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Abstract. Simultaneous observations from the Infrared At-
mospheric Sounding Interferometer (IASI) and from the Ad-
vanced Microwave Sounding Unit (AMSU), launched to-
gether onboard the European MetOp platform in October
2006, are used to retrieve a mid-to-upper tropospheric con-
tent of methane (CH4) in clear-sky conditions, in the trop-
ics, over sea, for the first 16 months of operation of MetOp
(July 2007–October 2008). With its high spectral resolution,
IASI provides nine channels in the 7.7µm band highly sen-
sitive to CH4 with reduced sensitivities to other atmospheric
variables. These channels, sensitive to both CH4 and tem-
perature, are used in conjunction with AMSU channels, only
sensitive to temperature, to decorrelate both signals through
a non-linear inference scheme based on neural networks. A
key point of this approach is that no use is made of prior
information in terms of methane seasonality, trend, or ge-
ographical patterns. The precision of the retrieval is esti-
mated to be about 16 ppbv (∼0.9%). Features of the retrieved
methane space-time distribution include: (1) a strong sea-
sonal cycle of 30 ppbv in the northern tropics with a maxi-
mum in January–March and a minimum in July–September,
and a flat seasonal cycle in the southern tropics, in agree-
ment with in-situ measurements; (2) a latitudinal decrease
of 30 ppbv from 20◦ N to 20◦ S, in boreal spring and sum-
mer, lower than what is observed at the surface but in ex-
cellent agreement with tropospheric aircraft measurements;
(3) geographical patterns in good agreement with simula-
tions from the atmospheric transport and chemistry model
MOZART-2, but with a higher variability and a higher con-
centration in boreal winter; (4) signatures of CH4 emissions
transported to the middle troposphere such as a large plume
of elevated tropospheric methane south of the Asian conti-
nent, which might be due to Asian emissions from rice pad-
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dies uplifted by deep convection during the monsoon period
and then transported towards Indonesia. In addition to bring-
ing a greatly improved view of methane distribution, these
results from IASI should provide a means to observe and
understand atmospheric transport pathways of methane from
the surface to the upper troposphere.

1 Introduction

Knowledge of today’s methane (CH4) sources and sinks,
their spatial distribution and their variability in time is es-
sential for predicting the future CH4 atmospheric concentra-
tion levels, which is second only to carbon dioxide (CO2) as
an important human-caused greenhouse gas (IPCC, 2007).
In particular, the tropics are crucial to global budgets of
methane. Tropical wetlands are believed to be a consider-
able CH4 source (e.g.,Cicerone and Oremland, 1988; Pren-
tice et al., 2001; Mikaloff-Fletcher et al., 2004a; Chen and
Prinn, 2006; Bousquet et al., 2006), as well as emissions
from rice paddies (Huang et al., 2004) and termites. Tropical
deforestation is also associated with considerable emissions
of CH4, since the bulk of this deforestation is accomplished
through fires. The tropics also play a major role in CH4 and
carbon monoxide (CO) chemistry, due to the considerable
photochemical production of OH in these regions (e.g.,Spi-
vakovsky et al., 2000), which is the main sink of methane by
globally removing about 85% of methane molecules emitted
to the atmosphere (e.g.,Logan et al., 1981). However, the
exact location, intensity and nature of methane sources and
sinks are still not fully elucidated.

Atmospheric inversions have been widely used to estimate
regional fluxes of CH4 (Houweling et al., 1999; Mikaloff-
Fletcher et al., 2004b; Chen and Prinn, 2006; Bousquet et
al., 2006; Bergamaschi et al., 2007). In these approaches, re-
gional fluxes of a given gas to the atmosphere are estimated
through the comparison of atmospheric gas concentration
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observations with atmospheric transport model simulations
that describe how surface fluxes influence gas concentra-
tions. Atmospheric inversions have historically relied pri-
marily on in-situ surface observations. This technique gener-
ally has the greatest uncertainties in the tropics, because there
are very few in-situ observations that effectively constrain
these regions (e.g.,Rayner and O’Brien, 2001). Furthermore,
vigorous tropical convection rapidly transports methane to
high altitudes, so that these fluxes are not easily detected by
surface observations. By densely sampling the atmosphere
in time and space, satellite measurements of the distribution
of global atmospheric CH4 concentration may meaningfully
fill this gap in scale as suggested by several studies (Berga-
maschi et al., 2007; Meirink et al., 2008; Frankenberg et al.,
2008).

In recent years, several instruments have given access to
information on the distribution of methane in various parts
of the atmosphere. Measurements made by the Halogen Oc-
cultation Experiment (HALOE) on the Upper Atmosphere
Research Satellite (UARS) (Schoeberl et al., 1995; Park
et al., 1996; Randel et al., 1998) have provided informa-
tion on methane in the stratosphere. Tropospheric columns
of methane have been retrieved from observations made in
the infrared by the Interferometric Monitor for Greenhouse
Gases (IMG) flying on board the Japanese Advanced Earth
Observing Satellite (ADEOS) (Clerbaux et al., 2003), but
because of satellite failure, only a few operation periods of
successive days are available over 10 months. Total columns
of methane have also been retrieved, mostly over land, from
near infrared observations by the Scanning Imaging Absorp-
tion spectroMeter for Atmospheric CHartographY (SCIA-
MACHY) instrument on board the European Space Agency’s
environmental research satellite (ENVISAT) (Frankenberg et
al., 2005, 2006, 2008; Buchwitz et al., 2006). More recently,
global CH4 distribution, mostly representative of the mid-
dle to upper troposphere, have been retrieved using observa-
tions from the Atmospheric Infrared Sounder (AIRS) on the
EOS/Aqua platform (Xiong et al., 2008).

With its 8461 channels covering most of the infrared spec-
trum at a high spectral resolution, the Infrared Atmospheric
Sounding Interferometer (IASI) launched onboard the Eu-
ropean MetOp platform in October 2006, gives the oppor-
tunity to use several channels specifically sensitive to CH4,
and to improve our presently limited knowledge of its tro-
pospheric distribution. CH4 infrared measurements being
sensitive to both temperature and CH4 variations, an inde-
pendent information on temperature is needed to allow sep-
arating these two effects. Also flying onboard MetOp, the
Advanced Microwave Sounding Unit (AMSU) provides mi-
crowave observations only sensitive to temperature that can
be used to reach this goal. This study is focused on the tropi-
cal belt (20◦ N:20◦ S) where higher-quality retrievals are ex-
pected compared to the extratropics because of the low vari-
ability of the temperature profiles.

The goals of this paper are to present the first sixteen
months of methane retrieved from MetOp IASI/AMSU ob-
servations. Section 2 describes data and modeling tools used
in the retrieval process. Section 3 presents the selection
of IASI channels based on their sensitivity to methane and
other atmospheric variables, along with the non-linear infer-
ence scheme used to retrieve a tropospheric integrated con-
tent of CH4. Section 4 describes the retrievals in terms of
seasonal cycle, latitudinal variations and geographical distri-
bution, which are analyzed using in-situ data (surface and air-
borne measurements) and simulations from an atmospheric
chemistry and transport model. Section 5 gives the conclu-
sion.

2 Data and modeling tools

2.1 Satellite data: IASI and AMSU

The Infrared Atmospheric Sounding Interferometer (IASI)
developed by the Centre National d’Etudes Spatiales (CNES)
in collaboration with the European Organisation for the Ex-
ploitation of Meteorological Satellites (EUMETSAT) is a
Fourier Transform Spectrometer based on a Michelson Inter-
ferometer coupled to an integrated imaging system that mea-
sures infrared radiation emitted from the Earth. IASI pro-
vides 8461 spectral samples, aligned in three bands between
645.00 cm−1 and 2760.00 cm−1 (15.5µm and 3.63µm),
with a spectral resolution of 0.50 cm−1 after apodisation
(‘Level1c’ spectra). The spectral sampling interval is
0.25 cm−1. IASI is an across track scanning system with
scan range of±48.3◦, symmetrically with respect to the nadir
direction. A nominal scan line covers 30 scan positions to-
wards the Earth. The instantaneous field of view (IFOV) has
a ground resolution of 12 km at nadir.

Also flying onboard MetOp, the Advanced Microwave
Sounding Unit (AMSU) is a cross-track scanning total-power
radiometer with 15 channels that measure scene radiance in
the microwave spectrum from 23.8 to 89.0 GHz. The AMSU
instrument has an IFOV of 48 km at nadir, with scan range of
±48.3◦ from nadir with a total of 30 Earth fields-of-view per
scan line. The swath width is approximately 2000 km.

IASI Level1c and AMSU Level1b data are available since
July 2007. IASI Level2 data, produced at EUMETSAT,
are available for temperature and water vapor since Oc-
tober 2007. Temperature and humidity profiles are given
on a 90 level grid. Their estimated accuracies are respec-
tively 1 K and 10% (Pougatchev et al., 2009). Both Level1c
and Level2 data are routinely archived at the Laboratoire
de Mét́eorologie Dynamique (LMD) via the Centre for At-
mospheric Chemistry Products and Services ‘Ether’ web-
site (http://ether.ipsl.jussieu.fr/), through EUMETCast, the
Broadcast System for Environmental Data of EUMETSAT.
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2.2 Radiative models and data: 4A and TIGR

Infrared radiative simulations used in this study are per-
formed using the fast line-by-line 4A (Automatized At-
mospheric Absorption Atlas) model (Scott and Ch́edin,
1981; http://ara.lmd.polytechnique.fr/; http://www.noveltis.
fr/4AOP/). Co-developed by LMD and NOVELTIS with
the support of CNES, 4A is the reference radiative trans-
fer model for the CNES/EUMETSAT IASI Level 1 Cal/Val
and operational processing. Here, it uses spectroscopy from
the regularly updated GEISA (Gestion et Etude des Informa-
tions Spectroscopiques Atmosphériques: Management and
Study of Spectroscopic Information) spectral line data cata-
log (Jacquinet-Husson et al., 2008).

Our study is based on a statistically representative de-
scription of the atmosphere from the Thermodynamic Ini-
tial Guess Retrieval (TIGR) database (Chédin et al., 1985;
Chevallier et al., 1998), with associated radiative informa-
tion. Use is made of the latest version of TIGR which com-
prises 7490 tropical atmospheric situations (4425 over sea,
the remaining over land), each of them described by its pro-
files of temperature, water vapour and ozone. CO2, CH4,
CO and N2O reference concentrations are assumed constant
along the vertical at 372 ppmv, 1860 ppbv, 100 ppbv and
324 ppbv, respectively. For all TIGR atmospheric situations,
for all scan angles, and for the 8461 IASI channels (about 109

cases all together), clear-sky brightness temperatures (BT),
transmittances and Jacobians (partial derivative of the chan-
nel BT with respect to a layer physical variable such as a gas
mixing ratio, a temperature or the emissivity) are computed
using 4A. The 15 AMSU BT are computed using the in house
STRANSAC microwave forward model.

The noise due to the instrument is also computed using the
following equation

NE1T (ν, TB(ν)) = NE1T (ν, Tref)

∂B
∂T

(ν, Tref)

∂B
∂T

(ν, TB(ν))
(1)

whereNE1T is the equivalent noise temperature taken at
the brightness temperatureTB , of the channel located at fre-
quencyν, andB is the radiance. The reference noise cor-
responding to a reference temperatureTref of 280 K is taken
from the in-flight noise measurement (CNES, personal com-
munication).

2.3 Atmospheric chemical and transport simulations:
MOZART-2

For analyzing the IASI retrievals, use is made of CH4 mix-
ing ratio fields simulated by the atmospheric chemistry and
transport model MOZART-2 (Horowitz et al., 2003), driven
by National Center for Environmental Prediction (NCEP)
reanalysis with a 1.9◦×1.9◦ spatial resolution and 29 lev-
els in the vertical. For all species except CH4, EDGAR
v2.0 emissions are used as surface boundary conditions

(Horowitz et al., 2003). CH4 anthropogenic emissions are
interpolated using EDGAR 3.2 anthropogenic emission es-
timates for 1990 and 1995 (Olivier and Berdowski, 2001),
and ‘FAST-TRACK’ for 2000 (Olivier et al., 2005). As de-
scribed inFiore et al.(2006) (their “ANTHRO+BIO” simu-
lation), emissions for intermediate years are obtained by lin-
ear interpolation, with emissions for 2001–2004 held at 2000
values. Wetland CH4 emissions are fromWang et al.(2004),
based on the spatial and seasonal distributions ofMatthews
and Fung(1987).

3 Methane retrieval method

3.1 Channel selection: Sensitivity study of IASI chan-
nels

IASI presents 8461 channels covering most of the infrared
spectrum. Only a hundred of them are sensitive to methane.
They are either located in bandν4 of methane, around 7.7µm
(1306 cm−1), or in bandν3, around 3.8µm (2630 cm−1),
and present various sensitivities to methane and other atmo-
spheric or surface components. The first problem arising in
the retrieval method is thus the selection of a set of chan-
nels presenting the best properties regarding the retrieval of
methane. As described inCrevoisier et al.(2003), three cri-
teria must be used to reach this goal: (1) the sensitivity of
the channels to atmospheric CH4 changes; (2) the sensitivity
of the channels to other gases or thermodynamic variables of
the atmosphere; (3) the part of the atmosphere to which the
channels are sensitive to CH4 variations.

The sensitivity to methane variations of channels located
in the 3.8µm band is much lower than that of channels lo-
cated in the 7.7µm band due to weaker absorption lines: they
won’t be considered here. In the 7.7µm band, channels are
sensitive to water vapor (H2O), nitrous oxide (N2O) and sur-
face characteristics. The corresponding variations, averaged
over the TIGR tropical atmospheric situations, are plotted in
Fig. 1 in terms of variation of the measured brightness tem-
perature for a variation of 1 K for atmospheric temperature,
10% for CH4, 20% for H2O, 2% for N2O and 0.01 for surface
emissivity. The instrument noise is also plotted in Fig. 1.

The main interference, as far as CH4 is concerned, comes
from H2O, which dominates the infrared spectrum in the
methane absorption bands. Since water vapor variability is
quite high, especially in the tropics, and knowledge of its tro-
pospheric distribution still limited, separating the CH4 signal
from water vapor is quite challenging and precludes using
most of the channels. Only a few successive channels lo-
cated in the 1301–1305 cm−1 interval (shown with an arrow
in Fig. 1) present a low-enough sensitivity to water vapor to
be used to retrieve methane. The nine selected channels are
given in Table 1, along with their sensitivities and altitude
of the maximum of their associated CH4 Jacobians. They
are not sensitive to nitrous oxide or surface characteristics.
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Fig. 1. Sensitivities of IASI channels located in the 7.7µm band to variations of methane (10%), water vapor (20%), nitrous oxide (2%),
atmospheric temperature (1K), surface emissivity (0.01), and instrument noise computed at the brightness temperature. Average over the
4425 TIGR tropical atmospheric situations. Arrows denote the spectral range where channels selected to retrieve methane are located.

Fig. 2. CH4 (a), temperature (b) and H2O (c) Jacobians of the 9 IASI channels selected to estimate methane, and (d) temperature weighting
functions of AMSU channels 6 and 7 (average over the TIGR tropical atmospheric situations).

Fig. 1. Sensitivities of IASI channels located in the 7.7µm band to variations of methane (10%), water vapor (20%), nitrous oxide (2%),
atmospheric temperature (1 K), surface emissivity (0.01), and instrument noise computed at the brightness temperature. Average over the
4425 TIGR tropical atmospheric situations. Arrows denote the spectral range where channels selected to retrieve methane are located.

The spectral range where these channels are located can be
affected by two phenomena: line mixing and water con-
tinuum. Both have been taken into account in the simula-
tions. The line-mixing parameterisation is taken from Niro
et al. (2005). The sensitivity to water continuum may be de-
rived by comparing simulations performed with and without
inclusion of the continuum. For the nine selected channels,
this results in a signal of 0.01 K on average over the tropi-
cal TIGR simulations with an associated standard deviation
of 0.05 K. Therefore, the impact of a change in the contin-
uum on the retrievals remains low. Moreover, the radiative
biases described in Sect. 3.3 take into account any impreci-
sion in the simulation of the continuum and line-mixing. For
the sake of comparison, only 4 similar AIRS channels, two
of them with a slight sensitivity to surface characteristics, are
available in the same region (Crevoisier et al., 2003).

Methane Jacobians of the 9 channels are plotted in Fig. 2a.
Corresponding temperature and H2O Jacobians are shown
in Fig. 2b and c, respectively. Infrared channels are not
sensitive to variations of methane in two parts of the atmo-
sphere: the lower troposphere (roughly below 500 hPa) and
the tropopause (Crevoisier et al., 2003). This lack of sen-
sitivity to the lower part of the atmosphere is a well-known
feature of emission based sounding instruments and occurs
because of the lack of temperature contrast between the sur-
face and the boundary layer. In the 7.7µm band, the Jaco-
bians have very similar shapes and all peak around 260 hPa.
Hence IASI only allows the retrieval of a mid-to-upper tro-
pospheric integrated content of methane. The use of theν3
absorption band may potentially bring some information on

the lower atmosphere under very specific conditions such as
high reflected solar radiation (Razavi et al., 2009). The use
of theν4 band only, although yielding retrievals in the mid-
dle troposphere only, allows the retrieval of methane in all
clear conditions, yielding an homogeneous long time record
of tropospheric methane.

As seen on Figs. 1 and 2, infrared CH4 sensitive chan-
nels are also essentially sensitive to temperature. Hence,
the simultaneous use of IASI infrared measurements, sen-
sitive to both temperature and CH4 variations, and of AMSU
microwave measurements, only sensitive to temperature, al-
lows separating these two effects. AMSU channels 6 and 7
will be used in the retrieval procedure since their tempera-
ture weighting functions, shown in Fig. 2d, are the closest to
those of the selected IASI channels, with no sensitivity to the
surface.

3.2 A non-linear inference scheme

The weakness of the signal induced on IASI brightness tem-
perature (BT) by CH4 variations, associated with the com-
plexity (in particular its non-Gaussianity) of the relation-
ship between CH4 concentration and observed BT, makes
it difficult to solve this inverse problem. Therefore, a non-
linear inference method, based on the Multilayer Perceptron
(MLP) neural network (Rumelhart et al., 1986) with two hid-
den layers, has been preferred to a more classical one. This
method has already been used to derive tropospheric CO2
integrated content from TOVS (Chédin et al., 2003, 2008),
AIRS (Crevoisier et al., 2004) and IASI (Crevoisier et al.,
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Fig. 1. Sensitivities of IASI channels located in the 7.7µm band to variations of methane (10%), water vapor (20%), nitrous oxide (2%),
atmospheric temperature (1K), surface emissivity (0.01), and instrument noise computed at the brightness temperature. Average over the
4425 TIGR tropical atmospheric situations. Arrows denote the spectral range where channels selected to retrieve methane are located.

Fig. 2. CH4 (a), temperature (b) and H2O (c) Jacobians of the 9 IASI channels selected to estimate methane, and (d) temperature weighting
functions of AMSU channels 6 and 7 (average over the TIGR tropical atmospheric situations).

Fig. 2. CH4 (a), temperature(b) and H2O (c) Jacobians of the 9 IASI channels selected to estimate methane, and(d) temperature weighting
functions of AMSU channels 6 and 7 (average over the TIGR tropical atmospheric situations).

2009). A detailed description of the method can be found in
these references.

The chosen neural architecture is the following. The input
layer is composed of: (1) the 9 IASI BT of the tropospheric
channels given in Table 1, (2) 2 AMSU BT of channels 6 and
7, and (3) 2 differences between IASI and AMSU BT, to help
constrain the convergence process. All together, there are
13 predictors. The output layer of the network is composed
of: (1) the difference between the ‘true’ value of CH4 con-
centration (associated with inputs) and the ‘reference’ one
(1860 ppbv), and (2) 9 differences between the ‘true’ IASI
BT (associated with the true CH4 concentration value) and
the ‘reference’ one (associated with the reference CH4 con-
centration value), once again to constrain the solution. All
together, there are 10 predictands. To increase the signal to
noise ratio, and speed the learning phase, we have chosen
to divide the infrared noise by 2. This requires using the
average of the 4 IASI BT contained in each single AMSU
field-of-view as inputs to the networks. Hence, retrievals are
performed at the AMSU spatial resolution.

The TIGR database (see Sect. 2.2) is used as the training
set from which the networks learn the relationship existing
between inputs and outputs. Network input BT correspond

to randomly drawn values of CH4 concentration in the range
1700–1900 ppbv and are computed from the reference value
in TIGR using the CH4 Jacobians. It is worth noting that no
prior information is thus given to the networks in terms of
seasonality, trend, or geographical patterns of methane.

Our past experience and several trials have led us to choose
70 neurons for the first hidden layer and 40 for the second
one. Use is made of the Error Back-Propagation learning
algorithm (Rumelhart et al., 1986), with stochastic steepest
descent. At each step of the learning phase, the instrument
noise is taken into account by adding to the BT of each chan-
nel a random Gaussian noise characterized by the equiva-
lent noise temperature (NE1T ) computed at the BT of the
channel, according to Eq. (1). A total of 7 MLPs have been
trained, one for each of the first seven AMSU local zenithal
angle, ranging from nadir to an upper limit of 40◦ to avoid
the edges of the orbits.

As stated before, IASI channels are mostly sensitive to
tropospheric variations of methane. The averaging kernels,
which indicate which part of the atmosphere the retrievals
are representative of, are determined through radiative trans-
fer simulations based on the TIGR atmospheric profiles not
used in the training of the neural networks. A uniform
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Table 1. List of IASI channels selected to retrieve methane. Columns 3 to 8 indicate the sensitivity (in K) of each channel to the variation
of CH4 (10%), H2O (20%), N2O (2%), atmospheric temperature (1 K), surface temperature (1 K) and surface emissivity (0.01). Column 10
gives the pressurePmax of the maximum of the CH4 Jacobians.

Channel ν CH4 H2O N2O T Tsurf εsurf Noise Pmax
(cm−1) (K) (K) (K) (K) (K) (K) (K) (hPa)

2628 1301.75 1.07 0.13 0.09 0.92 0.01 0.03 0.20 292
2634 1303.25 1.06 0.11 0.08 0.94 0.01 0.02 0.21 292
2635 1303.50 1.13 0.06 0.05 0.97 0.00 0.00 0.24 262
2636 1303.75 1.11 0.07 0.06 0.98 0.00 0.00 0.23 262
2637 1304.00 1.17 0.12 0.07 0.97 0.01 0.02 0.20 292
2638 1304.25 1.27 0.11 0.05 0.96 0.00 0.01 0.21 262
2639 1304.50 1.18 0.07 0.04 0.96 0.00 0.01 0.24 262
2640 1304.75 1.00 0.05 0.05 0.97 0.00 0.00 0.27 235
2641 1305.00 1.08 0.08 0.04 0.95 0.00 0.00 0.25 235

perturbation of CH4 mixing ratio is applied sequentially to
each of the 40 layers of the atmospheric profiles. IASI and
AMSU brightness temperatures are then computed for each
of the perturbed atmospheric profiles and used as inputs of
the neural network. The theoretical changeFi in ppmv/ppmv
of the column mean apparent mixing ratio (q̂) given a mixing
ratio perturbation of1qref at leveli, is then given by

Fi =
q̂

(
1qi = 1qref

)
− q̂ (1qi = 0)

1qref
(2)

The mean and standard deviation of the averaging kernel
for the IASI CH4 retrieval is plotted in Fig. 3. In the tropics,
the height of the tropopause is approximately 17 km. Thus,
the non linear inference scheme described above gives access
to a mid-to-upper tropospheric integrated content of CH4
covering the range 100–500 hPa (roughly 5–15 km), with the
highest sensitivity around 230 hPa.

3.3 Radiative bias removal

The MLPs are trained with simulated data. Therefore, before
presenting observations to the networks, potential radiative
systematic biases existing between simulations and observa-
tions must be removed. For each channel, the bias is obtained
by averaging, over the first year of operation (July 2007–
August 2008) and over the whole tropics (20◦ S:20◦ N), the
differences between simulations, based on the forward model
used and radiosonde measurements from the ECMWF ERA-
40 database, and collocated (in time and space) satellite ob-
servations.

4 Results and discussion

AMSU channel 6 is modestly, though significantly, sensitive
to surface, and particularly to relief. Hence, performing the
retrievals over land would require a more detailed study of

the influence of surface elevation: so far, the present applica-
tion is limited to sea cases. Based on the non-linear inference
scheme described in Sect. 3, 16 months, from July 2007 to
October 2008, of coupled IASI and AMSU observations have
been interpreted in terms of a tropospheric integrated content
of CH4 in the tropical belt (20◦ N:20◦ S), over sea, at night,
for clear-sky only. Cloud detection scheme is based on a suc-
cession of several multispectral threshold tests, described in
Crevoisier et al.(2009).

4.1 Potential perturbations of the retrievals

Through the careful selection described in Sect. 3.1, IASI
channels used in the estimation process have a reduced sen-
sitivity to water vapor. It is nonetheless required to verify that
the neural networks have successfully been able to decor-
relate CH4 from water vapor. Similarly, the separation be-
tween temperature and CH4 through the use of simultane-
ous infrared and microwave observations has to be validated.
To perform this analysis, we use IASI Level2 temperature
and water vapor products (see Sect. 2.1), which have the ad-
vantage of being estimated directly from IASI: they thus de-
scribe precisely the state of the atmosphere at the locations
we estimate CH4. The coefficient of linearityR between
our estimates of tropospheric CH4 and either IASI Level 2
temperature at 200 hPa (maximum of IASI CH4 averaging
kernel plotted in Fig. 3) or water vapor contained in the tro-
posphere (between 100 and 500 hPa) are 0.00 and 0.10, re-
spectively. Both products are totally decorrelated; there is
no remaining contamination of CH4 retrievals from neither
atmospheric temperature nor water vapor.

4.2 Seasonal cycles

Figure 4 shows the monthly zonal average of IASI CH4
retrievals for 8 latitudinal bands of 5◦ each from 20◦ N
to 20◦ S, over the Pacific Ocean. Since contrary to CO2
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Fig. 3. Averaging kernel of CH4 IASI retrieval. Mean (full line)
plus or minus standard deviation (dashed lines) over the TIGR trop-
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Fig. 5. Seasonal cycle of methane measured at the surface at 5 sites
from July 2004 to December 2007.

Fig. 6. Latitudinal variation of methane as retrieved in the mid tro-
posphere from IASI (full line), as observed at 11 km by aircraft in
1993 (dashed line with circles), as observed at the surface in 2003-
2006 (squares) and as observed at the surface in 1993 (triangles).
For the sake of comparison, all curves have been adjusted to match
the aircraft 1993 mean.

Fig. 3. Averaging kernel of CH4 IASI retrieval. Mean (full line)
plus or minus standard deviation (dashed lines) over the TIGR trop-
ical atmospheric situations.

and CO, no regular aircraft measurement of methane is
available in the tropics, only measurements of methane
made at the surface can be used to evaluate these re-
sults. Few sites are available in this region. They pro-
vide some information on the expected seasonality and lat-
itudinal variation of methane, which is a combination of
various seasonal phenomena: sources (wetlands, termites,
biomass burnings, anthropogenic), sinks (chemical destruc-
tion by OH), and atmospheric transport. Figure 5 shows
the monthly evolution of CH4 measured at 5 stations from
the GLOBALVIEW-CH4 (2008) network: MLO (19.53◦ N,
155.57◦ W, 3.4 km), KUM (19.52◦ N, 154.82◦ W, 3 m), GMI
(13.43◦ N, 144.78◦ E, 2 m), CHR (1.70◦ N, 157.17◦ W, 3 m),
and SMO (14.24◦ S, 170.57◦ W, 42 m), for the period July
2004–December 2007.

Both the IASI retrievals and the surface measurements
show a strong North-to-South gradient. In the northern
tropics, the seasonality retrieved from IASI is in agreement
with in-situ observations: a strong seasonal cycle is ob-
served, with a minimum in April–July and a maximum in
November–February. However, the decrease of methane
starts earlier on the retrieved IASI cycle (March) than at
the surface (April to June, depending on the year). The
amplitude of the IASI cycle, representative of the mid-to-
upper troposphere, is about 40 ppbv, lower than the ampli-
tude observed at the surface by about 20 ppbv. In the 5◦ N-
EQ band, the global variation of IASI methane agrees well
with what is observed at CHR (1.7◦ N). The early decrease in
CH4 from February to April retrieved by IASI is also some-
times observed at CHR, as in 2006. After almost a decade of
constant globally-averaged atmospheric methane abundance
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Fig. 4. Seasonal cycle of methane as retrieved in the mid-to-upper
troposphere from IASI over the Pacific Ocean in 8 latitudinal bands
of 5◦ each from July 2007 to October 2008.

(Dlugokencky et al., 2003), a renewed global growth of about
10 ppbv year−1 is observed at all stations since the beginning
of 2007 (Rigby et al., 2008). Such an increase is also re-
trieved by IASI as seen from comparing the months of July–
September 2007 and the same months in 2008. A longer
period is however required to confirm this tendency.

In the Southern tropics, no clear seasonal cycle is retrieved
from IASI. This is in agreement with the relatively weak sea-
sonal cycle observed in-situ. A peak of 20 ppbv as compared
to previous and following months is observed by IASI in
January–February 2008 South of 10◦ S. This feature is also
seen in 2006 at SMO. However, these two months correspond
to a rather high inter-annual variability observed at SMO for
the period January to March. For instance, the seasonal cy-
cles observed at SMO in the southern hemisphere and at the
other sites in the northern tropics tend to be negatively cor-
related in 2005 (minimum of methane in boreal winter at
SMO and maximum at the northern stations) but positively
correlated in 2006–2007 (maximum of methane in January–
February in both the northern and southern tropics). This
particular feature seems to be due to year-to-year fluctuations
in interhemispheric transport during January–March, which
tends to cancel the summer minimum, mainly due to photo-
chemical destruction of methane (Dlugokencky et al., 1994),
observed in the southern hemisphere at higher latitude (Prinn
et al., 1992).

According to Figs. 4 and 5, the North-to-South latitudi-
nal variation of methane retrieved from IASI is lower than
the one observed at the surface. To evaluate this result, we
use measurements of methane performed by aircraft in the
troposphere at 11 km (thus close to the maximum of IASI
averaging kernel plotted in Fig. 3), over the Pacific, between
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Fig. 5. Seasonal cycle of methane measured at the surface at 5 sites
from July 2004 to December 2007.

April and September 1993 (Matsueda and Inoue, 1996). The
latitudinal variations of methane, averaged over the period
April to September, as observed by IASI in 2008 and by the
aircraft in 1993 are plotted in Fig. 6 (for comparison pur-
poses, IASI values have been adjusted to the 1993 methane
average). Tropospheric methane observed by IASI increases
from the South to the North by about 30 ppbv. This is in ex-
cellent agreement with the aircraft measurements. From the
five stations used above, the same latitudinal variation is ob-
served at the surface, but with much larger amplitude (about
70 ppbv), highlighting the proximity of emissions and verti-
cal mixing. As observed on both Figs. 4 and 6, methane is
well-mixed in the southern tropics while a gradient persists
with methane regularly increasing with latitude in the north-
ern tropics.

4.3 Geographic distribution

Maps of seasonal mean CH4 concentration are shown in
Fig. 7 from September 2007 to August 2008, at a spatial res-
olution of 5◦×5◦ (1◦

×1◦ moving average). This resolution
was chosen to average enough individual retrievals to make
robust statistics. After the removal of not-clear observations,
the number of individual retrievals, per month and per 5◦

×5◦

gridbox, is about 400 in regions where clear-sky is prevailing
but can be as low as 10 in more cloudy areas. To eliminate
possible undetected clouds, boxes having less than 40 indi-
vidual retrievals are not considered (blank areas on Fig. 7).
They mostly correspond to regions of deep convection with
persistent cloudiness.

To compare this satellite product to MOZART-2 simula-
tions, it is necessary to properly take into account the ver-
tical weighting functionFi of the retrieval algorithm given
by Eq. (2) in ppmv/ppmv. Since a given variation of the
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Fig. 6. Latitudinal variation of methane as retrieved in the mid tro-
posphere from IASI (full line), as observed at 11 km by aircraft in
1993 (dashed line with circles), as observed at the surface in 2003–
2006 (squares) and as observed at the surface in 1993 (triangles).
For the sake of comparison, all curves have been adjusted to match
the aircraft 1993 mean.

mixing ratio in two pressure layers with different thicknesses
does not imply the same variation of molecules in each layer,
translatingFi to the vertical discretization of MOZART-2 re-
quires normalizing the function by the TIGR layer thickness
1Pi on which Fi has been computed. This results in the
molecular weighting functionGi

Gi =

∑N
i=1 1Pi

1Pi

Fi (3)

whereN is equal to 40, the number of TIGR pressure lay-
ers. The 40Gi values are independent of the layer thickness
and they can be interpolated to any vertical layer distribu-
tion. Note that they are normalized so that the sum of theGi ,
weighted by layer pressure thickness, is 1. The simulated
integrated content of CH4, denotedqMOZ

CH4
, is finally given by

qMOZ
CH4

=

∑M
i=1 Hi1piqi∑M
i=1 Hi1pi

(4)

whereHi is the vertical weithing functionGi interpolated on
the M pressure layers1pi used by MOZART-2. Figure 8
shows the resulting integrated content of CH4, averaged over
2000–2004, as simulated by MOZART-2, driven by NCEP
winds and using the surface fluxes described in Sect. 2.3 as
boundary conditions.

Overall, there is a good agreement between IASI and
MOZART geographical patterns. However, the range of vari-
ation of IASI CH4 is larger by about 20 ppbv, and the com-
parison of Figs. 7 and 8 shows a positive difference between
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Fig. 7. Seasonal mid-to-upper tropospheric integrated content of methane (ppbv) as retrieved from IASI observations, from September 2007
to August 2008, at a resolution of 5◦

×5◦.

retrieved and simulated methane. This result is in agree-
ment with several studies based on satellite (Bergamaschi et
al., 2007; Meirink et al., 2008) or aircraft measurements in
the tropics (Miller et al., 2007), which have indicated sig-
nificantly larger tropical emissions than previously reported.
According to IASI, and in agreement with aircraft measure-

ments performed at MLO, the magnitude of the simulated
CH4 is too low by about 20 ppbv. This might be caused either
by biases in the emission inventories used to perform the sim-
ulations, or by too weak convection in the model, a known
limitation of atmospheric transport models (e.g.,Stephens et
al., 2007).
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Fig. 8. Seasonal mid-to-upper tropospheric integrated content of methane (ppbv) as simulated by MOZART-2 and averaged over 2000–2004.

General patterns observed by IASI, and simulated by
MOZART-2, include a year-long low CH4 region over most
of the Pacific ocean, plumes of elevated CH4 between Africa
and South America, year-long high values over Asia and
the adjacent oceanic basins, and a latitudinal and tempo-
ral variation in agreement with in-situ observations. Also
seen on the simulations, a plume of CH4 can be observed

originating from Central and northern South America from
August to September, where very large methane emissions
have been retrieved by SCIAMACHY (Frankenberg et al.,
2005). However, the signal observed by IASI, and simulated
by MOZART-2, is more consistent with the lower values of
the revised version of SCIAMACHY results (Frankenberg et
al., 2008).
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Plumes of methane retrieved west of Africa show a lati-
tudinal variation with the season. According to IASI, in bo-
real winter, methane is transported out of Africa towards the
Atlantic Ocean mainly through the coast of central Africa
(10◦ N:10◦ S), which might indicate large emissions of CH4
from this region; in boreal summer, methane exits from West
Africa (5◦ N:15◦ N). This time-latitude variation is in agree-
ment with the seasonality of methane emissions from African
wetlands (Bergamaschi et al., 2007).

A particularly strong signal is the large plume of CH4 re-
trieved south of the Asian continent from October to April,
which agrees very well with model simulations and with re-
trievals from AIRS observations (Xiong et al., 2009). This
large plume, which originates south of the Tibetan Plateau
during the Asian summer monsoon, which is also the pe-
riod of high emissions from rice paddies (Huang et al., 2004),
seems to get first transported in the troposphere by deep con-
vection and then tends to go South to reach Indonesia. Un-
fortunately, the persistent cloudiness over the Asian conti-
nent from July to September precludes IASI from seeing the
beginning of the plume. In boreal winter, emissions become
stronger over Indonesia. Comparisons between MOZART-
2 simulations and IASI retrievals show that IASI observes a
much larger dispersion of the plume over the nearby oceanic
basins. This might explain part of the peak of CH4 seen on
the seasonal variation in the southern tropics plotted in Fig. 5.
The high values of CH4 retrieved by IASI in boreal winter
may also be explained by transport of air with elevated CH4
from the northern hemisphere where methane emissions are
at their maximum.

In the absence of observed global maps of tropospheric
CH4, a first way of quantifying the dispersion of the retrievals
is to determine the standard deviation of each monthly 5◦

×5◦

box item sample. A small dispersion of 19 ppbv is observed
(less than 1% of the mean CH4 mixing ratio), which partly
comes from the errors due to the method and to the in-
strument, and partly from the natural variability of methane
within each box over one month. The smallest values of the
standard deviation (∼17 ppbv) correspond to the months of
July–September) when the natural variability (and the con-
centration, in particular in the northern tropics) is at its mini-
mum, and the maximum values (∼21 ppbv) correspond to the
months of January–March when the natural variability (and
the concentration, in particular in the northern tropics) is at
its maximum. FollowingChédin et al.(2003), these standard
deviations may tentatively be seen as resulting from the com-
bination of the standard deviation of the method (σM ) itself
and of the standard deviation of the natural variability (σV )
of CH4 (5◦

×5◦, one month). Doing so,σM comes to about
16 ppbv (∼0.9%) andσV comes to 5 ppbv in July–September
and to 14 ppbv in January–March. Such numbers look rea-
sonable. However, this result is more an appreciation of the
internal consistency of the method than an estimation of its
accuracy.

Associated with the comparison to in-situ measurements
and atmospheric transport model simulations, these values
bring some confidence in the overall description of the fea-
tures of the CH4 field variability. More detailed analysis of
the results and comparisons with other satellite data will be
the subject of a follow-on paper.

5 Conclusions

With its high spectral resolution and low radiometric noise,
IASI provides new capabilities to monitor methane in the
troposphere. Nine channels, located in bandν4 of methane
near 7.7µm, present high sensitivities to methane, reduced
sensitivities to water vapor, and no sensitivity to nitrous ox-
ide and surface characteristics. They are mostly sensitive
to methane variations in the mid-to-upper troposphere, thus
leading to the retrieval of a mid-to-upper tropospheric in-
tegrated content representative of the 5–15 km range in the
tropics through the use of a non-linear inference scheme
based on neural networks. The retrievals, performed for
clear-sky only, agree well with in-situ measurements in
terms of seasonality, annual increase and latitudinal varia-
tion. Comparisons with simulations from an atmospheric
transport and chemistry model give confidence in the abil-
ity of IASI to detect the geographical distribution of tropo-
spheric methane. Retrievals over land and at higher latitude
is currently under development.

It is worth noting that the IASI CH4 retrieval scheme does
not use any a priori information on the trend, the seasonality,
nor the geographical distribution of methane. Likewise, the
IASI CH4 retrievals are fully independent from any a priori
knowledge of the state of the atmosphere and do not rely on
any Level2 data. It has been demonstrated that the method
has fully decorrelated methane from water vapor and tem-
perature variations. This has been achieved by using obser-
vations performed simultaneously by IASI, sensitive to both
temperature and methane, and AMSU, only sensitive to tem-
perature. The performance of the retrieval is thus linked to
both IASI and AMSU instruments. The precision of the re-
trieval has been found to be about 16 ppbv (∼0.9%), for a
5◦

×5◦ spatial resolution on a monthly time scale. However,
validation in the upper troposphere is challenging due to lack
of direct measurements.

As illustrated by the detection of a plume of elevated
methane in the late summer over the Pacific, which can be
attributed to Asian emissions uplifted to the troposphere,
IASI retrievals present a means to detect atmospheric trans-
port pathways and, together with high resolution methane
aircraft-based observations in the upper tropical troposphere
(e.g. Richard et al., 2006), to improve our knowledge on the
mechanisms that transport methane emissions from the sur-
face to the upper atmosphere. While not sensitive to sur-
face methane, IASI observations might thus prove useful for
constraining atmospheric transport in a so-called surface flux
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inversion. The retrievals being only performed in clear-sky
conditions, it is however needed to take this into account
while performing any estimate of sources and sinks. With the
launch of two other successive IASI-like instruments, sched-
uled for 2011 and 2015, more than 20 years of methane will
be available for climate studies.
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