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Abstract. Simultaneous observations from the Infrared At- of CO, cycle while transported from the surface to the upper
mospheric Sounding Interferometer (IASI) and from the Ad- troposphere; (2) a more complex seasonal cycle in the south-
vanced Microwave Sounding Unit (AMSU), launched to- ern tropics, in agreement with in-situ measurements; (3) a
gether onboard the European MetOp platform in Octoberatitudinal variation of CQ shifting from a South-to-North
2006, are used to retrieve an upper tropospheric content ahcrease of 3.5 ppmv in boreal spring to a South-to-North de-
carbon dioxide (C®) covering the range 11-15km (100— crease of 1.5ppmv in the fall, in excellent agreement with
300hPa), in clear-sky conditions, in the tropics, over seatropospheric aircraft measurements; (4) signatures of CO
for the first year of operation of MetOp (January 2008- emissions transported to the upper troposphere. In addition
December 2008). With its very high spectral resolution, to bringing an improved view of C&distribution, these re-
IASI provides fourteen channels in the A band highly  sults from IASI should provide an additional means to ob-
sensitive to C@ with reduced sensitivities to other atmo- serve and understand atmospheric transport pathwayspf CO
spheric variables. IASI observations, sensitive to bothp CO from the surface to the upper troposphere.

and temperature, are used in conjunction with AMSU ob-
servations, only sensitive to temperature, to decorrelate both
signals through a non-linear inference scheme based on ney-
ral networks. A key point of this approach is that no use is
made of prior information in terms of Ceasonality, trend, Knowledge of today’s carbon sources and sinks, their spatial

or geographical patterns. The precision of the retrieval ises-;. .. " ' L T T i
timated to be about 2.0 ppmv-0.5%) for a Bx5° spatial distribution and their variability in time is one of the essential

resolution on a monthly time scale. Features of the retrievedngredlents for predicting the future carbon dioxide (g@x-

CO, space-time distribution include: (1) a stron seasonaImOSpheric concentration levels, and in turn radiative forcing
P . ; . 9 . of climate change by C® The distribution of atmospheric
cycle of 4 ppmv in the northern tropics with a maximum in

June—July and a minimum in September—October. This CyCOz reflects both spatial and temporal evolutions as well as

. ) the magnitude of surface fluxes (Tans et al., 1990). The tra-
cle is characterized by a backward two-months lag as COMeyivinal atmospheric ton-down approach (e.g. Gurney et al
pared to the surface, by a backward one-month lag as co P P PP g y N

ared to measurements performed at 14 km. and by a for:004) uses atmospheric transport models to determine the
P P ! y patio-temporal land-air surface flux distribution that gives

ward one-month lag as compared to observations performe .
L ) e best match to a global set of atmospheri@ata. In
at the tropopause (16 km). This is likely due to the time-lag _ . . " . .
principle, it is thus possible to estimate these fluxes from

atmospheric C@ concentration, provided that atmospheric
transport can be accurately modeled. However, this approach

Correspondence toC. Crevoisier is currently limited by the sparse and uneven distribution of
BY (cyril.crevoisier@Imd.polytechnique.fr)  the global flask sampling programs. Moreover, it requires an
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accurate modeling of atmospheric transport, which still suf-stratospheric temperatures, etc.) and the uneven distribution
fers from limitation, especially along the vertical (Stephens of the radiosonde stations.
et al.,, 2007; Yang et al., 2007). Densely sampling the at- The main difficulty in estimating global distribution of
mosphere in time and space, satellite measurements of theO, from infrared sounders comes from the fact that,CO
distribution of global atmospheric GQroncentration could infrared measurements are sensitive to both temperature and
in principle provide a way to address both issues. CO, variations. Independent information on temperature is
Until the recent launch of JAXA/GOSAT on 23 January thus needed to allow separating these two effect&d@het
2009, which is the first space mission specifically designedal. (2003) used a non linear inference scheme based on neu-
for CO; monitoring, information on C@atmospheric distri-  ral network to differentiate between temperature ang 6D
bution came first from thermal infrared sounders&@in et  including Microwave Sounding Unit (MSU) radiances in the
al., 2002, 2003; Crevoisier et al., 2004; Engelen et al., 2004process, since microwave radiance are insensitive tolt©
Chahine et al., 2005; Maddy et al., 2008; Strow and Hannonnot to temperature. Four years of mid-to-upper tropospheric
2008), and then from near infrared remote sensing (BuchwitZCO, content covering the 1987-1991 time frame between
etal., 2005; Barkley et al., 2007; Schneising et al., 2008). In-20° latitude was retrieved, with a measurement standard de-
frared sounders, which rely on thermal contrast to infer traceviations of about 3 ppm. The authors also successfully re-
gas concentrations, perform best in the middle to upper trotrieved mean C@growth rates over the-2(° latitude range
posphere. They thus bring limited information on surface of 1.75 ppm/year that agreed quite well with in situ measure-
fluxes, and attempts to use retrievals to constrain atmospheriments. Accuracy of the retrievals from this first generation
inversions of CQ surface fluxes have been for the most part of infrared sounders was however limited by the low spec-
unsuccessful (Chevallier et al., 2005). This is partly due totral resolution of the TOVS instruments, and by the lack of
biases affecting the satellite retrievals that are hard to corchannels only sensitive to GO
rectly assess, but also to the difficulties of models to repro- The launch of the Atmospheric Infrared Sounder (AIRS)
duce vertical transport, and hence, middle tropospheric COand of the Advanced Microwave Sounding Unit (AMSU)
variability (Tiwari et al., 2006; Shia et al., 2006; Yang et al., onboard NASA/Aqua satellite in May 2002 brought a new
2007; Stephens et al., 2007). Although only sensitive to CO step in the monitoring of trace gases from space, and sev-
in the mid-to-upper troposphere, thermal infrared sounderseral studies presented G@stimates from AIRS. Crevoisier
used alone or in combination with new near-infrared space-et al. (2004) extended the stand-alone approach developed
borne instruments that bring information on the total column,by Chédin et al. (2003) to derive a mid-to-upper tropo-
may thus give a better constraint on the model transport andpheric content of C& using the Aqua/AMSU microwave
vertical mixing in top-down flux estimation. They can also observations to bring the necessary information on atmo-
give valuable information on specific signals such as @@ spheric temperature. The measurement standard deviation
emissions uplifted to the part of the atmosphere seen by thevas about 2.5 ppm. Engelen and McNally (2005) proposed a
sounders (Cédin et al., 2008). one-dimensional variational data assimilation system, which
Although infrared sounders have historically been de-has recently been extended to a full four-dimensional sys-
signed for meteorological soundings (temperature, water vatem (Engelen et al., 2009) relying on the European Cen-
por, ozone), the impact of COvariations can be seen on ter for Medium-range Weather Forecasts (ECMWF) Inte-
some satellite records, in particular temperature estimatedrated Forecast System (IFS). Chahine et al. (2005, 2008)
from infrared observations made in @@bsorption bands used a classic linear estimation scheme to retrieve an upper-
(e.g. Turner, 1993, 1994). The first interpretation of in- tropospheric content of COMaddy et al. (2008) used a reg-
frared radiances in terms of GQroncentration were per- ularized nonlinear least squares solution, and relied on AIRS
formed by Cledin et al. (2002), yielding the first observa- retrieved atmospheric temperature and other thermodynamic
tion of the year-to-year increase of @®om space. Cédin  variables. Finally, Strow and Hannon (2008) used a least-
et al. (2002) used observations from the Television and In-squares method based on a few AIRS channels specifically
frared Operational Satellite-Next Generation (TIROS-N) Op- sensitive to the lower troposphere, and relied on ECMWF
erational Vertical Sounder (TOVS), flown aboard the Na- analyses for the atmospheric temperature profile. The ma-
tional Oceanic and Atmospheric Administration (NOAA) jor limitation of all these studies comes from the informa-
polar meteorological satellites since 1978. The authors antion on atmospheric temperature. For studies relying on me-
alyzed the differences between the satellite observations antkorological analyses or retrieved temperature profiles, un-
simulations from a radiative transfer model using collocatedcertainty in these variables, and possible errors in cloud-
radiosonde data and fixed gas concentration as the prime irelearing (as opposed to cloud-screening) significantly impact
put to derive seasonal cycles and trends of,CIR,0 and  the precision of the retrieved GOfor estimation schemes
CO in three latitudinal bands. Its main limit was its depen- based on the use of AMSU channels, the high radiometric
dency upon collocations between satellite observations andoise of Aqua/AMSU channel 7, which is the only chan-
radiosonde measurements because of their inability to meaael purely sensitive to troposphere, degrades the precision
sure all necessary information (surface temperatures, uppef the retrievals. Moreover, for the studies based on optimal
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techniques relying on a first guest, the impact of the choice Finally, the MetOp/High-Resolution Infrared Radiation
of this first guess on the retrieved €@ usually not fully  Sounder (HIRS-4) measures atmospheric and/or surface
assessed. emission in seven channels located around A&Q five
With its 8461 channels covering most of the infrared spec-located around 4.2m, and an 11.@m window channel.
trum at a very high spectral resolution, the Infrared Atmo- Ozone emission is measured in a Q@ channel. Other
spheric Sounding Interferometer (IASI) launched onboardchannels measure water vapor emission aroupth7and
the European MetOp platform in October 2006, gives thesurface emission at shorter wavelengths, aroupthd Its
opportunity to use several channels specifically sensitive tambservations will be used in this study for cloud-screening.
COy. Moreover, the Advanced Microwave Sounding Unit  1ASI Level 1¢c, and AMSU and HIRS4 Level 1b data are
(AMSU) also flying onboard MetOp provides microwave ob- routinely archived at LMD via the Centre for Atmospheric
servations that cover the whole atmospheric column with satChemistry Products and Services Ether websitgp(//ether.
isfactory radiometric characteristics. The goal of this paperipsl.jussieu.fr), through EUMETCast, the Broadcast System
is to present and evaluate the first retrieval of an upper trofor Environmental Data of EUMETSAT.
pospheric integrated content of carbon dioxide from MetOp
IASI/AMSU observations for the year 2008. This study is fo- 2.2 Radiative models and data: 4A and TIGR
cused on the tropical belt (20I:20° S) where higher-quality
retrievals are expected compared to the extratropics becaudBfrared radiative simulations used in this study are
of the low variability of the temperature profiles. Section 2 Performed using the fast line-by-line 4A (Automa-
describes data and modeling tools used in the retrieval protized ~Atmospheric =~ Absorption Atlas) model (Scott
cess. Section 3 presents the selection of IASI channels baseld  Ctedin,  1981;  http://ara.Imd.polytechnique.fr/
on their sensitivity to C@and other atmospheric variables, hittp://www.noveltis.fr/4AOP). Co-developed by the
along with the non-linear inference scheme used to retrieve &aboratoire de Nteorologie Dynamique (LMD) and
tropospheric integrated content of &CBection 4 describes NOVELTIS with the support of CNES, 4A is the reference
the retrievals in terms of seasonal cycle, latitudinal varia-radiative transfer model for the CNES/EUMETSAT IASI
tions and geographical distribution, which are compared to-evel 1 Cal/Val and operational processing. Here, it uses

airborne measurements. Section 5 gives the conclusion. ~ SPectroscopy from the regularly updated GEISA (Gestion et
Etude des Informations Spectroscopiques Atmeésiglues:

Management and Study of Spectroscopic Information)

2 Data and modeling tools spectral line data catalog (Jacquinet-Husson et al., 2008).
. _ Our study is based on a statistically representative de-
2.1 Satellite data: IASI, AMSU and HIRS4 scription of the atmosphere from the Thermodynamic Ini-

tial Guess Retrieval (TIGR) database €€in et al., 1985),
ith associated radiative information. Use is made of a ver-
on of TIGR (F. Chevallier, personal communication, 2008)

The Infrared Atmospheric Sounding Interferometer (IASI)
developed by the Centre National d’Etudes Spatiales (CNESﬁ

n qollgboratlon with the E uropean _Orgamsatlon for th_e Ex- which comprises 7490 tropical atmospheric situations (4425
ploitation of Meteorological Satellites (EUMETSAT) is a . .
over sea, the remaining over land), each of them described

Fourier Transform Spectrometer based on a Michelson Inter;_ " '
. : . by its profiles of temperature, water vapour and ozonez,CO
ferometer coupled to an integrated imaging system that me

aCH4, CO and NO reference concentrations are assumed

B e e ot slon e vertcal st 372 ppmy 1850 oy, 100 oty
645.0cnt? and 2760 cm? (15.5,m and 3.63:m), with a and 324 ppbv, respectively. For all TIGR atmospheric situ-

spectral resolution of 0.5 cm after apodisation (“Level 1¢” ations, for all scan angles, and for the 8461 IASI channels
P ' Alter ap : (_ (about 18 cases all together), clear-sky brightness temper-
spectra). The spectral sampling interval is 0.25¢mASI

: . . atures (BT), transmittances and Jacobians (partial derivative
is an across track scanning system with scan rang&8f3, (BT) (P

symmetrically with respect to the nadir direction. A nominal of the channel BT with respect to a layer physical variable

: . . such as a gas mixing ratio, a temperature or the emissivity)
scan line covers 30 scan positions towards the Earth. The N e computed using 4A. The 15 AMSU BT are computed us-
stantaneous field of view (IFOV) has a ground resolution of. hein h . ¢ 4 model
12 km at nadir. ing the in house STRANSAC microwave forward model.

Also flying onboard MetOp, the Advanced Microwave The noise due to the instrument is also computed using the

Sounding Unit (AMSU) is a cross-track scanning total-powerfouowIng equation

radiometer with 15 channels that measure scene radiance in 3B (4 Trep)
the microwave spectrum from 23.8 to 89.0 GHz. The AMSU NEAT (v, Tg(v)) = NEAT (v, Tref) agf—’re
instrument has an IFOV of 48 km at nadir, with scan range of a7 (v, Tp(v))
+48.3 from nadir with a total of 30 Earth fields-of-view per
scan line. The swath width is approximately 2000 km.

@)

where N EAT is the equivalent noise temperature taken at
the brightness temperaturgs, of the channel located at
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Fig. 1. Sensitivities of IASI channels located in the 461 (top) and 4.3um (bottom) bands to variations of carbon dioxide (1%), water vapor
(20%), ozone (20%) carbon monoxide (10%), atmospheric temperature (1 K), and surface emissivity (0.05), and instrument noise computed
at the brightness temperature. Average over the TIGR tropical atmospheric situations.

frequencyv, andB is the radiance. The reference noise cor- The radiometric noise computed at the BT of the scene is
responding to a reference temperatiizg of 280K is taken  also plotted in Fig. 1.

from the in-flight noise measurement (CNES, personal com- |5 poth bands, some regions present negative signals
munication, 2008). (around 650 cm? or 2350 cnt?). They are regions where
the channels essentially look in the stratosphere. By con-
trast, channels located in regions presenting a positive sig-
nal essentially look in the troposphere. The variations of
brightness temperature due to g@re the same in both
spectral bands, about 0.1K for a 1% variation of £&-
mospheric concentration. However, channels located near

CO,-sensitive channels are located in two spectral bands, oné-34m are less sensitive to other atmospheric components,
located around 16m (700 cntl) in the v, branch, and one which should, in principle, facilitate the retrieval of GOy
located around 4.8m (2000 cnt?) in the v3 branch. They increasing the signal-to-inteference ratio. Unfortunately, the
present various sensitivities to carbon dioxide and other at}ASI radiometric noise is higher in the shortwave than in the
mospheric or surface components. The first problem arisingongwave, and can be more than twenty times higher than the
in the retrieval method is thus the choice of a set of chan-COz signal in the shortwave region. This precludes using the
nels presenting the best properties regarding the retrieval gghannels located in the 4.3n band. In the following, only
CO,. As described in Crevoisier et al. (2003a), three crite-channels located in the 16n band will be considered. Since
ria must be used to reach this goal: (1) the sensitivity of thethe signal is only at the level of detectability, and despite the
channels to atmospheric G@hanges; (2) the sensitivity of SPectral averaging implied by the use of many channels, an
the channels to other gases or thermodynamic variables gtveraging of the retrievals will be necessary.

the atmosphere; (3) the part of the atmosphere to which the In the longwave C@ absorption band, channels located

3 COgy retrieval method

3.1 Channel selection: sensitivity study of IASI
channels

channels are sensitive to G@ariations. beyond 705 cm! are more and more sensitive to water va-
In the 15um band, channels are sensitive to water vaporpor. Since water vapor variability is quite high, especially
(H20), ozone (@) and surface characteristics; in the 418 in the tropics, and knowledge of its tropospheric distribu-

band, channels are sensitive to® carbon monoxide (CO), tion still limited, separating C®signal from water vapor is
and surface characteristics (emissivity and temperature). Thquite challenging and precludes using these channels. An-
corresponding variations, averaged over the TIGR tropicalother interference as far as @@ concerned comes from
atmospheric situations, are plotted in Fig. 1 in terms of varia-tropospheric ozone, which presents a high variability, and a
tion of the measured brightness temperature for a variation ofeasonal cycle which shows similarities with that of LO

1K for atmospheric temperature, 1% for Q0% for HO, Hence, channels sensitive to both £&hd & must be dis-
20% for G5, 10% for CO, and 0.05 for surface emissivity. carded. The remaining channels are mostly located below
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Table 1. List of IASI channels selected to retrieve @Columns 3 to 9 indicate the sensitivity (in K) of each channel to the variation ef CO
(1%), HO (20%), & (20%), atmospheric temperature (1K), and surface emissivity (0.05). Column 9 gives the radiometric noise computed
at the observed brightness temperature (in K). Column 10 gives the pressure Pmax (hPa) of the maximum-pd#velians.

Channel 10) CO, Hy0 O3 T €surf Noise  Pmax
ecmh ® K K K K (K (P

199 694.50 0.11 -0.02 0.00 0.88 0.00 0.26 181

205 696.00 0.12 0.00 0.00 0.85 0.00 0.25 211
211 69750 0.12 001 0.00 0.83 0.00 0.24 211
212 69775 012 002 0.00 082 0.00 0.24 211
218 699.25 0.13 0.02 0.00 0.78 0.00 0.22 235
219 699.50 0.12 001 0.00 0.79 0.00 0.22 211
224 700.75 012 000 0.00 0.74 0.00 0.22 235
225 701.00 0.12 0.02 0.00 0.76 0.00 0.22 235
226 701.25 012 003 0.00 0.78 0.00 0.22 235
230 70225 012 000 0.00 0.69 0.00 0.22 235
231 70250 0.12 0.01 0.00 0.71 0.00 0.22 235
232 70275 013 002 0.00 0.73 0.00 0.22 235
237 70400 012 001 0.00 0.70 0.00 0.21 262
238 70425 011 0.01 0.00 0.74 0.00 0.21 262

3 £y datoblans ] T Jacobians 5 AMSU T weighting function
10 T 10 T T T T 10 T T
— 188 : ] ST AMSU B
. | B R ................. e N E'—AMSUT
=5 : : '
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Fig. 2. CO, (left) and temperature (middle) Jacobians of the 14 IASI channels selected to estimate carbon dioxide, and (right) AMSU
temperature weighting functions. Average over the TIGR tropical atmospheric situations.

705cnT!. Among them, we have selected 14 channels,in Fig. 2, longwave infrared channels sensitive to varia-
which associate the highest sensitivity to £0 almost no  tions of CQ in the troposphere are quite insensitive to two
interference from other species. They are given in Table 1specific regions of the atmosphere: the lower troposphere
along with their sensitivities and altitude of the maximum of (roughly below 400 hPa) and the tropopause (Crevoisier et
their associated CfJacobians. al., 2003a). Indeed, for the lower troposphere, an increase
CO, Jacobians of the 14 selected channels are plotted i®f CO, decreases the emission by the surface and increases
Fig. 2. They have very similar shapes and all peak aroundhe emission by the atmosphere: the two terms compensate
200 hPa. Hence, IASI allows the retrieval of a mid-to-upperone another. On the other hand, a channel peaking around
tropospheric integrated content of carbon dioxide. As seerihe tropopause generally mixes two parts of the temperature

www.atmos-chem-phys.net/9/4797/2009/ Atmos. Chem. Phys., 9, 48932009
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profile, one with a positive slope and one with a negative The outputz; of neuronj in the hidden layer is thus given
slope. Once again, an increase of £@ves two signals by
compensating one another.

As seen on Figs. 1 and 2, infrared g€€ensitive channels Y
. . . ij=0 Zwijx,-
are intrinsically sensitive to temperature. Greenhouse gases; (i_l )
like CO,, CHg4, N2O or CO, have a significant but minor im-
pact, difficult to separate from this dominant signal. A good Given a neural architecture, defined by a specified num-
a priori knowledge of the temperature field may, in principle, ber of layers, neurons and connections, all the information
be given either by retrievals from IASI, or by NWP reanaly- of the network is contained in the overall Sét of synap-
sis. However, the noise associated with these fields, at leasic weights«;;. The learning algorithm is the optimiza-
1.0K, makes this information useless for our purpose. Intion technique that estimates the optimal network parame-
addition, climate-correlated biases associated with retrievedersW by minimizing a positive-definite cost function which
temperatures are particularly difficult to quantify and, thus, measures, for a set of representative situations for which in-
to eliminate. This explains why we have chosen to use siputs (here the brightness temperatures) and outputs)(CO
multaneous AMSU microwave measurements, only sensitiveare known (the learning set), the mismatch between the neu-
to temperature, together with IASI infrared measurementsral network outputs and the desired outputs. Here, the Error
sensitive to both temperature and £@riations, to separate Back-Propagation algorithm (Rumelhart et al., 1986) is used
these two effects. As shown in Fig. 2d, AMSU channels 6to minimize the cost function. It is a gradient descent algo-
and 7 have the temperature weighting functions closest tgithm well adapted to the MLP hierarchical architecture be-
those of the selected IASI channels, with no sensitivity to thecause the computational cost is linearly related to the number

©)

surface. They will be used in the retrieval procedure. of parameters. To avoid being trapped in local minima dur-
ing the minimization of the cost function, stochastic steepest
3.2 A non-linear inference scheme descentis used. The learning step is made sample by sample,

chosen iteratively and stochastically in the learning data set.

The weakness of the signal induced on IASI brightness tem- o )
perature (BT) by C@ variations, associated with the com- 3-2-2 Application to AMSU/IASI observations
plexity (in particular its non-Gaussian behavior and the low

. . . . . The chosen neural archi re is the following. The in
signal-to-noise ratio) of the relationship betweena0n- e chosen neural architecture Is the following e Input

. - ._layer is composed of: (1) the 14 IASI BT of the tropospheric
centration and observed BT, makes it difficult to solve this channels given in Table 1, (2) 2AMSUBT of channels 6

s oo 1978 M0 7, (3  iferencesbeeen 1A and ANSUT BT
Y P to help constraining the convergence process. All together,

(Rumelhart et al., 1986) with two hidden layers, has been . ;
. - . there are 22 predictors. The output layer of the network is
preferred to a more classical one. A similar technique has . . g
. . composed of: (1) the difference between the “true” value
been used,to_derlve tropospheric i0tegrated contentlfrlom of CO, concentration (associated with inputs) and the “ref-
;—P\/ZS()éE)reg:\nd(ﬁaasl'iasgr? iuiggg;filrlls g;slisecgcige:/k?elszeesrtiiaﬂe-rence” one (372 ppbv), and (2) 14 differences between the
tion of methane from IASI (Crevoisier et al., 2009), true” IASI BT (associated with the true CQoncentration

value) and the “reference” one (associated with the reference
CO, concentration value), once again to constrain the solu-
tion. All together, there are 15 predictands. Our past expe-

) _ ) rience and several trials have led us to chose 70 neurons for
The Multilayer Perceptron (MLP) network is a non-linear ihe first hidden layer and 40 for the second one.

mapping model composed of parallel processors called neu- The TIGR database (see Sect. 2.2) is used as the training
rons, which are organized in distinct layers. The first layerset from which the networks learn the relationship existing
represents the mput of the mapping. The intermediate 'ayerﬁetween inputs and outputs. Network input BT correspond
are called the hidden layers. These layers are connected vig randomly drawn values of GQ@oncentration in the range

neural links: two neurons and j between two consecutive 362382 ppmv and are computed from the reference value in
layers have synaptic connections associated with a synaptig|gr using the C® Jacobians. It is worth noting that no

weighte;;. Each neurory executes two simple operations. pyior information is thus given to the networks in terms of

First it makes a weighted sum of if¢ x; inputs; this sum  geasonality, trend, or geographical patterns 0pCO

is then transported through a so-called “transfer function”, 14 avoid the saturation of the neurons composing the first

from which the non-linearity comes from in the model. Here 4nq jast layers, which would stem from the shape of the ac-

use is made of the classical sigmoidal function tivation function and prevent an efficient learning phase, the
input and output data are normalized.

3.2.1 Neural network

o (x) = tanh(x) 2
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5 - ref A -
CO, IASI averaging kernel Fo— q (AQI = Aq ) —q(Agi =0) 4)
10 v Ag'ef

The mean and standard deviation of the averaging kernel
] for the IASI CO retrieval is plotted in Fig. 3. In the trop-
10° | i ics, the height of the tropopause being approximately 17 km,
the non linear inference scheme gives access to an upper
tropospheric integrated content of @©@overing the range
100-300 hPa (roughly 11-15 km), with the highest sensitiv-
ity around 210 hPa.

Pressure (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
0 002 0-03‘%02,-83CO2%,%?nv,p‘;-rﬁv) 012 014 016 by averaging, over the first year of operation (July 2007—
August 2008) and over the whole tropics {20 N), the
Fig. 3. Averaging kernel of CQ IASI retrieval. Mean (full line) differences bgnNeen Slmulatlons_, based Or_] th_e forward model
plus or minus standard deviation (dashed lines) over the TIGR tropHSed (assuming a constant profile of £@hich is the TIGR
ical atmospheric situations. reference used to train the network) and radiosonde measure-
ments from the ECMWF ERA-40 database, and collocated

Use is made of the Error Back-Propagation learning algo-(in time and space) satellite observations. Their values are

rithm (Rumelhart et al., 1986), with stochastic steepest gedvenin Table 2.

scent. At each step of the learning phase, the instrumené 4 Clear-sky detection
noise is taken into account by adding to the BT of each chan-

nel a random Gaussian noise, which takes into account th@my clear-sky situations are used to retrieve,C the ab-
radiometric noise and the noise due to inaccuracies in radiagence of a dedicated 1ASI cloud screening (presently under
fcive transfer simulations..The radiometric noise is CharaCter'development), clouds are detected at the MetOp/HIRS4 spa-
ized by the equivalent noise temperatukeH{AT) computed  ig| resolution by a succession of several multispectral thresh-
at the BT of the channel according to Eq. (1). To increasey|q tests, stemming from the detection scheme developed for
the signal to noise ratio, and speed the learning phase, weoys (Stubenrauch et al., 1998) and AIRS (Crevoisier et al.,
have chosen to divide the infrared noise by 2. This require$goap). All together, 11 screening tests, detailed in Table 3,
using the average of the 4IASIBT contained in each singlegre ysed: (1) 5 tests use differences between BT of HIRS4
AMSU field-of-view as inputs to the networks. Hence, re- gng AMSU channels, the latter being almost not sensitive
trievals will be performed at tht_—} AMSU spatial resolution. .A to clouds; (2) 5 tests use differences between window chan-
total of 7MLPs have been trained, one for each of the firstye|s, to help detecting low clouds that could still contaminate
seven AMSU local zenithal angle, ranging from nadir to an ygpospheric channels; and (3) 1 test, applied to each HIRS
upper limit of 40 to avoid the edges of the orbits. - FOV, consists in analyzing the standard deviation of BT of
As stated before, IASI channels are mostly sensitive ©0channel 8 computed over the 9 closest neighbors; this test
mid-to-upper tropospheric variations of @OThe averag- s ysed to measure the heterogeneity of the scene. For the
ing kernels, which indicate which part of the atmosphere the, g tests based on BT differences, the threshold values are
retrievals are representative of, are determined through ragetermined respectively to the position of the maximum and
diative transfer simulations based on the TIGR atmospherigne general shape of the histograms of each difference, de-
profiles not used in the training of the neural networks. A iarmined by season, and by angle of view. Their values are
uniform perturbation of C@mixing ratio is applied sequen-  given in Table 3. As a result, in the tropics, over sea, during

tially to each of the 39 layers of the atmospheric profiles. hight, about 75% of the situations are found not-clear.
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 chaien 4 Results and discussion

ppmv/ppmv of the column mean apparent mixing rag (

given a mixing ratio perturbation okg'f at leveli, is then ~ AMSU channel 6 is modestly, though significantly, sensitive

given by to surface, and particularly to relief. Hence, performing the
retrievals over land would require a more detailed study of
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Table 2. Radiative biases of IASI and AMSU channels used in the retrieval, computed over sea for the first year of MetOp operation.

IASI AMSU
# 199 205 211 212 218 219 224 225 226 230 231 232 237 3% 7
Bias (K) | 1.07 0.86 062 080 054 085 042 063 084 029 051 080 0.30 |[0Bt74 0.70

Table 3. Cloud detection tests. gl(4)-Tg(A7) stands for HIRS channel 4 brightness temperature minus AMSU channel 7 brightness
temperature. Threshold values are given with regards to the maximum of each test histograms over the season.

Channels Min. threshold (K) Max. threshold (K) Purpose

HIRS-AMSU  Tp(4)-Tp(A7) -1.5 1.2 High/Middle cloud
Tg(5)-Tp(A6) -1.6 1.4 Middle cloud
Tp(6)-Tp(A5) —-2.8 2.1 Low cloud
Tp(14)-Tp(A4) -3.2 2.7 Low cloud
Tp(15)-Tg(A5) -1.6 14 Low cloud

HIRS-HIRS  T3(8)-Tg(10) -3.3 3.6 Low cloud
Tp(4)-Tp(5) -14 3.0 Middle cloud
Tp(5)-Tp(6) -13 15 Middle/Low cloud
Tg(6)-Tg(7) -1.7 21 Low cloud
Tp(10)-T5(18) —99.0 3.5 Low cloud

HIRS 8: Standard deviation over the 9 closest neightkots7 K Heterogeneity test

the influence of surface elevation: so far, the present applimer, and still a minimum in the fall. The amplitude of €O
cation is limited to sea cases. gQ@pper tropospheric in- variability in the Southern Hemisphere is also much smaller
tegrated content with sensitivity given by the averaging ker-than in the northern tropics.

nel plotted in Fig. 3 i§ retrieved for the first year of coupled  \/5jyable information about Cfvariations in the middle
IASI/AMSU observations from January to December 2008. troposphere is given by regular in-situ measurements af CO
made by commercial airliners of the Japan Airlines (JAL)
4.1 Seasonal cycle between Japan and Australia since the mid 1980s (Nakazawa
et al., 1991; Matsueda et al., 2002; data availablatfg:
As seen in Fig. 4, a clear seasonal cycle of about 4 ppmy/9aw.kishou.go.jp/wdcgg.htillin November 2005, the Na-
is retrieved by IASI in the northern tropics, with a max- tional Institute for Environmental Studies (NIES), the Me-
imum in summer (June=July), and a minimum in the fall teorological Research Institute (MRI), Tohoku University,
(September—October). A slight decrease of the cycle amand Japan Airlines started a new phase of the JAL project
plitude with latitudes is also observed, in agreement withcalled Comprehensive Observation Network for Trace gases
in-situ measurements (Matsueda et al., 2002) and previPy AlrLiner (CONTRAIL), expanding the commercial air-
ous CQ retrievals from TOVS (Cédin et al., 2003). Fig- craft measurement program to include regular JAL flights
ure 5 shows the average G@easonal cycle over 2003— from Japan to Europe, North America, and Asia. In the
2007 measured at six stations from the GLOBALVIEW-CO CONTRAIL project, a newly developed Continuous Measur-
(2008) network: MLO (19.53N, 155.57 W, 3.4km), RPB ing Equipment (CME) for in-situ C@observation, as well as
(13.17 N, 59.43 W, 45m), CHR (1.70N, 157.17 W, 3m), an improved Automatic air Sampling Equipment (ASE) for
SEY (4.67 S, 55.17E, 3m), SMO (14.24S, 170.57 W, flask sampling have been installed on Boeing 747-400 and
42m), and CFA (19.28S, 147.06 E, 2m). Compared to Boeing 777-200ER (Machida et al., 2007, 2008; Matsueda
surface measurements made in the northern tropics, the an§f al., 2008; Sawa et al., 2008).
plitude of the IASI retrieved cycle is lower, by about 2 ppmv, The seasonal cycles of GO measured by
and is lagged by 1-2 months (at the surface,@Oat its =~ JAL/CONTRAIL are plotted in Fig. 6 for the period
maximum in April-May and at its minimum in September— 2003—-2007. IASI retrieved CfOcycles are also plotted in
October), highlighting the progressive delay of theL2gcle Fig. 6 (thick black line). There is a good agreement between
while it is transported upward to the upper troposphere (sedoth datasets in terms of the cycle amplitude. However,
below). In the southern tropics, the @®ariation is more  there is a one-month lag between aircraft measurements and
complex, with a two-maxima structure in spring and sum- IASI retrievals, as shown with the black-dashed line, which
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Fig. 4. Seasonal cycle of Cfas retrieved in the mid-to-upper tro-
posphere from IASI over the Pacific Ocean in 8 latitudinal bands of

5° each from January 2008 to December 2008 in the northern trop-

ics (top) and southern tropics (bottom). The black line shows the
average over the whole band.

CO, (ppmv)

Month

Fig. 5. Seasonal cycle of detrended €@s measured at the sur-
face at six stations from the GLOBALVIEW-CG(2008) network
(average over 2004—2007).

corresponds to the IASI retrieved cycle lagged forward by
one month. This lag is likely due to vertical transport of O
Indeed, on one hand, the JAL/CONTRAIL observations

4805

Northern tropics (20N:EQ)

= JAL average
— JAL 2003

— JAL 2004

— JAL 2005

— JAL 2006

= |ASI 2008

= = =]ASI 1 month lag

CO, (ppmv)

CO, (ppmv)

Fig. 6. Seasonal cycle of detrended €@veraged over the north-
ern tropics (top) and the southern tropics (bottom). Thin lines give
the JAL/CONTRAIL CQ measured by aircraft from 2003 to 2006.
The blue thick line gives the JAL/ICONTRAIL average of g@ver
2003-2006 and associated standard deviation. The thick black line
gives the cycle retrieved by IASI (same as in Fig. 4). The thick-
dashed black line gives the IASI cycle lagged forward by one-
month.

lower part of the atmosphere-800 hPa) to which selected
IASI channels are sensitive, as shown by the;@@eraging
kernel in Fig. 3. At that altitude, C£is at its maximum in
May—June and at its minimum in September—October. On
the other hand, several studies (e.g. Boering et al., 1996;
Strahan et al., 1998, 2007) have shown that, at the entering
point of the stratosphere, the seasonal cycle ob @@s
lagged backward by 2—-3 months as compared to the cycle
measured at the surface, with a maximum in July and a
minimum in December. In the tropics, the typical entering
point of the stratosphere is at 100 hPa, which corresponds
to the higher part of the atmosphere to which selected 1ASI
channels are sensitive, as shown by the,Cferaging
kernel in Fig. 3. Hence, a lag in the IASI retrieved £€cle

of one-month backward as compared to mid-troposphere air-
craft measurements on one hand, and of one-month forward
as compared to the stratospheric entering air on the other
hand seems realistic. This feature was not seen on AIRS
retrievals performed previously with a similar estimation

cover the altitude range 9—-11 km, which corresponds to thescheme (Crevoisier et al., 2004). This might be explained

www.atmos-chem-phys.net/9/4797/2009/
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Fig. 7. Latitudinal variation of detrended C(s retrieved from IASI in the mid-to-high troposphere in 2008 (black line) and as measured by
JAL airliners at~11km in 2004 (blue lines), 2005 (red lines), and 2006 (purple lines). For the latter dataset, the full (dashed) lines present
the average of JAL/ICONTRAIL measurements performed at the beginning (end) of the months.

by the use of 1xm channels only for IASI, whereas both delay, the S—N increase only starts appearing in the upper
15um and 4.3um channels were used for AIRS. As seen troposphere, as seen on both JAL measurements and IASI re-
in Sect. 3.1, 4.3m channels bring information on GGat trievals. In April-June, C@has reached its maximum in the
lower altitude than 1mwm channels. IASI, which is sensitive boundary layer in the Northern Hemisphere, leading to a S—
to the altitude range 100-300 hPa (11-15 km), thus retrieve®l gradient of about 4 ppmv in the mid-to-upper troposphere.
CO, in a higher part of the atmosphere than AIRS, which is During the drawdown of C®in July—September, the north-

sensitive to the altitude range 100-500 hPa (5—-15 km). ern CQ decreases sharply, yielding an almost constant tro-
pospheric CQ in the tropical band. In October—-December,
4.2 Geographic distribution while CQ; starts increasing again in the boundary layer in the

Northern Hemisphere, the tropospheric £®mains higher
South-to-North (S—N) C&dependence, as retrieved by IASI in the southern tropics.
in 2008 in a longitudinal band extending from 235 to Maps of seasonal mean G@oncentration are shown in
180 E (to have enough items in a region characterized byFig. 8 from January to December 2008, at a spatial resolu-
a large cloudiness), and as observed by JAL/CONTRAILtion of 5°x5° (1° x 1° moving average). This resolution was
aircrafts in 2003-2006 around 158 are plotted for each chosen to average enough individual retrievals to make ro-
month in Fig. 7. There is an overall good agreement betweerust statistics. After the removal of not-clear observations,
IASI retrievals and JAL measurements. The latitudinal varia-the number of individual retrievals, per month and pex 5°
tion of atmospheric C@results from the convolution of GO gridbox, is about 400 in regions where clear-sky is prevailing
sources and sinks characteristics, &®@asonal variability in  but can be as low as 10 in more cloudy areas. To eliminate
the boundary layer, vertical transport and interhemispherigossible undetected clouds, boxes having less than 40 indi-
transport. This explains the shift from a S—N increase invidual retrievals are not considered (blank areas on Fig. 8).
the spring to a S—N decrease in winter, which is particularlyThey mostly correspond to regions of deep convection with
well captured by IASI. In January—March, in the Northern persistent cloudiness.
Hemisphere, the boundary layer g@hich started increas-
ing in the fall, keeps growing, but, due to upward transport

Atmos. Chem. Phys., 9, 479481Q 2009 www.atmos-chem-phys.net/9/4797/2009/
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Fig. 8. Seasonal upper tropospheric integrated content of @Pmv) as retrieved from IASI observations, from January 2008 to December
2008, at a resolution 0f*5<5°. Blank areas denote rejections due to persistent cloudiness.

The seasonal variation of G@oncentration is well seen pected, the maximum of variability is found in Spring (April
on Fig. 8, especially in the Northern Hemisphere, and followsand May), whereas autumnal months (September, October)
the one shown in Fig. 6. In Spring, higher concentrations areshow a relatively low variability of C@
found in northern tropics. A decrease of these high concen- The Seasona”ty of biomass bumings might explain the
trations is observed during Summer, probably due to the inplumes of CQ observed by IASI exiting central Africa
crease of photosynthesis activities of the northern biomasshrough the west coast in boreal winter, and exiting south-
The shift from a S-N latitudinal C@increase in boreal win-  ern Africa and America in summer. Fire activity is seasonal,
ter and spring to a S-N decrease in the fall, with a neutral Sgenerally lasting 3-4 months according to the dry season
N variation in summer is also well retrieved by IASI. As ex- |ength (Duncan et al., 2003; Cooke et al., 1996). In southern
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Africa, the fire season extends from April to October and5 Conclusions

shows a peak in June-July; in northern Africa, the fire sea-

son extends from November to April, and shows a maximumWith its high spectral resolution, IASI, coupled with AMSU

in December-January (Cahoon et al., 1992; Barbosa et al/microwave observations, provides new capabilities to mon-
1999; Cledin et al., 2008). In South America, the fire sea- itor carbon dioxide in the troposphere. Fourteen channels,
sonality is weaker than in Africa and shows a peak in Au-located in band; of CO; near 15um, present high sensitiv-
gust for southern South America and in January for north-ities to CQ and no sensitivity to water vapor, ozone and sur-
ern South America (Hoelzemann et al., 2004). From Julyface characteristics. They are mostly sensitive t@ @&ia-

to September, a maximum of GQ@oncentration is found tionsin the upper troposphere, thus leading to the retrieval of
East of Africa over the Pacific. This strong signature, al- an upper tropospheric integrated content representative of the
ready found with AIRS observations (Crevoisier et al., 2004),11-15 km range in the tropics through the use of a non-linear
might be due to two effects: biomass burning emission frominference scheme based on neural networks. The high radio-
southern Africa, and pollution from Asia migrating to this metric noise affecting IASI channels in the shortwave pre-
region. The observed variability is partly yet not fully under- cludes using this spectral region to retrieve C@us yield-
stood and more work needs to be done to fully understandng a sensitivity to CQ variations at higher altitudes than for
the retrieved spatio-temporal distribution. AIRS.

As compared to several atmospheric transport model sim- It is worth noting that the IASI C@retrieval scheme does
ulations previously published with the aim of evaluatingZCO not use any a priori information on the trend, the seasonality,
fields derived from thermal infrared observations (Tiwari et nor the geographical distribution of carbon dioxide. Like-
al., 2005; Chevallier et al., 2005), IASI shows a much higherwise, the IASI CQ retrievals are fully independent from any
variability than any model simulations, which are usually a priori knowledge of the state of the atmosphere and do not
characterized by a strong latitudinal structure. This mightrely on any Level 2 data. To separate the radiative effects
be explained by the difficulty of models to reproduce vertical of temperature and CQwhich is the core of the ability of
transport to the upper troposphere (Tiwari et al., 2006; Shianfrared sounders to measure g@ariations, use is made
et al., 2006; Yang et al., 2007; Stephens et al., 2007). Toof observations performed simultaneously by IASI, sensitive
gether with other instruments, I1ASI should provide a meansto both temperature and GOand AMSU, only sensitive to
to observe and understand atmospheric transport pathways t&mperature. The performance of the retrieval is thus linked
CO; from the surface to the upper troposphere. to both IASI and AMSU instruments. The precision of the

In the absence of observed global maps of tropospheri¢etrievals has been found to be about 2 ppm0.6%), for a
CO, afirst way of quantifying the dispersion of the retrievals 5° x5° spatial resolution on a monthly time scale. However,
is to determine the standard deviation of each monthiy3 a direct estimation of their precision is not possible due to
box item sample. A small dispersion of2.7 ppmv is ob-  lack of direct simultaneous measurements.
served (less than 1% of the mean £@ixing ratio), which In terms of seasonality and latitudinal variation, the re-
partly comes from the errors due to the method and to thdrievals, performed for clear-sky only, agree well with in-situ
instrument, and partly from the natural variability of €0 measurements performed in the mid-troposphere in the past
within each box over one month. The smallest values offew years. However, the cycle retrieved from IASI (with
the standard deviation{2.2 ppmv) correspond to the months maximum sensitivity at 13 km) is lagged backward by two
of October—November when the natural variability (and the months as compared to the surface, lagged backward by one
concentration, in particular in the northern tropics) is at its month as compared to measurements performed at 11 km and
minimum, and the maximum values8.1 ppmv) correspond to retrievals from AIRS which has a maximum sensitivity
to the months of June—-August when the natural variabilityat 11 km, and lagged forward by one month as compared to
(and the concentration, in particular in the northern tropics) isobservations performed at the tropopause (16 km). This is
at its maximum. Following Cédin et al. (2003), these stan- likely due to vertical transport of C£cycle, and might prove
dard deviations may tentatively be seen as resulting from theuseful to better understand the evolution of the phasing of
combination of the standard deviation of the methegf)Y = CO, seasonal cycle with altitude.
itself and of the standard deviation of the natural variabil- The retrieved spatial variations have highlighted latitu-
ity (oy) of COp (5°x5°, one month). Doing sayy comes  dinal and longitudinal C@ variations which could be at-
to about 2.0 ppmv~0.5%) andoy comes to 1.0 ppmv in tributed to surface emissions uplifted to the upper tropo-
October—-November and to 2.4 ppmv in June—August. Suclsphere. Therefore, IASI retrievals potentially bring addi-
numbers look reasonable. However, this result is more an aptional information on the detection of atmospheric transport
preciation of the internal consistency of the method than arpathways and on the mechanisms that transport €®is-
estimation of its precision. Associated with the comparisonsions from the surface to the upper atmosphere. Even if
to in situ measurements these values bring some confidenagot sensitive to surface GQIASI observations might thus
in the overall description of the features of the £fIld vari- prove useful for constraining atmospheric transport in a so-
ability. called surface flux inversion. However, while performing any
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estimate of sources and sinks, it is required to take into ac- Geophys. Res. Lett., 32, L22803, doi:10.1029/2005GL024165,
count the fact that retrievals are only performed in clear-sky 2005.

conditions. With the launch of two other successive IAS|- Chahine M. T., Chen, L., Dimotakis, P., Jiang, X., Li, Q., Olsen,
like instruments, scheduled for 2011 and 2015, more than 20 E- T., Pagano, T, Randerson, J., and Yung, Y. L.: Satellite re-

years of CQ will be available for climate studies. mote sounding of mid-tropospheric GOGeophys. Res. Lett.,
35, L17807, doi:10.1029/2008GL035022, 2008.
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