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Abstract

Simultaneous observations from the Infrared Atmospheric Sounding Interferometer
(IASI) and from the Advanced Microwave Sounding Unit (AMSU), launched together
onboard the European MetOp platform in October 2006, are used to retrieve a mid-
to-upper tropospheric content of methane (CH,) in clear-sky conditions, in the Tropics,
over sea, for the first 16 months of operation of MetOp (July 2007—October 2008). With
its very high spectral resolution, IASI provides nine channels in the 7.7 um band highly
sensitive to CH, with reduced sensitivities to other atmospheric variables. These chan-
nels, sensitive to both CH, and temperature, are used in conjunction with AMSU chan-
nels, 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 geograph-
ical patterns. The accuracy of the retrieval is estimated 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 maximum in January—March and
a minimum in July—September, and a flat seasonal cycle in the Southern Tropics, in
agreement with in-situ measurements; (2) a latitudinal decrease of 30 ppbv from 20° N
to 20° S, in boreal spring and summer, lower than what is observed at the surface
but in excellent agreement with tropospheric aircraft measurements; (3) geographical
patterns in good agreement with simulations from the atmospheric transport and chem-
istry model MOZART-2, but with a higher variability and a higher concentration in boreal
winter; (4) signatures of CH, emissions transported to the middle troposphere such as
a large plume of elevated tropospheric methane south of the Asian continent, which
might be due to Asian emissions from rice paddies uplifted by deep convection during
the monsoon period and then transported towards Indonesia. In addition to bringing 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.
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1 Introduction

Knowledge of today’s methane (CH,) sources and sinks, their spatial distribution and
their variability in time is essential for predicting the future CH, atmospheric concen-
tration levels, which is second only to carbon dioxide (CO,) 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 considerable CH, source
(e.g., Cicerone et al., 1988; Prentice et al., 2001; Mikaloff-Fletcher et al., 2004a; Chen
et al., 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 CH,, since the bulk of this deforestation is accomplished through fires.
The Tropics also play a major role in CH, and carbon monoxide (CO) chemistry, due to
the considerable photochemical production of OH in these regions (e.g., Spivakovsky
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 not as well
understood as those for CO,.

Atmospheric inversions have been widely used to estimate regional fluxes of CH,
(Houweling et al., 1999; Mikaloff-Fletcher et al., 2004b; Chen et al., 2006; Bousquet
et al., 2006). In these approaches, regional fluxes of a given gas to the atmosphere
are estimated through the comparison of atmospheric gas concentration observations
with atmospheric transport model simulations that describe how surface fluxes influ-
ence gas concentrations. Atmospheric inversions have historically relied primarily on
in-situ surface observations. This technique generally 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 con-
vection 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 CH, concen-
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tration would in principle fill this gap in scale.

In recent years, several instruments have given access to information on the distri-
bution of methane in various parts of the atmosphere. Measurements made by the
Halogen Occultation Experiment (HALOE) on the Upper Atmosphere Research Satel-
lite (UARS) (Schoeberl et al., 1995; Park et al., 1996; Randel et al., 1998) have provided
information 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 Observ-
ing Satellite (ADEOS) (Clerbaux et al., 2003), but because of satellite failure, only a
few months of observation are available. Total columns of methane have also been
retrieved, mostly over land, from near infrared observations by the Scanning Imag-
ing Absorption spectroMeter for Atmospheric CHartographY (SCIAMACHY) 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
CH, distribution, mostly representative of the middle to upper troposphere, have been
retrieved using observations from the Atmospheric Infrared Sounder (AIRS) on the
EOS/Aqua platform (Xiong et al., 2008).

With its 8461 channels covering most of the infrared spectrum at a very high spec-
tral resolution, the Infrared Atmospheric Sounding Interferometer (IASI) launched on-
board the European MetOp platform in October 2006, gives the opportunity to use sev-
eral channels specifically sensitive to CH,, and to improve our presently quite limited
knowledge of its tropospheric distribution. CH, infrared measurements being sensitive
to both temperature and CH, variations, an independent information on temperature is
needed to allow separating these two effects. Also flying onboard MetOp, the Advanced
Microwave Sounding Unit (AMSU) provides microwave observations only sensitive to
temperature that can be used to reach this goal. This study is focused on the trop-
ical belt (20°N, 20° S) where higher-quality retrievals are expected compared to the
extratropics because of the low variability of the temperature profiles.

The goals of this paper are to present the first sixteen months of methane retrieved
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from MetOp IASI/AMSU observations. 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 inference scheme used to retrieve a tropospheric integrated content of CH,.
Section 4 describes the retrievals in terms of seasonal cycle, latitudinal variations and
geographical distribution, which are analyzed using in-situ data (surface and airborne
measurements) and simulations from an atmospheric chemistry and transport model.
Section 5 gives the conclusion.

2 Data and modeling tools
2.1 Satellite data: IASI and AMSU

The Infrared Atmospheric Sounding Interferometer (IASI) developed by the Centre Na-
tional d’Etudes Spatiales (CNES) in collaboration with the European Organisation for
the Exploitation of Meteorological Satellites (EUMETSAT) is a Fourier Transform Spec-
trometer based on a Michelson Interferometer coupled to an integrated imaging system
that measures infrared radiation emitted from the Earth. IASI provides 8461 spectral
samples, aligned in three bands between 645.00 cm™' and 2760.00cm™" (15.5umand
3.63 um), with a spectral resolution of 0.50 cm™ after apodisation (“Level 1¢” spectra).
The spectral sampling interval is 0.25 cm™'. 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 towards 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 ra-
diance 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.
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IASI Level 1c and AMSU Level 1b data are available since July 2007. IASI Level 2
data, produced at EUMETSAT, are available for temperature and water vapor since
October 2007. Temperature and humidity profiles are given on a 90 level grid. Their
estimated accuracies are respectively 1 K and 10% (EUMETSAT, 2004). Both Level 1c
and Level 2 data are routinely archived at the Laboratoire de Météorologie Dynamique
(LMD) via the Centre for Atmospheric Chemistry Products and Services “Ether” web-
site (http://ether.ipsl.jussieu.fr/), through EUMETCast, the Broadcast System for Envi-
ronmental Data of EUMETSAT.

2.2 Radiative models and data: 4A and TIGR

Infrared radiative simulations used in this study are performed using the fast line-by-
line 4A (Automatized Atmospheric Absorption Atlas) model (Scott and Chédin, 1981)
(http://ara.Imd.polytechnique.fr/; http://www.noveltis.fr/4AOP/). Co-developed by LMD
and NOVELTIS with the support of CNES, 4A is the reference radiative transfer 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 catalog (Jacquinet-Husson et al., 2008).

Our study is based on a statistically representative description of the atmosphere
from the Thermodynamic Initial Guess Retrieval (TIGR) database (Chédin et al., 1985;
Chevallier et al., 1998), with associated radiative information. Use is made of the latest
version of TIGR which comprises 7490 tropical atmospheric situations (4425 over sea,
the remaining over land), each of them described by its profiles of temperature, water
vapour and ozone. CO,, CH,, CO and N,O reference concentrations are assumed
constant along the vertical at 372 ppmv, 1860 ppbv, 100 ppbv and 324 ppbv, respec-
tively. For all TIGR atmospheric situations, for all scan angles, and for the 8461 IASI
channels (about 10° cases all together), clear-sky brightness temperatures (BT), trans-
mittances and Jacobians (partial derivative of the channel BT with respect to a layer
physical variable such as a gas mixing ratio, a temperature or the emissivity) are com-
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puted using 4A. The 15 AMSU BT are computed using the in house STRANSAC mi-
crowave forward model.
The noise due to the instrument is also computed using the following equation

NEAT (Tg(v)) = NEAT (T, (V) —% v Trer) (1)
95 (v, T5(v))

where NE AT is the equivalent noise temperature taken at the brightness temperature
Tg, of the channel located at frequency v, and B is the radiance. The reference noise
corresponding to a reference temperature T, of 280K is taken from the in-flight noise
measurement (CNES, private communication, 2007).

2.3 Atmospheric chemical and transport simulations: MOZART-2

For analyzing the IASI retrievals, use is made of CH, mixing 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°x1.9°
spatial resolution and 29 levels in the vertical. For all species except CH,, EDGAR v2.0
emissions are used as surface boundary conditions (Horowitz et al., 2003). CH, an-
thropogenic 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 described in Fiore et al. (2006) (their “ANTHRO+BIO” simula-
tion), emissions for intermediate years are obtained by linear interpolation, with emis-
sions for 2001-2004 held at 2000 values. Wetland CH, emissions are from Wang et al.
(2004), based on the spatial and seasonal distributions of Matthews and Fung (1987).
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3 Methane retrieval method
3.1 Channel selection: Sensitivity study of IASI channels

IASI presents 8461 channels covering most of the infrared spectrum. Only a hundred
of them are sensitive to methane. They are either located in band v, of methane,
around 7.7 um (1306 cm'1), or in band v, around 3.8 um (26300m'1), and present
various sensitivities to methane and other atmospheric or surface components. The
first problem arising in the retrieval method is thus the selection of a set of channels
presenting the best properties regarding the retrieval of methane. As described in
Crevoisier et al. (2003), three criteria must be used to reach this goal: (1) the sensitivity
of the channels to atmospheric CH, 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 CH, variations.

The sensitivity to methane variations of channels located in the 3.8 um band is much
lower than that of channels located in the 7.7 um band due to weaker absorption lines:
they will not be considered here. In the 7.7 um band, channels are sensitive to water
vapor (H,0), nitrous oxide (N,O) and surface characteristics. The corresponding vari-
ations, averaged over the TIGR tropical atmospheric situations, are plotted in Fig. 1
in terms of variation of the measured brightness temperature for a variation of 1K for
atmospheric temperature, 10% for CH,, 20% for H,0O, 2% for N,O and 0.01 for surface
emissivity. The instrument noise is also plotted in Fig. 1.

The main interference, as far as CH, is concerned, comes from H,O, which dom-
inates the infrared spectrum in the methane absorption bands. Since water vapor
variability is quite high, especially in the Tropics, and knowledge of its tropospheric dis-
tribution still limited, separating the CH, signal from water vapor is quite challenging
and precludes using most of the channels. Only a few successive channels located
in the 1301-1305¢cm ™" 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
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associated CH, Jacobians. They are not sensitive to nitrous oxide or surface charac-
teristics. 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 tempera-
ture and H,O Jacobians are shown in Fig. 2b and c, respectively. Infrared channels are
not sensitive to variations of methane in two parts of the atmosphere: the lower tropo-
sphere (roughly below 500 hPa) and the tropopause (Crevoisier et al., 2003). Indeed,
for the lower troposphere, an increase of CH, decreases the emission by the surface
and increases the emission by the atmosphere: the two terms compensate one an-
other. On the other hand, a channel peaking around the tropopause generally mixes
two parts of the temperature profile, one with a positive slope and one with a negative
slope. Once again, an increase of CH, gives two signals compensating one another.
The Jacobians have very similar shapes and all peak around 260 hPa. Hence, I1ASI
only allows the retrieval of a mid-to-upper tropospheric integrated content of methane.

As seen on Figs. 1 and 2, infrared CH, sensitive channels are also essentially sen-
sitive to temperature. Hence, the simultaneous use of IASI infrared measurements,
sensitive to both temperature and CH, variations, and of AMSU microwave measure-
ments, only sensitive to temperature, allows separating these two effects. AMSU chan-
nels 6 and 7 will be used in the retrieval procedure since their temperature 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 temperature (BT) by CH, vari-
ations, associated with the complexity (in particular its non-Gaussianity) of the rela-
tionship between CH, 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 hidden layers, has
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been preferred to a more classical one. This method has already been used to de-
rive tropospheric CO, integrated content from TOVS (Chédin et al., 2003, 2008), AIRS
(Crevoisier et al., 2004) and IASI (Crevoisier et al., 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 chan-
nels 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 CH, concentra-
tion (associated with inputs) and the “reference” one (1860 ppbv), and (2) 9 differences
between the “true” IASI BT (associated with the true CH, concentration value) and the
“reference” one (associated with the reference CH, concentration value), once again
to constrain the solution. All together, there are 10 predictands.

The TIGR database (see Sect. 2.2) is used as the training set from which the net-
works learn the relationship existing between inputs and outputs. Network input BT cor-
respond to randomly drawn values of CH, concentration in the range 1700—-1900 ppbv
and are computed from the reference value in TIGR using the CH, Jacobians. It is
worth noting that no prior information is thus given to the networks in terms of season-
ality, 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 channel a random Gaussian noise characterized by the equivalent noise
temperature (NE AT) 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

6864

ACPD
9, 6855-6887, 2009

First year of
tropospheric CH, in
the Tropics from IASI

C. Crevoisier et al.

: “““ “““


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/6855/2009/acpd-9-6855-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/6855/2009/acpd-9-6855-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

retrievals are representative of, are determined through radiative transfer simulations
based on the TIGR atmospheric profiles not used in the training of the neural net-
works. A uniform perturbation of CH, 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 change F; in ppmv/ppmv of the column mean apparent

mixing ratio (§) given a mixing ratio perturbation of Aqref at level /, is then given by

G (8g; = Ag"™) - 4 (8q; = 0)
Aqref

The mean and standard deviation of the averaging kernel for the IASI CH, 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 CH, covering the range 100-500 hPa (roughly 5—
15 km), with the highest sensitivity around 230 hPa.

F =

/

()

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
observations 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 observations.
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4 Results and discussion

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 CH, in the tropical belt (20° N, 20° S),
over sea, at night, for clear-sky only. Cloud detection scheme is based on 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 esti-
mation process have a reduced sensitivity to water vapor. It is nonetheless required
to verify that the neural networks have successfully been able to decorrelate CH, from
water vapor. Similarly, the separation between temperature and CH, through the use of
simultaneous infrared and microwave observations has to be validated. To perform this
analysis, we use IASI Level 2 temperature and water vapor products (see Sect. 2.1),
which have the advantage of being estimated directly from IASI: they thus describe
precisely the state of the atmosphere at the locations we estimate CH,. The coefficient
of linearity R between our estimates of tropospheric CH, and either IASI Level 2 tem-
perature at 200 hPa (maximum of IASI CH, averaging kernel plotted in Fig. 3) or water
vapor contained in the troposphere (between 100 and 500 hPa) are 0.00 and 0.10, re-
spectively. Both products are totally decorrelated; there is no remaining contamination
of CH, retrievals from neither atmospheric temperature nor water vapor.

4.2 Seasonal cycles

Figure 4 shows the monthly zonal average of IASI CH, retrievals for 8 latitudinal bands
of 5° each from 20° N to 20° S, over the Pacific Ocean. Since contrary to CO, and CO,
no systematic aircraft measurement of methane is available in the Tropics, only mea-
surements of methane made at the surface can be used to evaluate these results. Few
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sites are available in this region. They provide some information on the expected sea-
sonality and latitudinal variation of methane, which is a combination of various seasonal
phenomena: sources (wetlands, termites, biomass burnings, anthropogenic), sinks
(chemical destruction by OH), and atmospheric transport. Figure 5 shows the monthly
evolution of CH, measured at 5 stations from the GLOBALVIEW-CH, (2008) network:
MLO (19.53°N, 155.57° W, 3.4km), KUM (19.52°N, 154.82° W, 3m), GMI (13.43°N,
144.78° E, 2m), CHR (1.70°N, 157.17° W, 3m), 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 observed, with a minimum in July—
August 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 amplitude 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 CH, from Febru-
ary to April retrieved by IASI is also sometimes observed at CHR, as in 2006. After
almost a decade of constant globally-averaged atmospheric methane abundance (Dlu-
gokencky 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
retrieved 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 seasonal cycle observed in-situ. A peak of 10 ppbv
is observed by IASI in January—February 2008. These two months correspond to a
rather high inter-annual variability observed at SMO for the period January to March.
For instance, the seasonal cycles observed at SMO in the Southern Hemisphere and
at the other sites in the Northern Tropics tend to be negatively correlated in 2005 (min-
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imum 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 signal 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 photochemical 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 latitudinal variation of methane re-
trieved 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 Pa-
cific, between 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 purposes,
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 observed at the surface, but with much larger ampli-
tude (about 70 ppbv). 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 Northern Tropics.

4.3 Geographic distribution

Maps of seasonal mean CH, concentration are shown in Fig. 7 from September 2007
to August 2008, at a spatial resolution of 5°x5° (1°x1° 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°x5° 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
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having less than 40 individual 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 simulations, it is necessary to prop-
erly take into account the vertical weighting function F; of the retrieval algorithm given
by Eqg. (2) in ppmv/ppmv. Since a given variation of the mixing ratio in two pressure
layers with different thicknesses does not imply the same variation of molecules in each
layer, translating F; to the vertical discretization of MOZART-2 requires normalizing the
function by the TIGR layer thickness AP; on which F; has been computed. This results
in the molecular weighting function G;

PYELe .
- S (3)
where N is equal to 40, the number of TIGR pressure layers. The 40 G; values are
independent of the layer thickness and they can be interpolated to any vertical layer
distribution. Note that they are normalized so that the sum of the G;, weighted by layer
pressure thickness, is 1. The simulated integrated content of CH,, denoted qg',%z, is

finally given by

M
MOZ _ Z;:1 H/'Ap/‘Q/'
qCH4 - M
2i-1 Hibp;

where H; is the vertical weithing function G, interpolated on the M pressure layers Ap,
used by MOZART-2. Figure 8 shows the resulting integrated content of CH,, 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 pat-
terns. However, the range of variation of IASI CH, is larger by about 20 ppbv, and the
comparison of Figs. 7 and 8 shows a positive bias between retrieved and simulated
methane. This result is in agreement with several studies based on satellite (Bergam-
aschi et al., 2007; Meirink et al., 2008) or aircraft measurements in the Tropics (Miller et
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al., 2007), which have indicated significantly larger tropical emissions than previously
reported. According to IASI, and in agreement with aircraft measurements performed
at MLO, the magnitude of the simulated CH, is too low by about 20 ppbv. This might
indicate too weak convection in the atmospheric model. Such limitation of atmospheric
models has been reported in several studies (e.g., Stephens et al., 2007).

General patterns observed by IASI, and simulated by MOZART-2, include a year-long
low CH, region over most of the Pacific ocean, plumes of elevated CH, between Africa
and South America, year-long high values over Asia and the adjacent oceanic basins,
and a latitudinal and temporal variation in agreement with in-situ observations. Also
seen on the simulations, a plume of CH, 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 much lower than observed
by Frankenberg et al. (2005), in agreement with a revised version of SCIAMACHY
results (Frankenberg et al., 2008).

Plumes of methane retrieved west of Africa show a latitudinal variation with the sea-
son. According to IASI, in boreal 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 CH, from this region; in boreal summer, methane
exits from West Africa (5° N, 15° N). This time-latitude variation is in agreement with the
seasonality of methane emissions from African wetlands (Bergamaschi et al., 2007).

A particularly strong signal is the large plume of CH, retrieved south of the Asian
continent from October to April, which agrees very well with model simulations. This
large plume, which originates south of the Tibetan Plateau during the Asian summer
monsoon, which is also the period of high emissions from rice paddies (Huang et al.,
2004), seems to get first transported in the troposphere by deep convection and then
tends to go South to reach Indonesia. Unfortunately, the persistent cloudiness over the
Asian continent from July to September precludes IASI from seeing the beginning of
the plume. In boreal winter, emissions become stronger over Indonesia. Comparisons
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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 CH, seen on the seasonal variation in the Southern Tropics plotted in
Fig. 5. The high values of CH, retrieved by IASI in boreal winter may also be explained
by transport of air with elevated CH, from the Northern Hemisphere where methane
emissions are at their maximum.

In the absence of observed global maps of tropospheric CH,, a first way of quan-
tifying the dispersion of the retrievals is to determine the standard deviation of each
monthly 5°x5° box item sample. A small dispersion of 19 ppbv is observed (less than
1% of the mean CH, mixing ratio), which partly comes from the errors due to the
method and to the instrument, 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 minimum, and the maximum
values (~21 ppbv) correspond to the months of January—March when the natural vari-
ability (and the concentration, in particular in the Northern Tropics) is at its maximum.
Following Chédin et al. (2003), these standard deviations may tentatively be seen as
resulting from the combination of the standard deviation of the method (gy,) itself and of
the standard deviation of the natural variability (o,,) of CH, (5°x5°, one month). Doing
so, 0y, comes to about 16 ppbv (~0.9%) and o, comes to 3ppbv in July—September
and to 13 ppbv in January—March. Such numbers look reasonable. 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
features of the CH, field variability. More detailed analysis of the results and compar-
isons with other satellite data will be the subject of a follow-on paper.
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5 Conclusions

With its high spectral resolution and low radiometric noise, IASI provides new capa-
bilities to monitor methane in the troposphere. Nine channels, located in band v, of
methane near 7.7 um, present high sensitivities to methane, reduced sensitivities to
water vapor, and no sensitivity to nitrous oxide 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 integrated content representative of the
5-15km 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 variation. Com-
parisons with simulations from an atmospheric transport and chemistry model give
confidence in the ability of IASI to detect the geographical distribution of tropospheric
methane.

It is worth noting that the IASI CH, retrieval scheme does not use any a priori in-
formation on the trend, the seasonality, nor the geographical distribution of methane.
Likewise, the IASI CH, retrievals are fully independent from any a priori knowledge
of the state of the atmosphere and do not rely on any Level 2 data. It has been
demonstrated that the method has fully decorrelated methane from water vapor and
temperature variations. This has been achieved by using observations performed si-
multaneously by IASI, sensitive to both temperature and methane, and AMSU, only
sensitive to temperature. The performance of the retrieval is thus linked to both IASI
and AMSU instruments. The accuracy of the retrieval has been found to be about
16 ppbv (~0.9%), for a 5°x5° 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 transport pathways and to im-
prove our knowledge on the mechanisms that transport methane emissions from the
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surface to the upper atmosphere. While not sensitive to surface methane, IASI obser-
vations might thus prove useful for constraining atmospheric transport in a so-called
surface flux 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 |ASI-like instruments, scheduled
for 2011 and 2015, more than 20 years of methane will be available for climate studies.
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Table 1. List of IASI channels selected to retrieve methane. Columns 3 to 8 indicate the sensi-
tivity (in K) of each channel to the variation of CH, (10%), H,O (20%), N,O (2%), atmospheric
temperature (1K), surface temperature (1 K) and surface emissivity (0.01). Column 10 gives
the pressure B, of the maximum of the CH, Jacobians.
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Channel ® CH, H,O N,O T Toui  €sut Noise P
em™) K K K K (K (K (K (hPa)
2628 1301.75 1.07 0.13 0.09 092 0.01 0.03 020 292
2634 130325 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 0.00 024 262
2636 1303.75 1.11 0.07 0.06 098 0.00 0.00 0.23 262
2637 1304.00 1.17 0.12 0.07 097 0.01 0.02 020 292
2638 130425 127 0.11 0.05 096 0.00 0.01 0.21 262
2639 1304.50 1.18 0.07 0.04 096 0.00 0.01 024 262
2640 1304.75 1.00 0.05 0.05 097 0.00 0.00 0.27 235
2641 1305.00 1.08 0.08 0.04 095 0.00 0.00 025 235
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Fig. 1. Sensitivities of IASI channels located in the 7.7 um band to variations of methane
(10%), water vapor (20%), nitrous oxide (2%), atmospheric temperature (1K), surface emis-
sivity (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.
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Fig. 2. CH, (a), temperature (b) and H,O (c) Jacobians of the 9 IASI channels selected to es-
timate methane, and (d) temperature weighting functions of AMSU channels 6 and 7 (average
over the TIGR tropical atmospheric situations).
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Fig. 3. Averaging kernel of CH, IASI retrieval. Mean (full line) plus or minus standard deviation
(dashed lines) over the TIGR tropical atmospheric situations.
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Fig. 6. Latitudinal variation of methane as retrieved in the mid troposphere 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.
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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°x5°.
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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.
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