Response to an anonymous referee

- Note that Environment Canada (EC) has recently been re-branded Environment and Climate
Change Canada (ECCC).

Thank you for notifying the updated information. We have now revised the text and tables
with new name.

- pg 12, line 16-22: I interpret a "smaller bias" as being closer to zero. While the negative bias may
be smaller in these comparisons, (-12 is smaller than -6), it seems like odd phrasing to me. Also,
you talk about the bias at Cape Grim and Lauder being smaller, but I don't believe you give the bias
at Wollongong.

This is true that the bias for Cape Grim and Lauder were not particularly small, but better

only relative to that of Wollongong, which had bias of about -35 ppb. We have now revised
the text by adding bias of Wollongong to make this clear.

- I hope that figures S5and S6 can be printed in landscape so that the individual subfigures are a bit
larger.

We have now rotated the figures to landscape.
- Throughout the manuscript I came across a few typos and grammatical errors that I hope will be
corrected in copy-editing.

We apologies again for the errors. We have gone through the manuscript once again and
tried to correct the mistakes.
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Abstract. We present a global distribution of surface methaids) emission estimates for 2000-20d2rived using the
CarbonTracker Europ€H, (CTE-CH,4) data assimilation system. In CT&Hs, anthropogenic and biosphefi¢d, emissions
are simultaneously estimated based on constraints of global atmosphesiit @Hs observations. The system was
configured to either estimate only anthropogenic or biospheric sopeegegion, or to estimate both categories
simultaneously. The latter increased the number of optimizable parametar$2rdo 78. In addition, the differences
between two numerical schemes available to perform turbulent vertical miximg aimospheric transport model TM5 were
examined. Together, the system configurations encompass importantfaxesedainty in inversions and allow us to
examine the robustness of the flux estimates. The posterior emisinates are further evaluated by comparing simulated
atmosphericCH, to surface in situ observations, vertical profilesGil, made by aircraft, remotely-sensed dry air total
column-averaged mole fractions@Xls) from the Total Carbon Column Observing Network (TCCON), a@dHXfrom the

Greenhouse gases Observing SATellite (GOSAT). The evaluation with noril@esinobservations shows that posterior
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XCHjy is better matched with the retrievals when the vertical mixing scheme with fatgdreimispheric exchange used.
Estimated posterior mean total global emissions during 200@are 516+51 TdCH, yr, and-increaselywith an increase

of 18 TgCH, yr! from 2000-2006 to 2007-2012. The increasenainly driven by an increase in emissions from South
American temperate, Asian temperate and Asian tropical TransCom regi@uklition, the increasis hardly sensitive to
different model configurations (< 2 T@H. yr? difference), and much smaller than suggested by EDGAR v4.2 FT2010
inventory (33 TgCH,4 yr%), which was used as prior anthropogenic emission estimates. Thég@sgbod agreement with
other published estimates from inverse modelling studies (16-20HEgr ). However, this study could not conclusively
separate a small trend in biospheric emissions (-5 to +6.€Hgyr?') from the much larger trend in anthropogenic
emissions (15-27 T@H,4 yr1). Finally, we find that the global and North American Qbhlance could be closed over this
time period without the previously suggested need to strongly imcesdhropogenic CHemissions in the United States.
With further developments, especially on the treatment of the atmosieH, sink, we expect the data assimilation system

presented here will be able to contribute to the ongoing interpretation of climtigiggamportant greenhouse gas budget.

1 Introduction

Methane CH.) is a greenhouse gas with Global Warming Potential 28 times that of aidxigte (CO;) on a 100-year time
horizon (Azar and Johansson, 2012; Boucher 2012; Pettaks 2011; Reisingeet al., 2010). Following years of almost no
growth during 1999-2006, atmosphe@itl, started to increase again in 2007 (Rigbwl., 2008; Dlugokenckgt al., 2009).

The growth rate of globally averaged atmosph&lds from 2007 to 2012 was 5.7 ppb per year, which represents a
significant change to the glob&lHs budget. The mechanisms behind this increase are still debated (e.g. H2@han
Dlugokenckyet al., 2011; Dalsgrest al., 2016).

Methane is mainly emitted by anthropogenic activities and natural biogerdesses, followed by minor contributions from
biomass burning, ocean, inland water bodies and geologic activiiesn@in anthropogenic sources are fugitive emission
from solid fuels, leaks from gas extraction and distribution, agriculamd, waste management. Anthropoge@idls
emissions account for more than half of td@ds emissions from land and ocean (Kirschteal., 2013; Saunoigt al.,
2016). Anthropogeni€H. emissions have increased significantly since pre-industrial times langeliodhe heavy use of
fossil fuels, but also due to the increase in ruminants, landifilts rice fields corresponding to the increase in human
population (Ghostet al., 2015). This has resulted in a steep increase in the amo@it.oin the atmosphere. Previous
studies suggest that anthropoge@id, emissions did not increase significantly, or even decreased, dbent©980s and
1990s (Bousquett al., 2006; Dlugokenckyet al., 1998), which may have been one of the cause of stabilizatitime of
atmosphericCH4 burden from 1999-2006 (Dlugokencktyal., 2003). Although the changes@H. emissions in more recent
years have not been satisfactorily explained, recent studies indicaterease in th€H, emissions from biogenic sources
(Schaeferet al., 2016; Schwietzket al., 2016; Nisbekt al., 2016), and larg€H, emissions from the tropics in thes21
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century (Saunoist al., 2016). Methane emissions from natural wetlands account for aBfi¥dof total CH, emissions
(Kirschkeet al., 2013). Wetlands and peatlands are the major sources of natathdricCHs emissions. Most peatlands
are in high northern latitudes, whereas large wetland areas are locadkedtiopics. Emissions from natural biospheric
sources have strong seasonal and interannual variability (Seialinj 2011), contributing substantially to seasonal and
interannual variability in the atmospher@Hs; burden (Menget al., 2015). In addition, photochemical reaction with

hydroxide (OH) in the troposphere, the major sinkCbk, has strong effects on the annual cycle of atmospiétic

Attributing the observed changes @H4 burden to changes in emission sources is difficult because variatidDels
emissions from both anthropogenic and biogenic sources are nigiestiff understood. In addition, large uncertainty
remainson changes in the lifetime of atmosphe@iels. Montzkaet al. (2011) found an increase in OH concentrations in the
beginning of the 21st century, followed by a decrease in OH coatiens after 2004-2005. More recently, Ghaslal.
(2016) and Dalsgreet al. (2016) also obtained a decrease in@h lifetime in their simulations. McNortoet al. (2015)
showed that although interannual variability of OH may be small, small chang@#l inoncentrations could lead to
significant changes i€H4 concentrations. On the other hand, Rigbgl. (2008) suggested that a decrease in tropospheric
OH concentration could be one of the reasons for the increase in atno§peafter 2007. The uncertainty in changes in
OH concentrations and its relation to t@éls burden still remains large (Prather al., 2012), and need to be further

assessed.

Several inverse models have been developed to esti@tdteemissions and their contribution to the atmosph@iity
burden (e.g. Bousquet al., 2006; Bruhwileret al., 2014; Houwelinget al., 2014; Fraseet al., 2013; Meirinket al., 2008).
Emission estimates vary among models (e.g. Kirsehlab, 2013; Locatelliet al., 2013; Bergamasclhat al., 2015; Tsuruta

et al., 2015) as these inverse systems rely on specific choices in the designinferse problem. Inputs, such as prior
emission fields and observations, and the transport model usegeisions play a major role in regional and continental
emission estimates. Depending on the optimization method and available informntati@y, or may not be possible to
derive information at small spatial scales. For example, the computatioh@i eooint models (Bergamasadtial., 2015;
Belikov et al., 2013 Houwelinget al., 2014; Meirinket al., 2008) is not highly dependent on the number of scaling factors
used to ‘scalé the prior (first guess of emission estimates) in order to gehiaed (posterior) emissions, i.e. such models
have the ability to perform grid-scale optimization globally. The computatiowgtl in some other methods, suchiras
Thompson and Stohl (2014) and Zhetaal. (2009) depenslon the number of scaling factors as the method directly uses
their very large covariance matrix. In that case, grid-scale optimizatiorssiofwithout any asymptotic assumptions, but
only for regional domains, because the dimensions of the covanaatca for a global domain become too large, even for
current computational capability. Ensemble Kalman filter (EnKF) based sy¢Bmuiswiler et al., 2014; Tsuruteet al.,
2015) typically have smat computational limitations related to the number of scaling factors. By represdngi state

covariance matrix with a limited number of samples of the state (bfsemembers), the computational cost depends mostly
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on the number of ensemble members. The trade-off in these methods as an approximation of the cost function

minimum that only improves with more ensemble members, aischtlove cost.

The simultaneous estimation of biospheric and anthropogenic contribtiticheCH, budget is more difficult when both
emissions are in the same location. Prior information from an wigrécosystem distribution map can be useful, as it
defines the location of the biospheric sourdgbl emissions also depend on soil properties (Spehal., 2011), and
therefore the distribution of wetlands and their inundation extent can beasiggibr information. This approach has the
advantage that emission estimates frdifierence differentsource categories and ecosystem types can be optimized
separately by the application of different scaling factors. However, itownkithat the spatial distribution &Hs sources
relies heavily on these prior estimates, and that emissions cannot be assiggdnt® outside of the predefined source
regions. If the distribution in the prior or the ecosystem mapciariact, the emission estimates would not be optimized

appropriately. This approach was implemented in Tswgtudh (2015), and will be evaluated further in this study.

In this study, we examine emission estimates for 2000-2012 frarho@Tracker Europ€Hs (CTE-CHs) with three
configurations in an attempt to report a more meaningful meanrag@itainty range than those from only one simulation.
CTE-CH, is a version of the European branch of CarbonTracker data assimigsiems (Peterst al., 2005; Peterst al.,
2010; van der Laan- Luijket al., 2015). The inversions were designed to examine uncertainties rela@chioetrization in
the system, as well as using different vertical transport schemes. The éfieicks the finding by Locatelét al. (2013) that

the regional flux estimates can differ by up to 150% on a grid-scale degesrdthe transport model. On the larger scale,
one important property is the inter-hemispheric (IH) exchange rate, \Wwhitstrong effects on the north-south gradient
(Locatelli et al., 2013). The strong influence of the vertical mixing scheme wassal®an by Oliviéet al. (2004), which

will be explicitly examined in this study. For the evaluation, simulatetbsphericCHs was compared with data from in
situ observation sites to evaluate the statistical consistency @Hhemission estimates. Furthermore, non-assimilated
observations from aircraft campaigns in Europe, and ground- and satelieel retrievals of dry air total column-averaged
mole fractions (X)CH.) from Total Carbon Column Observing Network (TCCON) and Greemh@ases Observing
SATellite (GOSAT) were used to evaluate vertical and long-range transport. Detiés ddta assimilation system and its
designs are described first in Section 2, as well as the observations used amdrevaluate the estimates. The evaluation is
discussed in Section 3.1, 3.2 and 3.3, followed by the rangélélgand regionalCHs budget estimates (Section 3.4).

Results are discussed in Section 4, comparing them to other recent esam@dt®smmarized in conclusions (Section 5).
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2. Methods and Datasets
2.1 CTE-CHa4

CTE-CH, is an atmospheric inverse model that optimizes global su@aizeemissions region-wise based amensemble

Kalman filter (EnKF; Evensen, 2003) used to minimize a cost function;

J=(x- xb)TP‘l(x -x)+(y - H(x))TR_l(y — H(x)) (1)

E=G(x)EP 2)
wherex (dimension N) is a state vector that contains a set of scaling factors utigiynthe CH4 surface emissionsE(
dimension 360%180, latitudexlongitude degrees) that we wish to optirtazeng from a prior estimate of these emissions
(E® [360x180]) and scaling factox® [N]. P [NxN] is the covariance matrix of the state vecgofdimension M) is a vector
of atmosphericCHs observationsk [MxM] is a covariance matrix of the observationsandH is an observation operator
[MxN]. The operatoG transforms the regionally estimated scaling fackots a 1°x1° global map, which are used to scale
prior emission€. The cost function in Eqg. (1) is minimized using an ensemble &aliifter (EnKF) (Evensen, 2003) with
500 ensemble members, and the TM5 chemistry transport modelegfialal 2005) was used as an observation operator that
transforms emissiong into simulated atmospheri€Hs (H(x)). The emissionE were optimized weekly, with an

assimilation window smoother length of five weeks.

In this study, anthropogenic and biospheric emissions were inptimwhile emissions from other sources (fire, termites,
and ocean) were not optimized (see Section 2.3). The optimal weeklyGhkdluxes F,,.), in regionr and time (weeks,
were calculated as follows:

Frot(r,t) = Apio(1,8) X Fpio (1, 8) + Aanen (r, £) X Fanen (1, 1) + Frire (1, ©) + Fropm (1, £) + Foee (r, 1) (3)
WhereFy,;,, Fanes Frires Frerm: Foce, @reé the prior emissions from the biospheric, anthropogenidtestj\fire, termites and

ocean, respectively.

The optimization regional definition of CTEH, is defined based on modified TransCom (mTC) (Fig. 1) and land-
ecosystem regions (Fig. S4). Land-ecosystem regions ir1& ¢fid were defined based on Prigehal. (2007) and Wania

et al. (2010), as in the LPJ-WHyME vegetation model (Spahrl. 2011), and contain six land ecosystem types (LET):
inundated wetland and peatland (IWP), wet mineral soil (WMS), rice (RI@)tagoogenic land (ANT), water (WTR) and
ice (ICE). Large lakes, the Mediterranean Sea, and other large bay areas wereade¥i€R, similarly to Peterst al.
(2007). ICE corresponds to the ice region in the mTC definitibe. rfémainder of the land-ecosystem regions were defined
according to the fraction of IWP, WMS and RIC used in LPJ-WHyMElifha the number of degrees of freedom (d.o.f.),
only one dominant LET was assigned to each grid cell. In the follpeases, the LET with the largest fraction was chosen.
For grid cells where the fraction of IWP, WMS or RIC was larger thaneither IWP, WMS or RIC was assigned. IWP or
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WMS was assigned for grid cells where the fraction of IWP or WMS were sritadlier0.1, and the prior anthropogenic
emission estimates (EDGARv4.2 FT2010, see Section 2.3) includingi@mi$eom rice fields were zero. Furthermore, if
the LPJ-WHyME biospheric emission estimates exceeded the EDGARv4.2F-&R0dsion estimates by more tH200%
either IWP or WMS was assigned. However, if the EDGARv4.2 FT2010 iemisstimates were much larger than the LPJ-
WHyME biospheric emission estimates, either ANT, RIC or WTR was assigned

In one of the two model configurations referred to &¢ee also Table 1 for an overview of configurations), anthropogenic
emissions were optimized in optimization regions where LET are RIC, ANWTR (i.e.A;;,(r,t) = 0), and biospheric
emissions were optimized in optimization regions where LET are either MWNAMS8 (i.e. Ay, (7, t) = 0). This mutually
exclusive approach resulted in 28 biospheric regions and 34 antbropagptimization regions, i.e. 62 scaling factors
A(t) = (Apip (1), A4nen (D)) to be optimized per week globally. This number of scaling factorssmadler than theoretically
expected (20 mTCs x 5 land-ecosystem regions = 100 scaling fditoes)se some mTCs contain less than five ecosystems
types. In the second configurations referred to #slothA,;,(r, t) andA,,.,(r, t) were optimized in each optimization
region. In that case, the regional definition of the scaling factorbibspheric emissions was based on the combination of
mTCs and land-ecosystem regions, but ocean as one regteadnof five (i.e. 58 biospheric regions). The mTCs (20
regions) were used for the anthropogenic emissions. This resultedscalii®y factors to be optimized per week globally.
Note that scaling factors were optired based on sensitivities in the EnKF (represented in Kalman Gain matrixjhusnd
there is no explicitly prescribed systeenfor choosnge which of the scaling factorsif;,(r,t) or Ag,:, (1, t)) are adjusted
more in each optimization region. A discussion of the application dfdéansystem distribution maps and their effect on

CH, emission inversions for a short period during summer 2007 isrelsmled in theSupplementary Material of this study.

For the prior uncertainty, variance of the scaling factors was se forQall optimization regions, exgefor the ‘Ice’ region
(Fig. S4), which was set to 1x20Emissions from ‘Ice’ region contribute only 0.02% of the global total emissions, and we
did not expect the inversions to be able to optimize the emissionsFaell®?, an informative covariance matrix was used;
the scaling factors for biospheric and anthropogenic emissions wen@metb4o be independent, and biospheric scaling
factors were assumed to be correlated among mTCs based on the distarea bietwcentres of the optimization regions
(seeSupplementary Material for further details). For 8, a non-informative covariance matrix was used, i.e. all optimization

regions were assumed to be independent.
2.2 TM5 chemistry transport model

The atmospheric chemistry transport model TM5 (Ktal., 2005) was used as an observation operator. TM5 was run with
a 1%1° (latitude x longitude) zoom region over Europe (24°N to 74°N, 216W5°E), framed by an intermediate zoom

region of 2%3°, and a global 4%6° degree resolution, driven by 3-hourly ECMWF ERA-Interim metegjiol fields with
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25 vertical layers. The atmospheric chemical loss, i.e. oxidati@Hefinitiated by reaction with OH, chlorine (Cl) and an
electronically-excited state of oxygen {#DJ), was pre-calculated based on Houweli@l. (2014) and Briihl and Crutzen
(1993), and it was not adjusted in the optimization scheme. The ateniwsjifietime of CH, estimated from the global total
annual mean atmospheric chemical loss during 2000-2012 was abget®s. Interannual variability was not applied in the
removal rates of th€H, sinks.

To establish reasonable initial conditions for the global distributiddHbf abundance, TM5 was run twice consecutively for
1999, starting from a uniform abundance of 1600 ppb globallyguprior emission estimates. Using the final values, CTE-
CHs was run for 2000, and the third run was used to define the ifltl values at the beginning of 2000. Since

atmospheridCHs concentrations did not increase significantly in 2000, it was assumed ithabttdition represents well-

mixed initial atmospheri€Hs for the experiments presented in this study.

In this study, two different convection schemes were usedVB: Triedtke (1989) (hereafter T1989) and Gregernal.
(2000) (hereafter G2000). The two versions differ mainly irticedr mixing in the troposphere: mixing is faster, and
atmosphericCH. at the surface in the Northern Hemisphetel) is expected to be smaller with G2000 compared to T1989
Moreover, G2000 produces faster vertical mixing near the surface antiecalsa faster IH exchange time compared to
T1989.

2.3 Prior CH4 emissions

Five prior emission fields were used in this study and represélithdrelease from anthropogenic, biospheric, fires
termites, and oceanic sources. Anthropogenic emissions accountecfr6@®o of total global annuaH, emissions
during 2000-2012. For prior anthropogenic emissions, thisdtoms Database for Global Atmospheric Research version 4.2
FT2010 (EDGAR v4.2 FT2010) inventory was used. The original inverdata coverage extends to 2010; for 2011-2012,
emission fields were assumed to be the same as 2010. &wale(2016) suggested that a large increase in anthropogenic
emissions from the United States contributed significantly to the globaltlyrim CHs emissions during 2002-2014.
Although the 2010-2012 increase was not included in the prior,ssuicitreaseareis expected to be seen in the CTHEy

after optimization. A seasonal cycle was not included in the EDGAR v2PIErestimates. Emission estimates from the
biogeochemistry model LPX-Bern v1.0 (Spakhil., 2013) were used as prior biospheric emissions, which accoumted fo
about 30% of prior global total emissioriSmission estimates from rice fields were excluded from the prior biospheric
emissions because they were already included in the prior anthropogesgioss In addition, consumption &Hs by
methanotrophic bacteria in soils was estimated by LPX-Bern, and includadfase sinks in CTEH,. The GFEDv3.1
(Randerson, 2014; van der Wetfal., 2010) was used for emission estimates from large scale bioomaésdgorather than

the EDGARvV4.2 FT2010 inventory. GFEDv3.1 emission estimates accoientadout 3% of prior global total emissions.
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The original data coverage is up to 2011, so the 2011 and 2012 enfislsisrwere assumed to be unchanged from the last
year available. However, global fire emissions in 2012 were about @Higyr?! larger han in 2011, mainly due to an
increase in emissions in northwest Russia during the summer (@EE@iglioet al., 2013). Therefore, we must be aware
of an additional uncertainty in the spatial distribution of the emission sywspecially for 2012. Prior termite emissions
are based on estimates from Ito and Inatomi (2012) for 2000-2@@6h accounted for about 4% of prior global total
emissions. The 2006 estimate was also used for 2007-2012. The edbiyniédeand Inatomi (2012) are about 10 Thls yr

1 smaller than the estimates reported by Sanderson (1996) that were Bsedamaschét al. (2007), for example. Prior
emission estimates from ‘natural open ocean were calculated assuming a supersaturatiohlsofh the seawater of 1.3
(Lambert & Schmidt, 1993), which accounted for about 1% of priobajléotal emissions. ECMWF ERMterim sea
surface temperature, sea ice concentration, surface pressure and win@Dsmeetdhl., 2011) were used to calculate the
solubility and the transfer velocity (Batesal., 1966; Tsurutaet al., 2015). No special treatment was applied to coastal
emissions of the ‘natural’ ocean. In addition to the ‘natural ocean emission estimate, an ‘anthropogenitocean emission
estimate from EDGAR v4.2 FT2010 was added to the prior. Sources obpogenic ocean emissions are mainly from
ships and other ‘non-road transportation. This includes emissions around coastlines. Prior flixesldnd and ocean
anthropogenic sources, and from land biospheric sources, wenaized. Fluxes from fire, termites and natural ocean
sources were not optimized.

2.4 Atmospheric CH4 observations

Atmospheric observations @H, abundance (reported in units of dry-air mole fraction) collected fronWwbed Data
Centre for Greenhouse Gases (WDCGG) were assimilated inGEREThe set of observations consisted of discrete air
sanples and continuous measurements from several cooperative netWalnles Z). The observations were filtered based on
observation flags provided by each contributor to avoid the influeficgtrang local signals on the inversions. For
continuous observations, daily means from selected hours were assimilegathaaf observations (12:00-16:00 local time)
were selected for most sites, but for the high altitude sites, nightotiservations (00:00-4:00 local time) were selected.
These choices of sampling hours reflect a preference for well-mixed coradhairrepresent large source areas, and are also
better captured by the TM5 transport model. Day-night selection was not afpligstrete observations. For each site,
model-data-mismatches (mdm) were defined considering both the obsermtomnd the transport model error, i.e. the
ability of the transport model to simulate the observations. Note that theelatieis often much larger than the former. For
the marine boundary layer (mbl) and the high latitude Southern Hengspibes (hISH), mdm was set to 4.5 ppb. For sites
that capture both land and ocean signals, mdm was set to 15 ppb. Fihasitepture signals from the land, mdm was set to
25 ppb. For sites with a large variation in observations due to locatricis, mdm was set to 30 ppb and for the sites that
appeared problematic in the inversions, mdm was set to 75 ppb. Althlmeighlues of mdm are somewhat arbitrary, they
are based on a previous study by Bruhwieral. (2014) ard typically reflect the model forecast skill welDuring

assimilation, rejection thresholds were set as three times mdm, except fdslthedrhISH sites. For these sites, rejection
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thresholds were set to 20 times mdm because assimilation of these obsengaitigmortant in the characterization of the
background atmospheri€Ha. In this study, the observation covariance matrix was assumechdlage. no temporal or

spatial correlation between observations was taken into account.

2.5 Aircraft profiles for evaluation

Aircraft profiles of CHs abundance with altitude provide information about atmosph@Hg in general, but more
specifically vertical transport. Aircraft data from regular profiling that operatddnithe European CarboEurope project at
Orléans (France), Bialystok (Poland), Hegyhatsal (Hungary) and Griffin (U.K.) during 2006-2012 which is a part of the
European Union funded IA (Integrating Activity) project withirethntegrated notGO, Greenhouse gas Observation
Systems (INnGOS), werased for evaluation (Table 3). In addition, data from an aircraft campaigorped within the
Infrastructure for Measurement of the European Carbon Cycle (IMp@gyct were used. The IMECC campaign deployed
a Learjet 35a with multiple vertical profiles from close to the surface u thrrl near several TCCON sites in central
Europe. For details on the airbor@#s measurements the reader is referred to Geibal. (2012). Aircraft observations

were not assimilated in the inversions.

2.6 XCH4 dataset for evaluation

In addition to the aircraft profiles and surfaCels measurements at in situ stations, column-averaged dry-air mole risactio
(XCHyg) from the TCCON network and the TANSO-FTS instrument on boadGtBSAT spacecraft (Kuze al., 2009)
were used for evaluation.CH, data provided additional information in regard to long-range transpotelpdd to assess
the quality of the global simulations. TCCON retrievals from the GGG26lbase (Wunclet al., 2015) were used, and
daily means were compared to simulatedb4 at each site. For GOSAT retrievals, the product reported by Yoshala
(2013) was used, and the regional daily mean for each mTC was eairtpathe corresponding simulation. Th€bM,

datasets were not assimilated in the inversions.

To facilitate a fair comparison, posteriolCKa were calculated using global 4°x6°x25 (latitude, longitude, vertical levels)
daily 3-dimensional (3D) atmospher@H, fields. For each retrieval, the global 3D daily mean gridded atmospBEic
estimates were horizontally (latitude, longitude) interpolated to the location ofttievals to create the vertical profile of
simulatedCHa4. For comparison with GOSAT and TCCON retrievals, the retrieval specific évgrkgrnels (AK) were
applied to model estimates based on Rodgers and Connor (2003):

C=ca+hoa)(x—x,), (4
where( is the quantity for comparison, i.eC¥la. c, (a scalar) is the prior @H, of each retrievalh is a vertical summation
vector,a is an absorber-weighted averaging kernel of each retrievgla model profile, and,, is the prior profile of the
retrieval. For the TCCON retrievals, one prior profile was provided daghwhich was scaled to get the observed profiles

that optimize the spectral fit (Wunc#t al., 2011). Prior profiles of GOSAT retrievals were provided for eattieval
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(Yoshidaet al., 2013). Model estimated GH, were calculated for each site for the comparison with TCC@W.X while

the spatial mean of @H, for each mTC was used for comparison with the GOSAT retrievals.

2.7 Inversion setups

In this study, three inversions were performed, which differedimber of parameters and TM5 convection schemé&3T)(L
using 52 configuration with the T1989 convection scheme’®T)L using L’® configuration with the T1989 convection
scheme, and ®#G) using 182 configuration with the G2000 convection scheme (Table 1). Prior parstierior CH,
abundance was estimated with TM5 using prior and posterior emissiiomates, respectivelyPosteriorCHs was also

estimated using the respective convection schemes in the forward runs.

3. Results

Before presenting and discussing the estimated, Gutface fluxes, agreements with the observations used in the
assimilation (3.1) and with independent measurements from aircraft &B@®)remote sensing products (3.3) are
demonstrated.

3.1 AtmosphericCH4

AtmosphericCH. values simulated using prior fluxes (prior atmosph€tit) increase continuously during 2000-2012, and
quickly exceed observed atmospheriCH, levels, especially in the NH (Fig. 2, Fig. 3). The seasonal cycle of prior
atmosphericCH, values agrees poorly with the observationgh a positive bias from winter to summer in the NHd
around the end of each year in the Southern Hemispher
inthe-Seuthern-Hemispher8H)-(Fig. 2). Furthermore, prior atmosphei@H, values are negatively biased compared to the
observations in the SEround durinci20022004 (Fig. 2) This is likely due to an underestimation in the prior emissions in
the SH. Posterior atmosphei@H, values generally match the observations to a level close to the expecteddatad

year

mismatch, indicating a proper choice of observation covariahcgeasonal bias remains in the NH (especially §ar),

and the decrease in atmosphélids in the SH around 2002004 also remains in the posterior, although shorter in duration
and of smaller magnitude than in the prior (Fig. 2). The negative bia®stepor atmospheri€H, around the equator
remains unresold throughout the study period in all inversions, and mainly origing fsites Bukit Koto Tabang,
Indonesia (BKT) (-25 to -27 ppb) and Mt. Kenya, Kenya (MKN) (-18® ppb). The posterior atmosphe@ti, values are
especially low relative to observations during June-October. The bias becafter srhenCH, emissions were increased in
the South American tropi¢ mTC region, although this led to compensating fluxes and atidres with observations
elsewhere (not shown). Posterior emissions for the South Americacatroggion (mTC3) remainsimilar to the prior, and
the inversion does not significantly decrease the uncertainty g@fritreemission estimates in this mTC (see Section 3.4.4
and 4.2.
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Agreement between simulat€@H, and surface observatioissslightly betterfier-in L7T and L%2G thanferin L52T (Fig. 2

as indicated by the root mean squared error (RMSE), whielbout 0.5 ppb smaller. In addition, the biases in annual
amplitude are about 1-2 ppb smaller. The negative bias in the SH frant@@D04is seen in all inversions, big most
prominent in 182T. Although the difference in the average RMBSEBmall, itis significant as iis calculated from all the
observations assimilated in the study period. In addition, differencedgaificant when the ensemble distributions of
posterior atmospheriCH, are considered. The spread (1 standard deviation=std) of ensemdidess than 5 ppb for most
sites and less than 1 ppb for mbl sites, mostly located in the SH.

Further evidencéer—of poorer performancef-in L82T thanin other runs is seen in its global fluxe$?L produced the
smalkg total global emission estimates 20022004, which in turn ledo the largest increase in the total global emission
estimates from 2001-2006 to 2007-2012. Based on previous stadjeBgrgamaschét al. (2013), Bousquett al. (2006),

Bruhwiler et al. (2014)and Fraseet al. (2013), the increasein L’®T and L5°G areis-are more reasonable (see Section

3.4.1). The differences in RMSE and bias between the latter inversion estimatemalrenear30°N, where many
observations are located. However, the RMSE and bia&Thdre about 1 ppb and 2 ppb smaller at high northern latitudes
(60°N-75°N), and about 3 ppb and 6 ppb larger around the equatod88Q-than in 152G, respectively. Moreover, low
atmospheri€CH, values in the SH during 20@B04are not as prominent in the prior when the G2000 convection sdhem
used (Fig. 2), probably due to enhanced transport between the N&HaindL5°G. Mean Chi-squared statistics (Michaletk

al, 2005) of the observations are typically between 0 and 2, andvfollwmal distributions (not shown), which again

indicates that the mdm estimates are appropriate at most of the sites.

In contrast to the prior, the growth rateéR) of posterior XCHs does not change strongly before 2007, but inesafier

2007 (Fig. 3). All inversions show an increase i€, by about 6ppbyr?! after 2007, with some seasonal and interannual
variations (Fig. 3). The timing of the change in posteri@HX GRis in line with the GR calculated from the global network
of NOAA mbl observations (Dlugokenclgy al., 2011) and with the retrievedCHs GR at Park Falls (Fig.)3This indicates

that the GRof prior XCHs is too large throughout 2002012 (see also Fig. 2), and this can only result from overestimated
emissions or underestimated lossGHs. Note that the NOAA mbl observations compared in Fig. 3 are calculated from

surface observations.
3.2 Evaluation with aircraft measurements

Posterior atmospheri€H, generally agrees well with independent vertical profiles from aircraft. The avé&MBE
decreased from 80 ppb in the prior to 24 ppb in the postgigr 4, Table 3). The RMSE between posterior and observed
atmosphericCH. valuesis smallest forGriffin, UK (GRI) (<12.9 ppb), and largest for Orléans, France (ORL) (>37.4 ppb)
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(Fig. 4). The model performance at in situ sites neaifin, KGRI} is good, i.e. the correlations between assimilated
observations and posteriors are high, and the Rid8gual to or smaller than the mdm (Fig. 5). This suggests thasiemi
estimatesare well constrained, at least in the NH, although the RMSE is much largerhitea dt surface sites due to
vertical transport. The model performance at in situ sites neari€©Btlor, and the bias in the ORL profiles extends up to 2
km, which was also seen in Bergamasehal. (2015). The comparison with IMECC observations from central fguro
shows the effect of the convection scheme on the profiles abkie Rlegative biases are seen in the inversion estimates
using the T1989 schenfimm-at 2-10 km. The bias in the inversion estimates using the G2000 sdkesmll at around 2-
10 km, butis positive in the upper troposphere and lower stratosphere, wherstithates using T1989 better match the
observations. This could however be due to diffusive transportthearopopause simulated by the 25 vertical layers in
TM5. The use of a higher vertical resolution of TM5 might improve tireeanent with observations at higher altitudes for
both convection schemes.

3.3 Evaluation with TCCON and GOSAT XCHa

XCH. previded provids additional information about the spatial distribution of atmosph@Hg. TCCON and GOSAT
XCHs retrievals were not assimilated in the inversions, so the following compsrédso allow an assessment of model
performance at independent locations and times.

For many TCCON sites in the NH5T-and-"*T-the XCHy4 in LT and L’®T areis slightly lower than observed, but the

trend and seasonal variability are generally well captured. However, the2PQQ trends at Izafia (SpgifPark Faks

(U.S.A)) and Lamont (U.S.A.) are much stronger than in the retri¢iads 6). Since the emission estimates at similar
latitudes would affect the @H, estimates, this could be an effect of the strongly increasing nottvaperate emission
estimates after 2007 (Section 3.4.2). The RMSE between the estimates and setreigasmallest in ?G at all sites,
except at Garmisch, Germany (Table 4). Garmisch is a mountain site (al@4udhe @.s.l.), and the mean of observe@ibg

is statistically significantly lower than at near-by sites, e.g. Karlsit@bemany, and Bialystok, Poland (Fig. 6, Fig. S5).

For the SH TCCON sites, a strong negative mdeund in all inversions (Fig. 6, Fig. S5). Agreemengspecially poor for
Wollongong, with the largest RMSE (more than 30 ppb) among allQIC sites in all inversions (Table 4). As the site is
located in the city of Wollongong, where the influence of local emiss®igh, it is difficult for models to reprodac
XCHs well (Fraseret al., 2013). The comparison with the nearest in situ site, Cape GrimahagtcGO) shows that the
negative biass much smaller (-6 to -11 pplompared to Wollongong (-32 to -35 ppland the correlation with the

retrievak is high (>0.85). In addition, the negative bias i€bf is much smaller (-12 to -15 pph}background site Lauder,
New Zealand (LAU) and the correlation at LAU in situ sgeagain strong (>0.85) in all inversions. The disagreement at
Darwin is probably due to little constraint of the emissions. Althougtitinobservations at Gunn Point, Australia (GPA)

were assimilated, the inversion probably did not benefit significardiy fihese observations because data were available
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only after mid-2010, and the mdm was set high (75 ppb). Fuontrer emissions from the tropics also affect theHX
estimates in Australia. Our emission estimates for the tropics @WN-are about 10-20 T@H, yr! smaller than the
estimates by Houwelingt al. (2014), for example. When the prior emission estimates for théh Stmerican tropical
region (mostly between 15°8°N) are wereincreased (see Section 3.1), agreement in the SH improved (not)sfdwn
comparison with GOSAT BH, also suppogthe finding from the comparison with the TCCON retrievals, showingean
negative bias of 13 ppb in the SH (Fig. S6). We currently do not have suiffitiermation to correct the errors that affected

the SH XCH, in our system, nor identify the exact cause.

Spring peaks seen in GOSATCK. in global, ocean and the Asian tropical mTC region gdimtan important role of the
vertical mixing scheme, which are well captured fQ, but not in 2T and LT (Fig. 7, Fig. Sk The difference is
statistically significant considering the ensemble distribution. Monthly emisstimates in G are generally larger than
in L%2T and L’®T during November-April, especially in the northern latitude temperate re(B6fsl-60°N, Fig. S7). This
suggests that winter emissions in the northern latitude temperate regibasced in the model by faster vertical mixing

around the surface, play an important role to reproduce @té, Xeasonal cycle in the tropics well.

Although GOSAT retrievals are valuable for evaluating model performansamportant to keep in mind that the satellite
retrievals do not always agree with grovreed TCCON retrievals. GOSATCH, has been evaluated against TCCON
retrievals, but biases in the GOSAT products remain, especially in theitaltggadient (Yoshidat al., 2013). This is
probably one of the reasons for the positive model bias in the NH cethipaGGOSAT (Fig. S6). Furthermore, the seasonal
amplitude of GOSAT XH, is much smaller than that of the posterior estimates, especially in tHeigHs6). This is not in
line with the TCCON comparison (Fig. 6, Fig. S5), which suggghstt disagreement with GOSATCK, in the latitudinal

gradient and the seasonal amplitude mayonét be enlydue to problems in the inversions.

3.4 Emission estimates
3.4.1 Global

Our posterior mean total global emissia@stimate for 200@012is 517+45 TgCH, yr! with an increasing trend of 3 Tg
CH, yr! (Table 6, inversion $G). Posterior mean total global emissions for 2000-2012 are apateky 29 TgCH, yr?
smaller than the prior (Table 6), although the posterior estimatesitane thie range of prior uncertainties (x93 Tl yr
D). Posterior mean total global emission estimates from inversitiis LT and L%°G agree well, and are in line with
previous studies, e.g. Bousquttl. (2006) and Frasest al. (2013). The main differences in the long-term misaarethat
anthropogenic mean annual emission estimategfihdre more than 10 TGH, yr? larger tharin L82T and 1%%G, which are
compensated by smaller biospheric emissions (Fig. 8). This chanpmgrterm mean fluxs not robust in the T8

configuration, as the uncertainty is large.
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All inversions show an increase in posterior mean total global emissamd&fore 2007 to after 2007 by 18-19CH, yr
1 (Table 6), which is much smaller than the increase in prior emssefdd38 TgCH, yr. The increase in posterior emissions
during 2000-2010s 1516 Tg CH, yr! and this agrees well with previous studies by Bergamaschi. (2013) and

Bruhwiler et al. (2014) for example, who estimated an increase of about 16-2MHTgr .

The increase in total global emissideglominated by the anthropogenic sources in both posterior and gmrgain the
increase in the posterior (15-28 T4 yrt) is much less thaim the prior EDGAR v4.2 FT2010 inventory (37 T yr?)
(Fig. 9, Table 6). The posterior anthropogenic emission estimat@s2063-2005 to 2007-2010 increase by 15-23CHy
yri, which agrees well with Bergamasehial. (2013) who estimatethe-anincreaseat-of 14-22 TgCH, yr'. However, the
increase in anthropogenic emission estimédarger than reported by Bruhwilet al. (2014) who found an increase of
around 10 TgCH,4 yr! from 2000-200%0 2007-2010. The differences between the inversions are gaglto different time
periods used, but also due to the use of different sets of observationsrior fluxes. Bergamaschi al. (2013) used
SCIAMACHY satellite-based retrievals and NOAA observations, whereas Bruhgtilal. (2014) used in situ NOAA
discrete andEnvironment and Climate Change Canada (ECEC)-Envirenmental-Caa@laohtinuous observations. Our
studyis also based on in situ observations, but inciudere discrete and continuous observations globally than the previous

two studies. Therefore, estimates from our study could potentially nomgportant additional information from
observations other than those from NOAA andZECIn regard to prior emissions, this study and Bergamaeseti (2013)
used EDGAR v4.2 inventory estimates (the estimates are similar althougthy stifferent versions were used), while
Bruhwiler et al. (2014) used a constant prior from EDGAR v4.2 for 2000. AlghoBergamaschét al. (2013) found a
significant increase in anthropogenic emissions in the constant-presion, the increase was slightly smaller than in their
inversions with the trend included in the prior. This could haveechtise smaller trend estimated by Bruhwigtral.
(2014, compared to this study.

Biospheric emission estimates in th&TLand L5°G inversions after 2007 are slightly smaller than before 200 (-3 Tg
CH, yrY), following the prior (-1 TgCHa4 yr%). In contrast, E®T shows an increase (+7 TeHs yrY). The increase is driven
by much smaller biospheric emission estimates in tH& Inversion before 2007, mainly due to significantly semrall
biospheric emissions in the temperate Asian region (discussed in Secti®n Bhe small negative trend in biospheric
emissions in BT and 1%%G is in line with the finding by Bergamasatial. (2013). Here, it is again important to note that
interannual variability in th€H, sink, which could also influence total emissions to the atmospisarnet included in this
study.
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3.4.2 Northern Hemisphere boreal regions and Europe

In this section, results for the following mTCs are presented: North Amdymaal region (mTC1), Eurasian boreal region
(mTC7), and Europe (mTC11-14).

Posterior anthropogenic emissions for Europe as a whole (mTCldrd4jmilar to the prior @T, L78T) (Table 6), but
shifts in the relative contributions to total European emissim flifferent parts of Europe occurrdebsterior emissions
are larger than the prior in southern Europe (south-west Europ€1(1) and south-east Europe (mTC12), whereas the
posterioris smaller than the prior in north-east Europe (mTC14) in all invessi{@able S1). Most of the increase in
southern Europe and the reduction in north-east Europe are duhtopogenic emissions. Observed atmospHeHg
during winter at many of the in situ sites in northern Europebsaigood indicators of anthropogenic signals, because
emissions from biogenic sources are small during winter. PostgnmsphericCH, at these sites during winter agrees well
with observations, which would indicate that the posterior anthropogesésiens are reasonable. Southern Euisgaly

a small source of biospheric emissions, so most of the atmasplggrals captured at the in situ sites in the region are from
anthropogenic sources. In southern Europe, posterior atmosg@ihtrialues at some sites in France, Spain and Italg ha
strong positive bias (> 10 ppb), which exceed the ensemble standé&tiodey although the correlations between observed
and posterioCH,4 are strong (0.8 or larger). The posterior atmospl@&rgvalues at other sites in south-east Europe are not
overestimated, but the correlations are often weaker. This suggestsetiatarsion did not find a solution that matches all
the observations equally, because of an incorrect distribution pritirewithin the optimization region. It could also imply
that some measurements had local influence that the model could not repréksanthe mdm was too small for a few sites
However, the Chi-squared statistics at European sites showed no imdtbationdm was too smakEvaluation with aircraft
observations shows that vertical transportGi. in Europeis generally good, but evaluation data were only available from
central Europe, i.e. we cannot exclude the problem of mixing inatimsphere elsewhere. Posterior anthropogenic
emissions for north-west Europe are similar to the prior. Tihdirfg is in line with Bergamaschét al. (2015), who
estimated the anthropogenic emissions in north-west European countriesitailar to the EDGAR/4.2 estimates and
larger than the emissions reported in UNFCCC (2013).

For biospheric emission estimates, differences between prior and post@igsions are negligible in southern Europe
(Table S1), whereas the reduction in the postésiokear in northern Europe (north-west and north-east Europe)I8jdA
reduction in biospheric emission estimaiteslso estimated for the North American boreal region (Fig. S8). This suggests
that the prior biospheric emissions in boreal regions are too lahiyeh results in larger prior atmosphe@tis values than
observed. The interannual variability in the posterior emissions aes ot follow the prior. An increase in the posterior
biospheric emissions found for 50°N90°N in 2006, followed by a decrease until 2010, whigchot prominent in the prior.

Most of the 2006 increass from the North American boreal region. This finding does not agiteprevious studies, e.g.
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Bousquetet al. (2011), who found little increase in high northern latitude wetkmissions in 2006. Instead, a significant
increase in emissions was found in 2007 in their study. Howelseneations frona-specific locations support our findings,
although the representativeness of a regional scale signal is questionableethbd?011) reported that 2006 was a warm
and wet year at Mer Bleue bog in Canada (45.41°N, 75.48°W), antthefgperiod 2004-2008, the highest autu@id.
emissions were observed in 2006. The posterior biospheric eméstiorates for north-east Europe in 2006 are about 60%
smaller than the prior estimate in all inversions. Dreweml. (2010) found thatCHs emissions in September in
Lompolojankka fen in Finland (67.60°N, 24.12°E) were largetOidc2than in 2007 due to heavy rain. However, the summer
of 2006 was dry with low emissions and snow had already startéall by the end of September, cutting the emission
season short with below zertC) temperatures. As such, mean anr@idl emissions from the fen were lower in 2006 than
in 2007. The high prior emissiefin September-October 2006 could be due to a bias in precipitation (exctming and
temperature in meteorological data from Climatic Research Unit (CRU), Univefdtgst Anglia, UK (Mitchell and Jones,
2005), which was used as an input for the LPX-Bern model. CRU fiedicip and temperature at Lompolojankka and the
mTC14 average are larger tharthe observations at Lompolojankkéa during autumn 2006. The moystsemmer biospheric
emissions in 2007 are nearly twice as large as the prior. The posteoies high emissions in July, but the LIB¥mn
estimates are low during the summer and autumn at Lompolojankké andiC14 on average. This could be due to
problems in the wetland fraction or in the precipitation dependence.pE&dipitation in 2007s high in early summer and
extremely heavy in July at Lompolojankka and in mTC14 onamesrwhich is in line with Drewest al. (2010). Although

the seasonal cycle of the precipitation is well captured in CRU, if the peatiérig already saturated with water in early
summer CHs emissions would not have increased with additional high summeaepiga&on. For north-west Europe, similar
results are found; posterior biospheric emissions are low in suautiegmn 2006 and high in summer 206@mpared to the
prior. The CRU meteorology again agrees well with measurements aal8tordire in northern Sweden (68.20°N, 19.03°E
for example, where the measured emissions (Jackdaezzynski et al., 2010) also support the posterior estimates more

than the prior.

Differences in emissions between the T1989 and g@0Gconvection schemes are prominent in all northern boreal regions
and Europe. Posterior emissions i@ are larger than in®T and L’®T throughout 2000-2012. The estimated prior surface
atmospheri€CH, values in these regions are lower when the G2000 scisamsed. This indicates that the stronger vertical
transport in the @000 reduces the surfac€H, abundance faster than the T1989 scheme leaatito larger posterior
emissions. We cannot conclude which convection scheme is more swtabtethern boreal regions and Europe based only
on the posterior atmosphereHs of those regions, but the agreement with the model independent tagnedaff CCON
retrievak are better in the inversion using the G2000 schemeithatiers using the T1989 scheméis-supperisAlsvan

der Veenet al. (2013) whe-found that G2000 more accurately represented vertical tran j ingbased on

simulations ofatmospheriSFs. Note that the number of available GOSAT retrievals, which agree better with theionver
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results using T1989 schemis, limited for northern Europe, and the retrieval bias (Yostadal., 2013) makes the

independent information less reliable

3.4.3 Northern Hemisphere temperate regions

In this section, results for North American (mTC2) and Asian (mT@8perate regions are presented

Posterior total emissions for the North American temperate region are laaggurtbr emissions in all inversions (Fig.,S8
Table 6). The main contribution to the increase in total regional emidgsiéisn anthropogenic emissions. Posterior mean
anthropogenic emissions for 2000-2001 are closer to the puibnelarly 10 TgCH. yr larger than the prior for 2004-2012
(Fig. S8). The trend during 2000-20i2not significant in the prior or in the posterior, although the postshows an
increase of 0.5 T@H, yr! during 2000-2012. The estimated growth fiatsimilar to the estimates reported by Bruhwier
al. (2014), but only about one third of that reported by Tuebeat. (2016). Ourevaluaion shows that the trend in posterior
XCH. matches well with the GOSAT and TCCON retrievals regionally and at sites in the USA, e.§. Fals and
Oklahoma (Fig. pFig. S5, Fig. S6). In this study, emissions were optimized regise, and there was only one scaling
factor for anthropogenic emission estimates for the North Americgmetate region. Therefore, ig not possible to study
the differences in the emissions trend on the eastern and wesemfiie North American temperate region, as in Turner
et al. (2016). However, this study suggests that a large increase in lo¢sdiansis not necessary to reproduce the

increasing atmospher{€H, trend. Long-range transport plays a more important role than the loissi@ms.

A negative correlatio is found between mean posterior anthropogenic and biospheric emifsiothe North Ameriaa
temperate region, i.e. anthropogenic emissions increased when biosphessions decreased. Thsan effect of the
inversion not being able to separate biospheric and anthropogenic emissedson the current observational netwank. |
situ observation sites in this area are mostly close to anthropogengaenssurcesso the interannual variability found in

biospheric emission estimates may not represent the real variability.

The Asian temperate region has large anthropogenic and biospheric emi@&able 6). Anthropogenic emissions are
responsible for most of the increase in the prior regional and total globsdiemistimates after 2007. However, prior
anthropogenic emissions in this mTC are reduced by more thiain b posterior (Fig. 8, Table 6). Moreover, the increase
in posterior anthropogenic emissions for 2000-281bt as strong as in the prior (Fig. 8, Table 6). The significant tieduc

in anthropogenic emissions from prior to posterior estimates fd@2-20Q0is driven by observations from two continental
sites in Korea; Anmyeon-do (AMY, data available for 2000-2012) andG@SSN, data available for 2002-2011). Small
values of mdm were initially assigned and thus the sites had a large imp&et @gional flux estimates. When mdms for

those sites are set to 1000 ppb, thereby reducing their influence invéision (referred to as®T-K, L78G-K), the
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estimated total emission in this mTi€about 30 TgCH4 yr? larger and in better agreement with Bruhwieal. (2014) and

Bergamaschét al. (2013) for example.

The increased Asian temperate emissions in simulatiéfisK. and L"8G-K are mainly compensated by reduced fluxes in
the Asian tropical region (about 10 TH, yr? in L®2, about20-30 TgCHa yr? in L) (Fig. 8), as well as in the Eurasian
boreal region, Europe, and the ocean. Only small changes areifiorggional emission trends, but the anthropogenic ocean
emission estimates in®#T-K and L'8G-K increase less during 2009-2012 compared to that?h &nd L®T. When the two
Korean sites are excluded from the inversion, the posterior bigsgmissions in the Asian temperate region remain close
to the prior. The interannual variability in total emissions §fTtK and L'8G-K is smaller than that of 8T and L’3G for the
Asian temperate region. It is rather unrealistic that regional anthropogeisisiens change by more than 30 Thls yr?
over one to two years as is the caseTLL"®T, and 15%G. Fast growing economiceuntres, such as China and India are
located in the Asian temperate region, and there is no evidence that the @gghiopemissions decreased significantly
during 2002-2010 in that region. Total emission estimates for the Aaiaperate region in€T-K and L'8G-K are larger
and more reasonable than iffT and L’®T, and the ratio of anthropogenic to biospheric emission estimate&TirkLand
L78G-K are more consistent with each other than ¥TLand L’®T. This suggests that the®al and L’®T posterior
anthropogenic emissions and th&TLposterior biospheric emissions for 2002-2010 are probablsasnnably low due to
the influence of the two Asian sites, AMY and GSN. Nevertheless,astenor emissions in®T and L®T are lower than

in the EDGAR v4.2 FT2010, which is in agreement with previoudies (Pandt al., 2016; Thompsomet al., 2015). The
effect of the changes in the emission estimat&3T(K and L’8G-K) to XCH, is small, although a slight increasefound
globally. The agreements with GOSAT and TCCOREY in L%2T-K and L'8G-K are slightly better for mTCs and at sites

where negative biases are found #TLand L’®T (not shown).

3.4.4 Asian and South American tropical regions

In this section, results for the following regions are prese®edth American tropical (mTC3) and Asian tropical (mTC9).

The Asian tropical region also has large anthropogenic and biosphesigi@ns. Prior estimates from both sources are about
30 TgCH. yr each, and they are reduced slightjythe inversions (Fig. 8, Table 6). Posterior estimates for biosphetic an
anthropogenic emissions are lower than in Bruhwateal. (2014), who estimated the anthropogenic emissions to be even
larger than, and biospheric emissions to be similar to, our pier L®T anthropogenic emission estimates are lower than
the prior estimates due to enhanced, and probably unrealistic, interanniablligarcompared to the T and 15%G
estimates (Fig. 8). This partly correlates with the strong interannual variatitihg Asian temperate region. For example,
the increase in anthropogenic emissions Tl Laround 2002005is due to a strong decrease in emissions in the Asian
temperate region. In the test case¥TtK and L'®G-K, interannual variability in both the Asian temperate and Asian

tropical regionds smaller than in 2T and L®T (Fig. 8). However, annual anthropogenic emission estimate$@K are
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much lower than in 18T, and about 20 T&H,4 yr! smaller than in $2G. This is partly due to the differences in the
convection schemes, whidh also seen in the® configuration. However, it is mostly due to compensating effect of the
increased Asian temperate anthropogenic emissions that resulted fronmgeidéloence of the observations at the Korean
sites. Evaluation with surface in situ observations shows & atmosphericCH, values agree best with observations at
BKT, where the inversions have a strong negative bias. Nevertheless, laegiinty remains in the estimates, so further
information, such as additional observations and prior information abeuenfissions, is needed to better quantify

emissions in this region.

The emission estimates for the South American tropical region are very simiéachoother (Fig. S8, Table S1). All
posterior emissions are close to the prior, and the uncertaintg posterioiis not reduced by the inversions. Tisdue to

a lack of observations assimilated within the optimization regions in mTi@8e stations (MEX, KEY, RPB) near the edge
of mTC3 were assimilated, but due to strong vertical transport, these obserdats not capture signals from tropical
wetlands, whichs the mainCHa source from this mTC. Moreover, most of the assimilated obis@ngaare samples from
well-mixed air masssthat represented a large volusrd the atmosphere. Therefore, the inversions could not satisfactorily

constrain emissions in the South American tropical region.

3.4.5 Africa and southern mid-latitudes

In this section, results for the following regions are preser@edth American temperate region (mTC4), northern Africa
(mTC5), southern Africa (mTC6) and Australia (mTC10).

Posterior total emissions in the South American temperate region increasieaigjgiiduring 2006-2009 in all inversions
(Fig. S8), and there is no correspondent decrease in other mTQkeeAgian temperate region. All inversions point in the
same direction, but the results are still debatable. Observations assimiititiedmif C4 before 2006 are from Ushuaia
(USH) in Argentina. Due to its location (54.85°S) having few locailssion sources, the purpose of the site® sample
well-mixed air that representslarge volume of the atmosphere. Observations at Arembepe, Brazil (ABP) were dwailab
during 2006-2009, and at Natal, Brazil (NAT) during 2010-20H&sE sites capture the well-mixed air in the tropics better
than USH, although most of the signals are from the Atlantic Ocean aritbnothe land. Interannual variability in the
tropicsis probably better represented by ABP and NAT observations, but it is qud@ovhether the variabiliti driven

by the observation signals from the South American temperate region. Simdeannual variability was reported by
Bruhwiler et al. (2014), where ABP observations were assimilated (the NAT observataresoutside their study period),

although the changes were not as significant as in this study.

South American temperate the only region where all inversions show a significant increase inamtitopogenic and

biospheric emissions (Table 6). As mT{84nostly within 30°S-30°N, and most of the emissions are located motiieern
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part of this mTC, the estimates agree with Houwebtihgl. (2014) who found that most of the increase in total global
emissions was in the tropics and the extratropics. The increase in emissiags2005-2008 and the subsequent decrease
(Fig. S§ was also found in Basat al. (2016), who suggested that biospheric emissions from th@aasif the Amazon
basin were the main contributor to interannual variability. Dlugokertlg}. (2011), using constraints fro@H, isotopic
measurementsuggested emissions from the tropics were an important contributar sigttificant growth in atmospheric
CH, after 2007. The isotopic measurements showed a decreasedtiGHeH,, which would indicate that the increased
emissions were probably from biogenic sources. The inversiornthisnstudy hse difficulty changing the ratio of
anthropogenic to biospheric emissions from the prior, which coel@d lbeason why the interannual variability of total
emissiondgs optimized by changing emissions from the major sourcesritaropogenic. Therefore, interannual variability

of the posterior emissions dominated by the contributions from anthropogenic sources.

Posterior anthropogenic emissions in the northern Africa and southeiga ATCs are larger than the prior for all
inversions, with somewhat different interannual variability in the namid south (Fig. S8). Evaluation with in situ
observations in northern Africa shows that there is only a small bitiee iposterior atmospheri€Hs values (<1 ppb in
L%2G). For southern Africa, agreement with the in situ observatigsod, except for Mt. Kenya, Kenya (MKN) where a
strong negative bias found (see Section 3.1). The correlation between the posterior asyedbatmospheri€H, values

at MKN is strong £0.8), and the site is located at a high altitude (>3000 m a.s.l.), which implies that the biasaohag lue

to small local emissions. On the other hand, vertical transport in thestisgstrong, and MKN is located near a biospheric

source area in central Africa. Therefore, the negative bias could also ke dneunderestimation of emissions from

wetlands in central Africa. Bruhwilest al. (2014) also reported an increase in the posterior estimates compared to their prio

in Africa, but the increase was mainly in biospheric emissions. Henvewur interannual variability in anthropogenic
emissions in northern Africes similar to their variability in central African biospheric emission estimates.efdrer, the
differences may partly be due to differences in the prior: the ratipsiaf anthropogenic to biospheric emissions in this
study and Bruhwileet al. (2014) are almost reciprocals of each other, i.e. our prior anteamoemissions are larger and
biospheric emissions are lower than in Bruhwéeal. (2014). Itis not possible to conclude from this study which estimates

better capture actual emissions, because the estimates for Africa are not vidireethby the observatioms either study.

Posterior emissions for Australia if®L are systematically larger than irfal and L%%G throughout 2000-2012 (Fig. S8).
The southern-most coast of Australia and much of New Zeadamedefined as ‘biospheri¢ land in L% configuration (Fig.
S4), i.e. anthropogenic emissions in that optimization regia}werenot optimized in F?T and L%?G. Since biospheric
emissions are a minor source and the posterior emissionsechigtlg from the prior in 8T, the ‘biospheri¢ land in the
land-ecosystem map may need to be changed to ‘anthropogenic’ land for mTC10 to be able to optimize anthropogenic

emissions better in®%T and L%%G.
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3.4.6 Ocean

Prior anthropogenic ocean emissions are mairigtedin the tropics (mTC20), and the main differences between prior and
posterior emissions are also located in this mTC (Fig. S9). All pmsfarxes are 5-10 T&H, yr? larger than the prior,
especially before 2006 and during 2011-2012 (Fig. S9). Howevisr gitestionable whether theeresults are reasonable,
since therds no indication that non-road transportation and coastal anthropogenic emesstiomstes varied from ye#o-

year as the inversion results show. It is more likely that ocedmnssgre wereused to compensate for missing tropical land
emissions. Indeed, the estimates for the ocean wergtive to the estimates in other regions (not shown). Further
investigation without optimizing anthropogenic ocean emissions img usnly natural ocean emissions as prior, i.e.
excluding non-road transport (ship and aircraft) emissions, walfd us to better understand the anthropogenic emission
estimates over land. Note that the prior biospheric emission estimates in mT@&8e280t optimized. Prior biospheric
emissions around the coast were not zero, partly due to differenttesdafinition of the coast in the mTC16-20 line in our
mTC map and the prior. Only limited information is available in regatiidspheric emissions around coastlines, and as it is

a minor source, it was assumed that the inversion would not be abkmejit.

4. Discussion
4.1 Differences between inversions

Interannual variability of emission estimaieften stronger in 18T than in 52T and L5%G. Differences are mainly seen in
the Asian temperate region, where the proportion of biospheric emigsitotsl emissiosis much smaller in [T than in
LT and L52G. Anthropogenic emission estimates for the Asian tropical regiorf®indhow strong interannual variability,
although the biospheric emission estimates #T lare similar to the 2T and L%°G estimates. The ratio of biospheric to
anthropogenic emission estimates in the Asian temperate and Asian tropicad giogsfrom year to year in 8T. The
dominant sources are similar if°L and L5°G, but sometimes different in3T. For example, in the Asian temperate region,
biospheric emissions are larger than anthropogenic emissions d0fiBeg2R05 in BT and L%°G, but lower in ’®T. Only
small differences are found in the posterior values @HXin L52T and L’®T. Agreement with in sitlCH. observationss
better in LT than in L52T, i.e. the negative bias in the $$lless pronounced in’ET. The emission estimates in the SH are
often larger in [T than in L%2T, where differences are mainly seen in the anthropogenic emestiorates. This means that
the land-ecosystem distribution used in this study generally represeuisithen of the source areas well, although some

revision may be needed for Asia and the SH, e.g. Australia.
As expected, interannual variability of emissions fATLand L%°G areis similar. This shows that the different convection

schemesloesnot have a large effect on the interannual variability of the emissiomagss in 162 configuration. The north-

south gradient of emissions shows that NH emissions are about@HRg* larger, and SH emissions about 10 Téls yr
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! less when the G2000 scheiiseused. (Table 6, Table S1). In all mTCs, estimates of emissions fi@major sources
(either biospheric or anthropogenic) are more strongly affected bgotineection schemes than the estimates of minor
sources (F?T and L52G). In L®T, the effects of the convection schemes are not assessed in a strictly comgerahlbut
similar results are expected (for a fair comparison assessed ortistgogeriod, se€upplementary material). Note that
LT and L'8G-K have significanty differerces in their annual total emission estimates and their interannual variability in
Asian temperate and Asian tropical regions (Fig. 8), but the differém-the convection schemes is not the main cause
Although the emission estimates for the SH are smallef3@ than in 12T, SH posterior surface atmosphe@ti, and
XCHjy are larger in F2G than in 1T, due to faster mixing and larger emission estimates in the Adireement with
independent observations best in 1°%G among the inversions. NH surface atmosph@&iit; in LG are-is in good
agreement with observations at in situ stations, &@ XCH, also agrees best with the TCCONX M, globally. Although

NH XCHg in L%2G is larger than in GOSAT retrievals, the results suggest that CHEserformed better in TM5 when the
G2000 schemis used rather than T1989.dbuld- @nbe assumed that if GOSAT retrievalsere assimilated in CTESH,,
emission estimatesi-would decrease in the NH and increase in the SH compared to this study. Also, thitatssi of
satellite-based retrievals may reduce differences in the estimates betweeffTthend L5°G set-ups. However, the
assimilation of GOSAT XHa require further development as previous studies (Houwetialy, 2014; Pandegt al., 2016;
Bergamaschét al., 2013) have shown that the biases in the GOSEHXproducts could misrepresent the distribution and

seasonal cycle of the optimized surface emissions.

4.2 Uncertainties in emission estimates

The smallest uncertainties in the posterior total annual emissions are geseeallin F?T, and the largest inET. We
expected that 18T would have larger uncertainties thaffTand L%?G. The prior uncertainties in®T are the sum of both
prior anthropogenic and biospheric uncertainty estimates for eachizgiton region, whereas the uncertainty ffflLand
L%%G is from either anthropogenic or biospheric emissions. Although thereiif€es are small (<0.1%), uncertainties in the
emission estimates in®#G are slightly larger than those if?L in most of the optimization regions for both anthropogenic
and biospheric emissions. It could be that themore mixing of the surface signals in G2000, thereby producimigler
range of ensemble atmosphe€iti, values, and thus®G may have less flux sensitivity at surface sites. However, the
difference in the ensemble standard deviation of atmosplgticvalues between inversiornis small. Furthermore, this
camot be explained by the number of assimilated observations. The unceiigiatger in 152G than in 62T, while the
number of rejected observatioizsssmaller in 12T than in 152G (6.6% and 6%). Similarly, the anthropogenic emission
uncertaintyis smaller for the Eurasian boreal region thannfath-east Europe, which also cannot be explained purely by the

number of observations within the region.
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For most of the mTCs, anthropogenic emission estimates are laagebittspheric emission estimates, and reductions in
uncertaintiesd? = 1 — 0,oseerior/Tprior) @re also larger for anthropogenic emissiorf8TLL?G). However, for north-east
Europe, the reduction in uncertainty for biospheric emission estiisagkghtly larger, although the anthropogenic emission
estimates are larger than biospheric emissions. This is partly the efffdet land-ecosystem map. Much of north-east
Europeis defined as 'biospheric' land, i.e. inversiorf8TLand 152G can constrain the biospheric estimates more than the
anthropogenic estimates. On the other hand, uncertainty reductioffTinsLnot affected by the land-ecosystem map.
Uncertainty reduction rates for biospheric and anthropogenic emissioratestim north-east Europe are similar iffTL
Although the posterior uncertainties are largest in tf& kstimatess;? is also generally the largest in thé®L. Note that

the Chi-squared statistic for global estimait®®.9 in 52T, which would indicate that the prior covariance structisre
appropriate for this configuration. For®I, the Chi-squared statistis smaller (0.6), which indicates that the prior state
covariance matrix with spatial correlation would probably be more appropriat¢hthaiagonal covariance matrix for this

configuration.

Emissions in the Eurasian boreal region are difficult to constrain eaHuthe sparse observation network. Indeed,
emissions for mTC7 are estimated not by local observations withiedi@nrbut rather by “background” observations that
constrain total budget of larger area. The only observation site used stutly within mTC7 was Tiksi, Russia (TIK),
where observations started in 2010. Although Tiksi is a good refemstecdor biospheric signals during summer and
autumn, one station is not sufficient to constrain the emissions forhible &urasian boreal region. Additional observations
from the National Institute for Environmental Studies (NIES) tall tower mdt\{@asakawat al., 2012) and the Zotino Tall
Tower Observatory (ZOTTO) (Winderlicdt al., 2010) for example, would be useful to better understand thesiermgsrom
this region. Those observations will be included in future studies. Neverthéhessincertainties for anthropogenic

emissions are reduced by about 20% probably due to some influeplogeofations located in nearby mTCs.

The covariance structure of the posterior estimetesmilar to the prior in all inversions. Taken in combination with the
Chi-squared statistic (0.9 irfiT), this means either that the assumption in the prior covariamm®d, or the inversions are
not able to change much from the prior due to e.g. limited pridatiar or observation coverage is too sparse. For mTCs
such as the South American tropical regiotfTland L52G have a prior correlation between different LETs, b&T Ishows

no correlation between optimization regions. The posterior correlatiorssngitar to the prior in all inversions, i.e%l and
L%G posterior have a strong correlation, howevefl Lhas almost zero correlation as the dependenciesiairevell
optimized by the inversions. On the other hand, similar posterior corrald&ween anthropogenic and water optimization
regions are found for the Asian temperate mTC region, regardlese q@iribr assumption. 8T and L%°G have a prior
correlation of about 0.5, but the correlatismeduced to less than 0.178T has a prior correlation of zero, and the posterior
correlation does not increase significantly, supporting #%& &nd L5%G posterior correlation. This suggests that the prior

correlation for those optimization regions i§°L and L5%G is probably too strong. In the prior covariance, no negative
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correlation was assumed between any scaling factors. However, some fecdtirg are wedk negativéy correlaedin the
posterior estimates. For example, anthropogenic emissions in the Asiardtamegion are negatively correlated with those
in the Atlantic Ocean in all inversions. Thsone of the reasons why ocean emissions are sensitive to thatestiof

nearby land regions (see Section 3.4.6). The inversions did ngidsitive correlations into negative correlations.

5. Summary and Conclusions

We presented global and regior@iH, emission for 200@012 estimated using the CarbonTracker Eur@é:- (CTE-CHy)
data assimilation system. Estimates were evaluated against assimilated in sitthhatio@sth observations and model-
independent atmospheric measurements from aircraft campaigns, as W€Hagsetrievals from TCCON and GOSAT.
Three inversions were performed to evaluate the effect of two configusaifoCTECH.. The inversions differed by the
number of scaling factors and the choice of convection scheménugedTM5 atmospheric chemistry transport mo@aie
configuration optimized either biospheric or anthropogenic emissitfif) and the second optimized bath™) in each
optimization regionInterannual variability of the atmosphe@H. sink was not taken into account in the inversidNe
estimated total global posterior emissions for 20002 at 515-517+44-62 TgCH4 yr. The estimated increase from 2001-
2006 to 2007-2012 was 18-19 TeH. yr?, which was mainly driven by increased emissions in the modifradsCom
(mTC) of the South American temperate, Asian temperate, and Asian tropicakrefjiis estimated increase in posterior
total globalCH4 emissions was more than 10 T, yr! less smallethan in the prior. The inversions suggekthat most

of the increase was in anthropogenic rather than biospheric emistimates. However, we could not confirm whether the
increase was caused by anthropogenic or biospheric emissiongvEhgions had a tendendyg optimize regions with

major sources, and anthropogenic emission estimates were often largbidspheric emissions in optimization regions.

Furthermore, posterior emissions were generally smaller than prior emidgiahe high latitudes of the NH (North
American boreal region, Europe and Eurasian boreal regions), whers@siggoemissions were larger than the prior
emissions in Africa and the SH (northern Afrisauthern Africa, South American temperate and Australia). For the Tropics
(South American tropical and Asian tropical mTC regions), posterior emissenessimilar or slightly lower than the prior
emissions. This was consistent in all inversions, i.e. the spatial ditrithu the prior emissions, probably for anthropogenic
sources, may need to be revised with less emissions in thiatihidle NH and more emissions in temperate regions in the
SH.

The study focused on Europe in more detail by dividing it intm foTCs: south-eastouth-westnorth-east, and north-west
Europe. Neither prior nor posterior emissions showed any sigmifitands in anthropogenic or biospheric emission
estimates in Europe as a whole. However, the posterior anthropogenic esnigsie larger than the estimates in EDGAR

v4.2 FT2010 inventory for southern Europe, while they were Idwemorthern Europe. Also, the posterior biospheric
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emission estimates show different interannual variability than those frerhRX-Bern vegetation model, such that CTE-
CH, estimates agreed better wittH, emissions measured at some wetland sites. Furthermore, the applicatitfareht
scaling factors to regions divided by land-ecosystem type wamamovement. This approach could be useful to better
understand the dependenceGHs emissions on meteorological parameters for different ecosystem typedeeelopment

of the approach will continue. Posterior emissions in Europe were siragardless of whether only anthropogenic or
biospheric emissions were optimized, or both categories were optimized io@aulzation region. Total emissions were

similar and the ratio of anthropogenic to biospheric estimates did not cimaregefrom the prior.

In the Asian temperate and Asian tropical regior§$ chnfiguration was found to be more consistent with observations, and
it produced more reasonable emissiatimates. On the other hand’®lconfiguration was better where both anthropogenic

and biospheric emissions were large or the land-ecosystem méyadigsiefined, such as Australia.

Evaluations with in situ observations showed that the inversionessfotly reduced the bias between observed and
estimatedCH, abundance from the prior to the posterior. A comparison withetvindependent retrievals ofCH, from
TCCON and GOSAT showed that agreement in poster@ifsivas especially good in the NH. However, negative biases in
XCH4 were found in the SH in all inversions, although the seasomté e@f the TCCON sites was well captured. This
suggests that there are some emissions that were not optimized W&IEB$H,4, although possible errors in the vertical or
stratospheric distributions due to the transport model cannot be ignomecdvaluation also revealed that TM5 with the
G2000 convection scheme produces larger emission estimates in the Shhated emissions in the SH when compared to
the T1989 convection scheme. With the G2000 convection scheme, ttanspothe NH to the SH was faster, leading to
smaller inferred SH emissions and larger NH emissions. This mearihghatsterior emissions were closer to the prior in
the SH than in the NH when the G2000 convection scheme was useeérimort posterior atmosphefitis values agreed
slightly better with observations when the G2000 convection schemaseds In addition, evaluation with GOSATCK,
revealed that the spring peaks i€ in the tropics were poorly captured in inversions that used the9Td®&vection
scheme. This feature was best captured in the inversion using the Ga0@&tion scheme, which estimated laryét

winter emissions than the inversions that used the T1989 convsctieme.

Key messages:
e Global and regionaCHs emissions for 2000-2012 were estimated using CHz1o examine the cause of increase
in atmospheri€CH, after 2007.
e 1819 Tg CH, yrtincrease in the glob&lH, emissions was needed from before 2007 to after 2007 to nhach t
increase in the observed atmosphetids growth rate of about pb yr! (without taking into account the

interannual variability of the atmosphefitis sink).
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e We found the main increase in emissions was located in South Americasraéergnd Asian temperate regions but
contributions from either biospheric or anthropogenic sources coule romiriziuded.

e Agreement of posterior atmosphe@éls values with in situ observations and aircraft observations, and &frjpos
XCH. with TCCON and GOSAT retrievals was good. Agreement was better whe@régoryet al. (2000)
convection scheme was used.

e A large increase in anthropogenic Cldmissions from temperate North America was not needed to match
observations.
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Figure 1. Modified TransCom (mTC) regions illustrated in numbers and colours andlesat sites with observations assimilated in the
inversions. The names of the mTCs regions are given in Table 5
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Table 1.List of inversion set-ups.

Inversion Number of parameters and optimized source TM5 convection

Le2T 62, anthropogenic OR biospheric Tiedtke (1989)
L78T 78, anthropogenic AND biospheric Tiedtke (1989)
L5%G 62, anthropogenic OR biospheric Gregoryet al. (2000)

* Optimized sources per optimization region

Table 2. List of surface in situ observation sites used in inversions. Modelrdlataatch (mdm) is used in the observation covariance
matrix, and defining rejection threshold of the observations. Data itypmtegorized into two: discrete (D) and continugG3
measurements. *Date range is only presented since Jan. 1999 anfll0R4. Note that some sites have longer records.

i *
Site Station Name Country/Territory Contributor  Latitude Longitude Elevation mdm Data Date range

Code type [start end]
(masl) (ppb) (D/IC)  (MM/YYYY)

ABP Arembepe Brazi NOAAESRL  12.77°S  38.17°W 1 45 D 10/200€ 1/201C
ALT Alert Canada NOAAESRL  82.45°N  62.52°W 210 150 D 1/199¢ 12/2014
ALT Alert Canada ECCC 82.45°N  62.52°W 210 150 C 1/199¢ 11/201Z
AMS Amsterdam IslancFrance LSCE 37.8°S 77.53°E 55 4.5 D 10/200: 3/201C
AMT Argyle USA NOAAESRL  45.03°N  68.68°W 53 30.0 D 9/2002 12/200€
AMY Anmyeondo Republic of Koree KMA 36.53°N  126.32°E 86 15.0 C 2/199¢ 12/201z
ARH Arrival Heights New Zealand ~ NIWA 77.80°¢  166.67°E 189 45 D 1/199¢ 11/2014

St. Helena,
ASC  Ascension Island 2SCensionund o e sy 7.92°S  14.42°W 54 45 D 1/199¢ 12/2014

Tristan da

Cunhajk
ASK Assekrem Algeria NOAA/ESRL  23.18°N  5.42°E 2728 250 D 1/199¢ 12/2014
AZR Terceiralsland Portugal NOAA/ESRL  38.77°N  27.38°W 40 150 D 1/199¢ 12/2014
BAL Baltic Sea Poland NOAA/ESRL  55.35°N  17.22°F 28 750 D 1/199¢ 6/2011
BGU Begur Spain LSCE 41.83°N  3.33°E 30 150 D 4/200C 10/201C
BHD BaringHead  NewZealand NOAA/ESRL  41.41°¢  174.87°F 80 45 D 10/199¢ 12/2014
BKT _'?;Egn';"to Indonesia NOAA/ESRL 0.20°S  100.32°E 865 750 D 1/2004 11/2014
BKT _Er’gggn';‘”o Indonesia BMG_EMPA 0.20°¢  100.32°F 8965 750  C 10/200¢ 12/201
BME St. David's Head UK NOAAESRL  3237°N  64.65°W 30 150 D 1/199¢ 1/201C
BMW Tudor Hill UK NOAAESRL  3227°N  64.88°W 30 150 D 1/199¢ 12/2014
BRW Barrow USA NOAAESRL  71.32°N  156.60°W 11 150 C 1/199¢ 12/2011
BRW Barrow USA NOAAESRL  71.32°N  156.60°W 11 150 D 1/199¢ 12/2014
BSC Black Sea Romania NOAAESRL  44.17°N  28.68°F 3 750 D 1/199¢ 12/2011
CBA Cold Bay USA NOAAESRL  55.20°N 162.72°W 25 150 D 1/199¢ 12/2014
CDL Candle Lake  Canada ECCC 53.87°N  104.65°W 630 250 C 6/2002 12/2007
CGO Cape Grim Australia NOAA/ESRL  40.68°S  144.68°E 94 45 D 1/199¢ 12/2014
CHL Churchil Canada ECCC 58.75°N  94.07°W 76 150 D 4/2007 12/201%
CHM Chibougamau Canada ECCC 49.68°N  74.34°W 393 150 C 8/2007 12/201C
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CMN
COl
CPT
CPT
CRI
CRz
CYA
DEU
EGB
EIC
ESP
ESP
ETL
FIK
FSD

GLH

GMI
GPA
GSN
HAT
HBA
HPB
HUN
ICE
1ZO0
1ZO0
JFJ
KEY
KMW
KUM
KZD
KZM
LAU
LAU
LEF
LLB

LLB

LLN

LMP
LPO
MAA
MEX

Christmas Island Kiribati NOAA/ESRL
Monte Cimone ltaly UNIURB/ISAC
Cape Ochi-ishi  Japan NIES

Cape Point Southern Africa NOAA/ESRL
Cape Point Southern Africa  SAWS

Cape Rama India CSIRO
Crozet France NOAA/ESRL
Casey Station  Australia CSIRO
Deuselbach Germany UBA

Egbert Canada ECCC
Easter Island Chile NOAA/ESRL
Estevan Point  Canada CSIRO
Estevan Point  Canada ECCC

East Trout Lake Canada ECCC
Finokalia Greece LSCE
Fraserdale Canada ECCC
Sg’gfh%”use Malta UMLT

Guam US Territory NOAA/ESRL
Gunn Point Australia CSIRO
Gosan Republic of Koree GERC
Hateruma Japan NIES

Halley Bay UK NOAA/ESRL
Hohenpeissenber Germany NOAA/ESRL
Hegyhatsal Hungary NOAA/ESRL
Heimaey Iceland NOAA/ESRL
Izafia (Tenerife) Spain NOAA/ESRL
Izafia (Tenerife) Spain AEMET
Jungfraujoch Switzerland EMPA

Key Biscayne USA NOAA/ESRL
Kollumerwaard Netherlands RIVM

Cape Kumukahi USA NOAA/ESRL
Sary Taukum Kazakhstan NOAA/ESRL
Plateau Assy Kazakhstan NOAA/ESRL
Lauder New Zealand NIWA
Lauder New Zealand NIWA

Park Falls USA NOAA/ESRL
Lac La Biche Canada NOAA/ESRL
I(‘f}l%é‘za?mhe Canada ECCC

Lulin China NOAA/ESRL
Lampedusa Italy NOAA/ESRL
lle Grande France LSCE
Mawson Australia CSIRO

Pico de Orizaba Mexico NOAA/ESRL

1.70°N
44.18°N
43.15°N
34.35°¢
34.35°¢
15.08°N
46.45°¢
66.28°S
49.77°N
44.23°N
27.15°S
49.38°N
49.38°N
54.35°N
35.34°N
49.88°N
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1/199¢
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2/2001
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12/199¢

12/2014
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12/2014
12/2014
12/2014
12/2014
10/201C
12/2014
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1/2014

12/2014
1/2003
12/2011

12/2001

Table 3. List of aircraft profile measurement sites. *Observations from the IMECC aigmgontain samples from several sites
routes, i.e. the location is not site specific. Posterior with smallest RMS&rkednin bold.

and

Site Station Country Project Sampling heights Data range Prior RMSE Posterior RMSE
Code Name (m) (year) (ppb) (ppb)
[min] [max] LS2T L78T L%G LST L®T L%G
ORL Orléans France CarboEurope 100.0 3200 2006-2012 101.2 101.2 88.0 39.2 37.4 40.8
BIK Bialystok Poland CarboEurope  223.8 3026 2007-2011 82.1 82.1 68.6 244 272 26.1
HNG Hegyhatsal Hungary CarboEurope  300.0 3250 2006-2009 815 815 66.4 253 252 275
GRI Griffin UK CarboEurope  550.0 3100 2006-2010 74.7 74.7 59.9 129 129 11.0
IMECC* IMECC 19.5 13240 2009 79.1 79.1 816 174 191 17.6
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Table 4. Root mean square error (RMSE) between TCCON and madik Mith averaging kernel applied (ppb). The inversion with the
smallest posterior RMSE is marked in bold.

. Coordinates Prior Posterior

Latitude  Longitude Lo2T, L78T L%2G LT L7eT L%2G
Eureka, Canada 80.05°N 86.42°W 80.2 78.6 13.6 13.9 8.8
Sodankyla, Finland 67.37°N 26.63°E 85.1 82.5 13.3 13.2 113
Bialystok, Poland 53.23°N 23.03°E 75.5 75.6 17.2 17.4 10.4
Karlsruhe, Germany 49.10°N 8.44°E 86.4 87.8 12.7 134 11.2
Garmisch, Germany 47.48°N 11.06°E 86.8 88.1 11.7 121 15.3
Park Falls, WI, USA 45.95°N 90.27°W 65.5 66.9 13.9 15.7 10.6
Indianapolis, IN, USA 39.86°N 86.00°W 83.5 85.1 11.9 13.6 8.7
Lamont, OK, USA 36.60°N 97.49°W 69.5 73.3 17.0 19.6 12.4
Pasadena, CA, USA (Caltech*1) 34.14°N  118.13°W 78.6 88.2 14.3 16.6 11.0
Pasadena, CA, USA (JPL*2) 34.12°N  118.18°W 415 45.9 26.6 27.9 17.9
Pasadena, CA, USA (JPL*3) 34.12°N  118.18°W 75.3 80.1 24.1 254 16.3
Saga, Japan 33.24°N 130.29°E 80.1 85.6 26.2 26.8 18.6
Izana, Tenerife, Spain 28.30°N 16.50°W 74.8 80.8 11.9 12.8 10.0
Ascension Island 7.92°S 14.33°W 51.5 57.0 26.8 26.2 21.7
Darwin, Australia 12.42°¢ 130.89°E 29.1 325 28.3 26.9 25.4
Reunion Island, France 20.90°¢ 55.49°E 445 48.3 27.1 25.5 24.7
Wollongong, Australia 34.41°¢  150.88°E 250 294 366 344 340
Lauder, New Zealand (120HR) 45.04°¢ 169.68°E 17.9 22.6 23.6 214 20.2
Lauder, New Zealand (125HR) 45.04°¢ 169.68°E 38.8 44.6 234 21.2 20.7

*1 = California Institute of Technology, 2012
*2 = Jet Propulsion Laboratory, 2007-2008
*3 = Jet Propulsion Laboratory, 2011-2012
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Table 5. Root mean squared error (RMSE) between GOSAT and mddeh Mith averaging kernel applied (ppb). The inversions with
the smallest RMSE are marked in bold.

Region (mTC) Prior Posterior

LS2T, L78T L52G Ls2T L8T L52G
Global (1-20) 68.5 68.5 9.5 9.7 5.1
Europe (11-14) 94.1 94.1 11.5 12.1 16.3
North American boreal (1) 94.0 94.0 11.2 11.7 15.3
North American temperate (2) 87.1 87.1 10.1 11.3 11.7
South American tropical (3) 54.8 54.8 23.0 22.7 19.8
South American temperate (4) 48.3 48.3 17.4 15.9 16.0
Northern Africa (5) 80.5 80.5 7.8 9.8 8.9
Southern Africa (6) 49.0 49.0 18.2 17.3 16.3
Eurasian boreal (7) 96.4 96.4 12.2 12.9 175
Asian temperate (8) 90.0 90.0 10.5 12.2 10.2
Asian tropical (9) 87.8 87.8 22.7 23.9 17.3
Australia (10) 48.2 48.2 15.4 13.7 13.4
South-west Europe (11) 90.6 90.6 125 12.9 15.8
South-east Europe (12) 93.4 93.4 13.8 14.7 18.7
North-west Europe (13) 93.5 93.5 15.0 16.0 19.1
North-east Europe (14) 93.0 93.0 12.6 135 17.5
Ocean (16-20) 60.1 60.1 13.7 13.0 9.3
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Table 6. Mean emission estimates and their uncertainties before and after 200A{¥g). The uncertainties are 1 standard deviation of
ensemble distributions. Prior uncertainties are from inversiéhdnd 152G i.e- e H{CTE-CHsv1-0) The LT (CTE-CHsv1-1) has larger
prior uncertainties in all regions due to its set-up. For other regieeSupplementary material. Emission estimates after 2007 that are
more than 1 T&Ha yr! larger than those before 2007 are marked in bold.

Total Anthropogenic Biospheric

Region (mTC
gion ( ) Before 200° After 2007 Before 200" After 2007 Before 200" After 2007

Global (1-20)
Prior 532.9+86.7 566.0+102.¢ 313.0+80.% 350.5+97.¢ 172.8+31.¢ 171.8+31.¢
LS2T 507.0+45.] 526.3+ 43.7 287.0+36.¢ 314.9434.F 172.8+28.7 167.7+28.7
LT 508.2+62.( 526.3+ 60.¢ 311.4450.2 326.0+49.7 149.7+45.] 156.6+44.]
LG 509.1+45.¢ 527.6+ 44.( 287.9+37.¢ 312.2434.¢ 174.1+28.¢ 171.7+28.¢
Europe (11-14)
Prior 56.2+14.2 55.0+14.F 45.4+13.€ 45.0+14.1 9.843.9 9.0£3.5
Le2T 54.2+10.2 51.5+10.5 46.8+10.% 43.8+10.t 6.4+2.7 6.8+2.5
LT 53.3+13.C 53.3+13.C 45.1+13.2 45.1+13.F 7.243.6 7.1£3.4
L52G 59.7+10.¢ 58.5%10.7 50.9+10.€ 49.1+10.7 7.7x2.7 8.442.5
North American temperate (2)
Prior 42.0+20.5 41.9+20.5 33.2+20.% 32.9+20.C 7.7£3.0 7.8+£3.C
LS2T 49.2+7.7 51.946.€ 41.847.7 45.1+7.C 6.3+2.7 5.7+2.6
LT 48.419.2 48.1+6.€ 42.2+9.4 43.1+7.2 5.1+3.7 3.843.5
LG 55.6+8.4 59.1+7.F 47.4+8 .4 51.347.7 7.242.7 6.6+2.7
South American temperate (4)
Prior 40.0£14.¢ 42.8+16.( 23.2+13.1 25.5+14.¢ 14.2+7.C 14.546.¢
LS2T 49.4+14.¢ 63.3+14.¢ 28.0+12.9 39.9+13.F 18.846.¢ 20.6%6.7
LT 51.9+24.¢ 66.0+24.7 33.6+22.5 46.4+23.( 15.749.8 16.949.¢
LG 46.0+14.¢ 58.8+15.( 26.3+£12.¢ 37.9£13.F 17.0+6.€ 18.246.€
Asian temperate (8)
Prior 142.4+72.7 164.7+89.¢ 106.2+72.1 129.3+89.1 34.2£ 9.6 33.449.5
LS2T 76.3+24.2 83.7+20.1 36.9£25.C 50.1+20.7 37.4+ 6.5 31.546.1
LT 66.8+28.7 80.6124.2 48.4+26.€ 54.8423.2 16.4+24.7 23.8+22.F
LG 78.2+25.2 81.0£19.¢ 37.8+26.1 44.2+20.€ 38.5+6.¢ 34.846.4
Asian tropical (9)
Prior 67.7£15.¢ 70.8+16.€ 30.6+ 8.7 35.7+9.¢ 31.1+13.2 31.3£13.C
LS2T 67.5+14.c 68.3+14.7 32.0+ 8.4 35.1+ 9.2 29.6+12.1 29.4+12.1
L78T 69.2+27.¢ 67.5+28.¢ 32.2423.C 32.5424.7 31.1+19.€ 31.3£19.7
LG 63.2+14.C 65.1+14.¢ 29.8+ 8.4 32.8+9.4 27.4+12.2 28.5+12.2
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1. Sensitivity experiments of CTECH4 for summer 2007

Sensitivity experiments were performed for a test period betwedmg2007 and 30 October 2007. Summer was chosen
because biospheric methane (Cldmissions are largest then in the Northern Hemisphere (NH), andaus Was on the

northern boreal region and Europe.

1.1 Experimental setup
1.1.1 EnKF parameters' sensitivity experiments

Two EnKF parameters (ensemble size and prior covariance matrix) were assasgeG@TECH,, with only discrete air
sample observations assimilated, and prior biosphere emission estimatabefrbRX-Bern. EnKF allows a full posterior
probability density function of the state (scaling factor in our cadeg tepresented exactly by an infinite ensemble of model
states. A small ensemble size is computationally cheap to apply, but it maydestdtistical misrepresentation of the posterior
distribution. Choosing the suitable number of ensembles is often aoquekfinding a balance between ensemble size and
computational cost. For the sensitivity experiments, we used ensemble sfe¢E#0) and 500 (E500) members, and in
addition made a specific test for degrees of freedom (d.o.f.) relafee wifferent ensemble sizes from 20 to 500 (i.e., 20,
60, 120, 240, and 500). The Finnish Meteorological Institute (FMIphasmputer facility with 20 nodes per processor. For
E20, one processor was used, and for E500, 13 process@sised. To test sensitivities of the prior distribution of the states,
we carried out four E20 simulations and three E500 simulations wamdpm initial values sampled from a normal
distribution; N (0,1).

A model error covariance matr@@ was used to create a prior state covariance matrix at the beginning of eastepm

Py =P +Q, D
whereP4t is the prior state covariance matrix at tit + 1, andP, is the posterior state covariance matrix at ttn&wo
matrices were examined in this study: ident®l), andQ2, which was based on Petetsl. (2005):

Aypr A0 0 o

Q2=| o 0 Ay A% 0 |,
0 0 A7 Ay O
0 0 0 0 o
2 2, —dij/L
Ak__:< y T T, ) for k = IWP, WMS, ANT, RIC,
Y oy e i o

where IWP (Inundated wetland and peatland), WMS (wet mineral soils), (@Nfhropogenic), and RIC (rice) are land-
ecosystem types (Fig. 2 of main paper). ). It was assumeéitbatwws, ZanT, Aric, Aice are uncorrelated, with each having a
variances? = 0.8. Scaling factors of the same LET regions at different mTCnedgadf diagonal oAkU) were assumed to

—dij/L

be correlated witloy, - e , whered;; is the distance between the centre of the regiyijk @nd the correlation leng=

2
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900km. For mTC3 (South American tropical), 7 (Eurasian boreal), ar@Bni&sian tropical), betweehwr andiwms (4*1),
and betweetavr andiric (4*2) were assumed correlated wa? - e~%i/% to constrain the emissions in those regions better.
The observation network within and around these reg®particularly sparse (only one or no site in the regions), which
makes it difficult to constrain the emissions in the model.Acer variances’; was set to ble8 for bothQ1l andQ2, as

the emissions from this region are small, and we assumed that thegpincaites were already good.

1.1.2 Other sensitivity experiments

In the following experiments, CTEH, with an ensemble size of 500, the same set of prior state distribatrpiesl from

the same normal distributioN,(0,1) (i.e. no random error due to sampling of prior state),@hdovariance were usedor
sensitivity analysis, inversions were performed to examine the etfect$ the prior biosphere emissions by replacing the
LPX-Bern emissions with the LPJ-WHyME emission estimates, 2) thenadson sets by removal of continuous observations,
3) the assimilation window length by increasing it to 12 weeks ingit&dveeks. Finally, the effect of the Tiedtke (1989)

and Gregongt al. (2000) convection schemes in botft and L8 configurations were examined.

1.2 Results of sensitivity experiments
1.2.1 EnKF parameters' sensitivity experiments

The results from the sensitivity runs (E20-E500) showed thdatger the ensemble size, the more stable the results were
likely to be. With an ensemble size of 500, the mean estimates fourthenfsbiospheric and anthropogenic emissions
aggregated over the test period differed by less than 0.5 Tih€ieen the three E500 runs (217.9 £ 28.2, 217.7 £ 28.2
217.4 £ 27.3 Tg CHlper test period). However, with 20 ensemble members, mean estiorathe aggregated sunf o
biospheric and anthropogenic emissions differed by about 10 TdZ18.7 + 25.3, 221.0 + 24.9, 224.4 + 24.3, 2252446

Tg CHy). The smaller posterior uncertainties in the E20 experiments thareif300 experiments were caused by
underestimation of uncertainties due to the small ensemble size. The weaklglso showed that there were more random
variations in the estimates from the E20 experiments compared t6@beekperiments (Fig. S1). The stability also depended
on the available observations. Regions with dense observational netwgrkidpeth American boreal, showed less variation
in the estimates than regions where the observation network was spargesian tropical. This held for both E20 and E500
The d.o.f. in the posterior ensembles (square of sum of singulas\dikided by sum of square of singular values) was small
when the ensemble size was small as we cannot represent more d.o.f. trearewethe ensemble members. It increased
significantly up to an ensemble size of 120, meaning the informatided to the singular value decomposition matrix was
significant, but the rate did not increase much after that, and slowlyeatacfuilibrium (Fig. S2). Although we did not tes
larger ensemble sizes, the results suggest that 500 is large enough to trépegeebability distribution well.
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As expected, computational costs were higher for E500. With 13 progessour computational system at FMI, the
computational burden was about one hour of wall clock time per waakaél time for E500. For E20, the burden was only
about half an hour per week of model time with one processor. Natththcomputational time of E500 could be as small as
E20 if the number of nodes was increased to 500, i.e. usingogBggors in the FMI system. The observation operator was

the most expensive, consuming about 80% of computational time focéseks.

The experiments usinQ1 andQ2 prior covariance showed that the posterior mean emissions and tteitaimty estimates

did not differ very much at a global scale. The posterior emissions thaQlisetiQ2 were 91 + 14 and 91 + 13 Tg GFor
biosphere emissions, and 126 + 27 and 127 + 26 Tgf@tanthropogenic emissions (the numbers were aggregated over the
entire run of 154 days), respectively. However, the regional uncerestitpates were clearly smaller wh@@ was used
rather tha Q1, especially in the Eurasian boreal and Asian tropical regions, and stioaneffiect of correlations between the
nearby regions and within the region (Fig. S3). Although reductiamcertainty does not necegbamean the estimates
were better, the experiment showed the advantage of using the moreathferaovariance matrix, in which logical choices

for spatial error correlations are made.

1.2.2 Other sensitivity experiments

AtmosphericCHs mole fractions were compared to assimilated NOAA discrete air sample obsexrv@liaally, agreement
with the observations did not differ much between the inversiensCTECH, successfully optimized emissions consistent
with the average global observations regardless of the setups. Foe&uites, variability in the posterior mole fractions
was less than in the observaions. For Asia temperate region, posieliofractions matched the observations noticeably
better when the Gregog al. (2000) convection scheme was used rather than the Tiedtke €cd@he.

Global biosphéc emission estimates of LPJ-WHyME were 8 Tg.0d¥ver than those of LPX-Bern, and posterior emissions
were also lower by 15 Tg GHvhen LPJ-WHyME wasised. The LPJ-WHyME estimates for Asian temperate and tropical
regions were much lower than the LPX-Bern estimates, which remainexhibersthe posterior. In contrast, the LPJ-WHyME
estimates in Eurasian boreal and northern Europe were more than twice as largdxsBeer_estimates, but were reduced

to a level similar to the LPX-Bern estimates by inversion. The uncertastityates for those regions that used LPX-Bern
were about a factor of three smaller, i.e., the system favoured ¥x@efh estimats. For northern Europe, the difference in
the posterior was 0.3 Tg GH.e., the inversion was not significantly sensitive to the prior estinfateshe Eurasian boreal
region, the differences still remained by about 2 Tg BHhe posterior, and additional observations would be needed to better
constrain the estimates. The effect was also seen in the anthropogenicreile posterior anthropogenic emissions were
10 Tg CH greater when LPJ-WHyME was used as prior biospheric emissibisswés an effect of the inversion trying to

compensate for low biosphere emissions by increasing anthrap@geissions.
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Removal of continuous observations decreased mean posterior agdmigpemissions by about 70% in temperate North
America and in southwest and east Europe. The decrease was partially @ieghbgsan increase in biospheric emissions;
for the North American temperate region, posterior biospheric emissiors abeut 100% larger without assimilating
continuous observations, and the estimates were similar to the priblerffusre, the decrease was also compensated by >50%
increase Asian tropic emission estimates. However, differences in biospimsigions in the Asian temperate region were
small. The reason could be that the discrete observations may halietlbaeffect on the biosphier emissions, as the
observations were located near anthropogenic sources. Thereforeyeigoin less sensitive to biospheric emissions when
continuous measurements are not assimilated. The effect of removitiguoas observations was also significant in the
uncertainty estimates, which were larger for anthropogenic emigkimm$or biospheric emissions. The posterior uncertainty
for global anthropogenic emissions was about two times larger inwbision not assimilating continuous observations, and
the largest differences were found in the North American temperate andtésiparate regions, and in southwest Europe.
The posterior biospheric emission uncertainty was about threge tamger in North American boreal, about twice as large in
Asian temperate, and about 20% larger in North American temperate, Eurasian bdréaiaantropical regions than the
estimates using continuous observations. These results indicate that imgméeingstimates is important, especially for

regions where observations are sparse.

When a longer assimilation window length was used, effects ofvatigers on emission estimates extend further in time,
which could be an advantage in regions where the observation netvepdrse. However, the longer travel time between
sources and observations also increased the transport error, and cotrateseort errors across the observation network,
making them less informative. Despite that, the mean and uncertaintyatestimere not significantly different for both
anthropogenic and biospheric emissions regardless of assimilation winugity, liee.. the expected differences were not seen
in regions such as the Tropics. One reason for this would be theedigreriod examined, as the correlation between tropical
and extratropical fluxes became significant only after several monthengport time. Simulations with longer time periods
may also reveal the impacts in our model, especially in the tropic, tmaty have a negative influence in other regions
(Babenhauserheids al., 2015).

Total global posterior mean biospheric and anthropogenic emissions méleg stgardless of the convection schemes, but
the sum of the posterior mean emissions in the SH was about CBlargmaller, and that in the NH was larger when the
Gregoryet al. (2000) convection scheme was used. Due to faster vertical mixing in the thid @regoryet al. (2000)
convection scheme, the simulated atmospherig @ble fractions in the troposphere were lower compared to the Tiedtke
(1989) convection scheme. Therefore, CTH: produced larger emission estimates in the NH when the Gregary2000)

convection scheme was used.
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The effect of convection was generally larger when usiffgthan 152 configurations. With £8, posterior anthropogenic
emissions differed by more than 10% in 12 mTCs due to conveutfmreas the posterior anthropogenic emissions differed
by more than 10% in only two mTCs witli?LFor biospheric emissions, the number of regions affected wdarsin both
models, but the magnitude of the differences was generally largéTinThe extreme cases were seen in temperate Asia and
northwest Europe, where posterior mean biosphere emissions iertgenfisia were more th@0%smaller using the Gregory

et al. (2000) scheme than using Tiedtke (1989), and posterior amtaropogenic emissions in northwest Europe were about
45% larger when Gregomt al. (2000) was used. The estimates differed by about 1% and 8% in those regions. One
reason that 18 had a larger influence on the convection schemes was the increasaimther of optimization regions. If a
large prior biospheric emission remains in “anthropogenic regions” (RIC, ANT, WTR), the effect of convection in biospheric
emission estimates iftwould be larger than in®, because biospheric emissions in those regions were not optimiz¥&d in L
This was the case for the Asian temperate region; prior biospheric emisstbesanthropogenic regions were about 20 Tg
CHs (nearly 75% of the regional prior biospheric emissions). Similariyndothwest Europe, prior anthropogenic emissions

in biosphere regions (IWP and WMS) were about 74% of regional total prigopatgenic emissions.
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Table S1.Mean emission estimates and their uncertainties before and after 200A4{¥r). The prior uncertainties are o4l and %°G.
L"8T has higher prior uncertainties in all regions due to a model feature nRegites and modified TransCom (mTC) region numbers are
indicated.

Total Anthropogenic Biosphere
Region (mTC) Before 2007  After 2007 Before 2007  After 2007 Before2007 After 2007
Global
Prior 532.9486.7 566.0+102. 313.0480.7 350.5497.1 172.8+31.¢ 171.8431.¢
LS2T 507.0445.! 526.3+43.] 287.0436.¢ 314.9434 1 172.8428.7 167.7428.7
LT 508.2+62.( 526.3+60.9 311.4+50.: 326.0+49.] 149.7445.; 156.6+44.]
LG 509.1+45.¢ 527.6+44. 287.9437.« 312.2434. 174.1428.¢ 171.7428.¢
Europe (11-14)
Prior 56.2+14.2 55.0+14.5 45.4+13.€ 45.0+14.] 9.843.8 9.043.5
Ls2T 54.2+10.£ 51.5+10.5 46.8+10.% 43.8+10.5 6.4+2.7 6.8+2.5
LT 53.3+13.C 53.3+13.3 45.1+13.¢ 45.1+13.5 7.243.€ 7.143.4
L5%G 59.7+10.¢ 58.5£10.7 50.9£10.€ 49.1+10.7 7.742.7 8.442.5
North American boreal (1)
Prior 16.448.2 16.148.4 0.5+0.2 0.5+0.7 15.1+8.5 14.9+8.4
Ls2T 13.7+2.C 12.8+1.5 0.5+0.2 0.5+0.2 12.4+2.C 11.6+1.5
LT 14.3+3.E 13.9+2.7 0.6+0.5 0.8+0.4 12.9+3.F 12.5+2.7
LG 15.742.1 14.9+1.4 0.50.2 0.540.2 14.442.1 13.741.€
North American temperate (2)
Prior 42.0+20.5 41.9+20.5 33.2£20.2 32.9£20.3 7.7+3.C 7.8+3.0
LS2T 49.2+7.7 51.946.§ 41.8+7.7 45.1+7.( 6.3+2.7 5.742.6
L78T 48.4+9.2 48.1+6.9 42.2+9.4 43.1+7.3 5.1+3.7 3.8+3.5
LG 55.6+8.4 59.1+7.5 47.4+8.4 51.3+7.7 7.242.7 6.61+2.7
South American tropical (3)
Prior 52.2+24.2 53.6+24.4 10.544.2 11.4+4.6 35.8+23.¢ 35.9+23.¢
LS2T 53.6+23.¢ 55.1+24.] 11.0+4.5 11.7+4.5 36.7+23.F 37.1+23.¢
L78T 53.1+28.¢ 54.7+29.7 11.1410.2 12.7411.7 36.0+26.¢ 35.7+27.(
LG 53.3+23.¢ 54.3+24.] 10.7+4.5 11.4+4.5 36.7+23.F 36.6+23.7
South American temperate (4)
Prior 40.0+14.¢ 42.8+16.( 23.2+13.1 25.5+14.4 14.247.C 14.546.¢
LS2T 49.4+14.¢ 63.3+14.9 28.0+12.¢ 39.9+13.5 18.846.¢ 20.616.7
L78T 51.9+24.¢ 66.0+24.7 33.61£22.F 46.4+23.( 15.7+9.¢ 16.9+9.€
LG 46.0+14.¢ 58.8+15.( 26.3+12.¢ 37.9+13.5 17.046.€ 18.246.€
Northern Africa (5)
Prior 32.2+14.¢ 33.4+16.4 18.6+14.7 20.4+16.7 7.242.4 7.142.4
LS2T 38.5+13.¢ 39.5+14.( 24.9+13.€ 26.6+13.¢ 7.242.4 7.0+2.4
L78T 40.6£19.5 39.2+19.( 27.2+16.¢ 26.8+16.6 7.0+9.8 6.4+9.4
LG 37.2+14.( 37.3+14.7 23.6+13.7 24.4+14.( 7.242.4 7.0+2.4
Southern Africa (6)
Prior 24.8+7.2 26.618.( 9.416.8 10.447.5 7.8+2.3 8.6+2.5
LS2T 27.946.¢ 28.6+7.6 12.446.5 12.347.4 7.942.3 8.61+2.5
L78T 28.1+12.2 27.4+13.4 12.248.¢ 11.3+9.8 8.3+8.5 8.5+9.0
LG 27.1+7.C 27.7+7.7 11.646.€ 11.6+7.3 7.942.3 8.542.5
Eurasian boreal (7)
Prior 18.8+£7.4 20.0+8.7 9.5+6.8 11.5+8.7 7.1+£3.C 6.7+2.9
LS2T 19.645.4 18.946.4 10.1+4.€ 10.645.4 7.343.C 6.54+2.8
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37.4+6.5
16.4+24.5
38.546.€

31.1+13.%
29.6%12.1
31.1+19.¢
27.4£12.2

-0.9+0.2
-0.8+0.2
-0.9+1.€
-0.8+0.2

1.4+0.8
1.2+0.€
1.5+1.C
1.6+0.€

0.4+0.1
0.4+0.1
0.4+0.5
0.4+0.1

2.7+1.€
0.9+0.¢
1.2+1.4
1.6+0.¢

5.3+3.2
3.9+2.4
4.0+3.2
4.242.5

3.7+0.C
3.7+0.C
44435
3.7+0.C

-0.0+0.C
-0.0+0.C
-0.0+0.C
-0.0+0.C

6.445.4
6.6+2.8

33.4+9.5
31.546.1
23.8+22.F
34.846.4

31.3+13.¢
29.4£12.1
31.3+19.7
28.5%12.2

-0.9+0.2
-0.9+0.2
-0.9+1.5
-0.9+0.2

1.3+0.7
1.1+0.5
1.3+0.9
1.2+0.6

0.3+0.1
0.3+0.1
0.3+0.4
0.3+0.1

2.5%1.5
1.5+0.8
1.7+1.3
2.2+0.9

4.942.9
3.9+2.2
3.8+2.9
4.742.2

3.7+0.0
3.7+0.0
5.3+34
3.7+0.0

-0.0+0.0
-0.0+0.0
-0.0+0.0
-0.0+0.0
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Table S2.Root mean squared error (RMSE) between TCCON and posterior XCH4 vatrevaging kernel applied (ppb).

Posterior
Site Latitude (°N) Longitude (°E) L82T LT L%%G
Eureka, Canada 80.05 -86.42 8.48 8.21 10.26
Sodankyla, Finland 67.37 26.63 1359 14.20 17.92
Bialystok, Poland 53.23 23.03 10.12 10.94 14.77
Karlsruhe, Germany 49.10 8.44 11.17 12.32 10.89
Garmisch, Germany 47.48 11.06 9.62 10.61 14.13
Park Falls, WI, USA 45,95 -90.27 11.07 1152 14.96
Indianapolis, IN, USA 39.86 -86.00 8.00 8.67 11.89
Lamont, OK, USA 36.60 -97.49 1437 16.69 11.11
Pasadena, CA, USA (Caltech*? 34.14 -118.13 16.78 20.14 12.33
Pasadena, CA, USA (JPL*2) 34.12 -118.18 26.65 28.16 18.04
Pasadena, CA, USA (JPL*3) 34.12 -118.18 23.77 24.86 16.17
Saga, Japan 33.24 130.29 18.25 1894 13.33
Izana, Tenerife, Spain 28.30 -16.50 10.84 10.87 16.62
Ascension Island -7.92 -14.33 23.03 22.44 1821
Darwin, Australia -12.42 130.89 23.49 21.89 20.95
Reunion Island, France -20.90 55.49 21.05 19.34 18.73
Wollongong, Australia -34.41 150.88 26.84 24.36 24.46
Lauder, New Zealand (120HR) -45.04 169.68 15.11 13.04 12.21
Lauder, New Zealand (125HR) -45.04 169.68 1548 13.30 13.03

*1 = California Institute of Technology, 2012
*2 = Jet Propulsion Laboratory, 2007-2008
*3 = Jet Propulsion Laboratory, 2011-2012
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Table S3.Root mean squared error (RMSE) between GOSAT and mdzidh Mithout averaging kernel applied (ppb).

Posterior
Region (mTC) \Inversion LT L78T L%2G
Global (1-20) 12.5 12.5 7.2
EU (11414) 11.5 12.0 15.9
North American boreal (1) 11.2 11.7 15.1
North American temperate (2) 10.4 11.7 11.0
South American tropical (3) 26.9 26.6 235
South American temperate (4) 195 17.9 18.2
Northern Africa (5) 9.4 11.2 7.8
Southern Africa (6) 21.7 20.8 19.6
Eurasian boreal (7) 11.8 12.6 16.8
Asian temperate (8) 12.3 13.7 9.4
Asian tropical (9) 24.8 25.6 19.0
Australia (10) 18.8 17.0 16.6
South West Europe (11) 12.7 13.1 15.3
South East Europe (12) 13.7 145 18.0
North West Europe (13) 15.4 16.4 19.6
North East Europe (14) 12.7 135 175
Ocean (16-20) 17.0 16.2 12.3
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