1998 growth rate anomaly.

[s0] The simulated CH,4 concentrations are very similar
for the a posteriori case and both biomass burning
scenarios (Figure 4, bottom), as would be expected based
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Figure 5. (top) Latitudinal gradient of the a priori and a
posteriori CHy flux estimates and (bottom) thesdifference
between the a posteriori flux estimates for the ‘inverse
scenarios described in Table 2 and the. standard/inverse
scenario, S2.

on the work of Fung et al. [1991]. This suggests that a
24 Tg CH,4 perturbation from-biemassiburning perturbation
would be very difficult to 'distinguish from a similar
perturbation due to wetlands' based“on the observations of
CH, alone. Observations of 8'3CH, provide far more insight
into the source processes controlling changes of this
magnitude. ' 4

[5s1] The changes in‘landfills, natural gas, coal, ruminant
animals, and termites between 1998 and 1999 probably
primarily reflect model noise as a function of time. These
sources do not have significant seasonal variations, so
seasonal bias issues do not apply to these sources. In
addition, large variability on annual timescales is unlikely
for these sources. For example, while the ruminant animal
source is likely to change significantly with changes in feed
quality, age demographics of the animals, and other factors,
these kinds of changes on a global scale are not likely to
occur over a 2-year time period.

5. Sensitivity of the Results

[52] In order to determine whether the major conclusions
of this study are robust with respect to several sources of
uncertainty, inverse estimates have been calculated after
varying a number of model features in scenarios 3-7,
summarized in Table 2. The results of these sensitivity tests
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are compared to the base scenario, S2, in Table 3 and
Figure 5 (bottom).

[53] Overall, the major conclusions of the inverse study
are reasonably robust with respect to changes in these model
parameters. Changing the KIE of CH,4 oxidation by OH (S3)
had very little effect on the inverse results. The differences
between S2 and S3 never exceed the error bars of the
inverse estimates. The largest percent difference between
these two model runs is the biomass burning source, which
changes by 14%. Since the smaller OH KIE results in less
enrichment in atmospheric '*C from the chemical sink, the
inverse model calls for'more biomass burning, since
the biomass burning source is very enriched compared to
the atmosphere.ySince bacterial sources deplete the atmo-
sphere in ‘3@pumost of the bacterial sources are reduced
slightly between'S2 and S3. Because OH concentrations are
much higheér.low latitudes, the largest perturbations to the
emissions under this scenario occur in the tropics (Figure 5),
and emissiens from bogs and tundra, which occur predom-
inantly at high latitudes, increased slightly in S3 rather than
decreasing.

[54] 384 and S5 test the upper and lower limits of the OH
fields; as determined by Spivakovsky et al. [2000]. Recall
that the lower limit test (S4) is expected to diverge more
from S2 than the upper limit test (S5) because the base
scenario is closer to the high end of the range. In both the
upper and lower limit, the global total CH, source strength
changes significantly, since the total magnitude of the sink
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is changed relative to the base scenario while the amount of 976

CHy, in the atmosphere remains unchanged, with the greatest
changes occurring for sources with large emissions in the
tropics (Figure 6). The upper limit OH estimate results in
very little divergence from the base scenario for most
sources, but does result in increased emissions from
biomass burning and swamps. Applying the lower limit
OH sink to the inversion (S5) results in large changes in the
inverse flux estimates in the tropics (Figure 5). The largest
decrease occurs in swamps; however, even with this
decrease, the inverse model still calls for a large increase
in this source compared to the a priori source estimates. A
corresponding large change occurs in biomass burning,
showing that the relatively high estimates of biomass
burning found in this study are not robust in the lower limit
of OH production. Changes to the other source strength
estimates are small relative to the error estimates. The strong
perturbations to the CH, emissions from swamps and
biomass burning relative to the other source processes are
probably due to the fact that destruction by OH is the
greatest in the tropics, and these two source processes occur
largely in the tropics, while their isotopic signatures have
opposite effects on the atmosphere. Therefore, decreasing
both sources corrects for the OH perturbation while
matching the 6'*CH, observations. Finally, the changes in
the source estimates from a large change in initial conditions
are small.

[55] Overall, the most of the conclusions from the
previous section are robust with respect to these changes
in the model parameters tested here, but the a posteriori
flux estimates are sensitive to large changes in OH. Since
the OH sink is the largest single component of the CHy4
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Figure 6. Comparison between the monthly mean CH, measurement record at six observing stations
(diamonds), model simulation based on a priori sources (asterisks), and the model simulation based on
the a posteriori sources (squares). Error bars on the measurements represent the standard deviation of the

individual observations fromsthe smoothed curve.

budget, and changing, the fractionation of this sink by
1.5%0 did not significantly change the inverse estimates,
the results shown here “are not expected to be strongly
sensitive to small changes in the isotopic signatures of
the sources.

6. A Posteriori Atmospheric CH, Mixing Ratios
and 8"*CH,

[s6] One advantage of inverse source estimates is that they
are constrained by the observations of the trace gas in the
atmosphere. Therefore forward simulations using the inverse
estimates should reproduce the broad features of the obser-
vations such as the interhemispheric gradient and seasonal
cycle at observing stations well. Figures 1, 3, and 6 compare
the modeled CH, and 8'°CH, based on the a posteriori
sources to those based on a priori sources to the observa-
tional record at the stations used to constrain the inversion.
Figure 7 compares the a posteriori 8'*CH, with the obser-

vational record from two NIWA stations that were not used
to constrain the inversion, Baring Head, New Zealand, and
Scott Base, Antarctica [Lowe et al., 1994], as an
independent validation of the inverse model.

[57] The inverse sources match the observed latitudinal
gradients of both CH, and §'"°CH,4 well, especially in
comparison to the a priori estimates (Figure 1). There are
two stations that have very high observed values compared
to other stations at similar latitudes, which are not well
matched by the inverse estimates. These stations, located on
the Black Sea in Romania (BSC) and Cape Rama, India
(CRI), are likely to be influenced by the large continental
sources nearby. The observations at stations sampling
continental air were given a higher uncertainty than obser-
vations at stations sampling marine air, implying that
stations sampling continental air do not constrain the
inverse model as strongly as those sampling marine air.
The reason for weighting these stations more weakly in the
inversion is that these data are influenced more strongly by
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Figure 7. Comparison between the §'*CH, measuremenit
(diamonds) and the model simulation basedson the a
posteriori sources (squares) for two NIWA/ observing
stations: Baring Head, New Zealand;, and“Scott Base,
Antarctica [Lowe et al., 1994].

local sources, small-scale transport effects, and other factors
that cannot be represented effeetively inva coarse resolution
model. The a posteriori CHyadoesynot reproduce observa-
tions at BSC and CRI well because they are weighted more
weakly, and a linear combination of large source regions
that matched these“stations well’ would not be consistent
with the other station‘observations.

[53] The monthly medn observations and model results
are compared at the six, NOAA CMDL stations where
both observations of CH4 and observations of 613CH4 are
made (Figures 3 and 5). Overall, the a posteriori esti-
mates match the broad features of the CH, and §'°CHy
observations at these stations, as well as at the two NIWA
stations that were not used to constrain the inverse model
(Figure 7).

[59] In all cases, the a posteriori CH4 source estimates
result in a far better match to the station observations
than the a priori estimates. The a posteriori correct the a
priori underestimate of the overall magnitude of the CHy
mixing ratio as well as the poor match to the a priori
seasonal cycle at BRW and MLO. There is a small a
posteriori overestimate of CH, at NWR at the end of
1998. The use of large spatial regions and coarse model
resolution can sometimes preclude an exact match to the
station observations based on linear combinations of these
large regions, and this may have caused this discrepancy.

SOURCE PROCESS METHANE INVERSION, 1
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The a posteriori calculation of atmosPheric §'3CH,
generally matches the mean observed §'°CH, and the
observed §'°CHy seasonal cycle, as accurately as the CH,
match.

7. Conclusions

[60] We have presented source estimates that are
optimally consistefit with the observations of atmospheric
CH,4 and 6> CHgyand process-level understanding of the
sources and sinks./There are many important departures
from previous source estimates. The CH,4 source from
wetlands was unusually large, which agrees with two recent
process-level models suggesting a greater importance of
wetland ecosystems'than previously thought [Kaplan, 2001;
Walter, 1998]. The interannual distribution of this source
supportsythe:hypothesis of Diugokencky et al. [2001] that the
1998 growth rate anomaly was primarily caused by increased
wetland emissions. Biomass burning source estimates were
very high, in agreement with an earlier study incorporating

““ebservations of 8'°CHy [Miller et al., 2002].

[61]wThese results show that through inverse modeling,
the atmospheric CH, and §'3CH, observations have the
capacity to add unique insight into the CH4 problem, but
significant limitations to this technique persist. While the
inverse results are robust with respect to changes in the
initial conditions and the OH KIE, the CH,4 flux estimates
for biomass burning and swamps are sensitive to changes in
the assumed OH sink. The inverse estimates may also be
sensitive to inaccuracies in model transport and the assumed
isotopic signature of the sources. The aggregation of the
sources into spatially diffuse source process regions intro-
duces both a source of error and a limitation to the
understanding that may be provided by the inverse esti-
mates. The error is introduced by the assumption that the
CH, flux can be represented by a linear combination of a
small number of source regions and that the assumed spatial
pattern of the CH,4 emissions within these regions are
perfect. In reality, the spatial distributions of many of the
source processes are likely to vary with regional tempera-
ture anomalies and other physical processes. In addition,
grouping the sources in this way removes the potential to
use the CH, and §'>CH, observations to diagnose changes
in CH, flux on regional scales.

Appendix A: Derivation of Equation (5)

[62] First, equation (3) is divided by an arbitrary reference
ratio of *C/'*C.

Robs R, R:
J obs A !
obs _ = H,——x;. Al
Rieference / Rreferencey] i=¥nsrc K Rieference ] ( )
Then, equation (2) is subtracted from equation (Al).
b
R;) ’ yc_)bs 7yqbs o ( R/ ¥, *Y'>
Rreference J / Rreference ! !
R:
= Z HUR ! Xj — Z H,‘JX,'. (A2)
reference

i=1,nsrc i=1,nsrc
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Equation (A2) is multiplied by 1000 and rearranged.

RObs R

— 1] %1000 x y°* — (—1—1) x 1000 X y;
(Rreference ) y/ Rreference Y
R;
= Y Hyxx (5———1) % 1000. (A3)
i=1,nsre Rreference

Finally, equation (4), the definition of & units, can be
substituted into equation (A3) to reach equation (5).

6 = by = D Hydy.

i=1,nsrc
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