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Abstract. A modelling experiment has been conceived to In our framework, we show that transport model errors
assess the impact of transport model errors on methankead to a discrepancy of 27 Tgyk at the global scale, rep-
emissions estimated in an atmospheric inversion systenresenting 5% of total methane emissions. At continental
Synthetic methane observations, obtained from 10 differ-and annual scales, transport model errors are proportion-
ent model outputs from the international TransComsCH ally larger than at the global scale, with errors ranging from
model inter-comparison exercise, are combined with a36 Tgyr ! in North America to 7 Tgyr! in Boreal Eurasia
prior scenario of methane emissions and sinks, and in{from 23 to 48 %, respectively). At the model grid-scale, the
tegrated into the three-component PYVAR-LMDZ-SACS spread of inverse estimates can reach 150 % of the prior flux.
(PYthon VARIational-Laboratoire de Météorologie Dy- Therefore, transport model errors contribute significantly to
namique model with Zooming capability-Simplified Atmo- overall uncertainties in emission estimates by inverse mod-
spheric Chemistry System) inversion system to produce 1@lling, especially when small spatial scales are examined.
different methane emission estimates at the global scale foSensitivity tests have been carried out to estimate the im-
the year 2005. The same methane sinks, emissions and inpact of the measurement network and the advantage of higher
tial conditions have been applied to produce the 10 synthetidorizontal resolution in transport models. The large differ-
observation datasets. The same inversion set-up (statisticainces found between methane flux estimates inferred in these
errors, prior emissions, inverse procedure) is then appliedlifferent configurations highly question the consistency of
to derive flux estimates by inverse modelling. Consequentlytransport model errors in current inverse systems.

only differences in the modelling of atmospheric transport Future inversions should include more accurately pre-
may cause differences in the estimated fluxes. scribed observation covariances matrices in order to limit
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the impact of transport model errors on estimated methanenents and satellite data, and solving for fluxes at the model
fluxes. resolution, therefore avoiding most of the aggregation er-
rors of “large-region” inversiondKaminski et al, 2009). Al-
though these two methods differ in their implementation,
1 Introduction they are both based on CTMs to link emissions and sinks
to atmospheric Cllconcentrations. Each CTM has its own
Methane (CH) is the second most important anthropogeni- characteristics: horizontal and vertical resolutions, bound-
cally emitted long-lived greenhouse gas in the atmosphereary and initial conditions, meteorological drivers, advection
While CHs mixing ratios have varied between 350 and schemes, sub-grid parameterization schemes for convection,
800 parts per billion by volume (ppb) over the past 650 000 yrturbulence or clouds, etc. Therefore, it is important to assess
(Spahni et al. 2005, current atmospheric methane levels the sensitivity of estimated fluxes to the CTM used in the
have increased by more than 600 ppb since 1850¢idge  inversion process.
et al, 1992, reaching a global mean of 1794 ppb in 2009  Since 1993, the TransCom experiment has compared the
(Dlugokencky et al.2011). Methane is primarily emitted ability of transport models to represent trace gas concen-
by biogenic sources linked to anaerobic decomposition oftrations in the atmosphere. Chronologically, the TransCom
organic matter by methanogenic bacteria (in wetlands, ricecommunity characterized the atmospheric transport of CO
paddies, animal digestion, waste, landfills and by termites)(Law et al, 1996 Geels et al.2007), Sk (Denning et al.
Emissions also involve thermogenic (geological sources, fos1999, 222Rn (Taguchi et al.2011), and, more recently, CH
sil fuel extraction, transportation and use) and pyrogenic(Patra et al.2011). One major outcome of the TransCom ex-
(biomass and biofuel burning) sources. Global emission estiperiment, described iRatra et al(2011), was that deficien-
mates range from 500 to 600 Tgyr(Denman et a).2007). cies in the ability of CTMs to accurately reproduce atmo-
Typical ranges for estimates of global emissions for each prospheric methane concentrations hindering efforts to improve
cess are of:30 % (e.g. agriculture and waste) to more than our knowledge on sources and sinks of methane. These limi-
4100 % (fresh water emissionKi¢schke et al. 2013. At- tations were thought to be due to both errors in the meteoro-
mospheric methane is removed mainly by the oxidation bylogical datasets used as drivers of the CTMs and in the CTM
OH radicals in the troposphere (90 % of the total sink). Ad- parameterizations. For the following, we define “forcing er-
ditional sinks are the destruction in dry soils (methanotrophicrors” as errors in the meteorological fields used by the CTMs
bacteria), the oxidation in the stratosphere (OH.BD)) and and “model errors” as errors in the CTMs themselves. Here-
the oxidation by active chlorine in the marine planetary after, “transport model errors” will be used to group together
boundary layer (PBL)Allan et al, 2007). Because methane forcing and model errors.
both plays a key role in air quality issugsigre et al, 2002 For a long time, efforts to deduce regional fluxes of CH
and is 23 times more effective as a greenhouse gas than CChave been limited by the low density, in both space and time,
on a 100-yr horizon@enman et a).2007), it is pertinentto  of atmospheric observation&(rney et al.2002. However,
better understand and to accurately quantify the spatial anavith the increasing spatial and temporal density of surface
temporal patterns of methane sources and sinks. Disagre@bserving networks and the availability of satellite data, this
ments between recent studié&( et al, 2011, Levin et al, limitation is becoming less dominant, putting more pressure
2012 Aydin et al, 2011, Simpson et a).2012 Rigby et al, on forcing and model errors. Furthermore, as scientific ob-
2008 Montzka et al. 2011 Bousquet et al 2006 2017) ex- jectives are moving towards regional to local flux estimates,
plaining the weakening in the GHyrowth rate from 2000 more observations are being developed closer to emissions
to 2006 and its increase since 2007 reinforce the idea thasources. This implies that CTMs need to improve their abil-
methane fluxes are poorly understood, both for their long-ity to represent processes that are important at these scales, or
term mean and for their inter-annual variations. at least to ensure that the forcing and model errors are prop-
Since the end of the nineties, several research groupsrly quantified and accounted for in atmospheric inversions.
have developed inverse methods to estimatg fikkes from In this context, the main goal of our study is to quantify the
global to regional scales by optimally combining £hiea-  impact of the misrepresentation of atmospheric processes by
surements with prior information and atmospheric chemicalCTMs on the methane fluxes estimated by inverse modelling.
transport models (CTMs). Based on the Bayesian paradigm, At present, forcing and model errors are either approxi-
a cost function is minimized either by analytichldin et al, mated or neglected in inversions, although studies aiming at
1997 Houweling et al. 1999 Bousquet et a).2006 Chen  quantifying these errors have shown a potentially high impact
and Prinn2008§ or variational technique${son et al.2009 on the inverse estimates. In particul&erbig et al.(2009
Meirink et al, 2008. The former solves for fluxes from focused on vertical mixing uncertainties for g{versions
large regions at typical monthly time resolution using low- and highlighted large values of errors related to atmospheric
frequency surface observations as constraints. The latter uséiansport.Stephens et a(2007) showed the large impact of
a minimization technique that can be used for a larger in-deficiencies in the modelling of GOvertical transport for
verse problem, assimilating high-frequency surface measureemission estimations by inverse modellirign and Gerbig
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(2005 have assessed that horizontal wind was accountable Here we apply a 2-step methodology (Fig. 1) to quantify
for a 5 ppm error in the modelling of CQduring summer-  the impact of the different models on the inverted methane
time. Engelen et al(2002 showed that failure to properly fluxes. In a first step, daily-mean Gldoncentrations are ex-
account for these errors acts as a hard constraint on the invetracted from the ten forward simulations of the TransCom-
sion and produces incorrect solutions to the probl&heor CHa, database, using their 1AV INV (inversion-derived emis-
et al. (1999 even claimed that inversions were not reliable sions, herein called INV) scenario, which includes monthly-
for CO, flux monitoring because of the magnitude of trans- and inter-annually varying emissions provided Byusquet
port model errors. The impact of transport model errors onet al.(2006. In doing so, we create 10 synthetic daily-mean
inversions has already been studied forqQurney et al. observation datasets at selected sites. In a second step, the
2002 Baker et al.2006, but, to our knowledge, no study has same emission scenario (INV) is combined with each syn-
investigated this issue for GHet. thetic observation dataset to infer optimized fluxes using the
In this paper, we estimate the impact of transport modelPYVAR (PYthon VARIiational) variational inversion system,
errors on inverted Ciifluxes using one variational inver- developed at LSCE (Laboratoire des Sciences du Climat et
sion scheme, one flux scenario, and 10 different synthetiadde I'Environnement) Chevallier et al.2005 and based on
observation datasets built from the model database of th& MDZ-SACS CTM (one of the TransCom models). As the
TransCom-CH experimentPatra et al.2011). Sectior? de- INV scenario is also used to generate synthetic observation, it
scribes the methodology and the synthetic data used for oucan be considered as the “true” flux, hereafter referred as the
inversions. SectioB.1 presents the main differences in the “target”. Therefore, fluxes derived using the LMDZ-SACS
forward modelling of CH concentrations due to the different (Laboratoire de Météorologie Dynamique model with Zoom-
CTMs used irPatra et al(2011). Such differences are useful ing capability-Simplified Atmospheric Chemistry System)
to better understand the inversion results, which are exploredynthetic observations in the inversion system give exactly
in Sect.3.2 Sensitivity tests of the impact of CTM reso- the target fluxes, within the numerical errors. £iHixes are
lution (Sect.3.3) and density of the measurement network estimated in all the grid cells of LMDZ-SACS for eight-day
(Sect.3.4) on the inverse estimates are then analysed. Secperiods using the PYVAR inversion algorithm (see S2@).
tion 4 discusses the limitations of this synthetic experimentBy repeating the inversion process for each synthetic obser-
and the implication of our work to better represent transportvation dataset, ten estimates of £#uxes are obtained. As-
model errors in future inversions. suming that the range of the ten CTMs used here cover the
typical range of transport model errors (see S2@), the
comparison between these estimates provides an estimate of
2 Methodology the influence of transport model errors on the JfHixes.
Indeed, the differences found in the inverted Jflixes are
only due to discrepancies in the modelling of atmospheric
transport by the different CTMs and in the meteorological
analyses/reanalyses fields driving them.

2.1 The synthetic experiment

This study follows the TransCom-GHntercomparison ex-
periment Patra et al.2011), which aimed to quantify the role
of transport, flux distribution and chemical loss in simulating
the seasonal cycle, synoptic variations and the diurnal cycl
of CHy mixing ratio. Significant differences in CTM sim-
ulations of CH were identified in this work. For example,
large differences were found in the @lrhixing ratios simu-

lated by the different CTMs in the transition region between

the troposphere and the stratosphere, especially at heigh{:sorecast System) h(tp://WWW.ecmvvf..int/research/ifsdocs/
where the maximum vertical gradient in Gldccurred. A CY37r2, IMPACT (Integrated Massively Parallel Atmo-

common protocol was followed in which each model usedSPheric Chemical Transporfk6tman 2004, IMPACT-High

the same emissions, sinks and initial conditions. Thereforef€solution Rotman 2004, LMDZ-SACS (version 4) Klour-

simulated CH mixing ratios for the different models should din €t al, 2008 Pison et al. 2009, MOZART (version 4)
differ only because of the modelling of atmospheric trans-(Model for Ozone and Related Chemical TraceEsh(nons
port by the CTMs (model errors) and the meteorology usecft & 2010), PCTM (Parallel Climate Transition Model)
to force them (forcing errors). In the TransCom experiment it (Kawa et al. 2004 Bian et al, 2009, TM5 (Transport

was not possible to separate these two effects as simulatiof40del, version 5)Krol et al, 2009, TMS-High resolution
testing different meteorological forcings on the same cTM (Krol et al, 2003 and TOMCAT (Toulouse Off-line Model

were not provided. The database of the TransCom-e4  ©f Chemistry and TransportChipperfield 2009 (see Ta-

periment includes outputs of hourly Glrhixing ratios at 166~ Pl€ 1 for more details).

surface stations, 6 tall towers and 12 vertical profiles, each 1h€S€ CTMs represent the diversity existing in the re-
for 6 different emission scenarios. search community with horizontal resolutions ranging from

6° x 4° (TM5) t0 0.7 x 0.7° (IFS) and vertical discretisation

@-2 The chemistry transport models
Results from ten CTMs have been extracted from the

TransCom-CH experiment: ACTM (Atmospheric Chem-
istry Transport Model) Ratra et al.2009, IFS (Integrated

www.atmos-chem-phys.net/13/9917/2013/ Atmos. Chem. Phys., 13, 9%B87, 2013
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Table 1. Main characteristics (vertical resolution, horizontal reso- by their own characteristics (for example, resolution and pa-
lution and meteorological drivers) of the TransCom models used inrameterization schemes). As a result, this experiment stud-
this experiment. ies the impact on methane fluxes of these two contributions
together (errors in meteorological drivers and errors in the

Model Vertical - Horizontal - Meteorological fields models themselves) with no real possibility to separate them.
name resolutioh  resolution . .

Five additional model output datasets (AC-
ACTM 670 28x2.8  NCEP2 ; ; ;
s 60, 07507  ERAinterim CESS/Australian Community Climate and Earth System
IMPACT 559 5.0x4.0° NASA/GSEC/GEOS 4 Simulator, Corbin and Law 2011 CAM/Community
IMPACT 1 x 1.25 55 1.25x 1.°°  NASA/GSFC/GEOS 4 Atmosphere Model,Gent et al. 2010 CCAM/CSIRO
LMDZ-SACS 19 3.75x2.5° ECMWF _Crihi ; '
MOZART e LBl e NOEPINCAR Conformal-Cubic Atmos_pherlc ModelL.aw et al, 2006
PCTM 58 125%x1.0° NASA/GSEC/GEOS 5 GEOS-Chem 3-D chemistry transport modetaser et a.
T™5 25y 6.0x4.0°  ECMWF, ERA-interim 2011, Pickett-Heaps et gl2011and NIES/National Institute
TM51x1 250 10x10  ECMWF, ERA-interim for Environmental Studies 3-D chemical transport model,
TOMCAT 60y 2.8x2.8  ECMWF, ERA-40/interim

Belikov et al, 2011 2013 are available in the TransCom
1 5 vertical coordinates are pressure divided by surface pressuestical coordinates  database. Unfortunately, some specific characteristics of
are a hybrid sigma-pressure coordinate. these simulations make them unsuitable for our study. In-
deed, we have chosen only to focus on the model and forcing
errors and neglect all other sources of error on the estimated
ranging from 19 (LMDZ-SACS) to 67 layers (ACTM) with fluxes. For example, the differem H distribution used in
various coordinate systems (sigma vertical and hybrid-sigmaGEOS-Chem simulation influences the chemical sink and
pressure). Focusing on the representation of atmospherimay lead to misinterpretation of the impact of transport
transport, two groups of models can be distinguished: modelsnodel errors on the estimated fluxes. One can expect the
using the meteorological fields from weather forecast analsame issue with CAM, CCAM and NIES since the total
yses directly (IFS, IMPACT, MOZART, PCTM, TM5 and atmospheric burden of methane in these three models differs
TOMCAT) and models nudging towards horizontal winds significantly from the atmospheric burden of LMDZ-SACS.
and/or temperature (ACTM and LMDZ-SACS). The differ- The differences in mole fraction between LMDZ-SACS
ent CTMs also use a large diversity of meteorological drivers:and the discarded models range typically from 20ppb
different versions of NCEP/NCAR (National Centers for En- up to 42 ppb. Only models with differences of less than
vironmental Prediction/National Center for Atmospheric Re- 5 ppb from LMDZ-SACS were retained, such discrepancies
search), NASA/GSFC/GEQOS (National Aeronautics Spacebeing thought to be primarily due to transport differences
Administration/Goddard Space Flight Center/Goddard Earthmpacting the location and magnitude of the OH sink relative
Observation System) (version 4 and 5), ECMWF (Europearto CH;. The ACCESS model, whose meteorology was not
Centre for Medium-Range Weather Forecasts/ECMWF Renudged towards real observations, has also been removed,
analysis) (ERA-40 and ERA-interim) and JCDAS (Japansince it cannot be expected to realistically simulate synoptic
Meteorological Agency (JMA) Climate Data Assimilation variations, which are essential in an inverse system using
System). daily data.
Although the parameterization schemes implemented in
the CTMs may have been slightly modified or adapted from . .
the original scheme, the main schemes of the different cTM£3  Set-up of the PYVAR-LMDZ-SACS inversion
are referenced in Tablg. The different schemes, imple- system
mented in the models of this experiment, describing advec-
tion areLin and Rood(1996), Leer(1977), Hourdin and Ar-  The PYVAR-LMDZ-SACS systemhevallier et al.2005
mengaud1999, Hortal (2002, Russell and Lerne§1981) Pison et al.2009 finds the optimal state of CHluxes given
andPrather(1986. Several CTMs useloltslag and Boville  CH4 observations and a background estimate of fluxes using
(1993 or an adaptation of this scheme to parameterize theBayesian inference formulated into a variational framework.
planetary boundary layer mixing, althougialton et al.  The system iteratively minimizes the cost functidfEq. 1)
(1988, Laval et al. (1982, Louis (1979, Holtslag and Mo-  using an adjoint approacte(rico, 1997 and provides the
eng (1997, Kohler et al.(2011) andLock et al.(2000 are  best linear unbiased estimate, The methane fluxes con-
also used. The parameterization of convection processes tsined inx are optimized for eight-day periods in all the
implemented in the CTMs by using different adaptations ofgrid cells of the model. The cost functiah is a measure
the Tiedtke (1989, Zhang and McFarlan€l995, Bechtold  of both the discrepancies between measurements and simu-
et al. (2008, Rasch and Kristjanssofi998 and Arakawa  lated mixing ratios and between the background fluxes and
and Schuber1974 schemes. the estimated fluxes, weighted by their respective uncertain-
The CTMs used in this experiment are distinguished bothties, expressed in the covariance matriBeéneasurement)
by the reanalysis/analysis fields used to drive the CTMs and&ndB (prior fluxes). The mathematical theory concepts are
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not detailed here, but may be foundliarantola(2005. FORWARD
MODELLING

INVERSE
MODELLING

J@) =y~ Ho Ry —Ho) + (x - 2*) 87 (x - ) (1)

IMPACT-1x1

B is the prior error covariance matrix with respect to the
INV emission scenario. Its diagonal is filled in with the vari- | tvpzsacs'
ances set to 100 % of the square of the maximum of emis-| wozasr |
sions over the eight neighbouring cells during each month.
Off diagonal terms oB (covariances) are based on correla-
tion e-folding lengths (500 km over land and 1000 km over
sea). No temporal correlations are considered hérés the
prior estimate using fluxes from the INV scenario.

H, the observation operator connecting the measuremen
space to the flux space, is represented here by the off-line
version of the general circulation model of the Laboratoire Fig. 1. Schematic showing the methodology of our experiment.

SYNTHETIC
OBSERVATIONS

METHANE
INVERTED
FLUXES

INV emission
scenario

de Météorologie Dynamique (LMDZHourdin et al, 2006, Synthetic observations are created from the outputs of TransCom-
complemented by a simplified chemistry module (SACS) to ©Ha forward modelling simulations. The TransCom-£HV sce-
represent the oxidation chain of methaRéson et al.2009. nario is used both as the target gftux for forward modelling and

Here, OH fields Spivakovsky et a).2000 and loss rates, gs prior fluxes in the |nver5|ons. Se\_/eraIﬂHJxes are derived us-
due to reactions fpr.H\Nith ?I/and OGD),Qare prescribed as ing the PYVAR-LMDZ-SACS inversion system for 2005.
in Patra et al(2011). LMDZ-SACS is run with a horizontal
resolution of 2.8 x 3.75 and with 19 vertical levels. ] ) o

y contains one set of synthetic observations for the wholethat the measurgment sn_es with a lot of vgr_lablllty around the
period of inversion. In theory, thR matrix accounts for all Mean (e.g. continental sites) are more difficult to model, es-
errors contributing the mismatches between measuremeniecially for coarse global model&eels et al.2007. This
and simulated Ciimixing ratios at the stations. THe ma- S|mp_le approach has been used previously in atmo:c,pherlc in-
trix may be split into two major parts (see EZ); mea-  VErsions Bousquet et al.2006 .Yver et al, 201%, deen—
surement and model variances/covariances. MeasuremeRECK €t al.2003. Errors at stations where Globalview-gH
variances/covariances account for potential instrumental erdata were not available have been interpolated from stations
rors, while model variances/covariances group representatiPreésenting the same characteristics (background/polluted,

ity and transport model errors together: N(_)rther_n/SOUt_hern Hemisphe_r_e, c_oastal/contine_ntal). A de-
tailed discussion on the specification of tRematrix takes
R = Rmeasurement- Rmodel 2) place in Sect4. For now, it is important to keep in mind that

both forcing and model errors are not explicitly incorporated
Instrumental errors quantify the errors between the molein the R matrix of our experiment, which is usually the case
fractions measured by an instrument and the target mole fragh current inversions.

tions. For instanceBergamaschi et a{2005 assume an in- The period of analysis is the year 2005 but all the inver-
strumental uncertainty of 3 ppb for methane measured at suisions are run with the same set-up over the extended period
face stations. of July 2004—July 2006 to avoid edge effects and only keep

Representation errors account for the misrepresentation ofstimated fluxes for the year 2005.
a single spatial and temporal measurement point by a grid
box of a 3-D model. Aggregation errorKgminski et al, 2.4 The synthetic observation datasets
200)) are also included in representation errors. Transport
model errors group together the forcing errors and the modeThe model outputs from the TransCom-g£ldatabase are
errors. Forcing errors represent the contribution of the er-available at selected sites from the most widespread surface
rors included in the reanalysis/analysis fields which drive thenetworks: Advanced Global Atmospheric Gases Experiment
CTMs, while model errors quantify uncertainties in the phys- (AGAGE; http://agage.eas.gatech.eBuinn et al, 2000, the
ical processes calculated by the CTM (convection, diffusion,NOAA Earth Research Laboratory, Global Monitoring Divi-
advection, etc.). sion (tp://www.esrl.noaa.gov/gmaind the Japan Meteoro-
Here,R is considered to be diagonal (no covariances) withlogical Agency http://www.jma.go.jp/jma/indexe.htmiThe
variances taken from Globalview-GHGlobalview-C H4, synthetic observations are output at the locations shown in
2009. Errors in Globalview-Cl are computed at each site Fig. 2, comprising 166 surface stations (including 29 mo-
as the residual standard deviation (RSD) of the measurebile measurements on ships), 6 vertical profiles (aircraft) and
ments on a smooth curve fitting them. We use the RSD atl2 tall towers. Some of these sites are continuous in situ
each site as a proxy of the transport model errors, assumingtations (red-filled circles). In some other locations, flask
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Table 2. Main transport and sub-grid parameterization schemes (advection, convection and planetary boundary layer (PBL) schemes) of the
TransCom models used in this experiment.

Model name Advection scheme Convection scheme PBL mixing scheme

ACTM Lin and Rood(1996 Arakawa and Schubef1974  Holtslag and Bovillg1993

IFS Hortal (2002 Bechtold et al(2008 Kohler et al.(2011)

IMPACT Lin and Rood(1996 Rasch and Kristjanssqi998 Walton et al.(1988

LMDZ-SACS Leer(1977; Hourdin and Armengau@l999 Tiedtke(1989 Laval et al. (1981

MOZART Lin and Rood(1996 Zhang and McFarlan@999 Holtslag and Bovillg1993

PCTM Lin and Rood(1996 similar to Tiedtke(1989 Louis (1979 for stable,Lock et al.(2000 for unstable
TM5 Russell and Lerng1981) Tiedtke (1989 Louis (1979; Holtslag and Moeng1991)

TOMCAT Prather(1986 Tiedtke(1989 Holtslag and Bovillg1993

@ continuous

O flask

v tower

arplane

150 EVYS o J b 130° 180°

Methane flux (g/m2/year)
T I I I I I | |
-1. 0. 2. 6. 10. 16. 25. 35.

Fig. 2. Geographical representation of the two main inversion components: atmospheric constraint locations (top) and the INV emission
scenario (bottom).

samples are collected on a weekly basis (empty red cirhave been computed to be assimilated in the PYVAR inver-
cles). The blue triangles in Fi@ show the locations of tall  sion framework. In order to mimic realistic sampling strate-
towers and the green diamonds show where aeroplane meaies, 4 data per month are randomly chosen for each flask
surements were taken. For continuous stations, daily meansite. Following the approach that is often taken when real
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I I I
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Fig. 3. Time series of daily Chmixing ratio at Karasevoe (58.28, 82.40 E) for 2005. Each TransCom model is represented by a specific
colour, while LMDZ-SACS is represented by the black line.
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Fig. 4. Map of the differences in the “synoptic” standard deviation (STD) computed for iBi{ing ratio simulated by LMDZ-SACS and
TransCom models at surface statiofgMpz-sACS — 9TransComi O TransComS the average of all TransCom models STD). The synoptic STD
difference is expressed in ppb.

observations are used (eRgylin et al, 2009, high altitude = same grid box, only the observation located at the highest
(1500 ma.s.l. — metres above sea level) flask measuremengdtitude is kept in the inversion.

are used only in the early morning (07:00 LT) because during We performed reference inversions using an ideal future
the day, due to growing planetary boundary layer, these sitesetwork (NET1), which contains 166 continuous surface sta-
could be influenced by sources and air flows from the neigh4ions. In this network, we assume that all flask sampling
bouring valleys that may not be resolved by the TransComnsites become continuous. Indeed, if the efforts and the fund-
models. Towers are considered as continuous stations, frormg to develop and maintain surface networks are preserved
which daily averages are calculated. Two afternoon flights(Houweling et al. 2012, more continuous stations should
per week are considered for every aeroplane site, on a rareppear around the world in the next years, supplying very
dom basis. When several measurements are available in theluable information for inversiond.dw et al, 2009. No
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information on the CH vertical distribution provided by tall To more precisely quantify the magnitude of the variabil-
towers or by aeroplanes are taken into consideration in théty between the synthetic observations and the targej CH
reference inversions. mixing ratios generated by LMDZ-SACS, we compute the

However, because inversions are highly sensitive to thedifferences between the GHnole fraction standard devi-
measurements sampled within the PEEegls et al.2007), ation (STD) of LMDZ-SACS and STD of other TransCom
two other networks are tested (Fig): a present-day sur- models at all surface stations of NET1 (Sex#). Discrep-
face network (NET2) with flask sampling sites (empty red ancies in the modelling of both the seasonal cycle amplitude
circles) and continuous surface stations (filled red circles),and the synoptic variability contribute to STD differences.
and an extension of NET2 that includes aeroplane and toweHereafter, we call “synoptic STD” the STD related to synop-
data (NET3). The differences between the NET2 and NET3tic variability when the seasonal cycle is removed from the
estimates provide information on the contribution of PBL time series. The analysis of STD at 16 continental stations
and tropospheric data to GHlux estimates. The results are shows that synoptic variability dominates over seasonal vari-
presented in SecB.2 for NET1, and sensitivity tests using ability: STD related to synoptic variability (respectively re-
NET2 and NET3 are analysed in Seg#. lated to seasonal cycle) are 87 % (respectviely 42 %) of the
total STD values. Moreover, synoptic differences can be con-
verted into expectations for the estimates by inverse mod-
elling: TransCom models simulating a larger synoptic vari-
ability (and consequently higher concentration peaks) than
LMDZ-SACS at some stations are expected to give higher
inverted fluxes within the area impacting these stations.
Differences in the simulated GHmixing ratios by the The map of synoptic STD differences between LMDZ-
10 TransCom modelsPétra et al. 2013 can provide in- SACS and the average of all the TransCom models
sights that could help in understanding the inversion resultd?LMDZ-SACS — GTransCom OTransComb€ing the average of all
(Sect.3.2). As mentioned in Sec®, differences in the Ckl TfanSCPm model “synoptic STD'f’li(Trans_Com moda)) IS pre-
mixing ratio distributions given by the 10 CTMs are only sented |n.F|g.4 at stations of NETl. At first g'Iance, astror!g
due to differences in the meteorology (reanalysis fields) andFontrast is found between continental stations and stations
in the modelling of the atmospheric transport (advection'ith @ dominant oceanic influence. On the one hand, syn-
schemes, sub-grid scale parameterizations, horizontal an@Ptic STD differences close to zero ppb (or slightly pos-

vertical resolutions). In this synthetic experiment, methane!tV€) are found at oceanic stations of the Southern Hemi-
mixing ratios simulated by LMDZ-SACS are considered to sphere (e.g. AMS station in the Indian Ocean). On the other

be the target and we analyse the spread of other model@and, strong negative values of synoptic STD differences are

3 Results

3.1 Transport model discrepancies in forward
modelling

around LMDZ-SACS. found fqr continental _stations of the _North_err_w Hem_isphere,
suggesting that amplitude of synoptic variations simulated
3.1.1 Synoptic variability by LMDZ-SACS are smaller, on average, than those simu-

lated by the other TransCom models at these stations. In-
Large differences in the seasonal cycle and synoptic-scaléeed, a previous studggeels et al.2007) has mentioned that
variations of simulated Cld mixing ratios are observed LMDZ, as well as some other global models, underestimates
at continental sites, as illustrated at Karasevoe statiorsynoptic variations of C®concentrations and that the fast
(58.2523 N; 82.4023 E, Russia) (Fig3). For this station, boundary layer ventilation of LMDZ could explain the small
located close to high emission zones in summer, differencesurface concentration peaks.
in the magnitude of the seasonal cycle can be related to Stations located in the vicinity of methane sources appear
differences in the vertical transport within the PBL, which to be associated with strong negative synoptic STD differ-
is primarily simulated by sub-grid scale parameterizations.ence values. For instance, TVR (57250 33.75 E, Eastern
Phase differences observed in the synoptic variations at Karazurope), LGB (52.8N; 10.8 E, Europe), FRB (47.523 N;
sevoe can directly be related to the differences in the mete7.50 E, Europe) and HIL (40°IN; 87.9 W, east coast of
orological fields used by the models. Indeed, CTMs usingthe USA) are exposed to high sources of methane from the
similar meteorological drivers are found to be more highly INV scenario (see Fig2) and the mean synoptic STD differ-
correlated with each other than with other models. For in-ences at these stations are respectivelp, —23, —35 and
stance, methane time series simulated by IFS using ERA-15ppb. Indeed, small-scale transport processes, such as
interim reanalysis are highly correlated to TMx1 and  turbulence in the planetary boundary layer, which may be
TM5, which use the ERA-interim reanalysis as well, with poorly represented by global CTMs, have a large influence on
linear Pearson correlation coefficients of 0.92 and 0.84 rethe mole fractions simulated at stations close to large emis-
spectively, whereas the average correlation of IFS with othession areas. In contrast, stations far from any methane sources
models is approximately 0.68. are mainly influenced by large scale transport of,CGiity-

nals from remote sources, which produce smaller differences
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"~ ~ 1 "~ 1 ] The impact of horizontal resolution on the modelling of
aor N 7 synoptic variability is detailed in Se@.3.

3.1.2 Inter-hemispheric (IH) exchange time

The inter-hemispheric (IH) exchange time is a good indicator
with which to analyse large scale transport differences be-
tween transport models. The map of mean bias in simulated
CH4 mixing ratios at surface stations between LMDZ-SACS

& ;

Standard deviation difference (ppb)

o
* |F
L C 4
[ éﬁ’gg%:i%xl A?Z@ ] and other TransCom models, {ipz-sacs — YTransCon) e-

-0 % FiEna ] . veals negative values at stations in the Northern Hemisphere,
r N ] meaning that ChB mixing ratios simulated by LMDZ-
-80r- 7 SACS are, on average, lower than those simulated by other

L ) p . . .
T TransCom models (Fid). In contrast, positive biases at sur-
~100 “50 B 50 face stations in the Southern Hemisphere are found. Using
Latitude (degrees) Sk observations, LMDZ-SACS has been identified to ex-

Fig. 5. Latitudinal distribution of the “synoptic” standard devia- hibit relat_lvely slow IH ethan_gg characterized by an ex-
tion (STD) differences between LMDZ-SACS and other TransCom change time of 1.2yr, which is in the lower range of the
models at all surface stations| (1pz-sacs — o(TransCom modal)- ensemble of TransCom modeBatra et al.2011, Fig. 8).
Each TransCom model is represented by a specific symbol. Thdherefore, compared to the other models, LMDZ-SACS
STD difference is expressed in ppb. tends to transport methane more quickly from the dominant
emission zones of the Northern Hemisphere to the South-
ern Hemisphere. This fast IH transport produces the inferred
between models. Stations may also be located either close tgegative biases in the north and positive biases in the south.
or far from, CH, sources, depending on the season. Figure Therefore, one can expect that higher emissions will be
shows a high concentrations period (from May to August) atnecessary over the northern continents, and/or lower emis-
Karasevoe which is completely correlated to emissions fromsjons over the southern continents when deriving fluxes us-
wetlands in this area at this period of the year. The averageng LMDZ-SACS, compared to when synthetic observations
STD for all models during the high methane emission pe-yere taken from the other models.
riod is 38 ppb, while the STD falls to 15 ppb outside this pe-  This finding is robust when looking at individual mod-
riod. Turbulent mixing in the boundary layer and convection g|s and not only at the model average (Fiy.For instance,
are the main processes acting in this area during the sumr\s (orange triangles) shows larger gradients of biases be-
mer period. The more methane is emitted, the more skillsyween the stations of the Northern Hemisphere (difference
in the modelling of turbulent mixing and convection are re- of around—20 ppb) and of the Southern Hemisphere (differ-
quired to accurately simulate methane mixing ratios, leadingance of around-10 ppb). This is consistent with TM5 hav-
to a poorer agreement between models during the SUMMERq the longest IH exchange time Patra et al(2011). As
months. a consequence, using synthetic observations from TM5 in
In order to better analyse the modelling of synoptic vari- the inversions should increase the IH gradient of emissions,

ability for each individual TransCom model, we computed wth [ower emissions in the Southern Hemisphere and higher
the latitudinal distribution of synoptic STD differences at emijssions in the Northern Hemisphere.

surface stations (Figh). In the Southern Hemisphere, al-

most no distinction can be made between models: synopti@.2 Impact of transport model errors on inversions

STD differences are around O ppb. In the Northern Hemi-

sphere, MOZART, TM5 X 1, IFS and PCTM exhibit the Ten variational inversions have been performed, in which
largest negative synoptic STD difference values, meaningnethane fluxes were derived using synthetic observations
that these models simulate higher variability than LMDZ- from TransCom-Cl models Patra et al.2011). The same
SACS. On the contrary, TOMCAT is one of the models show- set-up (prior emissions from INV scenario, observation er-
ing the largest positive difference with LMDZ-SACS. These rors, prior errors, etc.) has been used for every inversion (see
statements are especially true for continental stations in thé&ect.2.3). In order to keep the explanations clear in the fol-
Northern Hemisphere. As a consequence, it is expected ttpwing sections, each inversion is called by the name of the
find, higher inferred emissions for MOZART, TM541, IFS ~ CTM used to generate the synthetic observations.

and PCTM and lower emissions for TOMCAT at least locally . .

(close to monitoring sites) compared to the target INV emis-3-2-1  Global and hemispheric fluxes

sion scenario. . .
Figure 8 presents the total estimated gHuxes for every

inversion at global scale. The blue bars show the global
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Fig. 6. Bias between Cll mixing ratios simulated by LMDZ-SACS and other TransCom model§6z — YTransCom YTransComiS the
average of Clj mixing ratios simulated by all TransCom models) at surface stations. The bias is expressed in ppb.
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_Fig. 7. _Latitu_dinal distribution of the bias between GHnix- Fig. 8. Inverted CHj fluxes for every TransCom model at the global
ing ratios simulated by LMDZ-SACS and TransCom mod- s.oi6in 2005, The red line represents the value of the target methane

els (Lmpz — Y(TransCom modg/) at all surface stations. Ea(_:h flux at the global scale (523 Tg in 2005 — INV scenario).
TransCom model is represented by a specific symbol. The bias is

expressed in ppb.

in 2008 EDGAR-v4.2 2011). Global methane emissions
from biofuel and biomass burning have been estimated to be
CHjy estimates for TransCom models and the red line points36 Tgyr! in the late ninetiesAndreae and Merle2001;
out the value of the target global GHlux (523Tgyr?,  vanderWerfetal2010. Likewise, EDGAR-v4.2(2011) in-
INV scenario). The inferred Ciffluxes for 2005 range from  fers methane emissions of 19.8 Tg¥from European coun-
523 Tgyr® (MOZART inversion) to 550 Tgyr! (PCTM tries of the OECD in 2005. Consequently, in order to detect
inversion), with an average of 538 Tgyr These results changes in methane emissions from a large region or to es-
show that discrepancies in the modelling of atmospherictimate global emissions from some specific process, the im-
transport among the CTMs are responsible for a spread opact of transport model errors on the inverse estimates is cur-
27 Tgyrt (5% of the target flux) on the inverted fluxes at rently an important limitation.
the global scale. For comparison, the annual global methane
emissions from rice paddies are estimated to be 37.5Tgyr

Atmos. Chem. Phys., 13, 9918937 2013 www.atmos-chem-phys.net/13/9917/2013/
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Table 3. Estimates of hemispheric methane fluxes in teragramswith a peak in methane emissions during the boreal sum-
of methane per year (Tgyt) for every TransCom model inver- mer. The overlaid black line represents the target methane
sion. Inverted fluxes in the Northern (NH) and in the Southern flux time series. Maxima in the estimated fluxes reach
Hem_ispher_e (SH)_are presentt_ad in the first two colu_mns. The_intero_g Tgday, which is about half of the amplitude of the sea-
hgmlspherlc gradient (NH estimate—SH estimate) is shown in thegy 4 cycle (0.7 Tg dayl). The target flux is in the higher
third column. part of estimated emissions range during boreal winter and
in the lower part during boreal summer. Consequently, the
amplitude of the estimated GHlux seasonal cycle is, on av-
erage, twice as largeq(1.4 Tgday 1) as that of the target
Target flux 368 155 213 flux at the global scale. Indeed, the fast IH exchange time

Northern Southern Difference
Hemisphere Hemisphere NH-SH

ACTM 391 142 249 of LMDZ-SACS accentuates the derived seasonal cycle by

IFS 388 150 238 increasing emissions in the Northern Hemisphere during bo-

IMPACT 385 148 237 . L . .

IMPACT 1 x 1 285 152 233 real summer and decreasing emissions in the Southern Hemi-
MOZART 378 145 233 sphere during austral summer.

PCTM 410 140 270

T™5 429 116 313 3.2.2 Regional fluxes

TM51x1 414 133 281

TOMCAT 387 144 243 Figure 10 shows estimated CHfluxes for seven continen-

tal regions (Europe, North America, Asia, South Amer-
ica, Africa, Oceania and Boreal Eurasia). The spread of
the inverted regional fluxes quantifies the impact of trans-
LoAcM S ; port model errors on the estimation of methane fluxes in-
g ferred by atmospheric inversions at regional scales. Transport

model errors produce much larger relative uncertainties on
the methane emission estimates at the regional scale than at
the global scale: from 23 % for Europe (16 Tgy) to 48 %
for South America (35 Tg yrt). The spread in Africa is quite
large (25 Tgyrl) with estimates split in two groups: inver-

i 1 sions deriving emissions around 95 Tg¥(ACTM, TOM-
05~ 5 CAT and TM5) and those around 75 Tgr(IFS, IMPACT,
[ ‘ ! ! ! ! ! ! ! ! ] IMPACT 1 x 1, MOZART, PCTM and TM5 1x 1) for 2005.

OLJan O5Feb 1zMar 16Aer ZZMay Zodun 31 05Sep 100ct 14Mov 20Dec Some characteristics of the TransCom models highlighted
Fig. 9. Time series of weekly estimated GHluxes at the global  in Sect.3.1have a directimpact on the estimates at continen-
scale for every TransCom model. The black line represents the timéal scale. For instance, the impact of the particularly fast IH
series of the target flux. exchange time of LMDZ-SACS is noticeable at continental

scale. Indeed, for the majority of models, inversions derive
higher estimates than the target fluxes in continental regions

It is noteworthy to mention that all inversions have de- of the Northern Hemisphere (especially for North America).
rived higher or equal total fluxes at the global scale comparedn the contrary, derive emissions from Southern Hemisphere
to the target flux. Indeed, as previously stated, the faster IHcontinental regions tend to be lower than the target fluxes (es-
transport exhibited by the LMDZ-SACS model, compared to pecially for Oceania). This characteristic is particularly ob-
other models, yields higher average emissions in the Northvious for TM5, which has a particularly slow IH exchange
ern Hemisphere{29 Tgyr1) and lower average emissions time inPatra et al(2011).

(—14 Tgyr 1) in the Southern Hemisphere. This leads to a The spread of fluxes derived for North America is quite
global increase of 15 Tgyt in order to match the concen- large (37 %). PCTM shows particularly high fluxes in this
trations of the synthetic observations. TaBRummarizesthe region, a feature which may be related to the propensity
estimates in the two hemispheres and the difference in emisfor PCTM to simulate relatively high concentration peaks
sions between the Northern and the Southern Hemispherat continental stations, especially in North America (see
for each model. As expected, TM5 derives the highest esSect. 3.1.1). On the other hand, TOMCAT, which simu-
timates in the Northern Hemisphere and the lowest estimatelates smaller synoptic variability than LMDZ-SACS, has es-
in the Southern Hemisphere, which is consistent with thetimates in Europe and in North America that are at the
slower IH exchange time exhibited for TM5 compared to lower end of the derived estimates. These results confirm that
LMDZ-SACS. discrepancies in synoptic variability of GHoncentrations

Time series of estimated GHluxes at the global scale have an impact on the flux estimates in regions with many
(Fig. 9) show similar seasonal variations for all the CTMs, continental stations in the vicinity of large emission areas,

25

20—
L Target flux

Tg/day
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where modelling of synoptic variability may be very differ- for western Europe (top) and Oceania (bottom). The black line rep-
entamong CTMs (Sec8.1.1). resents the time series of the target flux.

Time series of weekly methane flux estimates are pre-
sented for one region of the Northern Hemisphere (Western
Europe) and one region of the Southern Hemisphere (Oceaé
nia; Fig.11). The spread in estimated methane fluxes is much™

higher at regional than global scales (see S8@.)), rel- ) i i
ative to the amount of methane emitted from these regions] NS Section examines one of the advantageous aspects of

The mean flux variability in Western Europe has a magnitudethe inversion using the variational approach, i.e. the ability

more than twice as high~{0.1Tgdayl) as the seasonal (© infer optimal fluxes at grid-box scale.

cycle of the target flux#0.04 Tgday?). Moreover, the Figurel2displays the maps of the differences between the
distribution of flux estimates in Western Europe is slightly trget CH fluxes (INV scenario) and inverted GHluxes
larger during winter months than during summertime. In- for each model at the grid-scale. A positive (negative) differ-

deed, extratropical storm tracks, which directly influence at-€Nce, from light to dark red colours (from light to dark blue),

mospheric conditions in Western Europe, are more active ineans that fluxes estimated in inversions using synthetic ob-

winter than in summer. Consequently, more uncertainty is exServations are larger (smaller, respectively) compared to the

pected in wind fields provided by weather forecast centerd@9et CHi fluxes. _ _
during this period. Differences in the modelling of shallow _When compared to the target flux field, we find groups

winter boundary layers can also contribute to the large vari-°f inversions that have coherent spatial patterns in the de-
rived flux anomaly in some regions. For example, most in-

ability among models. . ) o o
The amplitude of the estimated flux variability in Ocea- Versions derive lower emissions than the INV scenario in

nia is less pronounced because the magnitude of methan_%‘)“th America, more or less around a north—south track. It
is very clear for TOMCAT, PCTM and TM5. Some other

emissions is much lower than in Western Europe. However, )
again, the impact of the IH transport is clearly seen in theM0dels (IMPACT 1x 1, IFS and TMS Ix 1), characterized

inverted fluxes: the target flux in Oceania is in the upperPY higher horizontal resolution, show a dipole of emissions
range of the estimated GHluxes throughout the time se- probably associated with the simulated position of the ITCZ

ries, in agreement with the lower inverted emissions in the(lntertropical Convergence Zone): they derive higher emis-

Southern Hemisphere regions, as would be expected foHOW_sions than the target flux in the north of South America and
ing Sect3.1.2 lower fluxes in the south. In other regions, all inversions de-

rive mostly the same sign for emission changes, compared
to the target, but their geographical distribution within the

2.3 Spatial distribution of inverted fluxes
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Fig. 12. Panel showing the differences between Cahalysed fluxes and target quxe)s%‘,1 alysed

ansCom™ Xtarged at grid box scale for every
TransCom model. The flux differences are expressed iﬁ%dayfl.

region may be very different depending on the model. For3.3 Sensitivity to the model horizontal resolution
example, in North America most inversions derive higher

emissions than the target methane emission. However, highef,o TM5 and IMPACT simulations included higher resolu-

emissions are derived on the east coast of the United State&n versions (TM5 & 1 and IMPACT 1x 1) which allow the
by IMPACT, IMPACT 1x 1 and PCTM, on the west coastby iy estigation of the impact of an increasing horizontal reso-

IFS and TM5 1x 1, and on both coasts of the United States lution on the derived methane fluxes.

by MOZ_ART and TMS. o L . First, STD due to synoptic variability for the high-
In Asia, Europe and Africa it is difficult to distinguish any  a5o1ution version of TM5 and IMPACT are, on average,

pattern in the inferred emissions. It is important to note thatyjgher at continental stations of the Northern Hemisphere

IFS and TM51x 1 have a similar spatial distribution of in- (e Figs). Indeed, one can assume that the increase in hori-

verted fluxes probably related to the fact that they use the,, o) resolution leads to less smoothing of the high concen-
same meteorological fields and have a very similar horizonya4ign gradients in the high methane emission regions. It is

tal resolution. _ found that STD values related to synoptic variability are, on
To synthetize the impact of transport model errors at theaverage, 15 ppb higher for TM541 than for TM5 and 9 ppb

grid scale, Fig.13 shows the map of the spread between higher in the case of IMPACT & 1 compared to IMPACT,

all methane inverse estimates as a percentage of the targgh,i-h could have a direct impact on the global estimate by

flux. The regions previously identified with large discrepan- increasing the emissions of TM5d1 and IMPACT 1x 1

cies in the different methane estimates are highlighted her%ompared to TM5 and IMPACT.

with grid cell differences up to 150 % of the target flux. For Concerning inversion results, there is only a 2 Tglyr

instance, we clearly see two patterns with large spreads iRjierence between estimates of TM&1L (547 Tgyrl)
South America, owing to the emission dipole mentioned in,4 TMs5 (545Tgyrl) inversions and 3Tgyr between
the previous analysis. The west coast of the United States andstimates of IMPACT & 1 (537 Tgyrl) and IMPACT
the poorly constrained region of Eastern Siberia also show 2534 Tgyr?) inversions at the global scale. The increase of
large spread. We also see larger spreads in the grid cells SUjxe gi0hal CH emission estimates between the high and the
rounding some stations strongly constraining the inverse sysy,, resolution versions of the CTMs is in agreement with
tem. This is the case, for instance, at Cape Grim (4068 5 previous analysis of STD values. Nevertheles®dtra
144.68 E, Australia, Oceania) and at MountKenya (0.85 ¢t 5 (2011 (see their Fig. 8), it is shown that the IH ex-
37.30 E, Kenya, Africa). change time of TM5 k 1 (~ 1.60yr in 2005) is faster than
for TM5 (~ 1.75yr in 2005) which should result in a global
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Fig. 13.Map of the spread of methane inverse estimates at the model grid-scale as a percentage (%) of the target flux (INV emission scenario).

estimate closer to the target global estimate. As a conse- 560
quence, the impact of synoptic variability on the global flux

is probably balanced by the impact of IH exchange, which
results in only a slight increase of the global flux derived by
TM51 x 1 compared to TM5. The results are less clear for %
IMPACT/IMPACT 1 x 1 because the magnitude of these two
effects (amplitude of synoptic variability and IH exchange)
in the forward modelling study are smaller than for TM5 and
TM51x 1.

The impact of horizontal resolution on the estimated
methane fluxes may be relatively different at continental
scales. Estimated fluxes in Europe and in North America =
are very close for TM5/TM5% 1 (77 and 76 Tgyr! in 510
Europe; 101 and 99Tgyt in North America) and IM-
PACT/IMP]’_A\CT:LX 1 (68 and 69 Tg y:L In Europe’ 97 and 500 ACTM IFS IMPACT IMPACT1x1 MOZART PCTM T™M5 TM51x1  TOMCAT
100 Tgyr + in North America). The larger amplitude of the Models
synoptic variability of TM51x 1 and IMPACT 1x 1 does Fig. 14. Global methane estimates for every inversion using

not result in larger fluxes, pOSS'bIY because TM5 and IM'TransCom model outputs as synthetic observations in three network
PACT are already much more variable than LMDZ-SACS ¢nfigurations. Results for NET1, NET2 and NET3 are respectively
over these continents. On the contrary, differences betweepspresented in red, green and blue. The red line shows the target

estimates of TM5/TM5 X 1 and IMPACT/IMPACT 1x1are  value of the methane flux at the global scale (523 Tolyr
relatively large in Africa (94 and 79 Tgyt for TM5 ver-

sions and 81 and 72 Tgyt for IMPACT versions) and in

Oceania (29 and 38 Tgyt for TM5 versions and 35 and 3.4 Sensitivity to the measurement network

40 Tgyr?! for IMPACT versions). Estimates in Asia and

South America are characterized by |arge differences be:rhe fluxes inferred by atmOSpheriC inversions are sensitive
tween TM5 and TM5 1k 1 (131 and 125Tgyr in Asia;  to the location and density of observations used to constrain

55 and 72 Tgyr! in South America), and small differences them. We have used two other networks (NET2 and NET3)

between IMPACT and IMPACT % 1 (113 and 109 Tgyr to assess the sensitivity of the modelling and transport er-
in Asia; 88 and 90 Tgyr! in South America). These larger 'ors on estimated fluxes to the network. NET2 assumes a

Changes could be the due to tropical regions being less Cormix of flasks and continuous data similar to the current situ-
strained in the inversions. ation. NET3 adds tower and aircraft measurements to NET2
(Sect.2.4).

NET1

550 NET2

540

530

520

nverted CH4 fluxes (Tg/yr) fo
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Using NET2, the inverse system derives lower global es-higher at regional and grid-cell scales. Several results high-
timates compared to emissions derived using the NET1 conlighted in our study question the way that errors are speci-
figuration for all synthetic datasets, except for IFS (Hid). fied in atmospheric inversions, with non-adapted errors in the
For instance, fluxes derived using ACTM, IMPACT and TM5 R observation covariance matrix. For instance, a badly sim-
drop to 523, 525 and 538 Tg'y¥ in 2005, compared to 533, ulated IH exchange time can lead to biased interpretations
534 and 545 Tgyr! respectively in the case of NET1. If of atmospheric signals, in terms of inverted fluxes, if the er-
errors were unbiased and properly accounted in inversiontors do not fully account for this modelling imperfection. In
more constraints should ideally bring the estimated fluxesSect.3.4, it is shown that NET1 estimates of the global £H
closer to the target. In other words, one could expect NETflux are further from the targeted flux as compared to NET2,
results to be closer to the target than NET2 fluxes. This dis-even though more atmospheric constraints are considered in
crepancy is discussed in more details in Séct. NET1 than in the NET2 configuration. Adding more con-

Estimates in the NET2 and NET3 configuration are very straints, as done in NET1, better defines in time and space the
similar at the global scale, except for PCTM, IFS and theregional gradients of concentration between stations, which
two high resolution versions of TM5 and IMPACT. Gener- emphasizes, in terms of cost to be reduced jithe differ-
ally, the number of tall towers and aeroplane measurementsnces between LMDZ-SACS and the other models. Associ-
is too low compared to the number of surface stations to pro-ated with a potentially erroneous estimation of errors in the
duce a significant difference between estimates from NETZR matrix, especially concerning transport model errors, an
and NET3 at the global scale. The higher horizontal resolu-amplification of the impact of errors can occur, leading to
tion of IFS, IMPACT 1x 1 and TM5 1x 1 is a possible expla-  a larger difference in the global emissions compared to the
nation for the differences obtained in the global estimates betarget emissions, for NET1 compared to NET2. This effect
tween the NET2 and NET3 configuration. Moreover, PCTM is amplified by the fact that most stations moving from con-
tends to simulate very strong vertical gradients compared tdinuous to discontinuous (flask) when moving from NET1
other models$aito et al. 2013, potentially due to the larger to NET2 are remote stations with smaller model differences
number of vertical layers in the PBL, which could explain than continental continuous stations remaining in NET2. We
the differences found between NET2 and NET3 emission eshave shown that discrepancies in synoptic variability at sur-
timates for PCTM. The impact of vertical resolution on the face stations may result in different methane estimated fluxes
inversion could not be investigated further since two vari- in the area impacting these surface stations after transport. As
ants of a model with different vertical resolutions were not highlighted in the Sect3.2.2 the PCTM estimate in North
available. America is much higher than the other estimates. It is proba-

At aregional scale, the additional information provided by bly due to the fact that large uncertainties associated with the
tall towers and aeroplanes included in the inversions (NET3)modelling of synoptic variability with LMDZ-SACS are not
effectively reduced the spread in flux estimates in the re-fully accounted for in the inversion. These elements suggest
gions where these additional data are available compared ta misspecification of errors in tH matrix.
the NET2 inversions (Figl5). The spread decreases from  Table4 compares the errors at 25 stations, representative
27 to 16 Tgyr! and from 7 to 4 Tgyr?! for respectively  of the different types of site encountered (background, pol-
North America and Boreal Eurasia. The estimates also movéuted, coastal, continental, etc.) contained in Ehmatrix of
closer to the target emissions. Consequently, one can assun@hen and Prinr{2006, Bergamaschi et al2005 and our
that the system cannot match all surface, tower and aircrafstudy based orGlobalview-C H4 (2009. The same order
measurements and derives emissions closer to the target faf magnitude for the errors is used in these studies, even if
these regions. In Europe, the spread does not change muaome large differences may be found at some specific sta-
between NET2 (20 Tgyrt) and NET3 (21 Tgyrl). Indeed, tions. For instance, at Hegyatsal (Hungary) stati®imen and
in our synthetic experiment, NET3 has only 20 % additional Prinn (20069 derive an error of 101.2 ppb while the error
synthetic observations in Europe compared to NET2. It sug-given by Bergamaschi et al2005 is 26.5 ppb. The errors
gests that NET3 estimates cannot be improved much in Euin our study generally lay between the errors used in these
rope compared to NET2 estimates. In regions where there arevo studies. This means that observational errors used in this
no additional synthetic observations in NET3 (South Amer- study are overall comparable to those currently used in other
ica, Africa and Oceania), inversions using NET3 syntheticinversions. However, transport model errors in current inver-
observations are very similar to those obtained for NET2. sions are generally not represented explicitly. Indeed, state-

of-the-art inversions usually implement parameterizations of

model errors, which quantify the misrepresentations of a sur-
4 Discussion face station inside a larger grid box of the chemistry transport

model.Chen and Prin§2006 introduced a “mismatch” er-
The previous section shows that forcing and model errorgor term in the inversion process, aiming to mimic the rep-
have a significant impact on GHluxes estimated by inverse resentation error. This term is computed at each measure-
modelling at the global scale. This impact is proportionally ment site as the standard deviation of the,Qhble fraction
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Table 4.Errors (in ppb) contained iR matrix of Chen and Prinif2006, Bergamaschi et a(2005 and our study at 25 surface stations.

ID station name Chen and Prini200§ Bergamaschi et a(2005 Our study
ALT  Alert, Nunavut, Canada 6.5 5.4 6.0
ZEP Ny-Alesund, Svalbard, Spitsbergen 13.3 6.8 9.3
BRW  Barrow, Alaska, USA 21.9 12.2 13.7
BAL  Baltic Sea, Poland 30.1 14.8 27.0
CBA  Cold Bay, Alaska, USA 8.7 10.8 10.7
MHD Mace Head, Ireland 15.4 21.0 11.9
HUN  Hegyatsal, Hungary 101.2 26.5 41.0
LEF Park Falls, Wisconsin, USA 21.9 13.0 22.8
BSC Black Sea, Constanta, Romania 46.4 41.9 43.1
KZM  Plateau Assy, Kazakhstan 22.4 15.3 19.3
NWR  Niwot Ridge, Colorado, USA 16.3 8.3 19.2
UTA  Wendover, Utah, USA 27.7 13.2 20.7
TAP Tae-ahn Peninsula, Republic of Korea 54.9 331 40.3
WLG  Mt. Waliguan, Peoples Republic of China 225 175 15.2
BME  St. Davis Head, Bermuda 17.5 11.5 18.9
WIS Sede Boker, Negev Desert, Israel 17.8 13.6 23.9
ASK  Assekrem, Algeria 11.2 5.7 7.7
MLO Mauna Loa, Hawai, USA 6.5 9.3 10.8
KUM  Cape Kumukahi, Hawai, USA 10.6 8.5 10.0
RPB Ragged Point, Barbados 55 8.9 10.7
ASC  Ascension Island 5.8 6.4 5.1
SMO Cape Matatula, Tutuila, American Samoa 49 7.6 7.9
CGO  Cape Grim, Tasmania, Australia 5.2 8.9 5.8
SPO South Pole, Antarctica 7.6 3.0 1.6
Average over all stations 20.9 135 15.9
[ reva— surrounding the observation si@ergamaschi et a{2005),
L Fs « | similar to an approach described Bj)denbeck et a(2003,
H IMPACT -+ took into consideration a “mismatch” (or “representativity”)
_ 150 'M;‘;C;in ; ] term that is related to spatial and temporal gradients in all the
z L v 8 PCTM o | directions. Some other studies approximate transport errors
S o %% e o] by the variance of observations to take into account the fact
§ 100 - g 0O % TOMCAT _ that it is difficult for global transport models to properly rep-
G [ .0 o§§ ¥ ;g@ ] resent large variations in trace gas concentrati®asigquet
3 | ggﬁ —F BF, &% | et al, 2006 Geels et al.2007). Bergamaschi et a{2010
I ¢ 3% : introduced a term assessing the uncertainty arising from the
© 50 B FEE 7 sub-grid scale variability of the emissions. These approaches,
L 334 . i as with the one used in our study, only partly address the
r ges 1 guestion of model and/or forcing errors, confirming that ob-
I 1 servation errors in methane inversions may be misspecified.

Europe N.America Asia S.America Africa Oceania Bor. Eurasia

Continent

Moreover, in most state-of-the art inversions, only diago-
nal terms ofR are specified when surface observations are

Fig. 15. Regional methane estimates for every inversion usingassimilated. Nevertheless, both temporal and spatial corre-
TransCom model outputs as synthetic observations in three netlations could also improve the specifications of errors and
work configurations. Estimates for seven continental regions (Eudimit the impact of transport errors on the inverted estimates.
rope, North America, Asia, South America, Africa, Oceania and For instance, we mentioned in Se8t2.2that the spread of

Boreal Eurasia) are shown. For every continental region, the first ;xes in Western Europe may be higher in boreal winter due

(second and third) column represents the estimates in the NETJc

(NET2 and NET3, respectively) configuration.

Atmos. Chem. Phys., 13, 9918937, 2013

0 more frequent and/or intense storms, suggesting a spa-
tial correlation of transport model errors in Western Europe
with errors in regions crossed by the storm tracks (the North
Atlantic, for example). One could take into consideration
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the erroneous representation of the IH transport by includferent synthetic observational datasets. The spread between
ing spatial correlations between stations from the Southerrthe inverted emission estimates shows that transport forc-
Hemisphere (or/and from the Northern Hemisphere). Fig-ing and model errors have a significant impact onyGidx
ure3also points out that transport model errors may vary sig-estimates. The range in global fluxes derived in the inver-
nificantly from one season to another depending on seasonaions is 5% (27 Tg yrt). Ranges of 23 to 48 % are obtained
emissions, suggesting that temporal correlations in measuren the fluxes derived at regional scales, and up to 150 % at
ment errors should be included in the measurement unceithe model grid-scale. Over the continents, patterns of emis-
tainty covariance matrix. However, properly taking correla- sions can be very different, depending on the region and
tions into account dramatically slows down the inversion pro-on the model used to generate synthetic observations. Con-
cess.Chevallier(2007) proposed, for C@inversions, to in-  sequently, our results show that transport model errors im-
flate variances in order to limit the impact of unaccounted-forpact significantly the inverted methane budget at all scales,
correlations on the accuracy of flux estimates as a computawith an increasing impact when going from global to smaller
tionally efficient method for indirectly considering correla- scales.
tions in future methane inversions. The need to improve chemical transport models in order
Finally, our study faces some limitations. Firstly, one to improve inverse flux estimates by inverse modelling has
could question the development of an inverse modelling ex-been highlighted recentlyChevallier et al.201Q Houwel-
periment assimilating synthetic observations in only one in-ing et al, 201Q Saito et al. 2013. For instance,Saito
version model. However, at present, it is difficult to lead anet al. (2013 give some indications for the future develop-
inter-comparison of inverted fluxes with up-to-date method-ment of more accurate CTMs by improving the modelling
ologies (variational, ensemble methods, etc.) with the manyof inter-hemispheric transport in particular. Indeed, they
models available in the TransCom-gEixperiment, because show that the models with larger vertical gradients, coupled
it would require an inversion framework for each CTM with with slower horizontal transport, exhibit greater £ldter-
either an adjoint model (variational) or a large number of in- hemispheric gradients in the lower troposphere. In LMDZ-
versions (ensemble methods). It could also be debated th&ACS, which has relatively low inter-hemispheric exchange
by using synthetic observations, the true transport model ertime (Patra et al.2011), ongoing efforts are being made to
rors are not properly represented. Indeed, gaps betwegn CHmprove the representation of vertical gradients by increas-
mixing ratios simulated by different CTMs may be different ing the vertical resolution and by improving the modelling of
from gaps between observed and simulated; Gtiking ra- physical processes in the planetary boundary layer.
tios (Stephens et gl2007). Here, it is assumed that transport  The misrepresentation of transport model errors in
model errors are properly mapped by the large nhumber ofnethane inversions can exacerbate these modelling issues.
CTMs used in this experiment. Finally, the modelling of the Consequently, improved formulations of the observation co-
different physical processes (advection, convection, turbulenvariance matrixR, taking more into account more fully the
mixing, etc.) and characteristics of the models (resolutionstransport model errors in order to mitigate their impacts on
vertical coordinate systems, meteorological fields) contribut-the estimated methane fluxes, have to be addressed in future
ing to transport model errors are considered all together anéhversions.
cannot be explicitly separated, although there are insights
that IH transport differences play an important role here. Ad-
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