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Methane sources from mass-balance inversions:
Sensitivity to transport

R.M. Law
CSIRO Atmospheric Research, Private Bag 1,

Aspendale, Vic 3195, Australia

P.F. Vohralik
CSIRO Telecommunications and Industrial Physics,

PO Box 218, Lindfield, NSW 2070, Australia

Abstract

Two different three-dimensional tracer transport models are run with various subgrid-
scale parameterizations and dynamics data to estimate zonal mean methane sources
from observed concentrations of methane. The observations used are the monthly
mean methane data for thirteen years from the NOAA/CMDL network. The atmo-
spheric sink of methane through chemical loss is modelled using loss rates from the
CSIRO two-dimensional chemical transport model. The zonal mean structure and
seasonal cycles of the estimated methane sources show some sensitivity to the trans-
port model used. Interannual variability of the sources is less sensitive to transport
but is sensitive to the choice of observational data used to constrain the inversion.
This limits the interpretation of the variability obtained although the impact of the Mt
Pinatubo eruption does appear to be evident in the calculated sources.

1 Introduction

Methane is a greenhouse gas whose atmospheric concentration has increased significantly since
pre-industrial times. This increase has been tracked through ice-core, firn, air-archive and flask
data (Etheridge et al., 1998). Methane growth rates have varied considerably over the last 50
years, peaking in the early 1980s. The recent slow-down in methane growth (e.g. Steele et al.,
1992) has been used to imply a stabilization in methane sources (Dlugokencky et al., 1998).
Global methane sources can be estimated from the increase in atmospheric concentration of
methane provided the lifetime of methane is known. The lifetime is determined by destruction
of methane (CH4) in the troposphere by reaction with hydroxyl radicals (OH) and to a smaller
extent by reaction with OH, chlorine (Cl) and O(1D) in the stratosphere.

The role of methane as a greenhouse gas and the need to predict its future atmospheric con-
centration means that it is important to understand how recent methane sources have evolved.
Clearly anthropogenic CH4 fluxes have increased significantly over the industrial period but
there are also large natural fluxes of CH4 that are influenced by climatic variations. CH4 sources
can be estimated through two main methods: scaling up local, process-based measurements
(e.g. Sass et al. (1999) for rice cultivation) or using atmospheric methane measurements to infer
sources, a so-called inverse method. These inverse methods require a two- or three-dimensional
transport model to calculate atmospheric concentrations from surface emissions.
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Several groups have performed methane inversions using a variety of methods. Fung et al.
(1991) used a three-dimensional (3-D) model to perform a synthesis inversion. For each methane
source, they assumed the geographical distribution was known and adjusted the source strength.
They found a preferred methane budget but also found that the methane observations were not
able to distinguish between a number of different possible budgets. Brown (1995) used a two-
dimensional (2-D) model and a singular value decomposition-based method for her inversion.
She produced quite different results to Fung et al. and attributed this to the initialisation proce-
dure used. Hein et al. (1997) extended the work of Fung et al. to a Bayesian methodology. This
uses the prior source estimates and uncertainties as input to the inversion and produces error
estimates on the resulting source uncertainties. They found uncertainty reductions of up to 40%
for some source components. These inversions estimated mean methane sources. Saeki et al.
(1998) used a mass-balance inversion method with a 2-D model to estimate the time evolution
of sources from 1983 to 1994. They found little overall trend in global emissions but increasing
emissions for 0Æ-30ÆN and decreasing emissions for 30Æ-90ÆN. Houweling et al. (1999) ex-
tended the work of Hein et al., again using a Bayesian inversion approach. However they were
able to estimate methane sources at grid-point resolution by using the adjoint of their transport
model. They found a reduction in source strengths in SE Asia compared to the prior estimates.
They also noted that their uncertainty reductions were generally smaller than those found by
Hein et al.

In any inversion method, the modelled transport is assumed to be perfect. There are, as yet,
no inversion methods that are able to account for transport model error explicitly, although
those methods that account for data uncertainties can include a contribution due to estimates of
the ability of the model to simulate data at a particular location. Both Hein et al. (1997) and
Saeki et al. (1998) have tested the sensitivity of their inversions to changes in transport within
their models. Hein et al. compared an inversion run using 1986 winds with another using 1987
winds. They found differences in source estimates were small compared to the uncertainties
on those estimates. Saeki et al. increased and decreased the transport coefficients in their 2-D
model. They found that changes in meridional diffusion changed the distribution of sources be-
tween hemispheres by up to 10 Tg yr�1, while changes in vertical diffusion changed the global
source by 2 Tg yr�1 but had little impact on the latitudinal distribution. These sensitivity tests
examined the impact of changes in transport within a given transport model. In this work, we
examine transport sensitivity further by performing the same methane inversion with different
transport models, different subgrid-scale transport parameterizations and different wind fields.
The models and method are outlined in the following section. We assess the impact on both the
mean methane sources calculated and the interannual variability of the sources. The sensitivity
obtained is contrasted to that due to changing the observational data with which the inversion
are forced.

2 Method

Methane sources can be estimated from atmospheric concentrations. This requires a transport
model with some representation of the chemical loss of methane and an inversion method.
There are two main types of inversion, typically called ‘synthesis’ and ‘mass-balance’, each
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with advantages and disadvantages. The main difference between the methods is how they deal
with the limited data available to force the inversion. The mass-balance method interpolates
the data to give greater spatial data coverage while synthesis methods estimate only regional
sources or source components. The main advantage of synthesis inversions is the ability to
include uncertainty analysis while an advantage of mass-balance inversions is the ability to in-
clude interannually-varying transport. In either case, the inversion is dependent on the transport
model, which is assumed to be perfect. Transport model intercomparisons for forward calcula-
tions of species such as CO2 ( Law et al., 1996), SF6 (Denning et al., 1999) and radon (Jacob
et al., 1997) all show significant variations between different transport models. Here we use
a simple inversion to illustrate the impact of transport model and wind field variations on the
methane source calculation.

2.1 Inversion method

We chose to use a mass-balance inversion similar to that used for CO2 by Law and Simmonds
(1996). In this method, the tracer model surface concentrations are constrained to ‘observed’
values. The model is run forward in time and the difference between the modelled and ob-
served values defines the required surface source or sink. The difficulty with this method is the
need to define surface concentrations at all latitudes and longitudes in order to estimate a two-
dimensional source field. For most trace gases there are insufficient measurements to define
longitudinal variations, particularly during the early years of the measurement record. Conse-
quently we assume that longitudinal variations are negligible and fit the data only in the north-
south direction (described below). The inversion is then constrained with a zonally-uniform
distribution. While sources are estimated at all model gridpoints, only zonal mean sources will
be analysed since any longitudinal variations represent transport effects only.

2.2 Data

Atmospheric methane concentrations are measured at approximately 60 sites around the globe
and on some aircraft flights and ship cruises. Most of these sites are part of the NOAA/CMDL
network. Measurements began in 1983 at 17 sites; by 1997 measurements were available at
about 40 sites and from Pacific Ocean and South China Sea cruises (Dlugokencky et al., 1994).
Since one aspect of the results that we will consider is interannual variability, it may be im-
portant to keep an approximately constant network during the period being considered. Hence,
most of the experiments described here use monthly mean data from 20 sites from 1985-1997
(NOAA/CMDL ftp site, August 1998 release). The 20 sites are chosen as those whose records
spanned 1985-1997 even if there were gaps in the record (not more than 12 missing months
were allowed at the start or end of the period). The network used is shown in Figure 1. A brief
comparison is also made with inversions using smaller and larger networks. These networks are
also shown in Figure 1. We have not used sites such as Mauna Loa where the air is not expected
to be representative of the lowest model level.
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The data are assumed to be representative of the latitude of the site and a spline has been fitted to
describe the meridional distribution of CH4 concentration. The spline was fitted in sine latitude
with a 50% attenuation at 0.707 (45Æ). The mean (1985-1997) fit for each month is shown in
Figure 2. The concentration gradient is large through the tropics with high concentrations in the
north and lower concentrations in the south. Concentrations are lower in summer than winter in
both hemispheres.

Figure 1: CH4 observation sites used to constrain the inversion. The control case is the 20 sites
indicated by the plus signs and open circles. The plus signs indicate the 10-site subset of the
control case. The solid circles indicate the extra sites used in the all- sites case.

Figure 2: Mean 1985-1997 methane concentration in ppb calculated from the spline fits to the
monthly observations.
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2.3 Chemical loss

The mass-balance inversion determines only surface sources and sinks but there is also a large
chemical sink for methane. Most methane is destroyed by reaction with OH in the troposphere
and approximately 10% by reactions with OH, Cl and O(1D) in the stratosphere. These loss
processes must be accounted for within the transport model.

It is not currently possible to measure OH on a global scale and therefore climatologies of
OH and methane loss derived from measurements are not generally available. However, these
quantities can be estimated using chemical transport models (e.g. Spivakovsky et al., 1990).
The OH fields obtained from chemical transport models can be assessed and rescaled if needed
by simulating methyl chloroform, which has relatively well-known sources and is removed
primarily by reaction with OH in the troposphere (e.g. Hein et al., 1997).

There is some debate over whether OH concentrations have changed over recent decades. Prinn
et al. (1995) found no significant change in OH between 1978 and 1994 based on observations
of methyl chloroform while Krol et al. (1998) find a small positive trend in OH using the same
data but a different modelling approach. Karlsdóttir and Isaksen (2000) find a similar positive
trend in OH in a 3-D model study for 1980-1996 where the model was forced by observed CH4

concentrations and estimates of anthropogenic emissions of CO, NOx and NMHCs. In addition
to any long term trend, it is expected that there is interannual variability in OH concentrations.
For example, Dlugokencky et al. (1996) estimated a decrease in OH of 7-8% after the eruption
of Mount Pinatubo due to decreased UV actinic flux from increased SO2 and sulfate aerosols.

The change in methane due to chemical loss at a given location in the atmosphere is calculated
using

�q = �Lq�t (1)

where q is methane mixing ratio (concentration),�t is the time step and L is the effective first-
order rate coefficient for methane loss at that location. For the present study, methane loss rates
were obtained from the CSIRO 2-D chemical transport model (CTM). The CSIRO 2-D CTM
used for the present study has been described by Vohralik et al. (1998) and is also discussed
in Park et al. (1999), Kawa (1999), WMO (1998) and Penner et al. (1999). Given that the
primary focus of the present study is on the sensitivity of the inversion calculations to changes
in model transport, using methane loss rates from a 2-D CTM rather than from a 3-D CTM is
not expected to affect the conclusions reached.

Total methane loss rates L from the CSIRO 2-D CTM were archived at 10-day intervals on
the 2-D model pressure-latitude grid for one year. Thus seasonal variations are included but
not interannual variations. These loss rates were then linearly interpolated to the 3-D transport
model levels using global annual mean surface pressure, and linearly interpolated in latitude
and time as required. The loss rates L used for the 3-D inversion studies were assumed to be
independent of longitude.

Loss rates were obtained from a calculation using the CSIRO 2-D CTM constrained as follows.
Mixing ratios of N2O, CH4, CH3Cl, CCl4, CH3Br, the halons, the chlorofluorocarbons (CFCs)
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and the hydrochlorofluorocarbons (HCFCs) were fixed at the lowest model level to values pro-
jected for the year 2015, as given in Table 4.2A of Kawa (1999). Ground-level O3 is held fixed
at 20 ppbv. Sulphate aerosol surface areas used correspond to the enhanced (median) level of
aerosols given in Table 8-8 of WMO (1992), which represents the median values over the two
decades prior to 1992. Rate coefficients were taken from DeMore et al. (1997). In addition,
the CO mixing ratio at the lowest model level was fixed at 100 ppbv at all latitudes, and NOx

surface sources were held constant at 6�109 (N atoms) cm�2s�1 at all latitudes. Reactions on
polar stratospheric clouds, non-methane hydrocarbons, and aircraft emissions were not included
in the calculations.

Initial tests with these loss rates indicated a total methane loss (using one transport model) of
approximately 400 Tg yr�1. Given that the CSIRO 2-D model has been used primarily for
stratospheric studies, and does not include a detailed representation of tropospheric processes,
it was decided to increase the loss rates by a factor of 1.125 in order to give a total methane loss
of about 450 Tg yr�1 from the initial 3-D runs. This value is used by Fung et al., (1991) in their
preferred methane budget scenario.

It is clear that the loss rates used here limit the conclusions that can be drawn from the inver-
sions that we will perform. The lack of longitudinal and interannual variation in loss rate, the
calculation of the loss rates under 2015 rather than 1990 conditions and the somewhat arbitrary
rescaling of the loss rates means that the source estimates that we obtain should not be consid-
ered best estimates. However, provided broadly plausible sources are obtained, the conclusions
about sensitivity to transport and data network should be robust. For these sensitivity tests, the
important constraint is that the loss rates used are the same across all inversions rather than that
the detailed spatial and temporal structure of those loss rates are correct.

2.4 Transport models

Two transport models have been used. The first is a variant of the National Center for Atmo-
spheric Research Model of Atmospheric Transport and Chemistry (NCAR-MATCH) (Rasch
et al., 1997). Here we run the model with six-hourly, annually-repeating Middle Atmosphere
Community Climate Model version 2 (MACCM2) dynamics data, which have been reduced to
24 levels by removing 20 levels in the stratosphere. The model runs on hybrid levels, which are
constant pressure levels above about 70 hPa and mixed pressure sigma levels below. The top
model level is at 0.025 hPa. This is the same configuration as used in Law and Rayner (1999)
for CO2. Removing levels does have some impact on cross-tropopause transport, the implica-
tions of which will be discussed later. The model’s horizontal resolution is 5.625Æ in longitude
and 2.8Æ in latitude and advective transport uses a semi-lagrangian scheme.

The subgrid-scale transport by vertical diffusion and convection is parameterised. Two versions
of the model are used with different vertical diffusion schemes. The first takes precalculated
diffusivities from the MACCM2 simulation, which were calculated using a non-local boundary-
layer based scheme (Holtslag and Boville, 1993). The scheme determines the planetary bound-
ary layer (PBL) height and calculates diffusivities based on stability, separately for the PBL and
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free troposphere. The second scheme is the turbulent vertical transport parameterization from
the Melbourne University general circulation model (GCM) (Simmonds, 1985). The scheme is
a mixing length scheme but based only on the wind shear, not thermodynamic stability. Dif-
fusive transport is determined from the temperature and wind forcing fields and the modelled
tracer concentrations. Maximum mixing lengths are greater in the lower half of the atmosphere.
The first scheme has much greater differentiation of vertical mixing over land and ocean than
the second. We refer to the first scheme as the stability dependent scheme and the second as the
wind-shear dependent scheme. More details are given in Law and Rayner (1999) where the two
model versions are shown to produce quite different seasonal covariance behaviour for CO2.
There are two convection schemes in the NCAR-MATCH model that are usually run in parallel
(see Appendix of Rasch et al. (1997)). However the MACCM2 dynamics data only contain the
necessary fields to run one of the schemes. Therefore, in this model, subgrid mixing due to
vertical diffusion tends to dominate over mixing due to convective transport.

The second transport model (MUTM) is derived from the Melbourne University GCM (Sim-
monds, 1985). The transport model has a rhomboidal 21 wave spectral resolution in the hori-
zontal (equivalent to 64�54 grid points) and 9 vertical sigma levels. Subgrid-scale processes of
horizontal and vertical diffusion and convective transport are included. The vertical diffusion
scheme used here is the same as the wind-shear dependent version used in MATCH while the
convection scheme is based on statistics of convection occurrences in the parent GCM. The
model is described more fully by Law et al. (1992) and is compared with other tracer transport
models simulating CO2 in Law et al. (1996). This comparison showed that this model tends
to produce more rapid tracer mixing than other models when used with wind fields from the
Melbourne University GCM. The wind fields are input daily (there is no diurnal cycle) and one
year of winds is usually used repeatedly when multi-year simulations are required. The model
is also run with European Centre for Medium-range Weather Forecasting (ECMWF) analysed
winds as described by Dargaville et al. (2000) for CO2. The winds have been interpolated to
the model grid and from pressure levels to the model sigma levels. The 12-hourly data have
been averaged to give daily values. The ECMWF data are used to drive both the advection and
the vertical diffusion parameterization but convective transport remains dependent on the GCM
statistics. Only 1985-1992 data were available to us. We run the model both with one year of
winds (we chose 1989) repeatedly and with the full eight years of data.

2.5 Experiments

A set of experiments has been run to calculate sources from 1985-1997. The initial condi-
tions are taken from a previous methane simulation and rescaled to match the surface mean
concentration at the start of this experiment. The model is then run for a further two years
using the 1985 concentration surface fields extrapolated back in time based on the methane
growth rate during 1985. After this initialisation, sources are then calculated for 13 years us-
ing the 1985-1997 20-site data fits to constrain the model. Five cases are run using the five
model configurations available; MATCH with stability-dependent vertical diffusion (MATCH-
s), MATCH with wind-shear dependent vertical diffusion (MATCH-ws), MUTM with MUGCM
winds (MUTM-GCM), MUTM with ECMWF 1989 winds (MUTM-EC89) and MUTM with
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ECMWF 1985-1992 winds (MUTM-ECvar).

It is important to note that, while all the experiments are forced with interannually varying con-
centration data, only one (MUTM-ECvar) includes interannually varying transport and none
include interannual variations in the chemical loss of methane. The results that we obtain for
interannual variability in methane source will need to be interpreted in the context of this limi-
tation in the experiment.

A second set of experiments uses one model (MATCH-s) but surface concentration constraints
derived from 10 sites or all surface sites to compare with the 20-site case. This will give some
indication of how the sensitivity to data network size compares to the sensitivity to transport
model.

3 Results and discussion

We examine three aspects of the calculated sources; the 1985-1997 mean latitudinal distribution,
the 1985-1997 mean seasonal cycle and the interannual variability. The seasonal cycles and
interannual variability are analysed for 6 regions: global, high latitudes (50Æ-90ÆS and N), mid-
latitudes (15Æ-50ÆS and N) and the tropics (15ÆS-15ÆN).

3.1 Latitudinal distribution

Zonal-mean 1985-1997 CH4 sources are shown in Figure 3. (The MUTM-ECvar case is the
1985-1992 mean). Each model configuration gives maximum sources around 35Æ-40ÆN with
a secondary maximum close to the equator. Sources are substantially larger in the northern
hemisphere than the southern hemisphere as would be expected. Sources integrated globally
and regionally are given in Table 1. While the general distribution of sources is similar for the
different model cases there are also several differences that warrant explanation.

The global surface source is approximately 50 Tg yr�1 smaller using MATCH than using
MUTM. Most of this difference is due to the behaviour of the two models in their upper lay-
ers. MATCH, as noted earlier, appears to have slower cross-tropopause transport using the
reduced (24-level) wind set compared to the full 44-level MACCM2 data. This results in very
low CH4 concentrations in the upper model layers and consequently low chemical loss of CH4

in the stratosphere. Since the global surface source is controlled by the growth of atmospheric
methane and the total chemical loss, the surface source is consequently smaller. MUTM by
contrast has low vertical resolution and a poorly defined stratosphere, which results in relatively
high CH4 concentrations in the top two model levels, especially for the cases run with ECMWF
winds. This results in a larger loss and consequently a larger surface source. We should note
that neither result is correct given our knowledge of typical stratospheric CH4 concentrations
but highlights one of the difficulties of running these inversions with models with low vertical
resolution in the stratosphere. Overall the total source is smaller than most recent estimates
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(note that the source here includes any surface soil sink) but the global source is highly depen-
dent on the total chemical loss of methane, which we know may not be well characterized by
the simplified loss rates used here.

Figure 3: Zonal mean 1985-1997 methane source in gCH4 m�2yr�1. The line identification is
given in the key. The MUTM-ECvar case is the mean of 1985-1992. The vertical lines indicate
the regions that sources are integrated over in Table 1.

Model Global 50Æ-90ÆN 15Æ-50ÆN 15ÆS-15ÆN 15Æ-50ÆS 50Æ-90ÆS
MATCH-s 448.9 61.1 196.1 144.0 43.2 4.5
MATCH-ws 447.2 74.5 191.2 128.2 46.6 6.7
MUTM-GCM 495.2 60.6 239.1 150.0 39.9 5.6
MUTM-EC89 499.2 67.0 208.1 147.9 65.5 10.7
MUTM-ECvar 496.8 68.3 210.4 142.7 64.5 11.0

Table 1: Regional CH4 Sources in Tg yr�1 for 1985-1997. The MUTM-ECvar case is for
1985-1992.

In the high northern latitudes, the MATCH-ws case produces larger fluxes than the other models
(6-14 Tg yr�1 larger over the 50Æ-90Æregion). This larger source is indicative of more mixing
of CH4 out of this region in the MATCH-ws case. It is likely that this is a result of the vertical
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diffusion scheme used in this case, which has less seasonal dependence than the scheme used
in the MATCH-s case and consequently allows some mixing all year round and more mixing
overall. While the MUTM cases also use this diffusion scheme, they produce a smaller vertical
CH4 gradient in the lower troposphere (presumably due to more vigorous advective mixing) so
mixing by vertical diffusion has a smaller net impact.

The MUTM-EC results show little sensitivity to being run with one year of winds repeatedly
or with varying winds. The EC cases produce smaller northern hemisphere sources and larger
southern hemisphere sources than MUTM run with GCM winds. This is because the GCM
winds produce greater interhemispheric transport than the ECMWF winds and consequently
require a larger interhemispheric difference in source to maintain the observed north-south CH4

gradient.

3.2 Seasonal cycles

Mean seasonal cycles of the estimated sources are shown in Figure 4 for the globe and in Figure
5 for each region. The seasonal cycles are represented by the difference in flux for the mean of
that month from the annual mean flux for 1985-1992. This allows for a more direct comparison
of the magnitude of the seasonality between model cases. The global results indicate maximum
sources in the northern summer with a peak in September. The largest difference between
model cases is in June and July when the MATCH simulations give larger sources than the
MUTM simulations.

Figure 4: Mean seasonal cycle of global CH4 source. The monthly fluxes are in Tg yr�1 and the
mean 1985-1992 source appropriate to each case has been subtracted. The line identification is
given in the key.
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50-90N

15-50N

15S-15N

15-50S

50-90S

Figure 5: Mean seasonal cycle of regional CH4 sources for MATCH-s (solid), MATCH-ws
(long dash), MUTM-GCM (short dash), MUTM-EC89 (dotted) and MUTM-ECvar (dash-dot).
The region is given at the left side of each panel. The monthly fluxes are in Tg yr�1 and the
mean 1985-1992 source appropriate to each case and region has been subtracted.
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The regional seasonal cycles show that the global result is dominated by the seasonality in the
15Æ-50ÆN region. This shows two maxima in April and September separated by a minimum in
June-July. The minimum is much more pronounced in the MUTM cases than in the MATCH
cases. Seasonal cycles are smaller in the northern high-latitudes and tropics. In the northern
region, the maximum source is in September, with the exception of the MATCH-s case in which
the summer increase in source occurs earlier by about a month. This is because the vertical
diffusion scheme used in the MATCH-s case produces more diffusive transport over land in
summer in this region than the diffusion scheme used in all the other cases. The extra vertical
mixing in the MATCH-s case must be compensated for by an increased source in order to
maintain the observed CH4 concentrations.

The tropics generally show a mid-year maximum although in this case the MUTM-GCM case is
somewhat different, matching the September maximum that the other cases produce but show-
ing a different seasonality to the other cases during the first half of the year. The large methane
gradient across the tropics means that the sources are likely to be quite sensitive to the hori-
zontal winds in this region and the model’s positioning of the intertropical convergence zone
(ITCZ). For example, the February maximum in the MATCH cases appears to be consistent
with an equatorial zonal-mean v-component wind that is less negative in February than January
or March in the MACCM2 winds. This would mean less transport of high concentration air
from the north and a consequent need for a greater source in February to maintain the surface
concentrations.

Seasonality in the southern regions is small, as would be expected. In general it is understood
that the observed seasonality in southern hemisphere concentrations is driven largely by the
seasonality in chemical loss of methane due to the seasonality in OH concentration (Prather et
al., 1995). Loss is larger in summer and smaller in winter. The calculated sources for 50Æ-90ÆS
show a minimum in summer and maximum in winter. This could imply that the seasonality of
loss rates used here is too small. A sensitivity test was run using MUTM in which the seasonality
of methane loss was doubled but the mean loss was unchanged. This gave smaller (close to zero)
seasonality in southern middle to high latitude sources and an increased seasonality in tropical
sources. In the northern mid-latitudes, winter sources were decreased and summer sources
increased such that the June-July minimum became less pronounced. There was little impact
on the northern high-latitude source seasonality.

3.3 Interannual variability

Interannual variability as represented by the 12-month running mean source (as a difference
from the 1985-1992 mean source) is shown in Figure 6 for global sources and Figure 7 for
regional sources. The global source ranges over 30-40 Tg yr�1 with the smallest source around
late 1992 and the largest source around late 1991. There is no real trend in the source over
the 1985-1997 period in agreement with the result of Dlugokencky et al. (1998). However we
should recall that our study assumes constant methane loss rates and that of Dlugokencky et
al. assumes a constant methane lifetime, an assumption that has recently been challenged (Krol
et al., 1998; Karlsdóttir and Isaksen, 2000). The interannual variability in the sources shows
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almost no sensitivity to the model configuration used, with the exception of the case run with
ECMWF varying winds.

Figure 6: 12-month running mean global CH4 source in Tg yr�1. The mean 1985-1992 source
appropriate to each case has been subtracted. The line identification is given in the key.

The difference with the varying wind case results from the relatively low vertical resolution
of MUTM and its consequent poor representation of the stratosphere. Stratospheric loss of
methane results in a significant gradient in methane between the top two levels of the transport
model. This gradient is also dependent on the transport of methane into the top model layer.
There is sufficient variation in this transport in the different years of ECMWF data (at least
when interpolated onto the transport model grid) that top level concentrations can vary by over
100 ppb. When the inversion is run with consecutive years of winds, the top level model con-
centrations are dominated by these transport-related variations, swamping any forcing from the
surface concentration constraint. Since the surface source is ultimately dependent on changes
in CH4 concentration averaged over the whole atmosphere, the large concentration variations in
the top model layer are sufficient to ‘corrupt’ the source estimates. It would seem then, that the
interannual variability of the sources cannot be reliably estimated using this particular combi-
nation of interannually varying winds and low resolution transport model. Whether this result
applies more generally is an important question for future work.

As occurs at the global scale, the interannual variability of regional sources (Figure 7) is very
similar between transport cases. (The EC-var case is not shown because of the uncertainty in
these sources at the global scale.) Interannual variability is largest in the tropics. There is an
apparent decrease in sources in the northern regions and an increase in sources in the tropics
across the 1985-1997 time period. The different cases produce variability that is very similar in
phasing although the magnitudes of the maxima and minima do vary more at the regional scale
compared to the global scale. In general the MUTM-GCM run gives larger variability than the
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other cases. This is consistent with this model producing greater interhemispheric transport
than the other cases since greater transport requires a larger source anomaly to maintain any
imposed concentration anomaly.

50-90N

15-50N

15S-15N

15-50S

50-90S

Figure 7: 12-month running mean regional CH4 sources in Tg yr�1 for MATCH-s (solid),
MATCH-ws (long dash), MUTM-GCM (short dash) and MUTM-EC89 (dotted). The region
is given at the right side of each panel. The mean 1985-1992 source appropriate to each case
and region has been subtracted.
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The sensitivity of interannual variability to the transport model can be compared to the sensi-
tivity to the data network used to provide the inversion forcing. Global interannual variability
is shown in Figure 8. The 20-site case is the same as the MATCH-s case in Figure 6. There is
greater sensitivity to the data network than there was to the transport model. However there is
still an overall consistency in the interannual variability, which suggests that on a global scale,
interannual variations are adequately captured even with a small network.

Figure 8: 12-month running mean global CH4 source in Tg yr�1 for various data networks. The
mean 1985-1992 source appropriate to each case has been subtracted. The line identification is
given in the key.

The largest inconsistency is in the magnitude and timing of the late 1991 maximum. This
maximum is related to the Mt Pinatubo eruption. The associated decrease in OH results in
decreased methane loss. Since the methane loss rates in the inversion include no variability,
the inversion deduces an increased source of methane. It would seem likely that the larger
magnitude in the large network case is due to the inclusion of sites that are closer to Mt Pinatubo
(e.g. South China Sea, 3Æ-20ÆN, 105Æ-117ÆE; Quinghai, 36.3ÆN, 100.9ÆE and Tae-Ahn, 36.7ÆN,
126.1ÆE). However the records for these sites begin only during 1991, which makes it difficult to
distinguish between the impact on the inversion of introducing data at new locations as opposed
to the impact of volcano-influenced data.

The minimum, in late 1992 and early 1993, found in all cases is also likely to be related to the
Pinatubo eruption. A decrease in stratospheric ozone should result in greater tropospheric UV
and therefore an increase in OH. The resulting perturbation in methane is interpreted by the
inversion as a decreased source because climatological loss rates are used.

The interannual variability of regional sources is shown in Figure 9. This shows much larger
differences between the sets of sources than both the network global-scale results and the trans-
port regional-scale results. For all regions, the 10-site case shows greater variability than the
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20-site case. This suggests that the north-south fit is not well constrained by only 10 sites and
the inversion is consequently quite vulnerable to any unrepresentative data. The apparent trends
seen in the 20-site case for the tropics and northern regions are not seen when only 10 sites are
used.

50-90N

15-50N

15S-15N

15-50S

50-90S

Figure 9: 12-month running mean regional CH4 sources in Tg yr�1 for the 20-site case (solid,
bold), the 10-site case (long dash) and the all site case (short dash). The region is given at the
right side of each panel. The mean 1985-1992 source appropriate to each case and region has
been subtracted.
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The ‘all-sites’ case is often reasonably similar to the 20-site case in the early period of the
inversion. This is because the all-site case has few additional sites through the early years. In the
southern mid-latitude region, the all-sites case gives smaller sources from about 1994 onwards.
This appears to be due to the inclusion of the Easter Island record (30ÆS) beginning in 1994.
From about 1992, the northern regions show a shift in source from the high latitudes to the mid-
latitudes in the all-site case compared to the 20-site case. This occurs because of an increasing
number of sites with closer proximity to methane sources in the northern midlatitudes. These
tend to measure higher concentrations than the sites at high latitude and so the mid-latitude
source is increased. Clearly the all-site case could not be reliably used for identifying trends in
regional sources. It is interesting to note that the extra global source in the all-site case in 1991
occurs in the northern mid-latitude region. The tropical region sources are relatively unchanged
around this time.

4 Summary and conclusions

It is useful to summarize the relative sensitivities to transport and network using a simple mea-
sure; the root mean square (rms) difference between each case and the MATCH-s case. We
consider first the interannual variability using the 12-month running mean time series of sources
(Figures 6-9). For global sources, the transport cases produce rms differences of 1.6-1.9 Tg yr�1

while for the network cases, the rms differences are 4.7 and 6.9 Tg yr�1. Similar relative mag-
nitudes are seen at the regional scale, with the rms differences between network cases always
larger (from about 2 to 6 times larger) than the rms differences for the transport cases.

By contrast, the sensitivity of the 1985-1997 zonal mean source to data network (not shown)
is smaller than the sensitivity due to transport (shown in Figure 3). Again this can be con-
firmed in the rms differences (calculated with appropriate area-weighting) from the MATCH-s
sources. Rms differences for the transport cases range from 0.18-0.21 gCH4 m�2 yr�1 while in
the network cases, the rms differences are 0.04 and 0.10 gCH4 m�2 yr�1 for the 10- and all-site
cases respectively. As one might anticipate, on the seasonal timescale the relative sensitivity
of sources to network or transport is more mixed. In the transport cases, the rms differences
(both global and regional) between the MATCH-s and MATCH-ws are smaller than between
MATCH-s and any of the MUTM cases, suggesting that the choice of transport model is im-
portant. The rms differences from the network cases are generally smaller than, or comparable
with, the MATCH-s/MATCH-ws differences. An exception is the difference for the 10-site case
in the tropics, which is larger than the tropical differences for any other case (transport or net-
work). In the 10-site case the tropical sources are largely forced by the data from Ascension
Is (8ÆS), which samples mostly southern hemisphere air. In the 20-site case, Seychelles and
Christmas Island are also used with more northern hemisphere influence. There is a consequent
change to the seasonality of the tropical sources.

These results imply that decisions about how an inversion is run should depend on what infor-
mation is sought from the inversion. If long-term mean sources are required then choices of data
network may be less important than ensuring the transport is well modelled. If the interannual
variability of sources is required then more care should be taken in making data choices than in
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making transport choices. The work done on data extension techniques, described by Masarie
et al., (1995) for CO2 and now applied to CH4 (GLOBALVIEW-CH4, 1999), may be useful for
reducing this network sensitivity.

While the various simplifications to the inversion (e.g. zonally-uniform loss rates and forcing
concentrations) preclude any detailed assessment of these emissions, the inversion does produce
plausible methane emissions. Further work to improve these estimates would need to include
longitudinal variations in both surface forcing and methane loss rates. Interannual source vari-
ability would benefit from interannually varying methane loss and the impact of interannually
varying winds should also be tested using a transport model with higher vertical resolution. Ulti-
mately, the inversion should be performed with a model that includes fully interactive chemistry.
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