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Abstract

This paper presents the first global distributions of CO vertical profiles retrieved from a
thermal infrared FTS working in the nadir geometry. It is based on the exploitation of
the high resolution and high quality spectra measured by the Interferometric Monitor of
Greenhouse gases (IMG) which flew onboard the Japanese ADEOS platform in 1996–5

1997. The retrievals are performed with an algorithm based on the Optimal Estimation
Method (OEM) and are characterized in terms of vertical sensitivity and error budget. It
is found that most of the IMG measurements contain between 1.5 and 2.2 independent
pieces of information about the vertical distribution of CO from the lower troposphere to
the upper troposphere-lower stratosphere (UTLS). The retrievals are validated against10

coincident NOAA/CMDL in situ surface measurements and NDSC/FTIR total columns
measurements. The retrieved global distributions of CO are also found to be in good
agreement with the distributions modeled by the GEOS-CHEM 3D CTM, highlighting
the ability of IMG to capture the horizontal as well as the vertical structure of the CO
distributions.15

1. Introduction

Carbon monoxide (CO), produced by human activities such as the combustion of fossil
fuels, biomass burning and by the oxidation of CH4 and other hydrocarbons (Holloway
et al., 2000), is one of the most important atmospheric pollutant. It is responsible for
about 75% of the hydroxyl radical (OH) sink (Thompson, 1992), and is thereby affecting20

the oxidizing capacity of the troposphere and the concentrations of greenhouse gases
such as CH4 and O3, and contributing to climate change (Daniel and Solomon, 1998).
As a precursor to the formation of tropospheric ozone, CO is also greatly influencing
air quality. Finally, with a lifetime of 1 to 3 months, CO is a good tracer to study long
range transport of pollution (Forster, 2000; Stohl et al. , 2002; Duncan and Bey, 2004).25

In the past decades, the abundance of tropospheric CO was only provided by
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sparsely distributed measurement sites (Novelli et al., 1992, 1998) and by airborne
measurement campaigns (Emmons et al., 2000). Nadir looking instruments placed
on polar orbiting satellites to probe the troposphere have greatly enhanced our ability
to address the impact of human activities on the evolution of the composition of the
atmosphere (Clerbaux et al., 2003).5

The global distributions of CO provided by the nadir viewing thermal infrared gas
correlation spectrometers MAPS (Measurement of Air Pollution from Space), which
flew onboard space shuttles for short missions in 1981, 1984 and 1994 (Reichle et al.,
1999), and MOPITT (Measurement Of Pollution In The Troposphere), which is oper-
ating from the Terra satellite since December 1999 (Deeter et al., 2003), and by the10

Fourier Transform Spectrometer (FTS) IMG (Interferometric Monitor for Greenhouse
gases), which flew onboard the ADEOS platform (Kobayashi et al., 1999) from August
1996 to June 1997 (Hadji-Lazaro et al., 1999), have demonstrated the great potential
of space-based observations. In the near future, global tropospheric CO data will also
be provided by AIRS (Atmospheric Infrared Sounder) launched on the Aqua platform15

in 2002 (Pagano et al., 2003), by TES (Tropospheric Emission Spectrometer) that has
been launched on the Aura satellite in 2004 (Worden et al., 2004) and by the serie
of IASI (Infrared Atmospheric Sounding Interferometer), the first of which is planned
to be launched on the Metop meteorological platform in 2006 (Turquety et al., 2004).
Finally, SCIAMACHY onboard the ENVISAT platform launched in March 2002, which is20

measuring the near infrared solar radiation reflected by the Earths surface, has recently
provided its first CO total columns on a global scale (Buchwitz et al., 2004; Frankenberg
et al., 2004). Up to the present date, MOPITT is the only space-borne nadir instrument
that has successfully delivered information about the vertical distribution of CO in the
troposphere (Deeter et al., 2004).25

This work examines the possibilities to retrieve vertically resolved information from
a nadir viewing thermal infrared FTS. The analysis relies on the measurements pro-
vided by IMG, which offers a unique source of information to prepare the TES and IASI
space missions. Global distributions of CO profiles based on the analysis of the IMG
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data recorded from 1 to 10 April 1997, are presented for the first time. In Sect. 2, we
present the CO observations including the characteristics of IMG, the retrieval method,
the characterization formalism, and the main experimental parameters. Section 3 is
dedicated to a short description of the three-dimensional (3-D) global model of chem-
istry and transport GEOS-CHEM, used for the comparison with the IMG CO global5

distributions. In Sect. 4 the results are presented and discussed, starting with a de-
tailed characterization of the retrieved CO profiles in terms of vertical sensitivity and
error budget. The retrieved total columns and lower tropospheric mixing ratios of CO
are then compared with ground-based and in situ surface measurements. Finally, the
CO global distributions retrieved from IMG are discussed and compared with the distri-10

butions modeled by GEOS-CHEM. The conclusions and perspectives of the study are
summarized in Sect. 6.

2. CO observations

A detailed description of the IMG CO observations is given in this section. After a brief
presentation of the IMG instrument, the general retrieval method and the characteriza-15

tion procedures are described. Finally, the implementation of the retrieval method for
the analysis of the IMG data is described.

2.1. The IMG instrument

IMG was a project of the Japanese Ministery of International Trade and Industry (MITI).
The mission aimed at measuring the global abundances of the main greenhouse gases20

from space. The instrument, launched on 17 August 1996 onboard the ADEOS plat-
form, ceased operating at the end of June 1997, after a failure of the satellite. The
ADEOS satellite flew on a polar sun synchronous orbit at about 800 km altitude provid-
ing a global Earth coverage from 81◦ N to 81◦ S every 4 days.

IMG is a nadir viewing FTS that measured the radiation emitted by the Earth-25
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atmosphere system. The Maximum Optical Path Difference (MOPD) of the interferom-
eter is 10 cm, leading to a nominal resolution of 0.1 cm−1. The radiation was simultane-
ously recorded by three detectors to cover the spectral range from 665 to 3030 cm−1.
Two photovoltaic InSb detectors covered Band 1, from 2190 to 3030 cm−1 and Band 2,
from 1875 to 2500 cm−1, and a photoconductive-type HgCdTe detector was used for5

Band 3, from 665 to 2000 cm−1. Each detector had a 0.6◦ field of view yielding to a
8×8 km2 squared pixel on the Earth’s surface. The detector for Band 2, of interest for
the CO retrievals, was placed on the optical axis of the interferometer, with the two
other detectors on each of its sides.

2.2. Retrieval methodology10

The CO vertical distributions presented in this paper have been obtained using the At-
mosphit software developed at the Université Libre de Bruxelles. This software enables
the processing of atmospheric FTIR spectra recorded by nadir and solar occultation
limb viewing spaceborne instruments and by ground-based instruments (Coheur et al.,
submitted, 20051; Clerbaux et al., 2005; Barret et al., 2005). This section provides a15

general description of the retrieval process and of the error budget evaluation.

2.2.1. Forward and inverse model

For a discretized atmosphere, the analytical relationship between the measured radi-
ance and the true atmospheric state, the forward radiative transfer equation, is given
by:20

y = F(x; b) + ε (1)

1Coheur, P.-F., Barret, B., Turquety, S., Hurtmans, D., Hadji-Lazaro, J., and Clerbaux, C.:
Retrieval and characterization of ozone vertical profiles from a thermal infrared tropospheric
sounder, J. Geophys. Res., submitted, 2005.
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where F is the forward radiative transfer model, y is the measurement vector containing
the measured radiance, x is the state vector containing the variables to be retrieved (at-
mospheric concentrations, surface temperature, etc.), b represents all the other fixed
parameters having an impact on the measurement (atmospheric temperatures and
pressures, instrumental parameters, etc.), and ε is the measurement noise. The radi-5

ance that reaches the satellite, corresponds to the sum of the radiation emitted by the
Earth’s surface, attenuated by the whole atmosphere and the radiation emitted by each
atmospheric layer attenuated by the atmosphere remaining above it. For each layer,
the transmittance spectrum is computed using the line parameters compiled in spectro-
scopic databases (e.g. HITRAN (Rothman et al., 2003) or GEISA (Jacquinet-Husson10

et al., 1999)) and the absorption continua of water vapor, carbon dioxide, oxygen and
nitrogen using the MT-CKD model (Clough et al., 2005). The absorption lines are com-
puted assuming a Voigt line profile. The integrated radiance that reaches the detector
is computed and convolved with the Instrumental Line Shape (ILS).

The goal of the inverse problem is to determine the state vector from the measure-15

ment vector. Because some components of the state vector do not contribute to the
measurement, this is an ill-conditioned problem, meaning that it has no unique solu-
tion. Therefore, in order to give a valid solution, the inversion has to be constrained or
regularized with an additional source of information. The Optimal Estimation Method
(OEM) (Rodgers, 1976, 2000) constrains the inversion with a priori information about20

the variables to be retrieved. This a priori information, composed of a mean a priori
state, xa, and an a priori covariance matrix, Sa, has to represent the best statistical
knowledge of the state prior to the measurements. It should therefore be based on
a ”real” ensemble of states coming from independent sources (e.g. climatology, other
observations, atmospheric models).25

For a linear problem, the retrieved state, solution of the OEM, is a combination of the
measurement and the a priori state inversely weighted by their covariance matrices
and is given by (Rodgers, 1976, 2000)

x̂ = (KTS−1
ε K + S−1

a )−1(KTS−1
ε y + S−1

a xa) (2)
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where Sε is the measurement covariance matrix, and K=∂F
∂x is the Jacobian of the

forward model. The rows of K are the derivatives of the spectrum with respect to the
retrieved variables.

In the case of a non-linear problem, as the retrieval of CO profiles, the Jacobian
is a function of the retrieved state x̂ and the solution cannot be directly inferred from5

Eq. (2). An iterative Gauss-Newton method is used instead. At the i+1 iteration, the
state vector is then given by:

x̂i+1 = xa + (KT
i S−1

ε Ki + S−1
a )−1KT

i S−1
ε[

y − F(x̂i ) + Ki (x̂i − xa)
]

(3)10

where Ki=
∂F
∂x (x̂i ). The iteration procedure is stopped when the absolute difference be-

tween the radiances modeled at the two last iteration steps, |F(x̂i+1)−F(x̂i )|, is less than
a fraction (20%) of the measurement noise. Convergence is generally achieved after
less than 5 iterations, and strengthening the convergence criterion does not produce
significant changes on the retrieved profiles.15

2.2.2. Characterization of the retrievals

Since the inverse problem is not strongly non-linear, we can use the linear approxi-
mation for the characterization of the retrievals (Rodgers, 1990, 2000). For a linear
retrieval, the retrieved state can be written as:

x̂ = xa + A(x − xa) + G(ε + Kb(b − b̂)) (4)20

where b̂ is the approximate of the model parameters available to the user. The Jaco-
bian, Kb=

∂F
∂b , characterizes the sensitivity of the forward model F to the model param-

eters. The gain matrix, G, is the matrix whose rows are the derivatives of the retrieved
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state with respect to the spectral points. It is defined by:

G =
∂x̂
∂y

= (KTS−1
ε K + S−1

a )−1KTS−1
ε (5)

The averaging kernel matrix, A, sensitivity of the retrieved state to the true state, is the
product of the gain matrix by the Jacobian matrix:

A =
∂x̂
∂x

= GK (6)5

The element A(i , j ) is the relative contribution of the element x(j ) of the true state to the
element x̂(i ) of the retrieved state. The vertical resolution of the retrieved profile can
be defined as the Full Width at Half Maximum (FWHM) of the rows of the averaging
kernel matrix. The number of independent elements of information contained in the
measurement can also be estimated as the Degrees Of Freedom for Signal (DOFS)10

defined as the trace of the averaging kernel matrix (Rodgers, 2000). The averaging
kernels are provided for each retrieval enabling an optimal utilisation of the data.

2.2.3. Error analysis

In the linear approximation, the total error is computed from the linear retrieval equation
(Eq. (4)) as the difference between the true state and the retrieved state:15

x̂ − x = (A − I)(x − xa) + Gε + GKb(b − b̂) (7)

It can be decomposed in three terms:

1. The smoothing error, (A−I)(x−xa), accounts for the smoothing of the true state by
the averaging kernels. The covariance matrix of the smoothing error is given by:

Ss = (A − I)Sa(A − I)T (8)20
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2. The measurement error, Gε, is due to the instrumental noise. Its covariance
matrix is given by:

Sm = GSεGT (9)

3. The model parameters error, GKb(b−b̂), is accounting for the imperfect
knowledge of the model parameters. The covariance of this error term is given5

by:

Sp = GKbSb(GKb)T (10)

where Sb is the covariance matrix representing the uncertainty on the forward
model parameters.

The total error covariance matrix is then given by:10

ST = Ss + Sm + Sp (11)

2.3. Application to the retrieval of CO from the IMG measurements

In the previous section, we have provided a general presentation of the retrieval al-
gorithm and of the characterization formalism. The present section describes their
implementation for the retrieval of CO profiles from the IMG spectra.15

2.3.1. Selection of spectra

The Atmosphit software does not account for clouds in its radiative transfer calculations.
As a consequence, reliable CO retrievals can only be obtained from cloud free pixels.
We therefore applied the method developed by Hadji-Lazaro et al. (2001) to remove
the cloud-contaminated pixels in the IMG Band 2.20

Furthermore, for some spectra, especially those recorded over cold surfaces, the
signal is very low and some of the CO absorption lines are not distinguishable from the
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spectral noise. The selection criterion used to eliminate those spectra is based on the
ratio of the absorption depth of the strong (1-0) R(3) vibration-rotation CO line relative
to the noise RMS. All the spectra with an “absorption to noise ratio” lower than 10 have
been filtered out.

2.3.2. Instrumental Line Shape5

The ILS for the IMG Band 2 spectra is modeled taking the nominal 10 cm MOPD and
the 0.6◦ straight FOV into account. In order to account for departures from the nomi-

nal ILS, an apodisation function has been introduced as exp
[
−(ax)2

]
, where a is the

apodisation parameter and x is the optical path difference. For each individual spec-
trum, the parameter a is retrieved from the CO2 lines in the 2047–2059 cm−1 spectral10

window (Fig. 1). The average retrieved a parameter is 0.14, meaning a modulation
efficiency of 15% at MOPD. We used the retrieval error on the a parameter (<5%) to
estimate the uncertainty on the ILS in order to compute the error induced on the CO
retrieved profiles (Eq. (10)).

2.3.3. Choice of the spectral window15

The spectral domain of IMG Band 2 includes the (1–0) vibration-rotation band of carbon
monoxide at 4.7µm. The strongest absorption lines of this band are spread from 2050
to 2230 cm−1. Figure 1 represents a simulated IMG radiance spectrum for the 2040–
2190 cm−1 spectral domain, corresponding to tropical atmospheric conditions, together
with the individual contributions of the strongest absorbers in this domain: H2O, CO,20

O3, N2O, and CO2. Water vapor absorbs all over the domain and its contribution cannot
be avoided. The O3 signature extends from 2060 to 2135 cm−1 while N2O saturates
the signal above 2180 cm−1. In order to minimize the interferences from these species,
we have selected the CO retrieval window from 2143 to 2181 cm−1.
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2.3.4. Retrieval parameters

The a priori state vector and covariance matrix and the measurement covariance matrix
(Sect. 2.2) are parameters that have a strong impact on the retrievals. The a priori
state vector and the a priori covariance matrix have been built based on data from the
GEOS-CHEM 3D CTM (Sect. 3). The a priori profile used for the selected IMG period5

analyzed here (1–10 April 1997), is a monthly average profile generated using April
1997 GEOS-CHEM profiles simulated with a 2◦ latitude by 2.5◦ longitude grid and a
12 h time step. The a priori covariance matrix was generated from the same GEOS-
CHEM dataset and therefore represents the monthly global CO variability for the month
of April 1997. The CO mixing ratios are retrieved on 13 vertical levels from the ground10

up to 31 km. The a priori mixing ratio profile together with the a priori variability are
shown in Fig. 2.

We assumed an uncorrelated white noise for the spectrum so that Sε=σ
2I, where σ

is the noise equivalent spectral radiance (NESR). The NESR of the IMG instrument has
been estimated to be of the order of 2×10−9 W/(cm2cm−1sr) (Kobayashi et al., 1999).15

Nevertheless, an analysis of the Root Mean Squares (RMS) of the differences between
the measured and the fitted spectra revealed strong variations in the level of noise, with
a positive correlation between the signal and the noise levels. The average RMS varies
from 5×10−9 W/(cm2cm−1sr) in the tropical latitudes where the signal is the highest, to
2.5×10−9 W/(cm2cm−1sr) in the subpolar latitudes where the signal is the lowest. In20

order to constrain the CO retrievals accordingly, for each individual spectrum, σ has
been set to the RMS value obtained from the ILS window fit (Sect. 2.3.2).

The surface temperature, the water vapor profile and the N2O total column were
retrieved simultaneously with the CO profile.

The spectroscopic parameters have been taken from the HITRAN 2000 compilation25

(Rothman et al., 2003). For each retrieval, the atmospheric temperature and pressure
profiles have been extracted from the European Center for Medium-range Weather
Forecast (ECMWF). We have considered an uncertainty of 2 K on the atmospheric
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temperature at each altitude to compute the corresponding error on the retrieved CO
profiles (Eq. (10)).

3. The GEOS-CHEM model

The GEOS-CHEM model (http://www-as.harvard.edu/chemistry/trop/geos/) (Bey et al.,
2001a; Martin et al., 2003; Auvray and Bey, 2005) is a global 3-D CTM driven by assim-5

ilated meteorological observations provided by the Goddard Earth Observing System
(GEOS) of the NASA Global Modeling and Assimilation Office (GMAO). We used here
the version 5-02 of the GEOS-CHEM model with some improvements described in Au-
vray and Bey (2005). For the year 1997, we used the GEOS-STRAT version of the
GMAO meteorological fields, with a horizontal resolution of 2◦ of latitude by 2.5◦ of10

longitude, and 26 vertical sigma levels (from the surface up to 0.01 mbar). The model
includes 80 species and over 300 reactions for a detailed description of the ozone-NOx-
hydrocarbon chemistry. Photolysis frequencies in the troposphere are calculated with
the Fast-J algorithm of Wild (2000) which accounts for aerosols and clouds. Heteroge-
neous reactions on aerosol (sulfate, black carbon, organic carbon, sea salt and dusts)15

are included, following recommendations from Jacob (2000). The aerosols fields are
provided by the Global Ozone Chemistry Aerosol Radiation and Transport (GOCART)
model (Chin et al., 2002) and are coupled to the GEOS-CHEM model as described by
Martin et al. (2003). The standard CO emission inventories in the GEOS-CHEM model
are described in Wang et al. (1998). The year-to-year variability of anthropogenic emis-20

sions is taken into account by scaling the base emission inventory for 1985 by specific
factors as described in Bey et al. (2001a). In addition, we used here the European
Monitoring and Evaluation Program (EMEP) database inventory over Europe for the
year 1997 as described in Auvray and Bey (2005). Biomass burning emissions are
from a climatological inventory described by Wang et al. (1998). The biomass burning25

inventory is prescribed specifically to 1997 by using a combination of products from To-
tal Ozone Mapping Spectrometer (TOMS) Aerosol Index (AI) and Along Track Scanning
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Radiometer (ATSR) fire-counts following Duncan et al. (2003).

4. Results and discussion

This section provides detailed presentation and discussion of the IMG CO retrievals.
The retrievals are first characterized in terms of information content and error budget.
The CO lower tropospheric concentrations and total columns are then compared with5

independent measurements provided by the National Oceanic and Atmospheric Ad-
ministration (NOAA) Climate Monitoring and Diagnostics Laboratory (CMDL) network
and by the Network for Detection of Stratospheric Changes (NDSC) respectively. The
global distributions of CO are finally presented and discussed with the support of sim-
ulations by the GEOS-CHEM model.10

4.1. Information content and error analyses

Figure 3 shows the global distribution of surface temperature and DOFS mean values,
for the 1–10 April 1997 period, computed on a 2◦ latitude by 5◦ longitude grid. The
DOFS has a strong latitudinal dependence, as a result of surface temperature varia-
tions (Fig. 3a). In the tropics, high surface temperatures result in high signals detected15

by the instrument and in high DOFS. In the same way, the low surface temperature in
the polar regions are responsible for low DOFS. Furthermore, the occurence of tem-
perature inversion in the lower troposphere, frequent at high latitudes, is responsible
of an even lower DOFS and is hindering from detecting CO in the lower troposphere.
The pixels measured above 75◦ N and 75◦ S are therefore rejected from our study. In20

between these limits, the DOFS exceeds 1.5 for more than 75% of the measurements.
In the Northern midlatitudes, the DOFS are also lower over cold land than over warmer
oceans. The highest DOFS are found between 15◦ S and 45◦ S as the result of the
combination of a warm surface temperature and a low noise RMS. Over mountain-
ous regions, DOFS are especially low because of low surface temperatures and high25
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surface altitudes.
Three spectra corresponding to a low (DOFS=1.2), a medium (DOFS=1.6) and a

high (DOFS=2.0) information content have been selected for a detailed character-
ization. They have been recorded over the Arctic Ocean, Northern China and the
Caribbean Sea respectively. Figure 4 shows the averaging kernels for each of these5

three spectra. In the case of the Arctic Ocean, the measurement only allows to retrieve
a single piece of information about the CO vertical distribution, covering the middle-
upper troposphere. Over Northern China, it is almost possible to separate the CO
content in the middle troposphere and in the upper troposphere-lower stratosphere
(UTLS). Finally, over the Caribbean Sea, the IMG measurement allows to retrieve in-10

dependently the CO content in the lower-middle troposphere and in the upper tropo-
sphere.

The amount of information contained in the IMG measurements with regard to the
CO vertical distribution is unprecedented and will not be achieved in the near future. In-
deed, according to Deeter et al. (2004), the DOFS obtained by the MOPITT instrument15

does not exceed 1.7 and 1.5 for its first and second phase of operation, respectively.
Preparatory studies have reported a DOFS in the range of 0.5 to 0.9 for the TES spec-
trometer (Worden et al., 2004) and of 1.5 for the IASI instrument (Turquety et al., 2004).
The lower information content about the CO vertical distribution relative to what is re-
ported here for IMG, is attributable to a higher NESR (>10−8 W/(cm2cm−1sr)) in the20

case of TES (Worden et al., 2004) and to a lower spectral resolution (0.35 to 0.5 cm−1)
in the case of IASI (Turquety et al., 2004).

The vertical profiles for the different errors together with the vertical profile of the
a priori variability are displayed in Fig. 5. They correspond to the square root of the
diagonal elements of the error covariance matrices calculated according to Eqs. (8) to25

(11) and of the a priori covariance matrix respectively. In the three cases the dominant
error at all altitudes is the smoothing error. The three other contributing errors are
the measurement error and the errors uncertainties on the air temperature and on
the ILS. The two latter terms contribute mainly below and above 10 km, respectively.
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Errors caused by the simultaneous retrievals of the surface temperature, H2O and N2O
are not shown as they do not provide a significant contribution to the total error. As
could be anticipated from the information content analysis, and due to the fact that the
smoothing error is dominating all the other errors, the total error is the highest in the
Arctic Ocean case and the lowest in the Carribean Sea case. While the total error5

is substantially lower than the a priori variability over the whole altitude range in the
Carribean Sea case, the reduction of uncertainty about the CO vertical distribution is
not significant above 15 km for both the Arctic Ocean and the Northern China cases.

4.2. Comparisons with independent measurements

The lack of data about the vertical distribution of CO for the time period studied pre-10

vented us from validating the CO profiles retrieved from IMG. However, in situ and
remote sensing observations made at the ground could be used for a partial validation.

4.2.1. Comparisons with the NOAA-CMDL measurements

For decades, routine in situ measurements of the surface CO mixing ratios have been
provided worldwide by the NOAA/CMDL network (Novelli et al., 1992, 1998). The15

results of the comparison between the IMG lower tropospheric CO mixing ratios and
the mixing ratios measured in situ at the CMDL network stations are given in Table 1
and can be visualized in Fig. 6. In the Northern Hemisphere, where the CO spatial and
temporal variabilities are high, the IMG CO mixing ratio is calculated as the average
over all observations lying within 6◦ longitude and 3◦ latitude from the location of the20

CMDL station and measured either the same day, the day before or the day after the
in situ measurements. In the Southern Hemisphere, the CO variability is much lower.
Therefore, the spatial coincidence criteria has been relaxed to 9◦ longitude and 4.5◦

latitude and the temporal coincidence has been extended to one more day before and
after the in situ observation. In all cases, the altitude of the scene overlooked by25

IMG must be within 250 m from the altitude of the CMDL station. Furthermore, in
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order to select measurements that contain useful information about the CO content
in the altitude range of interest, we used the “percent a priori” diagnostic described
in Kar et al. (2004) to filter the MOPITT data. Spectra were selected such that the
ratio of the inversion error (sum of the smoothing and measurement errors) to the a
priori variability, or “percent ratio”, doesn’t exceed 0.5. A “percent ratio” tending to 05

actually indicates a perfect retrieval, whereas a value close to 1 reveals a measurement
containing no useful information. For the IMG period 1–10 April 1997, we found 30
coupled observations fulfilling the coincidence criteria.

The calculated mean relative difference between both datasets is less than 1% and
the relative standard deviation of the differences is 14%. This indicates that no sig-10

nificant bias exists between the IMG and the CMDL observations. Furthermore, the
relative standard deviation of the CMDL values (47%) is 3.4 times higher than the rela-
tive standard deviations of the differences, clearly indicating that IMG brought valuable
information about the lower tropospheric CO content. This is confirmed by a very high
correlation coefficient (R=0.96) between both datasets. The excellent agreement can15

be surprising considering the low sensitivity of IMG to the boundary layer. It can be
explained by the strong correlation that bounds CO in the lower-middle troposphere –
to which IMG is sensitive – and the surface CO measured at the CMDL stations. For
the same reason, Clerbaux et al. (2001) showed that the assimilation of IMG CO total
columns into the 3-D CTM MOZART consistently improved the agreement between the20

model and the CMDL observations.

4.2.2. Comparisons with the NDSC measurements

Since the 80’s, ground-based FTIR measurements are performed at a number of sta-
tions of the NDSC around the globe. Accurate CO total columns, routinely retrieved
from these measurements, have already been used for the validation of spaceborne25

instruments (Pougatchev et al., 1998; Barret et al., 2003). Unfortunately, most of the
NDSC stations are located at high latitudes in the Northern Hemisphere and many of
them at high altitude sites. Six stations providing CO measurements between 1 and 10
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April 1997, were found collocated with the IMG measurements according to the same
spatial coincidence criteria adopted for the comparison of IMG lower tropospheric CO
with the CMDL data. The comparison was performed between total columns averaged
over the entire 1–10 April period. The results of the comparison are detailed in Table 2
and displayed in Fig. 7. A fair agreement is found between both datasets with a mean5

bias of 9±9%. At the NDSC station of Wollongong, the higher columns measured by
the NDSC instrument is probably due to local urban pollution. At the high altitude sta-
tion of Kitt Peak, the complex topographic situation of the Rocky Mountains may be
responsible for the discrepancy between the retrieved IMG columns and the NDSC
measurements.10

4.3. Global distributions of CO

The global distributions of CO in the lower and upper troposphere and of CO total
columns retrieved from the IMG data are presented in this section and compared with
the distributions modeled by GEOS-CHEM. In order to make a meaningfull comparison,
the high resolution profiles modeled by GEOS-CHEM, xModel , have to be smoothed15

according to the averaging kernels matrix of the low resolution retrievals according to
(Connor et al., 1994; Rodgers, 2000):

xModelSmoothed = xa + A(xModel − xa) . (12)

Two cases showing the impact of the smoothing by the averaging kernels on the mod-
eled profiles are shown in Fig. 8. Over polluted Northern China (Fig. 8a), the very20

high CO mixing ratio in the boundary layer and the secondary CO maximum in the free
troposphere modeled by GEOS-CHEM are smoothed by the measurement, leading in
particular to a substantially lower concentration in the lower troposphere. Off the coast
of Suriname (Fig. 8b), the upper tropospheric CO maximum, caused by the convec-
tion and advection of polluted air masses, is also smoothed, resulting in a higher CO25

concentration in the lower troposphere and in a lower CO concentration in the upper
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troposphere at the altitude of the maximum. In both cases, the agreement between the
model and the measurement is improved by the smoothing procedure.

4.3.1. Lower troposphere

The global distribution of CO lower tropospheric (1.2 km) mixing ratios retrieved from
IMG for the period 1–10 April 1997 is presented in Fig. 9a. As for the IMG/CMDL com-5

parison (Sect. 4.2.1), the 0.5 “percent ratio” criterion was used to select measurements
containing useful information.

The major anthropogenic sources of CO are located in the Northern Hemisphere,
over Europe, North America and Asia. This is seen in Fig. 9a which clearly illus-
trates the strong CO gradient from the Northern to the Southern Hemisphere. High CO10

concentrations are also observed in Africa and Asia, where vegetation burning during
the dry season months (October to March in the Northern Hemisphere) releases high
quantities of CO in the atmosphere. This is also clearly seen by observations from the
Along Track Scanning Radiometer (ATSR, http://dup.esrin.esa.it/ionia/wfa/index.asp)
and shown in Fig. 10. Over Southeast Asia, ATSR detects a higher fire density over15

the Indochina Peninsula than over the Indian Peninsula in good agreement with the
IMG concentrations over India which are lower than those observed over the Indochina
Peninsula. The highest IMG concentrations over Brazil do not correspond exactly to the
fire locations. This likely results from the smoothing of the CO profiles, which produces
higher CO concentrations in the lower troposphere as shown in Fig. 8b.20

High CO mixing ratios are also measured by IMG over the Northern Pacific Ocean
and the Northern Atlantic Ocean. These observations are consistent with observations
provided by several aircraft campaigns dedicated to the sampling of Asian and North
American outflow, respectively. In the lower troposphere, elevated concentrations of
CO (up to 250 ppbv) were frequently recorded off the coast of Asia, especially in spring25

when the Asian outflow is strongest (Jacob et al., 2003; Russo et al., 2003). Both
biomass burning and anthropogenic sources contribute to the Asian outflow at that time
of the year (e.g., Bey et al. (2001b)) and thus induce particularly strong concentrations.
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Concentrations up to 200 ppbv were also observed in spring over the Northern Atlantic
(e.g., Cooper et al. (2002b)) where cyclones frequently entrained pollution from the
North American boundary layer (Cooper et al., 2002a,b).

Figure 9b displays the distribution of the lower tropospheric CO mixing ratios (1.2 km)
averaged over 1–10 April 1997 as simulated by GEOS-CHEM. The model data after5

convolution by the IMG averaging kernels (Eq. (12)) are presented in Fig. 9c. The
comparison between Figs. 9b and 9c clearly shows the impact of the smoothing on
the GEOS-CHEM data. The smoothing procedure leads to lower (15 to 60 ppbv) CO
concentrations in the lower troposphere, over highly polluted areas (e.g., Southeast
Asia, Africa and China) and to higher (15 to 45 ppbv) CO concentrations over areas with10

high CO concentrations in the middle-upper troposphere (e.g., Northern Pacific and
Northern Brazil) as shown in Figs. 8a and 8b respectively. Once the smoothing is taken
into account, the model reproduces the global variations of CO in the lower troposphere
measured by IMG. Both datasets are highly correlated (R=0.81) and the mean global
relative difference (4±30%), indicates the absence of a systematic bias between the15

model and the measurements. However, high CO concentrations measured by IMG
in the Northern Hemisphere are underestimated by the model while, on the contrary,
the low concentrations measured in the Southern Hemisphere are overestimated. The
discrepancy between IMG and GEOS-CHEM over Europe agrees with Auvray and Bey
(2005) who report an underestimation of the GEOS-CHEM CO concentrations in winter20

and spring 1997 by about 20 ppbv relative to NOAA/CMDL observations.

4.3.2. Upper troposphere

Figure 11a displays the global distribution of CO mixing ratios in the upper tropo-
sphere (10.2 km) for 1–10 April 1997. The measurements were selected with the same
procedure than in the lower troposphere.25

Little is known so far on the global distribution of CO in the upper troposphere. El-
evated CO concentrations (up to 130 ppbv) are retrieved from the IMG observations
over a large portion of the tropics and over the Northern Pacific. In the tropics, the
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highest concentrations appear to be collocated with the fires, and thus are likely to re-
sult from strong convection that lifts the pollution at higher levels. CO concentrations
are then further entrained over the oceans. For example, strong convective activity
over south-eastern Asia have been shown to contribute to the export of pollution to the
Northen Pacific (Bey et al., 2001b; Russo et al., 2003). Over the western Pacific in5

winter-spring, Russo et al. (2003) reported an average CO mixing ratio in the upper
troposphere of 100 to 130 ppbv (with values up to 200 ppbv), in good agreement with
the values retrieved from IMG.

The upper tropospheric (10.2 km) CO distribution simulated by GEOS-CHEM and
averaged over 1–10 April 1997 is shown in Fig. 11b. Figure 11c displays the GEOS-10

CHEM upper tropospheric mixing ratios after convolution with the IMG averaging ker-
nels. The impact of the smoothing on the model data, less pronounced than in the
lower troposphere, reduces the highest CO concentrations as discussed about Fig. 8b.
The smoothed modeled data agree well with the IMG observations (Fig. 11a). In par-
ticular, the elevated CO concentrations measured over the Tropics and the Northern15

Pacific Ocean are very well reproduced by the model. We calculated a correlation
coefficient of 0.75 and a mean difference of –4±20% between both datasets.

4.3.3. Total columns

The global distribution of the IMG CO total columns for 1–10 April 1997 is displayed
in Fig. 12a. Because of the sharp decrease of the CO density with altitude, the total20

columns are mainly representative of the lower troposphere. A comparison of Figs. 12a
and 9a shows that the distribution of CO total columns present the same general fea-
tures as the lower tropospheric CO distribution. Furthermore, as a result of high al-
titude, low CO total columns are retrieved over mountainous regions such as the Hi-
malayan range, the Tibetan Plateau, Greenland or the Rocky Mountains. The same25

similarity between total columns and lower tropospheric mixing ratios are observed
with the model (Fig. 12b) and with the model smoothed by the IMG averaging kernels
(Fig. 12c). On the overall, the agreement between the model and the measurements
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is slightly better for the total columns than for the lower tropospheric mixing ratios (cor-
relation coefficient of 0.82 and relative difference of 1±22%). This is expected as the
total column is the quantity which is best retrieved from nadir spectra.

5. Conclusions

We have presented vertical profiles of CO that have been retrieved from spectra pro-5

vided by a nadir viewing spaceborne FTS for the first time. The retrieval and character-
isation algorithms that have been developed in the framework of the IASI mission have
been described in details. A thorough characterisation of the retrievals has shown that
the high quality radiances measured by the IMG instrument, combining a high signal
to noise ratio and a high resolution, enabled to retrieve from 1.5 to 2.2 pieces of infor-10

mation about the CO vertical profiles over most of the surface of the globe. The lowest
information content is found over the cold high latitude or high altitude regions, while
over the warm tropical and subtropical regions, about 2 pieces of information are con-
sistently present in the measurements. The first piece of information is located in the
lower-middle troposphere and the second one in the UTLS. The error analysis showed15

that the main source of error is the smoothing error with added contributions from the
measurement error and from the errors due to the uncertainties on the temperature
profile and on the ILS. In all cases, it was shown that the measurements provide a
significant reduction of the a priori uncertainty about the CO vertical profiles from the
surface up to the UTLS.20

Comparison of the IMG lower tropospheric CO mixing ratios with in situ surface ob-
servations from the NOAA/CMDL network showed an excellent agreement. A good
agreement was also found between CO total columns retrieved from IMG and mea-
sured by FTIR instruments at 6 NDSC stations.

The CO global distributions of mixing ratios in the lower and in the upper tropo-25

sphere, and of total columns retrieved from IMG were presented, and compared to
distributions modeled by the GEOS-CHEM 3-D CTM. A good overall agreement was
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found between the model and the measurements with correlation coefficients exceed-
ing 0.75. In the lower troposphere, the model underestimates the high CO concentra-
tions in the Northern Hemisphere. In the upper troposphere, the model reproduces the
high CO concentrations measured in the Tropics and over the Pacific Ocean.

This work, performed with the IMG data, has proven that the use of the Atmosphit5

software and its associated characterisation tools will bring a significant contribution to
the optimal exploitation of the data that will be collected by the IASI instrument in the
coming years. Information about the vertical distribution of CO will be useful to improve
the understanding and the characterisation of tropospheric chemistry and transport.
The 3-D view of the CO distribution enabled by these tools will in particular help to10

understand the convective processes and the upper tropospheric circulation that take
place in the tropical regions.
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Table 1. CO surface mixing ratios measured at the NOAA/CMDL network stations and lower
tropospheric CO mixing ratios retrieved from coincident IMG measurements.

Station Latitude Longitude CMDL IMG
ppbv

PSA –64.92 –64.00 38 34±8
CGO –40.68 144.68 42 39±8
OPB –36.72 159.92 48 57±8
OPC –35.00 176.03 47 45±7
OPC –30.00 179.50 43 42±5
EIC –27.15 –109.45 46 49±4
OPC –25.00 –177.17 50 61±5
SMO –14.25 –170.57 48 52±4
ASC –7.92 –14.42 57 89±19
SCS 9.05 109.40 132 122±8
SCS 11.98 111.08 125 133±14
RPB 13.17 –59.43 135 147±17
RPB 13.17 –59.43 119 118±6
SCS 15.00 112.62 121 149±22
SCS 18.00 114.17 114 142±14
KUM 19.52 –154.82 124 154±11
KEY 25.67 –80.20 143 108±5
TAP 36.73 126.13 233 216±98
UTA 39.90 –113.72 162 150±13
UUM 44.45 111.10 179 189
UUM 44.45 111.10 181 154±9
CBA 55.20 –162.72 163 169±22
CBA 55.20 –162.72 166 158±14
CBA 55.20 –162.72 155 151±15
BAL 55.43 16.95 242 204±4
BAL 55.43 16.95 167 161±1
BAL 55.43 16.95 185 173±8
STM 66.00 2.00 193 172±33
STM 66.00 2.00 170 189±10
BRW 71.32 –156.60 168 164
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Table 2. CO total columns measured at the NDSC stations and retrieved from coincident IMG
measurements.

Station Latitude Longitude NDSC IMG

1018 molecules/cm2

Lauder –45.05 169.68 0.9±0.1 0.9
Wollongong –34.45 150.88 1.3±0.1 1.0±0.1
Kitt Peak 31.90 –111.60 2.1±0.1 1.7±0.2
St Petersbourg 59.88 29.83 2.5 2.5±0.2
Fairbanks 64.83 –147.61 2.9±0.2 2.5±0.6
Kiruna 67.84 20.41 2.4±0.1 2.3±0.6

4627

http://www.atmos-chem-phys.org/acpd.htm
http://www.atmos-chem-phys.org/acpd/5/4599/acpd-5-4599_p.pdf
http://www.atmos-chem-phys.org/acpd/5/4599/comments.php
http://www.copernicus.org/EGU/EGU.html


ACPD
5, 4599–4639, 2005

Global carbon
monoxide vertical

distributions

B. Barret et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Print Version

Interactive Discussion

EGU

Fig. 1. Simulated IMG radiance for the 2040–2190 cm−1 spectral range (top panel). The con-
tributions of the main absorbers in this spectral range are provided in the three bottom panels.
The spectral windows selected for the apodisation parameter retrieval (2047–2059 cm−1) and
for the CO profile retrieval (2143–2181 cm−1) are indicated with the vertical lines.
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Fig. 2. CO a priori profile and associated vertical variability (square root of the diagonal ele-
ments of the a priori covariance matrix).
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Fig. 3. (a) Surface temperatures retrieved from the cloud filtered IMG spectra for 1–10 April
1997 and (b) corresponding DOFS (averages on a 2◦×5◦ grid).
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Fig. 4. IMG CO averaging kernels for three selected pixels: Arctic Ocean (75.6◦ N, 115.2◦ E,
upper panel), Northern China (45.6◦ N, 121.4◦ E, middle panel) and Caribbean Sea (14.0◦ N,
71.5◦W, lower panel).

4631

http://www.atmos-chem-phys.org/acpd.htm
http://www.atmos-chem-phys.org/acpd/5/4599/acpd-5-4599_p.pdf
http://www.atmos-chem-phys.org/acpd/5/4599/comments.php
http://www.copernicus.org/EGU/EGU.html


ACPD
5, 4599–4639, 2005

Global carbon
monoxide vertical

distributions

B. Barret et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Print Version

Interactive Discussion

EGU

Fig. 5. Same as Fig. 4 for the IMG CO error profiles.
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Fig. 6. Comparison between the CO mixing ratios measured in situ at the surface by the CMDL,
and the coincident IMG lower tropospheric CO mixing ratios for 1–10 April 1997.
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Fig. 7. Comparison between the CO total columns measured by FTIR ground-based instru-
ments from the NDSC, and the coincident CO total columns retrieved from IMG for 1–10 April
1997.
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Fig. 8. CO mixing ratios vertical profiles over (a) Northern China (39.8◦ N, 125.7◦ E) and (b)
off the coast of Suriname (7.4◦ N, 53.4◦ W). The black lines show the IMG a priori profile, the
red lines show the IMG retrieved profiles, the green lines show the profiles simulated by GEOS-
CHEM and the blue lines show the same GEOS-CHEM profiles smoothed by the IMG averaging
kernels.
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Fig. 9. CO volume mixing ratios (ppbv) in the lower troposphere (1.2 km) for 1–10 April 1997
(a) retrieved from the cloud filtered IMG spectra (averages on a 2◦×5◦ grid), (b) modeled by
GEOS-CHEM (on the model 2◦×2.5◦ grid) and (c) modeled by GEOS-CHEM and smoothed by
the IMG averaging kernels (averages on a 2◦×5◦ grid).
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Fig. 10. Data from the ATSR World Fire Atlas for 10 March–10 April 1997.
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Fig. 11. Same as Fig. 9 for the CO volume mixing ratios (ppbv) in the upper troposphere
(10.2 km).
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Fig. 12. Same as Fig. 9 for the CO total columns.
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