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Abstract. Beginning in 2009 new spaceborne observations
of dry-air column-averaged mole fractions of atmospheric
methane (XCH4) became available from the Thermal And
Near infrared Sensor for carbon Observations–Fourier Trans-
form Spectrometer (TANSO-FTS) instrument onboard the5

Greenhouse Gases Observing SATellite (GOSAT). Until
April 2012 concurrent methane retrievals were provided by
the SCanning Imaging Absorption spectroMeter for Atmo-
spheric CartograpHY (SCIAMACHY) instrument onboard
ENVISAT. The GOSAT and SCIAMACHY XCH4 retrievals10

can be compared during the period of overlap. We estimate
monthly average methane emissions between January 2010
and December 2011, using the TM5-4DVAR inverse model-
ing system. In addition to satellite data, high-accuracy mea-
surements from the Cooperative Air Sampling Network of15

the National Oceanic and Atmospheric Administration Earth
System Research Laboratory (NOAA ESRL) are used, pro-
viding strong constraints on the remote surface atmosphere.
We discuss five inversion scenarios that make use of dif-
ferent GOSAT and SCIAMACHY XCH4 retrieval products,20

including two sets of GOSAT proxy retrievals processed
independently by the Netherlands Institute for Space Re-
search (SRON)/Karlsruhe Institute of Technology (KIT), and
the University of Leicester (UL), and the RemoTeC “Full-
Physics” (FP) XCH4 retrievals available from SRON/KIT.25

The GOSAT-based inversions show significant reductions in
the root-mean-square (RMS) difference between retrieved
and modeled XCH4, and require much smaller bias cor-
rections compared to the inversion using SCIAMACHY re-
trievals, reflecting the higher precision and relative accuracy30

of the GOSAT XCH4. Despite the large differences between
the GOSAT and SCIAMACHY retrievals, two-year aver-
age emission maps show a good overall agreement among
all satellite-based inversions, with consistent flux adjust-
ment patterns, particularly across equatorial Africa and North35

America. Over North America, the satellite inversions result
in a significant redistribution of methane emissions from the
northeastern to south-central USA. This result is consistent
with recent independent studies suggesting a systematic un-
derestimation of methane emissions from North American40

fossil fuel sources in bottom-up inventories, probably re-
lated in large part to natural gas production facilities. Fur-
thermore, all four satellite inversions yield lower methane
fluxes across the Congo basin compared to the NOAA-only
scenario, but higher emissions across tropical eastern Africa.45

The GOSAT and SCIAMACHY inversions show similar per-
formance when validated against independent shipboard and
aircraft observations, and XCH4 retrievals available from the
Total Carbon Column Observing Network (TCCON).
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1 Introduction

Atmospheric methane (CH4) is the second-most important
anthropogenic greenhouse gas (GHG) – after carbon diox-
ide – in terms of net radiative forcing (RF). Emissions of
CH4 have caused an RF of 0.97Wm−2 (Stocker et al.,55

2013, p. 13), about twice the concentration-based estimate
(0.48Wm−2). After a period of stabilization from 1999
to 2006 (Dlugokencky et al., 2003; Simpson et al., 2006),
methane concentrations in the atmosphere have started to rise
again (Dlugokencky et al., 2009; Rigby et al., 2008; Nis-60

bet et al., 2014), and are currently estimated to be 160%
higher than pre-industrial (1750) values (WMO, 2013). Pre-
vious research has identified the main sources and sinks of at-
mospheric methane; however, there remain considerable un-
certainties regarding their relative importance (e.g., Kirschke65

et al., 2013).
Since large-scale regional or global methane fluxes can-

not be directly measured, attempts at estimating these quan-
tities have traditionally relied on two complementary tech-
niques: “bottom-up” emission inventories, and inverse mod-70

eling (“top-down”). Bayesian inverse modeling (Tarantola,
2004) of CH4 emissions operates under a well-defined math-
ematical framework that combines a priori information on
methane emissions, atmospheric observations, and an atmo-
spheric chemistry and transport model (CTM), to yield a sta-75

tistical best estimate of methane emissions and concentra-
tions over the time period of interest. The quality of the es-
timates obtained through inverse modeling depends in large
part on the quality of the observation data available for the
spatial and temporal domains of interest, and on the quality80

of the CTM.
Surface measurements of CH4 concentrations are avail-

able from global networks such as the Cooperative Air Sam-
pling Network of the National Oceanic and Atmospheric
Administration Earth System Research Laboratory (NOAA85

ESRL) (Dlugokencky et al., 1994, 2009, 2013). However,
surface observations provide only sparse global coverage,
with the exception of certain regions, mainly Europe and
North America, where regional monitoring stations, includ-
ing tall towers and aircraft profiles, have been set up in re-90

cent years (e.g., (Vermeulen et al., 2007)). Surface measure-
ments provide effective constraints on regional emissions
(Bergamaschi et al., 2010; Kort et al., 2008; Miller et al.,
2013); however, they are not available in many important
emission regions, such as the tropics. Inversions based on95

global background sites have provided a good picture of
global and continental methane emissions, their trends, and
inter-annual variability (Bergamaschi et al., 2013a; Houwel-
ing et al., 1999; Bousquet et al., 2006; Hein et al., 1997;
Mikaloff Fletcher et al., 2004a,b). Smaller-scale regional pat-100

terns, however, remain in large part determined by the prior
emission inventories due to lack of observations.

Since 2002 satellite retrievals of total-column methane
mixing ratios have been available from the SCanning

Imaging Absorption spectroMeter for Atmospheric CHar-105

tographY (SCIAMACHY) instrument onboard ENVISAT
(Frankenberg et al., 2005, 2006, 2008, 2011; Buchwitz et al.,
2005; Schneising et al., 2012). The SCIAMACHY data were
the first space-borne XCH4 retrievals sensitive to the atmo-
spheric boundary layer. This new dataset, along with an ex-110

tension in data coverage to previously observation-poor ar-
eas, such as the tropics, led to the first global and regional
inversions of methane fluxes and XCH4 (Bergamaschi et al.,
2007, 2009; Frankenberg et al., 2008; Meirink et al., 2008a).
Due to the relatively long operational lifetime of SCIA-115

MACHY (almost one decade), the XCH4 retrievals from
this instrument were useful for analysing the inter-annual
methane variability (IAV) during this period (Bergamaschi
et al., 2013a). However, the impact of the serious detector
pixel degradation, which occurred at the end of 2005, re-120

mains difficult to evaluate, despite overall good consistency
of the SCIAMACHY time series with surface observations
(Frankenberg et al., 2011).

Since 2009, XCH4 retrievals have also become available
from the Greenhouse Gases Observing SATellite (GOSAT)125

TANSO-FTS instrument (Parker et al., 2011; Yoshida et al.,
2011; Butz et al., 2011). Given the limited lifetime of satel-
lite instruments (the communication link to ENVISAT was
lost in April 2012, while the GOSAT mission plans extend
only until 2014), inverse modeling comparison studies us-130

ing different satellite retrievals are of great importance for
understanding the difference between products. Such anal-
yses are a crucial step when using satellite data to anal-
yse IAV and trends. Within the European project MACC-
II (“Monitoring Atmospheric Composition and Climate –135

Interim Implementation”) pre-operational “delayed-mode”
CH4 flux inversions are performed, which are updated ev-
ery six months (Bergamaschi et al., 2013b). Beginning in
2012 the assimilated satellite data set changed from SCIA-
MACHY IMAPv5.5 to GOSAT RemoTeC v2.0 (Bergam-140

aschi et al., 2013b). Furthermore, alternative XCH4 prod-
ucts from GOSAT and SCIAMACHY have been developed
within the European Space Agency GHG Climate Change
Initiative (ESA-GHG CCI) project (Buchwitz et al., 2013).

This study will present a detailed comparison of global145

CH4 flux inversions constrained by different GOSAT and
SCIAMACHY retrieval products and surface measurements,
covering the two-year period between January 2010 and De-
cember 2011. The availability of multiple satellite retrieval
products covering the same time interval allows for a detailed150

comparison of their consistency and added value in inverse
modeling, which is the main objective of this paper. Three
recent inverse modeling studies (Fraser et al., 2013; Monteil
et al., 2013; Cressot et al., 2014) have made use of SCIA-
MACHY and GOSAT XCH4 to estimate global CH4 fluxes155

and concentrations. Our approach differs significantly from
that of these studies. Herein we examine an extended time
period, use a different inversion set-up, and employ several
distinct (optimized) bias correction strategies for the SCIA-



M. Alexe et al.: Inverse modeling of CH4 emissions for 2010–2011 3

MACHY and GOSAT retrievals. Another novel element of160

this paper is the comparison of two different satellite proxy
retrievals: the GOSAT RemoTeC dataset (Schepers et al.,
2012) from SRON/KIT, and the OCPR GOSAT retrievals
from the University of Leicester (Parker et al., 2011). We also
assimilate the “Full-Physics” (FP) GOSAT retrievals from165

SRON/KIT, which do not require the use of modeled CO2

fields. Furthermore, we invert the SCIAMACHY IMAPv5.5
retrievals as used in the MACC reanalysis (Bergamaschi
et al., 2013a). In addition to the GOSAT and SCIAMACHY
satellite retrievals, all inversions are constrained by high-170

accuracy CH4 surface data from the NOAA/ESRL Cooper-
ative Air Sampling Network. We also present a detailed val-
idation of the inversion results against independent NOAA
ship and aircraft profile samples, the aircraft transects from
HIPPO – the High-performance Instrumented Airborne Plat-175

form for Environmental Research (HIAPER) Pole-to-Pole
observation campaigns from 2010 and 2011, and XCH4 data
from the Total Carbon Column Observation Network (TC-
CON) Fourier Transform Spectrometer (FTS) (Wunch et al.,
2010). Finally, we discuss the impact of several bias correc-180

tion approaches on the estimated total emissions.
This paper is organized as follows. Section 2 summarizes

the main characteristics of the satellite and surface observa-
tions used in the inversion. The inverse modeling framework
is described briefly in Sect. 3. In Sect. 4, we present and dis-185

cuss the CH4 emission estimates for the various inversion
scenarios, and the validation of the model simulations against
independent measurement data. Finally, the conclusions of
the study are summarized in Sect. 5.

2 Observations190

Table 1 gives an overview of the satellite data used in the in-
versions. The following sub-sections briefly discuss the char-
acteristics of each set of satellite retrievals. For further details
the reader is referred to, e.g., Parker et al. (2011); Butz et al.
(2011); Frankenberg et al. (2011); Schepers et al. (2012).195

2.1 The GOSAT retrievals

The Thermal And Near infrared Sensor for carbon Ob-
servation (TANSO)–Fourier Transform Spectrometer (FTS),
onboard the satellite GOSAT (launched by JAXA in Jan-
uary 2009), provides dry-air column-averaged methane mole200

fractions that can be used in global and regional CH4 source
and sink inversions. The GOSAT XCH4 are retrieved from
a short-wave-infrared spectral analysis of sunlight backscat-
tered by the Earth’s surface and atmosphere.

The proxy retrieval algorithms rely on the small spectral205

distance between carbon dioxide and methane sunlight ab-
sorption bands (1.65 µm for CH4 and 1.6 µm for CO2), us-
ing the CO2 column-average dry-air mole fraction (XCO2)
as proxy for the sampled air mass. This helps minimize sys-

tematic errors which may arise due to aerosol scattering and210

instrument-related effects.
The equation used to obtain the XCH4 reads as follows:

XCH4=
[CH4]GOSAT

[CO2]GOSAT
×XCO2modeled. (1)

The proxy retrieval algorithms considered herein use differ-
ent XCO2 model fields. The OCPR (OCO-Proxy) version215

4 retrieval algorithm (Parker et al., 2011) from the Univer-
sity of Leicester (UL), developed under the ESA GHG-CCI
initiative, derives the column-averaged mole fractions of car-
bon dioxide from the LMDZ model ((Chevallier et al., 2010);
MACC-II CO2 fields, optimized for the whole period un-220

til the end of 2011). The RemoTeC Proxy algorithm (ver-
sion 1.9/2.0) (Schepers et al., 2012) uses modeled CO2 total
columns obtained from CarbonTracker (Peters et al., 2007)
version 2013, with optimized carbon dioxide fields for 2009
- 2012. Perturbations in the optical path will mostly cancel225

out when taking the ratio
[CH4]GOSAT

[CO2]GOSAT
of the two measure-

ments. However, Eq. (1) implies that errors in the modeled
CO2 columns propagate directly into the derived XCH4. The
quality of the latter depends thus on the accuracy of the mod-
eled carbon dioxide fields.230

The third GOSAT XCH4 data set used in this study is
the RemoTeC FP version 2.1 from SRON/KIT (Butz et al.,
2011). The methodology can be summarized as follows.
CH4 and CO2 columns are retrieved simultaneously with
three effective aerosol parameters (amount, size, and height)235

from GOSAT-FTS measurements at the O2 A-band around
0.76 microns (µm), the CH4 and CO2 absorption bands
around 1.6 µm, and the strong CO2 absorption band around
2.0 µm. Dividing the CH4 column by the dry air column
from the European Centre for Medium-Range Weather Fore-240

cast (ECMWF) ERA-Interim data yields the methane dry air
mixing ratios (XCH4). The full physics approach does not re-
quire a proxy CO2 field; instead, the amount of sunlight scat-
tering is estimated directly, together with the XCH4, from the
measured spectra. However, this method can only account for245

a fraction of the total scattering (Butz et al., 2011). A fur-
ther trade-off is the lower tolerance to cloud cover (i.e., the
method requires a stricter cloud filter). Possible biases in the
satellite data are corrected using XCH4 observations from
the Total Carbon Column Observation Network, or TCCON250

(Wunch et al., 2010), as anchor points.
The filter settings for the GOSAT SRON FP retrievals fol-

low the approach of Butz et al. (2011). We use only observa-
tions taken over land (no sun-glint ocean data) that have been
screened for clouds. Scenario S1-GOSAT-SRON-FP also as-255

similates M-gain data (recorded over highly reflective land
surfaces). There are considerable differences in the total ac-
cepted pixel counts for the full physics vs. the GOSAT proxy
methods. Furthermore, GOSAT has a generally much sparser
spatial sampling (due to the FTS integration time) compared260
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to SCIAMACHY. Table 4 reports the total number of satellite
data points that were used in each scenario (see also Fig. 4).

2.2 The SCIAMACHY retrievals

The SCIAMACHY Iterative Maximum A Posteriori (IMAP)
version 5.5 retrievals used in this study (Frankenberg et al.,265

2011) are calculated by the proxy method outlined above.
Variations in the CO2 atmospheric columns are accounted
for through the use of modeled CarbonTracker carbon diox-
ide fields (Frankenberg et al., 2011). Problems with the de-
tector on the SCIAMACHY instrument occurred unexpect-270

edly at the end of 2005, and led to a considerable degrada-
tion of the instrument performance in the 1.6 µm region rel-
evant for CH4 retrievals. The main feature of the IMAP v5.5
algorithm that set it apart from its predecessor, version 5.0
(Frankenberg et al., 2008), is the extension of the time se-275

ries beyond 2005, using a coherent, uniform pixel mask for
the entire retrieval period, so as to minimize the impact of
pixel degradation (Frankenberg et al., 2011). The pixel dete-
rioration remains visible in the IMAP v5.5 retrievals (higher
noise levels are noticeable starting with November 2005).280

Nonetheless, comparisons with measurements at NOAA sur-
face sites indicate a relatively good consistency of the satel-
lite data time series (Frankenberg et al., 2011). There re-
main some systematic differences between IMAP v5.5 and
v5.0 retrievals (Frankenberg et al., 2011; Bergamaschi et al.,285

2013a). Following Bergamaschi et al. (2013a), we use a re-
processed version of the IMAP v5.5 retrievals. This version
includes CarbonTracker release 2010 CO2 fields for the year
2009, while CO2 fields for years 2010 through 2012 are
based on non-optimized TM5 forward model runs using op-290

timized CO2 emissions from previous years (Bergamaschi
et al., 2013a).

We assimilate only satellite data over land between 50◦ N
and 50◦ S. We also discard all pixels whose average sur-
face elevation is not within 250m of the TM5 model surface295

height (Bergamaschi et al., 2009, 2013a). To avoid spurious
outliers that may have a large impact on the inversion, we
filter out any SCIAMACHY or GOSAT XCH4 retrievals of
less than 1500 nmolmol−1 (henceforth abbreviated as ppb),
or larger than 2500 ppb.300

A SCIAMACHY pixel covers a ground area of 30 km
(along track) times 60 km (across track), whereas TANSO-
FTS has a ground pixel resolution of 10.5 km (at nadir).
Single GOSAT and SCIAMACHY XCH4 retrievals are av-
eraged on a regular (longitude× latitude) 1◦ × 1◦ grid over305

the individual 3 h assimilation time slots. The TM5 XCH4

are then obtained by vertical integration of the 3-D modeled
CH4 fields interpolated to the same 1◦×1◦ grid, using the av-
eraging kernels of the SCIAMACHY and GOSAT retrievals
(Bergamaschi et al., 2009).310

2.3 The NOAA surface observations

All inversions use high-accuracy CH4 dry-air mole frac-
tion measurements from a subset of 30 NOAA ESRL sites
(Dlugokencky et al., 2013), globally distributed as shown in
Fig. 1. Due to the coarse 6◦×4◦ resolution of the model, we315

include only marine and continental background sites. Other
locations, e.g., located near the coast or strongly influenced
by sub-grid local sources, are excluded from the assimila-
tion. Moreover, the list contains only sites with sufficient
data coverage for 2010–2011. The NOAA surface measure-320

ments are calibrated against the NOAA2004 methane stan-
dard scale, or, equivalently, the World Meteorological Orga-
nization Global Atmosphere Watch (WMO GAW) CH4 mole
fraction scale (Dlugokencky et al., 2005).

2.4 Measurement data used for validation325

2.4.1 NOAA observations

The simulated methane mixing ratios from all inversions
are evaluated against independent observations which have
not been assimilated. First, modeled CH4 mixing ratios are
compared against NOAA ship cruise data acquired in 2010330

and 2011. These observations allow us to evaluate the sim-
ulated concentrations in the marine boundary layer, down-
wind of continental sources. Further important validation
data sources are the NOAA aircraft-based vertical profiles
(across North America and the Pacific Ocean, http://www.335

esrl.noaa.gov/gmd/ccgg/aircraft/index.html, and Fig. 1), to
validate the modeled methane vertical gradients in the tro-
posphere.

2.4.2 HIPPO aircraft campaigns

Simulated CH4 fields are also validated against cam-340

paigns 3, 4 and 5 of the HIAPER Pole-to-Pole Observa-
tions (HIPPO) program (Wofsy, 2011). These three cam-
paigns were run during March/April 2010 (HIPPO-3), June–
July 2011 (HIPPO-4), and August–September 2011 (HIPPO-
5), for the most part over the Pacific Ocean (see Fig. 1),345

but also partially above North America (between 87◦ N and
67◦ S). The HIPPO data consist of continuous profiles be-
tween ca. 150m and 8500m altitude. Several profiles extend
up to 14 km altitude. For details on the measurement process,
which makes use of a quantum cascade laser spectrometer350

(QCLS), the reader is directed to Kort et al. (2012). In addi-
tion, air samples collected using the NOAA Programmable
Flask Package were taken during the HIPPO campaigns.
Comparison of QCLS measurements and NOAA flask sam-
ples taken within the same 10 s interval showed a small bias355

in the HIPPO data which has been accounted for in our vali-
dation (see Fig. 11 and the Supplement): 6 ppb for HIPPO-3,
4.5ppb for HIPPO-4, and 5.2ppb for HIPPO-5.

http://www.esrl.noaa.gov/gmd/ccgg/aircraft/index.html
http://www.esrl.noaa.gov/gmd/ccgg/aircraft/index.html
http://www.esrl.noaa.gov/gmd/ccgg/aircraft/index.html
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2.4.3 TCCON XCH4 retrievals

TCCON measures dry-air column-averaged mole fractions360

of atmospheric methane at several sites across the globe (Ta-
ble T2 in the Supplement) using Fourier Transform Spec-
trometers. The TCCON XCH4 observations have an uncer-
tainty of 7 ppb, and a relative repeatability of 0.2% (Wunch
et al., 2010). Only stations with sufficient data coverage dur-365

ing 2010–2011 are used for the validation. The modeled
XCH4 at the TCCON site locations were calculated using
the TCCON a priori profiles and averaging kernels (Rodgers
and Connor, 2003).

3 Modeling370

3.1 Inverse modeling with TM5-4DVAR

We estimate the monthly averages of CH4 surface fluxes be-
tween January 2010 and December 2011 using the TM5-
4DVAR inverse modeling system (Meirink et al., 2008b)
We also incorporate the further developments described in375

Bergamaschi et al. (2009, 2010). The statistical best fit of
the model-generated 3-D methane fields and observations is
achieved by minimization of the following cost functional:

J (x) =
1

2
(x−xB)

TB−1(x−xB)

+
1

2

n∑
i=1

(Hi(x)−yi)
TR−1

i (Hi(x)−yi). (2)380

Here x= (xconc,xem,s) is the state vector, which comprises
the initial CH4 fields at the beginning of each inversion se-
ries xconc, the monthly average emissions xem, and the bias
parameters s (Bergamaschi et al., 2009, 2013a). The obser-
vations are denoted by y, while H(x) is the correspond-385

ing model simulation. Finally, B and Ri are the parameter
and observation error covariance matrices, where the index i
indicates the observation window (set to 3 h). We ensured
a posteriori CH4 emissions were positive through the ap-
plication of a “semi-lognormal” probability density function390

(PDF) for the a priori emissions (xem)B (Bergamaschi et al.,
2009, 2010). This particular choice of a priori PDF intro-
duces a non-linearity in Eq. (2). The 4DVAR functional J
in Eq. (2) is minimized using the algorithm M1QN3 (Gilbert
and Lemaréchal, 1989). The adjoint model (Meirink et al.,395

2008b; Krol et al., 2008) allows for an efficient computation
of the gradient of J during the minimization process.

TM5 is an off-line transport model (Krol et al., 2005)
driven by the ERA-Interim re-analysis meteorological data
(Dee et al., 2011) from ECMWF. We use the standard TM5400

version (cycle 1), with a global horizontal resolution of
6◦ × 4◦ (longitude-latitude), and 25 hybrid pressure vertical
layers.

3.2 Inversion settings

The prior emission inventories are identical to those used405

by Bergamaschi et al. (2013a). We independently optimize
four groups of CH4 emissions: wetlands, rice, biomass burn-
ing, and other remaining sources (Bergamaschi et al., 2010,
2013a). A priori uncertainties for each emission category are
set to 100% (per model grid cell and month), with the ex-410

ception of the “remaining sources” whose uncertainty is set
to 50%. Wetland, rice, and biomass burning emissions are
assumed to be uncorrelated in time, to allow the maximum
flexibility when optimizing their seasonal variation. As in
Bergamaschi et al. (2010), the temporal correlation of the415

remaining emissions – assumed to have little seasonal varia-
tion – is set to 9.5 months. A Gaussian function of the spatial
distance between model grid cells is used to model the spa-
tial emission error correlations, using a correlation length of
500 km, for all emission categories and all scenarios. Hori-420

zontal error correlations in the initial methane fields are mod-
eled using a Gaussian distance of 500 km, while error corre-
lations in the vertical direction are described by the National
Meteorological Center (NMC) method (Parrish and Derber,
1992; Meirink et al., 2008a). For the satellite data, the re-425

ported error is taken as the measurement uncertainty. For the
surface observations we prescribe a measurement uncertainty
of 3ppb, while also taking into account the model represen-
tation error, estimated from local emissions and 3D gradients
of simulated CH4 mixing ratios (Bergamaschi et al., 2010).430

In all inversions the tropospheric methane sink is simu-
lated using hydroxyl (OH) radical fields from a TM5 full
chemistry run using the Carbon Bond Mechanism 4 opti-
mized based on methyl chloroform measurements (Bergam-
aschi et al., 2009, 2010, 2013a). The lifetime of CH4 is cal-435

culated at 10.1 years (total CH4 vs. tropospheric OH). The
fifth generation European Centre Hamburg general circula-
tion model (ECHAM5) Modular Earth Submodel System
version 1 (MESSy1) (Jöckel et al., 2006) is used to param-
eterize the stratospheric chemical destruction of methane by440

OH, Cl, and O1(D), using sink averages from 1999–2002.
The number of optimization iterations required to mini-

mize the cost function (Eq. 2) increases with the length of
the assimilation window. For this reason, we have split all
our inversions into 18 month blocks (Fig. 2), with 6 month445

spin-down periods (Bergamaschi et al., 2013a). Consecu-
tive blocks overlap by 6 months. The first block starts on
1 January 2009; the third 18 month inversion block ends on
1 July 2012. The inversion for 2009 is considered as spin-
up, and not further analysed in this study. The results for the450

6 month spin-down periods are also not used in the analysis.
A priori 3-D CH4 concentration fields for 1 January 2009,
are taken from a methane inversion constrained only by
surface measurements (scenario S1-NOAA of Bergamaschi
et al., 2013a), with the exception of scenario S1-SCIA, which455

uses the optimized concentrations from inversion S1-SCIA
of Bergamaschi et al. (2013a). Sixty iterations of the M1QN3
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optimization algorithm are used for the cost function mini-
mization in each inversion block for all inversions which in-
clude satellite data, and 40 iterations for S1-NOAA (which460

assimilates only the NOAA surface data).
Initial CH4 3-D fields are optimized only for the first in-

version block. The other two 18 month blocks start on 1 Jan-
uary from the optimized initial fields of the previous inver-
sion block. This methodology guarantees a closed methane465

budget across the entire inversion period, i.e., total sources
minus total sinks yield the variation in the global CH4 bur-
den. Additionally, the spin-down periods ensure that surface
fluxes for 2010–2011 are constrained by all available obser-
vations for at least 6 months after emission.470

The inversion scenarios considered in this study are sum-
marized in Table 2. Scenario S1-NOAA is intended as a base-
line for all the other inversions; it uses only NOAA ESRL
surface station data. Scenarios S1-GOSAT-SRON-PX, S1-
GOSAT-SRON-FP, and S1-GOSAT-UL-PX assimilate both475

NOAA surface data and GOSAT XCH4 retrievals, whereas
S1-SCIA uses SCIAMACHY retrievals and NOAA sur-
face observations. The S1-satellite inversions make use of
a second-order polynomial bias correction scheme that is
a function of latitude and month (Bergamaschi et al., 2009,480

2013a). Table 3 lists the main technical differences between
the inversion system considered in the current study and the
set-up used by Monteil et al. (2013).

To assess the impact of the bias correction scheme on the
posterior emission estimates, we have considered four addi-485

tional scenarios: S2-GOSAT-SRON-FP, S3-GOSAT-SRON-
FP, S2-GOSAT-UL-PX and S3-GOSAT-UL-PX. These dif-
fer from S1-GOSAT-SRON-FP and S1-GOSAT-UL-PX by
their bias correction scheme. Inversions S3-GOSAT-SRON-
FP and S3-GOSAT-UL-PX use a “smooth” bias correction490

(Bergamaschi et al., 2013a): one bias parameter per degree
of latitude and month, 10ppb prior uncertainty, and a pre-
scribed 20◦ latitude Gaussian error correlation length. The
bias correction coefficients used for S2-GOSAT-SRON-FP
and S2-GOSAT-UL-PX are variable in time, but constant495

with latitude. The choice of bias correction scheme is not
found to have a significant impact on the posterior regional
emission estimates (shown in Table 5).

The aim of this study is to quantify the impact of the dif-
ferent satellite retrievals on the inverted methane fluxes and500

concentrations. Hence, all inversions use the same a priori
emission inventories (as in Bergamaschi et al., 2013a), and
identical OH fields. It is important to note that the surface
observations act as constraints (or “anchor points”) for the
bias correction scheme.505

4 Results and discussion

4.1 Assimilation statistics

The posterior statistics of S1-NOAA through S1-SCIA are
summarized in Table 4. Figure 4 shows the frequency dis-
tributions of fit residuals (difference between model and ob-510

servations). The data in Table 4 show that the bias is close
to zero for both surface measurements and satellite XCH4.
Moreover, the model performance at the NOAA sites remains
virtually identical when satellite data are assimilated: com-
paring the satellite-based inversions with S1-NOAA we note515

only a marginal increase in the bias of 0.1–0.2ppb, and in the
RMS difference of about 0.3–0.9ppb (see also Fig. 3). The
statistics of the three GOSAT inversions are almost identi-
cal in terms of posterior bias, standard deviation, and RMS
difference between retrieved and assimilated XCH4. While520

the large global bias in the SCIAMACHY XCH4 retrievals
is for the most part compensated by the bias correction mech-
anism (Fig. 4), the average standard deviation of the poste-
rior distribution of SCIAMACHY–TM5 fit residuals (sigma
= 32ppb) is much larger than that of the GOSAT inversions525

(sigma = 9–10 ppb for S1-GOSAT-SRON-PX through S1-
GOSAT-UL-PX). The significantly lower standard deviations
of the fit residuals of all GOSAT-based inversions demon-
strate the much higher precision and relative accuracy of the
GOSAT XCH4 products (compared to the SCIAMACHY re-530

trievals). We note that the GOSAT inversions presented by
Monteil et al. (2013) yielded a higher standard deviation
(14.7–15.8ppb). Since they used a previous retrieval version
(RemoTeC Proxy v1.0 and Full-Physics v1.0 XCH4), the
lower standard deviation obtained in our study may reflect535

the further improvement of the GOSAT retrievals. Further-
more, the optimization of the bias correction probably plays
some role: while Monteil et al. (2013) applied a constant
correction to the GOSAT full physics retrievals before the
inversion, based on the comparison with the TCCON data,540

they did not use any bias correction for the GOSAT proxy
retrievals.

4.2 Modeled XCH4

Figure 4 shows the column-averaged methane mixing ra-
tios for 2010–2011 (two-year averages). The bias-corrected545

XCH4 retrievals are plotted in the left maps, while the right-
hand side maps show the assimilated XCH4. Note the much
denser data coverage of the SCIAMACHY XCH4 retrievals
(last row of Fig. 4) compared to that of the GOSAT products.
For GOSAT, the more stringent selection criteria applied to550

the full-physics retrievals result in significantly lower pixel
density than that achieved by the two proxy XCH4 retrievals
(see also Table 4).

The 4DVAR assimilation system is able to capture most
major regional patterns of the observed XCH4 fields, e.g., the555

pronounced XCH4 enhancements over southeast Asia. Over



M. Alexe et al.: Inverse modeling of CH4 emissions for 2010–2011 7

tropical South America, the agreement between retrieved and
assimilated XCH4 patterns is generally better for the three
GOSAT-based inversions than for SCIAMACHY (e.g., over
Columbia and Venezuela). Note, however, the lower data560

density of the GOSAT retrievals (especially of the GOSAT
Full Physics retrievals) over those areas compared to SCIA-
MACHY. The different GOSAT products show overall very
good consistency regarding the spatial XCH4 patterns (in
particular the two GOSAT proxy retrievals), and result in565

only small to moderate calculated bias corrections (maxi-
mum 10–20ppb), indicating good consistency with the sur-
face observations. In contrast, the SCIAMACHY XCH4 re-
quire a significantly higher bias correction (varying with lat-
itude by up to ca. 40ppb). There are various indications570

that the SCIAMACHY IMAP v5.5 XCH4 have a complex
bias structure (e.g., the comparison with previous IMAP v5.0
XCH4 retrievals examined by (Frankenberg et al., 2011)),
which cannot be fully compensated by our polynomial bias
correction. Furthermore, Houweling et al. (2014) showed re-575

cently that the bias of the SCIAMACHY IMAP v5.5 re-
trievals is strongly correlated with water vapour.

4.3 A posteriori methane fluxes

Figure 6 shows the spatial distribution of emissions, averaged
over the two years (2010–2011). The maps on the left side580

show the a priori (top) and a posteriori fluxes, while the mid-
dle panel shows the longitudinal average partitioning among
the 4 source categories optimized in the inversions. The right-
hand side maps display the differences between a posteri-
ori and a priori emissions for our baseline inversion S1-585

NOAA, and for the satellite inversions S1-GOSAT-SRON-
PX through S1-SCIA the difference between the a posteri-
ori emissions of these inversions and S1-NOAA. While the
satellite inversions yield significantly different spatial emis-
sion patterns compared to the NOAA-only inversion (due to590

the constraints of the satellite data over the continents), they
show overall good qualitative agreement across all satellite
inversions. This is visible in particular in the difference plots
on the right side of Fig. 6, that show similar regional emission
increments relative to the NOAA-only inversion, especially595

over tropical Africa and the United States. While the NOAA-
only inversion results in a significant increase of the emis-
sion hot spot over the Congo Basin (which is a prominent
feature in the applied wetland inventory, see Bergamaschi
et al., 2007, 2009), all satellite inversions reduce the emis-600

sions from this hotspot significantly, and instead increase the
emissions in tropical eastern Africa (see also the “wetlands“
panel in Fig. 7). Note that S1-GOSAT-SRON-FP calculates
slightly lower emission rates for equatorial Africa, likely due
to the absence of observations available directly over that re-605

gion (Fig. 4). Especially for the NOAA-only inversion, the a
posteriori CH4 fluxes over the tropics depend in large part on
the choice of prior inventory. Unfortunately, their uncertain-
ties remain very high, and the comparison of global wetland

models by (Melton et al., 2013) shows large discrepancies in610

estimated CH4 emissions among the models. The relatively
consistent spatial patterns over tropical Africa found in this
study for the different satellite inversions demonstrate that
the satellite data combined with the inverse models provide
significant constraints on the CH4 emissions from this re-615

gion.
The total emission latitudinal averages (shown in the

bottom panel of Fig. 7) are relatively consistent among
all five scenarios. The decrease in fluxes over the tem-
perate northern hemisphere can be largely attributed to620

an attenuation of EDGAR anthropogenic emission hot
spots over Eastern Europe, as seen in the panel labeled
“other“. However, there remain noticeable inter-scenario
differences in the category averages, particularly for wet-
land and biomass-burning emissions at sub-Equatorial625

latitudes.
Over North America, the satellite inversions result in a

significant redistribution of CH4 emissions from the north-
eastern USA to the middle south. A similar spatial pattern,
with significantly higher methane emissions over the south-630

central United States compared to bottom-up inventories, has
recently been reported by Miller et al. (2013), and attributed
by the authors of that study mainly to fossil fuel emissions.
Furthermore, a recent comprehensive review by Brandt et al.
(2014), which analyzed a large number of bottom-up and top-635

down studies ranging from facility-level, over regional level
and up to country level, suggested a systematic underesti-
mation of methane emissions from North-American natural
gas systems in bottom-up inventories. Although the spatial
redistribution of CH4 emissions over the USA calculated by640

our satellite inversions appears to be consistent with these
studies, we emphasize that the applied coarse model reso-
lution and the limitations of the inverse modeling system in
differentiating between source categories do not allow us to
attribute these emission increments to specific sources.645

Methane fluxes aggregated over the TRANSCOM regions
(Gurney et al., 2008) are shown in Fig. 8, and Table 5. All
inversions show a small increase in the two-year global to-
tal emissions over the prior, from 1.8TgCH4 yr

−1 for S1-
GOSAT-SRON-PX to 5TgCH4 yr

−1 for the SCIAMACHY-650

based S1-SCIA. Emissions in the mid latitudes of the
northern hemisphere are reduced in all scenarios (mainly
across Europe and Temperate Eurasia, see Fig. 8b) al-
though there are considerable differences between the flux
adjustments calculated for each inversion, ranging from655

−17TgCH4 yr
−1 for the GOSAT full-physics S1-GOSAT-

SRON-FP, to −37.5TgCH4 yr
−1 for S1-SCIA. The nega-

tive increments in the northern hemisphere are compensated
by across-the-board increases in tropical emissions (between
30◦ N and 30◦ S) over the prior, between 18.6TgCH4 yr

−1
660

for S1-GOSAT-SRON-FP, and 48.4TgCH4 yr
−1 for S1-

SCIA. The net increase in the Southern Hemisphere fluxes
can be mainly attributed to increased emissions over Brazil
and sub-equatorial Africa. Part of the net increase in the SH
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could be due to a bias in the inter-hemispheric mixing of665

TM5, as recently diagnosed by SF6 simulations (Patra et al.,
2011; Monteil et al., 2013). To tackle this problem, a new pa-
rameterization of convective fluxes has been implemented for
TM5, based on the ERA-Interim convective fluxes (Berris-
ford et al., 2011), instead of the scheme of Tiedtke (1989).670

While it increases inter-hemispheric transport, the new pa-
rameterization has a significant impact on the simulated
mixing ratios in the continental boundary layer (results not
shown). Further investigations are needed to fully evaluate
the impact and quality of the new convection scheme (which675

is beyond the scope of the present study).
Monteil et al. (2013) have reported that inversions us-

ing the GOSAT SRON proxy retrievals led to larger Asian
emissions than those estimated using the SRON full-physics
XCH4 data set. We noticed a similar pattern in our inver-680

sions, particularly above tropical Asia where S1-GOSAT-
SRON-FP flux estimates are circa 6.5TgCH4 yr

−1 lower
than those of the GOSAT SRON proxy scenario S1-GOSAT-
SRON-PX. Schepers et al. (2012) attribute this discrepancy
in the emission estimates to a regional overestimation of CH4685

mixing ratios in the proxy retrieval algorithm, caused by de-
ficiencies in the applied CO2 fields. The two GOSAT proxy
retrievals yield overall relatively similar emission patterns.
There are, however, some differences in the exact magnitude
of the regional-scale fluxes calculated by S1-GOSAT-SRON-690

PX and S1-GOSAT-UL-PX, e.g., a larger decrease in temper-
ate Eurasian fluxes when the GOSAT OCPR retrievals are
assimilated (see Fig. 6).

Several recent studies (Butz et al., 2011; Schepers et al.,
2012) indicated that the reported precision of XCH4 satel-695

lite retrievals may be too high. To investigate the impact of
applied satellite uncertainties, we considered one additional
scenario, in which the reported errors of the GOSAT-SRON-
PX retrievals were scaled by a factor of 1.5. This sensitivity
experiment did not lead to significant changes in the a poste-700

riori regional emission patterns (results not shown).

4.4 Model validation

All the inversion results are thoroughly validated against in-
dependent measurement data sets covering the atmospheric
boundary layer (BL), the free troposphere (FT), as well as705

the upper troposphere and lower stratosphere (UTLS). Since
the observations considered for validation have not been used
in the assimilation, they provide an independent verification
of the modeled XCH4. Figure 9 gives an overview of the
results for all inversions and validation data sets (for a to-710

tal of slightly more than 80 900 observations). See Sect. 2.4
and Fig. 1 for details on each data set. The root mean square
(RMS) differences shown in Fig. 9 have been averaged over
all available measurements during 2010–2011. In general the
optimized CH4 mixing ratios have lower RMS differences715

than the prior concentrations. It is important to note that the
a priori shown in Fig. 9 is already partly optimized, given

that inversion blocks 2 and 3 (for 2010, and 2011, respec-
tively) start from optimized initial fields (see the discussion
in Sect. 3.2). The validation performance of scenario S1-720

NOAA is generally no worse than that of the satellite in-
versions. This is likely due to the fact that validation data
are generally located far from the regions where the changes
in emissions patterns occur (see Fig. 1 and 6), an exception
being the continental United States, where the agreement be-725

tween the modeled mixing ratios and boundary layer NOAA
data improves slightly when assimilating satellite retrievals
(“BL” panel in Fig. 9). This result is, however, difficult to
interpret given the coarse resolution of the model.

4.4.1 TCCON XCH4 data730

TCCON provides retrievals of CH4 concentrations at glob-
ally distributed locations using ground-based Fourier Trans-
form Spectrometers (Wunch et al., 2010). We compare our
modeled XCH4 with GGG2012 TCCON retrievals. Fig-
ure 10 shows the bias and RMS difference between the TM5735

and TCCON XCH4, averaged over the entire inversion pe-
riod. Only stations with sufficient measurement data cover-
age for 2010–2011 are shown. The grey bars indicate the
a priori bias and RMS. There is a noticeable improvement
in the bias over the prior at the northernmost TCCON sta-740

tions in Fig. 10. At other regional stations the improvement
is modest, and at some stations, e.g., at Four-Corners (FCO),
the XCH4 bias slightly deteriorates after the assimilation.
However, a recent high-resolution study of Kort et al. (2014)
identified the Four-Corners area as a large methane anomaly745

likely caused by regional sources such as oil, gas, and coal-
bed methane mining and processing.

We note a systematic trend in the bias from north to south
(except for FCO). The positive bias at high northern latitudes
could be partly due to overestimated CH4 mixing ratios in750

the stratosphere (see the comparison of Bergamaschi et al.
(2009) with balloon measurements, and comparisons with
HIPPO data in Sect. 4.4.2 and Fig. 11). However, there is
also some uncertainty in the TCCON FTS data, since the
stratospheric contribution is not directly calibrated and val-755

idated (Wunch et al., 2010; Geibel et al., 2012). In future
studies, the AirCore CH4 data from NOAA ESRL (Karion
et al., 2010) may also serve as an independent benchmark of
both model and TCCON XCH4 in the stratosphere.

4.4.2 HIPPO aircraft campaigns760

Figure 11 shows the bias corrected HIPPO data for all
three campaigns (leftmost panels), and modeled mixing
ratios for scenario S1-GOSAT-SRON-PX. There is over-
all a good agreement between the model simulations and
the HIPPO observations (similar results for scenarios S1-765

GOSAT-SRON-FP through S1-SCIA are reported in the Sup-
plement).
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The rightmost panels in Fig. 11 show the average bias as
a function of altitude and latitude band: extra-tropical NH
(red points), tropics (light green), and extra-tropical SH re-770

gions (blue). Agreement between model simulations and the
HIPPO measurements in the free troposphere is generally
very good for all inversions. However, the bias increases sig-
nificantly above 300 hPa for all three HIPPO campaigns,
particularly in the extra-tropical regions. A similar bias pat-775

tern has been reported by Bergamaschi et al. (2013a, Fig. 10).
This abrupt deterioration of model performance in the strato-
sphere is likely caused by deficiencies of the parameteriza-
tion of the stratospheric sink at high latitudes, and the inabil-
ity of the coarse-resolution TM5 model to resolve the small-780

scale dynamics of the stratospheric–tropospheric exchange.

5 Conclusions

This study compares several inversions of global CH4 emis-
sions for 2010–2011, using four different satellite XCH4

products: the SCIAMACHY IMAPv5.5 retrievals (Franken-785

berg et al., 2011), the SRON/KIT GOSAT RemoTeC Proxy
v1.9/v2.0 and Full-Physics v2.1 (Butz et al., 2011; Schepers
et al., 2012) retrievals, and the GOSAT OCPR v4.0 prod-
uct from the University of Leicester (Parker et al., 2011). All
inversions considered herein are further constrained by high-790

accuracy methane measurement data from the NOAA ESRL
global station network (Dlugokencky et al., 2013). The mod-
eled 3-D CH4 fields have been validated against multiple sets
of independent observations that were not assimilated.

The inversion results demonstrate clear improvements in795

the precision and relative accuracy of the GOSAT XCH4 re-
trievals over SCIAMACHY. The standard deviations of the
model to observation fit residuals of the GOSAT-based inver-
sions (9–10 ppb) are significantly lower than the value cal-
culated for the SCIAMACHY scenario (∼ 32 ppb). Further-800

more, the monthly bias corrections applied to the GOSAT
retrievals (Fig. 4) are only a fraction of those estimated for
the SCIAMACHY retrievals. All the satellite inversions yield
qualitatively consistent regional emission patterns, particu-
larly over tropical Africa and the United States. The inver-805

sions show areas of increased methane emissions relative
to inventories over the south-central USA, a result consis-
tent with the estimates of Miller et al. (2013), and the re-
cent review of Brandt et al. (2014). The coarse resolution of
the model used in this study, and the limitations of the in-810

verse modeling system in differentiating between different
source categories do not allow us to attribute these emission
increments to specific sources. Nonetheless, the results war-
rant a more in-depth analysis of methane emissions over the
North American continent.815

It is very encouraging that the GOSAT proxy and GOSAT
pull-physics retrievals (which are fundamentally different
products of satellite data processing) yield qualitatively very
similar spatial emission patterns in the inversions. However,

there remain some quantitative differences between the emis-820

sion increments retrieved by each scenario (particularly over
Europe, India, and South America), and the derived two-year
average regional fluxes for the TRANSCOM regions differ
by up to 15TgCH4 yr

−1. For the GOSAT UL Proxy and
SRON Full-Physics scenarios, the retrieved regional emis-825

sion estimates show little sensitivity to the particular choice
of optimized bias correction scheme (Table 5).

The satellite inversions show similar validation perfor-
mance. The posterior CH4 mixing ratios have, in general,
a lower RMS difference to the observations than the prior830

concentrations. However, validation against the HIPPO pro-
files demonstrates that a significant bias remains present in
the UTLS at higher latitudes, indicating possible deficien-
cies of the parameterization of the stratospheric sink, or po-
tentially also transport within the stratosphere. Furthermore,835

increased horizontal and vertical model resolutions may im-
prove the representation of stratospheric–tropospheric ex-
change, leading to a better agreement with observations in
the upper atmosphere. The observed deficiencies of TM5 in
the UTLS and stratosphere at high latitudes may partly ex-840

plain the noticeable north-south trend in the bias between
TM5 and TCCON XCH4 (Fig. 10).

An important diagnostic of the observational constraints
are the a posteriori uncertainties. Our choice of non-Gaussian
prior statistics for the methane fluxes precludes the use of the845

Lanczos algorithm for uncertainty quantification (Meirink
et al., 2008b). Alternative approaches are currently being
investigated, including the ensemble method described by
Chevallier et al. (2007).
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G., Hirsch, A. I., Worthy, D. E. J., van der Werf, G. R., Ran-
derson, J. T., Wennberg, P. O., Krol, M. C., and Tans, P. P.: An
atmospheric perspective on North American carbon dioxide ex-1205

change: CarbonTracker, Proceedings of the National Academy
of Sciences, 104, 18 925–18 930, doi:10.1073/pnas.0708986104,
2007.

Rigby, M., Prinn, R. G., Fraser, P. J., Simmonds, P. G., Langen-
felds, R. L., Huang, J., Cunnold, D. M., Steele, L. P., Krum-1210

mel, P. B., Weiss, R. F., O‘Doherty, S., Salameh, P. K., Wang,
H. J., Harth, C. M., Mühle, J., and Porter, L. W.: Renewed
growth of atmospheric methane, Geophysical Research Letters,
35, doi:10.1029/2008GL036037, 2008.

Rodgers, C. D. and Connor, B. J.: Intercomparison of remote sound-1215

ing instruments, Journal of Geophysical Research: Atmospheres,
108, doi:10.1029/2002JD002299, 2003.

Schepers, D., Guerlet, S., Butz, A., Landgraf, J., Frankenberg,
C., Hasekamp, O., Blavier, J.-F., Deutscher, N. M., Griffith, D.
W. T., Hase, F., Kyro, E., Morino, I., Sherlock, V., Sussmann,1220

R., and Aben, I.: Methane retrievals from Greenhouse Gases
Observing Satellite (GOSAT) shortwave infrared measurements:
Performance comparison of proxy and physics retrieval algo-

http://dx.doi.org/10.1038/ngeo1955
http://dx.doi.org/10.1029/2008GL034031
http://dx.doi.org/10.1038/ngeo1452
http://dx.doi.org/10.1002/2014GL061503
http://dx.doi.org/10.5194/acp-5-417-2005
http://dx.doi.org/10.5194/acp-8-5033-2008
http://dx.doi.org/10.1029/2007JD009740
http://dx.doi.org/10.5194/acp-8-6341-2008
http://dx.doi.org/10.5194/bg-10-753-2013
http://dx.doi.org/10.1029/2004GB002223
http://dx.doi.org/10.1029/2004GB002224
http://dx.doi.org/10.1073/pnas.1314392110
http://dx.doi.org/10.1002/2013JD019760
http://dx.doi.org/10.1126/science.1247828
http://dx.doi.org/10.1029/2011GL047871
http://dx.doi.org/10.1175/1520-0493(1992)120
http://dx.doi.org/10.1175/1520-0493(1992)120
http://dx.doi.org/10.5194/acp-11-12813-2011
http://dx.doi.org/10.5194/acp-11-12813-2011
http://dx.doi.org/10.1073/pnas.0708986104
http://dx.doi.org/10.1029/2008GL036037
http://dx.doi.org/10.1029/2002JD002299


M. Alexe et al.: Inverse modeling of CH4 emissions for 2010–2011 13

rithms, Journal of Geophysical Research: Atmospheres, 117,
doi:10.1029/2012JD017549, 2012.1225

Schneising, O., Bergamaschi, P., Bovensmann, H., Buchwitz, M.,
Burrows, J. P., Deutscher, N. M., Griffith, D. W. T., Heymann,
J., Macatangay, R., Messerschmidt, J., Notholt, J., Rettinger,
M., Reuter, M., Sussmann, R., Velazco, V. A., Warneke, T.,
Wennberg, P. O., and Wunch, D.: Atmospheric greenhouse gases1230

retrieved from SCIAMACHY: comparison to ground-based FTS
measurements and model results, Atmospheric Chemistry and
Physics, 12, 1527–1540, doi:10.5194/acp-12-1527-2012, 2012.

Simpson, I., Rowland, F. S., Meinardi, S., and Blake, D. R.: Influ-
ence of biomass burning during recent fluctuations in the slow1235

growth of global tropospheric methane, Geophysical Research
Letters, 33, doi:10.1029/2006GL027330, 2006.

Spivakovsky, C. M., Logan, J. A., Montzka, S. A., Balkanski,
Y. J., Foreman-Fowler, M., Jones, D. B. A., Horowitz, L. W.,
Fusco, A. C., Brenninkmeijer, C. A. M., Prather, M. J., Wofsy,1240

S. C., and McElroy, M. B.: Three-dimensional climatological
distribution of tropospheric OH: Update and evaluation, Jour-
nal of Geophysical Research: Atmospheres, 105, 8931–8980,
doi:10.1029/1999JD901006, 2000.

Stocker, T., Qin, D., Plattner, G. K., Tignor, M., Allen, S. K.,1245

Boschung, J., Nauels, A., Xia, Y., Bex, V., and Midgley, P. M.,
eds.: Summary for Policymakers, Climate Change 2013: The
Physical Science Basis. Contribution of Working Group I to the
Fifth Assessment Report of the Intergovernmental Panel on Cli-
mate Change, Cambridge University Press, Cambridge, United1250

Kingdom and New York, NY, USA, 2013.
Tarantola, A.: Inverse Problem Theory and Methods for Model Pa-

rameter Estimation, Society for Industrial and Applied Mathe-
matics, Philadelphia, PA, USA, 2004.

Tiedtke, M.: A Comprehensive Mass Flux Scheme for Cumulus Pa-1255

rameterization in Large-Scale Models, Mon. Wea. Rev., 1989.
Velders, G.: Description of the RIVM 2-dimensional stratosphere

model, Tech. Rep. 722201002, RIVM report, 1995.
Vermeulen, A. T., Schmidt, M., Manning, A., Moors, E., Moncrieff,

J., Haszpra, L., Stefani, P., and Lindroth, A.: CHIOTTO: Final1260

project report, Tech. Rep. ECN-E-07-052, ECN Petten, 2007.
WMO: WMO greenhouse gas bulletin - The State of Greenhouse

Gases in the Atmosphere Based on Global Observations through
2012, 2013.

Wofsy, S. C.: HIAPER Pole-to-Pole Observations (HIPPO): fine-1265

grained, global-scale measurements of climatically important at-
mospheric gases and aerosols, Philosophical Transactions of the
Royal Society A, 369, 2073–2086, doi:10.1098/rsta.2010.0313,
2011.

Wunch, D., Toon, G. C., Wennberg, P. O., Wofsy, S. C., Stephens,1270

B. B., Fischer, M. L., Uchino, O., Abshire, J. B., Bernath, P.,
Biraud, S. C., Blavier, J.-F. L., Boone, C., Bowman, K. P., Brow-
ell, E. V., Campos, T., Connor, B. J., Daube, B. C., Deutscher,
N. M., Diao, M., Elkins, J. W., Gerbig, C., Gottlieb, E., Grif-
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Table 1. Satellite data used in the inversions.

Satellite/Instrument Algorithm Proxy CO2 model Data provider Temporal data coverage

ENVISAT/SCIAMACHY IMAP v5.5 CarbonTracker SRON Jan 2009–Mar 2012
GOSAT/TANSO-FTS OCPR v4.0 LMDZ Univ. of Leicester Jun 2009–Dec 2011
GOSAT/TANSO-FTS RemoTeC Proxy v1.9/v2.0 CarbonTracker 2013 SRON/KIT v1.9: Jan 2009–Oct 2011

v2.0: Oct 2011–Jun 2012
GOSAT/TANSO-FTS RemoTeC FP v2.1 – SRON/KIT Jun 2009–Jun 2012

Table 2. Inversion scenarios.

Inversion Assimilated observations

S1-NOAA NOAA ESRL surface measurements only
S1-GOSAT-SRON-PX NOAA ESRL surface measurements and GOSAT SRON RemoTeC v1.9/v2.0 XCH4 retrievals
S1-GOSAT-SRON-FP NOAA ESRL surface measurements and GOSAT SRON FP v2.1 XCH4 retrievals
S1-GOSAT-UL-PX NOAA ESRL surface measurements and GOSAT OCPR v4.0 XCH4 retrievals
S1-SCIA NOAA ESRL surface measurements and SCIAMACHY IMAP v5.5 XCH4 retrievals

S2-GOSAT-SRON-FP as S1-GOSAT-SRON-FP, with a constant bias correction instead of 2nd order polynomial
S3-GOSAT-SRON-FP as S1-GOSAT-SRON-FP, with a smooth bias correction
S2-GOSAT-UL-PX as S1-GOSAT-UL-PX, with a constant bias correction instead of 2nd order polynomial
S3-GOSAT-UL-PX as S1-GOSAT-UL-PX, with a smooth bias correction

Table 3. Inversion settings: current study vs. Monteil et al. (2013)

Current study Monteil et al. (2013)

Prior PDFs Semi-lognormal Gaussian (may result in negative a posteriori emissions)
Satellite retrievals ENVISAT/SCIAMACHY IMAP v5.5 ENVISAT/SCIAMACHY IMAP v5.5

GOSAT/TANSO-FTS RemoTeC Proxy
v1.9/2.0

GOSAT/TANSO-FTS RemoTeC Proxy v1.0

GOSAT/TANSO-FTS RemoTeC FP v2.1 GOSAT/TANSO-FTS RemoTeC FP v1.0
GOSAT/TANSO-FTS OCPR v4.0

Bias correction Function of latitude and month, optimized in
the inversion (for all satellite products).

GOSAT RemoTeC FP v1.0: Correction by a single coeffi-
cient (1.0037).
GOSAT RemoTeC Proxy v1.0: no bias correction applied.
SCIAMACHY IMAP v5.5: Constant factor, plus season-
ally varying bias correction term based on specific humid-
ity (Houweling et al., 2014).

Stratospheric sink ECHAM5/MESSy1. Cambridge 2D model (Velders, 1995) with a correc-
tion based on HALOE/CLAES climatology applied above
50hPa.

Tropospheric OH TM5 full chemistry run based on CBM4 (see
Section 3.2)

Spivakovsky et al. (2000), with a scaling factor of 0.92.

Satelite retrieval errors Uses reported XCH4 errors. The reported GOSAT retrieval uncertainties are scaled by a
factor of 1.5 before the inversion.

Emission categories Four categories optimized independently. Total emissions.
Prior emission uncertainties 50-100% per category, grid cell, and month

(see section 3.2).
50% per grid cell and month.

Target period January 2010 - December 2011 April 2009 - August 2010
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Table 4. Statistics for inversions S1-NOAA through S1-SCIA: NOAA surface measurements (left) and satellite data (right). See Fig. 3 for
the frequency distributions of fit residuals.

Inversion NOAA ground stations Satellite

n Bias [ppb] RMS [ppb] n Bias [ppb] RMS [ppb]

S1-NOAA 3418 0.2 11.5 – – –
S1-GOSAT-SRON-PX 3418 0.3 12.4 106 854 −0.3 9.2
S1-GOSAT-SRON-FP 3418 0.4 12.1 31 201 −0.3 10.4
S1-GOSAT-UL-PX 3418 0.4 11.8 129 916 −0.1 8.9
S1-SCIA 3418 0.3 12.0 432 008 −0.9 32.3

Table 5. Two-year average CH4 emissions (TgCH4 yr
−1) for the TRANSCOM land regions and 30◦ latitude bands. The prior emission

inventories are as used by Bergamaschi et al. (2013a). The global total includes the contribution of ocean regions.

Prior S1-NOAA S1-GOSAT-SRON-PX S*-GOSAT-SRON-FP S*-GOSAT-UL-PX S1-SCIA
Region S1 S2 S3 S1 S2 S3

BNA 13.0 11.5 11.0 12.2 13.3 12.2 10.3 11.4 10.2 10.3
TNA 38.5 47.6 44.7 44.8 41.3 43.1 52.1 47.3 51.5 45.6
TrSA 63.7 74.9 68.9 79.4 79.6 80.7 70.7 72.4 71.6 71.8
TSA 37.5 40.9 40.9 41.7 41.5 40.5 41.3 42.3 40.7 40.2
NAf 36.7 43.0 36.1 48.0 52.7 48.1 38.3 41.7 40.2 50.6
SAf 28.5 36.4 41.6 36.4 37.7 36.2 38.4 40.0 35.7 42.0
BEr 18.1 18.1 20.6 16.8 16.7 17.0 17.0 17.4 16.7 15.4
TEr 131.4 110.1 107.5 110.4 104.7 108.9 104.0 98.1 103.0 109.6
TrAs 69.6 75.9 74.2 67.7 73.4 68.6 77.2 81.4 77.4 76.8
Aus 5.8 4.8 9.1 4.7 3.5 4.4 6.9 6.2 7.8 4.3
Eur 46.4 29.5 38.6 33.8 29.0 35.7 36.8 32.9 38.0 28.9

Global total 535.5 538.1 537.3 537.7 537.9 537.2 538.2 538.2 538.4 540.5

Arctic 19.9 17.6 21.1 18.3 19.7 18.3 17.7 20.1 17.3 18.2
NH-mid 183.8 156.2 163.9 166.7 156.0 165.2 161.7 149.7 158.5 146.2
NHTr 193.8 202.8 182.9 192.1 196.7 193.8 197.2 199.7 207.7 215.1
SHTr 127.7 153.9 157.4 148.1 156.5 148.5 150.6 160.1 141.6 154.8
SH-mid 14.3 11.6 15.0 16.1 12.9 14.8 13.7 11.5 16.0 8.9
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Fig. 1. Observation data map indicating the locations of NOAA surface stations used in the inversions (triangle symbols; see also Table T1 in
the Supplement). The squares indicate the TCCON station locations. Some of the NOAA and TCCON stations are co-located. The regions
covered by NOAA ship cruises (labeled as POC) are displayed through the horizontal blue lines, which indicate the longitudinal range
within each 5◦ latitude band. In addition, we show the NOAA aircraft profile locations (red crosses), and the HIPPO 3–5 transects used for
validation.

Fig. 2. The inversion settings, as described in Sect. 3.2. Inversion blocks 2 and 3 start (on 1 January 2010, and 1 January 2011, respectively)
from the optimized 3-D CH4 fields calculated by the previous block.
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Fig. 3. Frequency distributions of model–observation residuals (dCH4) for satellite and station data (2010–2011). Both station and satellite
data are distributed across 1ppb bins. The total number of surface measurements or retrievals is denoted by n. The bias and RMS of each
inversion are shown in Table 4.
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Fig. 4. Column-averaged CH4 mixing ratios (XCH4): bias-corrected satellite retrievals vs. TM5-4DVAR. The leftmost plots show the
monthly average bias corrections (in ppb) applied to the satellite data for January 2010–December 2011. The panels on the right display the
two-year latitudinal average XCH4 values (red: satellite, blue: TM5-4DVAR) and the corresponding minimum and maximum values across
the longitude.
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Fig. 5. The TRANSCOM emission regions used in this study (at 1◦ × 1◦ resolution). The land regions are labeled as follows: boreal North
America (BNA), temperate North America (TNA), tropical South America (TrSA), temperate South America (TSA), Europe (Eur), North
Africa (NAf), South Africa (SAf), boreal Eurasia (BEr), temperate Eurasia (TEr), tropical Asia (TrAs), and Australasia (Aus). White areas
(ice) are not assigned to any region.
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Fig. 6. Left: a posteriori two-year average emissions for S1-NOAA and S1-GOSAT-SRON-PX. The a priori emissions are shown in the
topmost plot. White areas indicate grid cells with very low emissions (less than 5mgCH4 m

−2day−1) Right column: for S1-NOAA the
difference between posteriori and a priori emissions is shown, while for all satellite inversions the panels show the difference between the a
posteriori emissions of these inversions and S1-NOAA.
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Fig. 6. Continued – scenarios S1-GOSAT-SRON-FP−S1-SCIA.
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Fig. 7. Two-year latitudinal averages of CH4 emissions, shown
for the different source categories optimized in the inversions,
and for the total emissions. The gray areas correspond to the
prior emissions.
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(a) 30◦ latitude bands (b) TRANSCOM emission regions

Fig. 8. Average yearly CH4 emissions for the pre-defined regions. Top panels show total surface fluxes (in TgCH4 yr
−1), while increments

from the prior are given in the bottom panels. Yearly totals are shown in (a), along with surface fluxes attributed to each 30◦ latitude band.
The Antarctic region (not shown here) is estimated to be responsible for less than 0.1Tgyr−1 of CH4. See Fig. 5 for the definition of the
modified TRANSCOM regions shown in (b).

Fig. 9. Validation against independent measurement data sets for all inversions. The plot shows the RMS (in ppb) of differences between
modeled methane mixing ratios, and observation data in the boundary layer (“BL”), free troposphere (“FT”), and upper troposphere/lower
stratosphere (“UT/LS”). Observation data sources: NOAA shipboard samples, vertical profiles from NOAA aircraft sampling, and the HIPPO
campaigns 3–5. Validation results for the Fourier Transform Spectrometer CH4 total column data from TCCON are shown in a separate panel
(“FTS”). The prior (APRI) is already partly optimized (see section 3.2).
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Fig. 10. Model validation against TCCON data across all measurement stations with significant data coverage during our inversion period.
Prior values are given by the grey bars. Upper panel: bias (in ppb). Lower panel: standard deviation.
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Fig. 11. Scenario S1-GOSAT-SRON-PX: validation against HIPPO campaigns 3–5 (southbound and northbound flights). Rightmost panels
show the average bias as a function of latitude: extra-tropical northern hemisphere (NH) in red, extra-tropical SH in blue, and the tropics in
green. HIPPO validation results for the other inversions are shown in the Supplement.
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