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Abstract. Two atmospheric inversions (one fine-resolved and magnitude of the flux trend in the Amazon basin.

and one process-discriminating) and a process-based mod@l negative trend £3.9+1.3Tgyr 1) is inferred by the

for land surface exchanges are brought together to analysprocess-discriminating inversion whereas a positive trend

the variations of methane emissions from 1990 to 2009. A(+1.3+0.3Tgyr %) is found by the process model. Al-

focus is put on the role of natural wetlands and on the yearghough processed-based models have their own caveats and

2000-2006, a period of stable atmospheric concentrations. may not take into account all processes, the positive trend
From 1990 to 2000, the top-down and bottom-up visionsfound by the B-U approach is considered more likely because

agree on the time-phasing of global total and wetland emisit is a robust feature of the process-based model, consistent

sion anomalies. The process-discriminating inversion indi-with analysed precipitations and the satellite-derived extent

cates that wetlands dominate the time-variability of methaneof inundated areas. On the contrary, the surface-data based

emissions (90% of the total variability). The contribution inversions lack constraints for South America. This result

of tropical wetlands to the anomalies is found to be large,suggests the need for a re-interpretation of the large increase

especially during the post-Pinatubo years (global negativdound in anthropogenic methane inventories after 2000.

anomalies with minima between4l and—19Tgyr ! in

1992) and during the alternate 1997-1998 EI-Nifio/1998—

1999 La-Nifia (maximal anomalies in tropical regions be-

tween +16 and +22 Tg y* for the inversions and anomalies 1 Introduction

due to tropical wetlands between +12 and +17 Tg}yfor
the process-based model). The growth rate of atmospheric methane (Has experi-

Between 2000 and 2006, during the stagnation ofénced large variations since the early 1990s: after a decade of
methane concentrations in the atmosphere, the top-dowAecrease, interrupted by a peak in 1997-1818¢okencky
and bottom-up approaches agree on the fact that SoutRt al, 1998 Cunnold et al.2002 Wang et al. 2004 Bous-
America is the main region contributing to anomalies in quet et al. 2006, the growth rate of atmospheric methane

natural wetland emissions, but they disagree on the sigiémained small from 1999 to 2006, except a peak in 2002—
2003, only to increase again since 20&igby et al, 2008
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Dlugokencky et a].2009 Bousquet et al2011). As methane  changes in agricultural practicdsd] et al, 2011); (iv) stable

is emitted by a large variety of sources, the explanations formicrobial and fossil-fuel-related emissions in the early 2000s
the observed atmospheric variations have generally impliedLevin et al, 2012 and/or (v) significantRigby et al, 2008
changes in several source or sink types. to small Montzka et al. 2011) changes in OH concentra-

The sources involved in the variations of the 1990s are nowtions. A recent synthesi&({rschke et al.2013 suggests that
well understood, although their relative magnitude may still a scenario with stable to increasing microbial emissions and
be debated. stable to decreasing fossil fuel emissions is more likely than

The 1991-93 growth rate anomaly is linked to the others but do not attribute changes regionally. For a proper
Pinatubo eruption, which led to a decrease in methane loss;losure of the methane budget and the development of real-
due to reduced tropospheric hydroxyl radical (OH) concen-istic future climate scenarios, methane emissions during this
trations and stratospheric chemistry chandg&n(h et al, stabilization period should be understood and precisely quan-
2013, followed by a decrease in natural wetland emissions.tified.

The negative impact of this volcanic event on wetland4CH  The increase of methane concentrations observed since
emissions is due to its effects on the climate, with both cool-2007 Rigby et al, 2008 Dlugokencky et al.2009 Suss-

ing (Dlugokencky et a].1996 and precipitation anomaliesin mann et al. 2012 is also still not understood with hints
the Northern Hemispher&\alter et al, 2001h Dlugokencky  to possible increasing anthropogenic emissid#BGAR 4,

et al, 2011, likely slightly amplified by sulphur deposition 2009 and increasing wetland emissions in relation to abnor-
(Gauci et al.2008. The collapse of the economy of the for- mal precipitations over tropical lands in the late 20@s(s-

mer USSR and Eastern Europe has also led to decreased aguet et al.2011 Dlugokencky et al.2009. However the rel-
thropogenic emissions starting in 1991 and spanning most oative magnitude of changes in anthropogenic emissions and
the 1990sDIlugokencky et a].2003. wetland emissions is still uncertaii¢schke et al.2013.

The 1997-99 large growth rate anomaly is explained by a Methane emissions can be investigated using process-
positive anomaly in emissions from biomass burning, both inbased models and inventories (bottom-up or B-U approach),
the Tropics and at high latitudesan der Werf et a).2006 and atmospheric inversions (top-down or T-D approach). At-
Langenfelds et /2002, together with a negative anomaly mospheric inversions combine atmospheric observations of
in emissions from tropical wetlands in 97-98, linked to dry CHg, an atmospheric chemistry and transport model, and
El-Nifio conditions, followed by a positive anomaly in the prior information about sources and sinks. The flux estimates
same emissions in 98-99, linked to wet La-Nifia conditionsthat give the best fit to the observed atmospheric concentra-
(Bousquet et al2006 Chen and Priny2006). tions are derived by optimisation. However, atmospheric in-

Overall, the role of wetlands in changes in atmosphericversions provide a limited insight into the underlying biogeo-
methane has often been identified as domin&ttefh and  chemical processes controlling emissions, particularly over
Prinn, 2006 Bousquet et a].2006 2011 Kirschke et al. regions where several processes and sources overlap. B-U
2013, linked to meteorological conditions of temperatures models computing wetland/elton et al, 2013 or biomass-
and precipitationsilugokencky et al.2009 Bousquetetal.  burning ¢an der Werf et aJ.2010Q methane emissions in-
2011). These conditions are thought to lead to both changesorporate knowledge of small-scale processes but they need
in the wetland extent (e.@Ringeval et al.2010 and the CH additional information and constraints to project their local
flux per wetland area (eBloom et al, 2010. The impact  emission estimates to larger scales compatible with the atmo-
of wetland emissions is often thought to be combined withspheric signals. B-U emission inventori@&GAR 4, 2009
changes in OH concentrationg/éng et al. 2004 Monteil EPA, 201]) are based on country-scale energy use and agri-
et al, 2011, although it is now well accepted that inter- cultural statistics and usually provide yearly to decadal es-
annual changes in OH concentrations are limited to 1-3 %timates of anthropogenic emissions at global and national
and can therefore explain only a limited part of the observedscales. B-U and T-D approaches bring complementary in-

changes in the methane growth ratéofitzka et al.2011). formation. It is therefore powerful to confront them: when
The analysis of the variations of atmospheric methane afagreement is found between these two approaches, state-
ter 1999 is still largely debated. ments are stronger; when disagreement is found, regions

Various scenarios have been suggested to explain the stakdnd/or processes which need more attention are more clearly
lization of methane concentrations between 2000 and 2006identified.
(i) reduced global fossil-fuel-related emissions, estimated In this study, our aim is to bring new elements to under-
from AGAGE and NOAA Chen and Prinn2006 or from stand methane emissions between 1990 and 2009, with a fo-
ethane emissions used as a proxy to fossil-fuel-relateg CHcus on the stabilization period (2000—2006). Following the
emissionsAydin et al, 2011; Simpson et a]2012); (ii) com- global analysis oKirschke et al(2013, we propose here an
pensation between increasing anthropogenic emissions (amnalysis based on two inversion systems (T-D) and one land-
inferred by inventories such as EDGAREDGAR 4, 2009 surface model of wetland emissions (B-U). Our aim is to
and decreasing wetland emissiomBo(squet et al.2006; progress in the identification of the processes and the regions
(iii) a decrease in emissions due to rice-paddies, attributed to
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which drive methane emission anomalies and particularly,
which explain the stabilization period for concentrations.

For this, we analyse in the following: (i) the total global
to regional methane emissions, as inferred by two different
atmospheric inversions (T-D); (ii) the wetland emissions, as
inferred by one inversion (the one which is able to discrimi-

nate the various sources or sinks) and by one process-based

model of vegetation (B-U). The methodology of the process-
based model and the two inversions is described in Qect.
results are given in SecB. at the global (Sect3.1) and re-
gional (Sect3.2) scales.

11611

are simulated for each grid cell and at each time step:
saturated wetland and wetland with a mean water table
at 3 and 9 cm below the soil surface.

— The flux density, which is computed following from
Walter et al.(20013 and Ringeval et al. (2010 and
results from three processes: production, oxidation and
transport (via diffusion, ebullition and through plants).

A summary of the ORCHIDEE methodology used to com-
pute CH, emissions is given ilVania et al(2013.

The wetland emissions are driven by the CRU-NCEP cli-
mate forcing dataseM{ovy and Ciais 2009. In this study,
four scenarios of wetland emissions are given based on:

2 Methodology

We combine the results of a process-based model for nat-
ural wetland emissions, ORCHIDEKI(inner et al, 2005
Ringeval et al.201Q 2011), together with the Chifluxes es-
timated by two different atmospheric inversions, variational
(Chevallier et al. 2005 Pison et al. 2009 and analytical
(Bousquet et al.2005. Note that the B-U and T-D meth-
ods to be compared were not chosen considering their a pri-
ori potential agreement but their independence (e.g. the B-U
emissions are not used as prior in the inversions, the meteo-
rological forcings are not the same).

2.1 Process model for natural wetland emissions

The model of CH emissions by natural wetlands used here
(hereafter ORCHIDEE) is based on the ORCHIDEE global
vegetation modelKrinner et al, 2005 which simulates land

energy budget, hydrology, and carbon cycling. It was chosen
for this study because:

— accounting or not for the non-saturated wetlands (i.e.
all classes of wetlands or saturated wetlands only)

— multiplying or not the simulated wetland area by peat-
land map in boreal regions. This map is obtained by
using soil organic carbon data from IGBP DIS at
high resolution (5x 5'), by dividing each pixel of this
database by 130 kgmd (which is the maximum soil
carbon density of peat), and then by regridding the re-
sult at P x 1° resolution Lawrence and SlateP007).
The hypothesis underlying the multiplication of the
two products (map of peat-land cover and map of inun-
dated areas) is that the inundated fraction is the same
for an entire grid-cell as for a sub-grid peat-land into
this grid-cell (seeBousquet et al.2011for more de-
tails).

The four scenarios lead to a few differences in the latitudinal

distributions of wetland emissions in the Tropics and at high
— it makes it possible to vary important parameters (in- latitudes (Fig2).

undated area with satellite or computed, see below)

ORCHIDEE provides Chlemissions by natural wetlands

as the product of a flux density by a wetland extent, ata 1

— itis not used in the two inversions as a prior

resolution for the time period 1990-2009.

— it has been compared to other models (in WETCHIMP,

see details below).

ORCHIDEE has then been developeRlir(geval et al.
201Q 2017 to simulate:

ORCHIDEE has been evaluated by comparisons to
' datasets at various spatial scales. At the local scale, the sim-
ulated CH flux densities have been compared to the mea-
surements available on a few sit@&dr{geval et al.2010. At
the regional and global scales, the simulated time variability
of wetland extent has been evaluated against remote-sensing

— The CHy-emitting wetland area dynamic, using some products such aBapa et al(2010 (which is a previous ver-

TOPMODEL conceptsRingeval et al. 2012. The

wetland extents are here normalized to maRdpa

sion of the dataset described Byigent et al(2012 and used
in the current study)Ringeval et al.2012. ORCHIDEE has

et al. (2010. A global, multi-year dataset giving the also been used to simulate wetland £émissions in the

monthly distribution of flooded areas aka?5 km res-

past Ringeval et al.2013 and in the futureRingeval et al.

olution has been generated. It is based on multiple2011 Koven et al, 2011).
satellite observations which are specifically sensitive ORCHIDEE also participated in an inter-comparison of

to surface wateapa et a] 201Q Prigent et al.2012).

global wetland CH emission models: the WETCHIMP

It is built using a combination of satellite data includ- inter-comparison, detailed iklelton et al.(2013 and Wa-
ing passive microwave observations and a linear mix-nia et al.(2013.

ture model to account for vegetation. Three wetland The WETCHIMP inter-comparison highlighted the large
classes, differing by the value of the water table depth,range in the main patterns of global wetland £o#missions
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estimated by the various bottom-up models; it also high-LSCE (Schmidt et al. 2005, NOAA/ESRL (Dlugokencky
lighted the limitations of the currently available datasets ofet al, 1994 2009, Fig. 1) with monthly uncertainties rang-
observed wetland methane emissions to evaluate the B-U aprg from £5 ppb to+50 ppb, with a median of£10 ppb. The
proach. Therefore, even though the magnitude of global wettransport model is LMDZt v3 off-line nudged on analysed
land emissions simulated by ORCHIDEE is at the up end ofhorizontal winds (ppala et al.2005 Hourdin et al, 2006
the range of the WETCHIMP models (264 Tgyragainst  with OH pre-optimised using methyl-chloroform concentra-
mean of models at 190 Tgy#), using ORCHIDEE makes tions Bousquet et al(2005 used MCF concentration mea-
sense. Moreover, among the global models participating tsurements by AGAGERrinn et al, 2005 and NOAA/ESRL
WETCHIMP, ORCHIDEE is characterised by its prognos- (Montzka et al.200Q 2011). The prior emissions are elabo-
tic computation of wetland extent through the use of a TOP-rated from various inventories yatthews and Fun{1987)
MODEL approach. Given the role played by the wetland ex-or Kaplan(2002), Olivier and Berdowsk{2001) andvan der
tent on the inter-annual variability (1AV) of wetland methane Werf et al. (2006. The prior wetland emissions are based
emissions (e.gloom et al, 2010, such a prognostic scheme on Matthews and Fung1987 for ten of the 11 scenarios
makes ORCHIDEE a particularly interesting tool to investi- and onKaplan (2002 for the eleventh scenario, in order to
gate the IAV of wetland methane emissions. For this study,assess the influence of wetland distribution. Their latitudinal
the ORCHIDEE simulations for WETCHIMP which focused distribution is either consistent with ORCHIDEE at high lati-
on 1993-2004 have been extended to 2009. tudes (more than 3®outh or North, Fig2) or in the Tropics
Since the WETCHIMP inter-comparison underlined the (“Kaplan” in Fig. 2) but not both. Monthly uncertainties on
limitations of the currently available datasets of observedfluxes are set at 150 % in each region; there are no error cor-
wetland CH, emissions to evaluate the B-U approach, thisrelations between different regions or months but month-to-
questions our ability to model global wetland gemissions  month changes are limited t6250 % if the process follows
with confidence. The comparison to inverse modelling re-a seasonal cycle or t50 % otherwiseReylin et al, 200Q
sults is therefore a way to reach a better understanding of th20032.
behaviour of ORCHIDEE, particularly regarding the year-to- The main advantage of this inversion scheme is the low
year variability of wetland emissions due to wetland extent. cost of computation, which makes it possible to test vari-
Note that ORCHIDEE emissions are not used as priorous scenarios, varying the time distribution of OH concen-

emissions in the inversions described hereafter. trations, prior errors on observations and on fluxes, the prior
distribution of wetlands for instance but also the constraints.
2.2 Inverse methods In this study, eleven scenarios are used, as descriliolis-

quet et al.(2011). The eleven scenarios provide a range of

The two inversion models used here are based on thanalysed fluxes which gives an insight into the impact of the
Bayesian formalism: they assimilate surface observations oprior assumptions on the results uncertainties, even though it
CH,4 and methyl-chloroform (CECCl3; or MCF) concentra-  does not represent all the possible causes of errors.
tions (measurements from various surface monitoring net- The variational scheme (hereafter INVVAR) is described
works: AGAGE @rinn et al, 2000 2012, CSIRO francey in Chevallier et al(2005; Pison et al(2009); it is an evolu-
et al, 1999, EC (Worthy et al, 1998, ENEA (Artuso et al, tion of the analytical scheme. Briefly, it solves for weekly net
2007, AEMET (Gomez-Pelaez et al2010, JMA (Mat- emissions at grid-point resolution (2.53.75°). The inter-
sueda et al.2004, LSCE ©chmidt et al. 20095, NIWA est of INVVAR is then that it works at a finer spatial and time
(Lowe et al, 1997, NOAA/ESRL (NOAA, 2012, SAWS resolution than INVANA. The constraints are daily mean ob-
(Brunke et al.2001), UBA (UBA), as available on thé/orld servations at continuous measurement stations by AGAGE
Data Center for Greenhouse Ga$2612) into the LMDZ for CH4 (Rigby et al, 2008 and MCF Prinn et al, 2005 and
global circulation modelHourdin et al, 200§ with prior flask and 24 h averaged data for £Bnd MCF by CSIRO
information on the spatio-temporal distribution and uncer- (Francey et a). 1999, EC (Worthy et al, 1998, ENEA
tainties of CH, sources and sinks to estimate the magnitude(Artuso et al, 2007, AEMET (Gomez-Pelaez et ak010),
and the uncertainties of optimised surface emissions. ThdMA (Matsueda et al2004), LSCE Schmidt et al.2005,
two methods differ by the inversion set-up and the resolutionNIWA (Lowe et al, 1991), NOAA/ESRL (Montzka et al.
method: se®ousquet et al2005 andPison et al(2009. 200Q 2011 Dlugokencky et al.1994 2009, SAWS Brunke

The analytical scheme (hereafter INVANA) is described et al, 2007, UBA (UBA) (Fig. 1). All methane data were
in more details inBousquet et al(2005 2011). Briefly, it re-scaled to the NOAA 2004 methane standard sdale-(
solves for monthly emissions for nine types of sources andgokencky et al.2009. The differences in MCF scales have
sinks (natural wetlands, termites, rice paddies, waste, anibeen included in the errors associated to MCF observation
mals, gas, oil and coal, ocean (including geological), biomas®rror statistics, i.e. in the variances attributed to the differ-
and biofuel burning) in ten land regions plus one global ences between measured and simulated MCF concentrations.
ocean. The constraints are monthly meansQidncentra- The chemistry-transport model is LMDZt v4-SACBigon
tions at 68 surface stations (CSIR®réncey et a).1999, et al, 2009 with prior OH fields provided by a full-chemistry
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Fig. 1. Surface stations used by the inversions. MCF stations used to constrain OH concentrations in the variational scheme (INVVAR)
only. Smaller triangles for POC denotes the axis of the mobile measurements made on ships in the Pacific Ocean B&w2®iN3and
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Fig. 2. Latitudinal distributions of prior methane emissions per 5 degrees of latitude: wetland prior emissions (left) used in INVANAs (same
every year; same based datthews and Fungl987 for ten scenarios (solid line) and different one basedaplan (2002 for the last

one (dashed line), see text for details) and ORCHIDEE emissions for each of the four scenarios (average and standard deviation over the 2(
years); total net prior emissions (right) used in INVANAs and INVVAR (average and standard deviation over the 20 years, variations due to
biomass burning).

run with the INCA schemeHauglustaine et 312004 Fol- The main advantage of this inversion scheme is that there
berth et al.2005. OH and CH are then optimised simulta- is no aggregation errors but it has a high computing cost.
neously. Prior emissions are elaborated from inventories by To summarize,

Fung et al(1991), Olivier and Berdowsk{2001) andvan der

Werf et al.(2009 plus Montzka et al.(200) re-scaled for — INVANA makes use of the prior information on spatio-
MCF. The total_ net prior emissions for methane are close temporal distributions of Cifluxes in large regions

to those used in 10 INVANAs but betweenl(® S-10 N to retrieve the emissions due to various processes at a
(Fig. 2). Note that the inter-annual variations in the prior are monthly time resolution;

small since only the variations due to biomass burning are
taken into account. The prior variances of £ftixes are set

at £100 % of the maximum flux over the grid cell and its — INVVAR solves for CH; fluxes at a high temporal and

eight neighbours; error correlations are modelled using cor- spatial resolution but not enough information is avail-

relation lengths (500 km on land, 1000 km on oceans) with- able at these relatively fine scales to discriminate be-

out time correlations@hevallier et al.2005. tween processes and therefore only the total net flux is
estimated.

www.atmos-chem-phys.net/13/11609/2013/ Atmos. Chem. Phys., 13, 1180823 2013
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Both inversion schemes use the same transport model anthble 1. Latitudinal distributions (in % of the totals) for net emis-
the same set of Ciisurface stations, although INVVAR can sions by INVVAR and INVANA and wetland emissions by IN-
assimilate individual observations whereas INVANA assimi- VANA and ORCHIDEE. The ranges are the standard deviations
lates monthly means. As the set of stations and the chemistryver the 11 INVANAs and the 4 ORCHIDEE scenarios.

transport model are two of the major causes of uncertainties

in inversions, it is possible to compare the fluxes analysed Latitude Total net emissions | Wetland emissions

by INVANA and INVVAR, notwithstanding the differences INVVAR  INVANA | INVANA ORCHIDEE
between the two (tlme and space resolutions of f!uxes, e co 90 N 17 1641 2143 11+ 7
ror correlations, solving for different source categories or net 35 g 27 2642 1142 144 2
emissions for instance). <3°N 56 584+ 2 67+4 7546

The set of CH surface stations used by both inversions
(Fig. 1) is not evenly distributed over the globe. The cover-
age is particularly sparse in South America, in the centre of
Africa, in Southeast Asia (India, China and Indonesia) andCHIDEE are significant£7 % and Fig2) and due to the use
in boreal Eurasia, all of which are key-areas for methaneor not of a soil carbon map overlaid to the wetland extent
emissions (and particularly, methane emissions due to wetgiven by ORCHIDEE to reduce the simulated £émitting
lands). For inversion schemes, the constraints on emissioareas to peat-lands (see S&ct).
fluxes provided by atmospheric concentrations measured af- At the global scale, the inter-annual variations of the total
ter transport took place for several days are not as strong aset CH; fluxes of INVVAR and the various INVANAs are
the constraints obtained by measurements made in the imméa good agreement, in the phasing through time and in the
diate neighbourhood of the emitting area would be. magnitude with time correlations ranging from 66 % to 84 %

We mainly focus our analysis on the inter-annual varia- over the 19 common years (Fi8, top). Since these corre-
tions of anomalies of Cldfluxes: monthly anomalies are lations are for deseasonalized anomalies, which are a rela-
deseasonalized by computing 12 month running means antively small signal, they are considered good. This result is
subtracting the deseasonalized mean for the reference p&ot simply a check of a correct mass balance as the two in-
riod 1993-2007; yearly anomalies are computed by averagversions use different OH fields and different approaches to
ing fluxes over each year and subtracting the 1993-2007 awptimise the atmospheric sink of GHoff-line in INVANA
erage. 1993-2007 is chosen as the reference because satet-simultaneously in INVVAR). INVVAR retrieves a lower
lite data used for additional tests (see Fj.are available variability than INVANA with standard deviations over all
during this period so that it is the longest time-period cov- monthly anomalies of 12 and 18 TgVk respectively. The
ered by all our estimates. Note that almost all inter-annualstandard deviation for wetlands in INVANA is 16 Tgk,
variations are inferred from the atmospheric data since inwhich indicates that wetlands explain about 90 % of the vari-
INVANA, prior emissions are assumed to be the same eaclability of total methane emissions inferred with INVANA. In
year and in INVVAR, only biomass burning emissions are the following sections, we therefore focus on changes in nat-
prescribed with an inter-annual variability. The anomalies of ural wetland emissions.
the net total fluxes (to the atmosphere) are computed from INVVAR and INVANA show negative anomalies after
INVVAR and from INVANA (the fluxes per process cate- the 1991 Pinatubo eruption (minima ef19 and —20 to
gories are summed up into a net budget); thes@étland  —41Tgyr! in 1992 for respectively INVVAR and IN-
emission anomalies are computed from INVANA (using only VANA, Fig. 3 top), in agreement with the literature. These
the natural wetland category) and from ORCHIDEE. In the anomalies are mainly due to the contribution of the tropical
following, unless otherwise specified, thganges given af- areas (minima for latitudes less thar®30of —21 Tgyr !
ter INVANA (respectively ORCHIDEE) figures are actually for INVVAR and —19 to —35 Tgyr ! for the 11 INVANA
the standard deviation over the 11 (respectively 4) scenariosscenarios in 1992, Fid). This is consistent with the nega-
since INVVAR consists in only one case, no such range istive impact of this volcanic event on wetland ¢Emissions
given. already noticed in the literaturélpgan and HarrigsL994).

The one INVANA scenario producing smaller changes in
global and tropical emissions is the one assuming constant

3 Results OH concentrations with time; it is closer to INVVAR in
the early 1990s. In INVANA, the optimised OH concentra-
3.1 Global emissions tions are sensitive to the errors on MCF emissions, which

are proportional to MCF fluxes. Since MCF emissions are
The total net emissions are distributed similarly in INVANA large during the 1980-90s, their errors are also large and
and INVVAR as displayed in Tablg the wetland emissions INVANA find large year-to-year OH changes (up +dl5 %
are also similarly distributed in INVANA and ORCHIDEE. for the total column between 1996 and 1997 for one sce-
Variations in the latitudinal distribution of wetlands in OR- nario). In INVVAR, since the optimisation is simultaneous,
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OH concentrations are constrained by both MCF and, CH 50
measurements. Therefore, OH variability is smaller than in
most INVANA scenarios, closer to the constant-OH one, and
more consistent witMontzka et al(2017).

A large positive anomaly of global total emissions is in-
ferred by INVVAR and INVANA in 1997-1999 (maxima at
+37 and +19 to +25 Tg yt* respectively, Fig3 top), related
to the EI-Nifio/La-Nifia events. Most of the signal comes
from tropical regions (maxima at +27 and +16 to +22 Tglyr
in INVVAR and the INVANAS). That could be linked to
fires in 1997-98\an der Werf et a).2004 and exception-
ally high CH; emissions from natural wetlands during La-
Nifia event in 1998Hodson et al.2011). These high wet-
land emissions are actually consistent with 1998 natural wet-
land emissions as seen by ORCHIDEE, with anomalies of
+11 to +17 Tgyr? at the global scale (Fig) and +12 to
+17 Tgyr 1 in the tropical regions (Fig3 bottom). Note that
for the four ORCHIDEE scenarios, only two curves appear
on Fig. 3 bottom since the differences obtained by varying
boreal peat-lands do not impact the tropical emissions.

More challenging to understand is the mismatch be-
tween INVANA and ORCHIDEE wetland emissions be-
tween 2000 and 2006 (Fig3, 3rd graph from top).
The median time correlation between all ORCHIDEE
and all INVANA scenarios is 45% over 1990-2009, but
reaches 68% if the period 2000-2006 is excluded from
the computation. Moreover, if the trends of both OR-
CHIDEE and INVANA are positive between 1992 and
1999 (+4.741.0Tgyr! and +4.740.7Tgyr! respec-
tively), ORCHIDEE infers a stable to positive trend between sl 1 1+ 1 1 |
2000 and 2006 (+2.4 0.4 Tgyr 1) whereas INVANA infers U

a negative trend over the same periedt(2+ 1.2 Tgyr?). . . . o
To assess the cause of this discrepancy between the two aFl_g. 3. Deseasonalized monthly anomalies for methane emissions.
H5tal net emissions are given by INVVAR and INVANA. Natural

proaches, we studied the regional distributions of methane, oyand emissions are given by INVANA and ORCHIDEE. Anoma-
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emissions. lies are shown for the whole globe (“GLO") and for the latitudes
less than 30N only (“<30° N”). As detailed in Sect2, there are
3.2 Latitudinal and regional break-down of emissions 11 scenarios for INVANA (in light and dark blue for total and wet-
south of 30 N land emissions) and 4 scenarios for ORCHIDEE (in green).

We find that the disagreement between ORCHIDEE and

INVANA at the global scale after 2000 is mainly due to +3to +13Tgyr!in ORCHIDEE versus-6 to —26 Tgyr !

the anomalies south of 30, an area where emissions are in INVANA (Fig. 3 bottom).

mainly due to tropical land regions (Fig). Of the four OR- Moreover, the trend over 2000—2006 in this band (T&ple
CHIDEE scenarios described previously, only two are rel-is —4.1+ 0.9 Tg yr! for INVANA whereas the trend for the
evant in the Tropics (the other two are obtained by vary-mean between ORCHIDEE-all (scenario accounting for all
ing boreal peat-lands) and are thus retained in the followingwetlands) and ORCHIDEE-sat (scenario with saturated wet-
ORCHIDEE-all accounting for all classes of wetlands andlands only) is +1.4= 0.3 Tgyr (Table2).

ORCHIDEE-sat accounting only for saturated wetlands. In In order to investigate the regional contributions to the flux
this latitudinal band, the signs of the anomalies from 1991anomalies and trends of wetland emissions in the Tropics,
to 2000 for total emissions by the two inversions on the we computed the yearly flux anomalies for ORCHIDEE and
one hand and for wetland emissions by INVANA and OR- the mean of the eleven scenarios of INVANA for eight key-
CHIDEE on the other hand are broadly in agreement. Fronregions south of 30N (Fig. 4). Interestingly, ORCHIDEE
2000, and particularly between 2003 and 2006, ORCHIDEEand INVANA agree on the fact that variations in methane
provides anomalies with a sign opposite to the one of IN-emissions from the Amazon basin (tropical South America
VANA. For example, in 2005 the anomaly at these latitudes isin Fig. 4) drive the trend of tropical emissions of methane.
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Table 2. Trends for ORCHIDEE and INVANA. Slope in Tgy#; std=standard deviation; rati= ratio of the trends over 2000-2006 for
tropical South America to the whole less thar? 80(in %).

Scenarios mean of ORCHIDEE-all and ORCHIDEE-$at mean of all 11 INVANAs
Region slope R? ratio S | slope R? ratio
1.4 0.1 - —4.4 0.8 -
global
(std=0.3) (std=0.0) (std=1.1) (std=0.1)
1.4 0.2 — —-4.1 0.7 —
<30°N (std=0.3) (std=0.0) (std=0.9) (std=0.1)
1.3 0.2 93 -3.9 0.8 95
Amazon region only (std=0.3) (std=0.0) (std=0.9) (std=1.3) (std=0.0) (std=22.3)
excl. scenario
based on Kaplan’s
prior:89 (std=11.3)

INVANA

>

o

b 5 I —

>

=T 0

£ : i

§ s ® Australia

< | ] —

T -10 Tropical Asia

3 —

g a5

kS . B Temperate Asia
-20
25 B Southern Africa

2000 2001 2002 2003 2004 2005 2006
Northern Africa

ORCHIDEE ® Southern South America
= B E— North America
é 10
E N — m Tropical South America
N =
2 o = = -
E =
S 5
Tg -10
c
g 15

-25
2000 2001 2002 2003 2004 2005 2006

Fig. 4. Yearly anomalies of methane wetland emissions from 2000 to 2006 in eight areas in the Tropics. The distributions are shown for
ORCHIDEE and the mean of the 11 INVANA scenarios. The “error bars” on the tropical South America region are computed from (i) the
difference between the 11 scenarios for INVANA and (i) the difference between the scenario with all wetlands and the one with saturated
wetlands only for ORCHIDEE.
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Fig. 5. Monthly anomalies of Cll wetland emissions, precipitations and temperature in tropical South America (see map 4). Fig.
ORCHIDEE-all= ORCHIDEE scenario accounting for all classes of wetlands; ORCHIDEE-SaRCHIDEE scenario with only satu-
rated wetland; “ORCHIDEE-sat;PrigenZ ORCHIDEE scenario where the inter-annual variability of the ORCHIDEE-computed wetland
extent is replaced by the one Bapa et al(2010; “ORCHIDEE-sat;without IAV"= ORCHIDEE scenario where the inter-annual variability
of the wetland extent is removed.

Indeed, the ratio between the slopes for tropical South Amer- Wetland extent is a key element in process-model al-
ica and the whole region south of 38 (Table2) indicates  gorithms Melton et al, 2013. Therefore, in addition to
that tropical South America explains 93 % of the trend for ORCHIDEE-sat where some TOPMODEL concepts are used
ORCHIDEE and between 89 and 95 % in INVANA (depend- to compute the variability in time of the wetland extent
ing on the scenarios). However, the sign of the trends is oppofRingeval et al. 2012, we introduced an ORCHIDEE es-
site between ORCHIDEE and INVANA: the inferred trends timate where this variability is prescribed by the dataset of
for the Amazon region are 3.9+ 1.3 Tgyr ! for INVANA satellite-based inundated areas giverPbigent et al(2012).
and +1.3: 0.3 Tgyr ! for ORCHIDEE (Table2). Note that  The aim of using this dataset instead of the mechanistic
for this area, the optimised total net emissions retrieved bymodel for wetland extent is to evaluate the sensitivity of
INVVAR stay close to the prior, i.e. display no trend; the the emission trend (and particularly, of its sign) to the rep-
only differences with the prior appear in the seasonal timeresentation of the wetland extent. Whatever the choice of
profile, with higher emission peaks, particularly in August— IAV for wetland extent (i.e. computed or prescribed from
September 2005 (a dry yedfrappart et a).2012 with ex- remote-sensing data), the IAV and the trend in the various
ceptional fires) and September 2007-2008. ORCHIDEE scenarios are positive and are never close to
When an atmospheric inversion cannot provide insightsINVANA's (Fig. 5, upper panel). Interestingly, changing the
about the underlying emission processes and the sensitivitdescription of the wetland extent significantly impacts the
of wetland emissions to climate, the ORCHIDEE process-phasing and the magnitude of the year-to-year variations in-
based model can. The monthly anomalies of4Giktland  ferred by ORCHIDEE (Fig5, e.g. the 1998-2003 period).
emissions for the Amazon region for ORCHIDEE and IN- Nevertheless, both descriptions lead to a consistent positive
VANA, together with the precipitations and temperature trend between 2000 and 2006 (+1.7 Tg¥for ORCHIDEE-
changes are shown in Fi§. Not surprisingly, ORCHIDEE  all, +1.1 Tgyr* for ORCHIDEE-sat and +1.5 Tgyt for
and INVANA phases of the inter-annual variations are not“ORCHIDEE-sat;Prigent”), finally, the trend is close to zero
in agreement at this regional scale, although the magnituder “ORCHIDEE-sat;Prigent” for the period 2002—-2005 but
of the changes are consistent. As noted before, the trends beemains positive for other ORCHIDEE simulations.
tween 2000 and 2006 are opposite for ORCHIDEE (positive) In tropical South America, the trend in ORCHIDEE wet-
and INVANA (negative) (Fig5, top panel). land emissions is driven by precipitations (F&. middle
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panel), which show a positive trend of 0.05 mmidetween  firm that the changes made by INVANA in tropical South
2000 and 2006 over the Amazon. When the IAV of wet- America are due to constraints which are not directly rele-
land extent is removed (black curve in Fig.bottom panel), vant to the Amazon basin.

the 1AV of emissions over 1990-2009 decreases from 3.8 Overcoming the lack of observations requires to assimi-
(ORCHIDEE-sat) to 2.1 Tgyr! and appears to be driven by late more regional data in the Amazon area (such as aircraft
air temperature with a strong correlation of 0.86 over 1990—data (L. Gatti, personal communication, 200\jler et al.,
2009 (Fig.5, bottom panel). Temperature could have an ef-2007), satellite data (for example SCIAMACHY~(anken-
fect on flux densities through both methanogenesis rate antlerg et al. 2008, IASI (Crevoisier et al.2009, GOSAT
substrate supply but large uncertainties remain on the contri(Morino et al, 2011) (C. Cressot, personal communication,
bution of each process (e.White et al, 2008for northern ~ 2012)). It may then be possible to solve the fluxes at the

peat-lands). model’s resolution (in INVANAS set-up) or to solve for
the different source types in the variational approach (with
3.3 Discussion INVVAR method). Overall, the large negative emission trend

inferred in the Amazon basin by INVANA is less likely than

Overall, ORCHIDEE infers an increase of gldmissions the neutral to positive emission trend found by INVVAR and
in the Amazon between 2000 and 2006, which is oppositetORCHIDEE.
to the decreasing emissions inferred by INVANA inversions. In INVANA, if not constrained by nearby measurements,
The difference of IAV between ORCHIDEE-simulated emis- the changes in emissions from the Amazon region are in-
sions when the time variability of wetland extent is either directly constrained by the global atmospheric growth rate.
prescribed or computed (Fi§, upper panel) underlines the Global observed concentrations are stable between 2000 and
difficulty to capture a good IAV of the processes involved in 2006 Dlugokencky et al.2009. Bottom-up inventories for
the extension/retraction of wetland areas. A way of improve-anthropogenic emissions give positive trends at the global
ment would be to implement the floodplains into the model scale over 2000-2006. For instance, the EDGAR inven-
(e.g. likeDecharme et al2008 2012, the relevant processes tory computes a +8 Tg y# increase in anthropogenic emis-
leading to wetland formation in the Amazon baskeés  sions during this periodBDGAR 4, 2009. Consistent with
et al, 2003. Uncertainties linked to precipitations (magni- this bottom-up inventory albeit smaller, INVANA infers a
tude and spatial distribution) in the Amazon basin and their+4+ 2 Tgyr-! increase in anthropogenic emissions for the
huge effect on the floodplains extent simulated by land sursame period Bousquet et al.2011) and, to match the sta-
face modelsGuimberteau et 312012 is also problematic. ble global concentration, infers a4+ 1Tgyr ! decrease

The lack of wetland Plant Functional Type into the OR- in emissions, mostly, as stated before, due to South Amer-
CHIDEE model and the use of the mean grid-cell simulatedica wetland emissions. If the increase in anthropogenig CH
labile carbon as methanogenesis substrate’s proxy could alsemissions is real, a decreasing source or an increasing sink
lead to an overestimated sensitivity of gelmissions to pre- must be identified to match the stable concentrations at the
cipitations Ringeval et al. 2013. However, in our study, global scale. There is no indication of a positive trend in
the sensitivity of CH emissions to precipitations seems to OH concentrations after 2000 that could have induced an ab-
mainly happen through the wetland extent (Fpgand make  normally increasing methane loss in the troposphRiglly
the lack of floodplain representation the main caveat of theet al, 2008 Montzka et al. 2011). The increasing wetland
B-U approach used here. emissions found by ORCHIDEE indicate that South Amer-

Despite these possible caveats of the ORCHIDEE modelica might only be an opportunistic candidate for INVANA to
the IAV of the remote-sensed inundated extent in the Amazoneduce emissions and that another region and/or another pro-
basin over 2000-2006 and of the in-situ river discharge arecess is actually decreasing. The analyse$®6fin CHy re-
in agreement and do not exhibit a clear negative trend (seeently brought elements to the debate. The possible decrease
Fig. 10a inPapa et a).2010. in microbial-related emissions in the Northern Hemisphere

This points out a possible issue with the large nega-since the 1990s inferred bikéi et al, 2011) is contested by
tive trend retrieved by INVANA global inversions. Indeed, the analysis of another more consistent 13C dataset, which
the Amazon region is poorly constrained by the surfaceinfers no trend in the inter-hemispheric difference of 13C
networks, which only provide routine observations over (Levin et al, 2012. This last result questions the validity of
the neighbouring oceans. This lack of nearby observationshe large increase in anthropogenic methane emissions com-
means that large changes in emissions can be tolerated in thputed by the EDGAR inventory for the early 2000s. Analysis
inversion when assimilating these observations. Also, usingf ethane emissiongydin et al, 2011, Simpson et aJ2012
large regions may induce aggregation errors as explained ior another inventory (IIASALamarque et al(2010) also
Kaminski et al.(2007). It should be noted that for this area point in the direction of non-increasing fossil-fuel-related
INVVAR (which works at the grid cell’s scale but only opti- emissions in the early 2000s. The recent synthesis brought
mises total net emissions) obtains emissions which stay closby Kirschke et al.(2013 at the global scale also suggests
to the prior, i.e. emissions with no trend. This seems to con-stable to slightly increasing fossil fuel emissions in the early
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2000s. Overall, the probably too large negative trend in wet-increase in anthropogenic emissions computed by some in-
land emissions in INVANA suggests a possible overestima-ventories for the early 2000s (e.g. EDGAR4) since this some-
tion of the positive trend in anthropogenic methane emissiondiow signifies a decreasing source to compensate and match
given by inventories. the stable observed methane concentrations.

As stated byKirschke et al.(2013, the global methane
cycle remains uncertain, which limits our ability to draw
definitive conclusions about the changes in surface emis-
sions, at least over the last 15 yr. Increasing the confidence in
the emission trends and anomalies goes with improving B-U
models and T-D inversions. This work allows us to suggest

4 Conclusions

In this study, we bring together two “top-down” (T-D)
and one “bottom-up” (B-U) approaches providing surface
methane emissions. o . L

The T-D and B-U visions of methane emissions agree onprlorlty actions in this matter.
two key-points at the global scale:

— the time-phasing of the anomalies of total and wetland5 Recommendations
methane fluxes from 1990 to 2000
) S Regarding B-U approaches, we suggest first to extend the
— the inter-annual variability of total and wetland {ime-period covered by the WETCHIMP inter-comparison to
methane emissions. include the 2004—2006 period and to regionalize the inter-

The process-discriminating T-D method indicates that wet-COmparison to the Amazon basin scale. The range of the
lands dominate the time-variability of these global methanedloPal IAVs found by the WETCHIMP models during the
emissions. 1999-2004 period is large (see Fig. 7Mglton et al, 2013

As in previous studies, particular events can be identified:2nd finding arobust trend over the 2000-2006 period is there-

the post-Pinatubo years illustrate the impact of tropical wet.fore unlikely. However, the combination of the methane flux

lands through negative anomalies; the alternate 1997—1998ensities (flux per square metre of wetland) computed by
EI-Nifio/1998-1999 La-Nifia illustrate the qualitative agree- €a¢h model with the datasets Byigent et al(2019), as done

ment of all methods with a large impact of wetlands. in the present study with ORCHIDEE, could help to better

At a finer scale, the T-D and B-U visions are in agreementunderstand the drivers of the simulated IAVs.
on: Another critical point is to address the sensitivity to the

precipitation forcing in more details.

— the inter-annual variability of total and wetland  Finally, none of the models participating in the
methane emissions in the Tropics WETCHIMP inter-comparison accounts for floodplain ex-
tents. These processes are particularly relevant in regions

such as the Amazon basiMiguez-Macho and Far2012

and should be implemented in B-U models to simulate more
Nevertheless, a period of poor agreement between the tw@ccurate methane emissions in the Tropics.

approaches is found between 2000 and 2006, during the stag- Regarding the methane anthropogenic emissions, an im-

nation of methane atmospheric concentrations. A regionaportant action concerns the improvements of the trends com-

analysis shows that this is mostly due to discrepancies irPuted by inventories (e.g. EDGAR4, EPA). This is linked to

tropical South America wetland emissions. In this key re-regular and more robust updates of sectorial activities and

gion, the proposed trends for wetland emissions are of oppo€mission factors.

site signs: positive for the process-based ORCHIDEE model, Regarding T-D approaches, we suggest to reinforce sur-

negative for one inversion; it is neutral for the inversion not face observations and vertical profiles in key regions such

— the fact that tropical South America is a key region to
explain the trends in methane emissions.

solving for individual processes. as the Amazon Basin, as a key complement to satellite data
The neutral to positive trend of wetland emissions seemdrom GOSAT and IASI.
to be the most probable scenario because: For all this, the ongoing effort to develop a long-term sur-

face and low-troposphere network in tropical South Amer-
— itis found under various assumptions by ORCHIDEE jcj3 s very important and should be sustainbtller et al.,
and is consistent with analysed precipitations and theppp7). Future active missions may also add data at higher lat-
satellite-derived extent of inundated areas itudes with possibly less biases than former passive retrievals

— the inversions lack constraints in this area, becauséHe'mann and MarshallZOl]?. As fpr B-U methods, inter-
there is no station assimilated inland South AmericacompParisons of models and inversion systems should be used

and the atmospheric network is sparse in the Tropics. as a tool to assess the degree of confidence of the T-D re-
trieved methane fluxes.
Among the consequences of an increase of wetland emis- Finally, we think that confronting T-D and B-U approaches
sions between 2000 and 2006, is the need to revisit the largis a fruitful way of learning more about the strengths and the
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weaknesses of the various scenarios proposed to explain the version of atmospheric transport and chemistry of methyl chlo-
changes in methane emissions of the past decades. roform, Atmos. Chem. Phys., 5, 2635-2656, #0i5194/acp-5-
2635-20052005.
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