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Abstract. The Infrared Atmospheric Sounding Interferom-
eter (IASI) onboard the MetOp satellite measures carbon
monoxide (CO) on a global scale, twice a day. CO total
columns and vertical profiles are retrieved in near real time
from the nadir radiance spectra measured by the instrument
in the thermal infrared (TIR) spectral range. This paper de-
scribes the measurement vertical sensitivity and provides a
first assessment of the capabilities of IASI to measure CO
distributions. On the global scale, 0.8 to 2.4 independent
pieces of information are available for the retrieval. At mid
latitudes, the information ranges between 1.5 and 2, which
enables the lower and upper troposphere to be distinguished,
especially when thermal contrast is significant. Global dis-
tributions of column CO are evaluated with correlative ob-
servations available from other nadir looking TIR missions
currently in operation: the Measurements of Pollution in the
Troposphere (MOPITT) onboard TERRA, the Atmospheric
Infrared Sounder (AIRS) onboard AQUA and the Tropo-
spheric Emission Spectrometer (TES) onboard AURA. The
IASI CO columns are compared with MOPITT, AIRS and
TES CO columns, adjusted with the a priori, for three dif-
ferent months: August 2008, November 2008 and February
2009. On average, total column discrepancies of about 7%
are found between IASI and the three other sounders in the
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Northern Hemisphere and in the equatorial region. However
when strong CO concentrations are present, such as during
fire events, these discrepancies can climb as high as 17%.
Instrument specifications of IASI versus other missions are
also discussed.

1 Introduction

As one of the most important precursors of ozone (O3), car-
bon monoxide (CO) is an important trace gas for the under-
standing of both air quality and climate forcing. Formed by
the incomplete combustion of fossil and bio-fuels, and by
vegetation burning, CO is also produced in the atmosphere
via the oxidation of methane and non-methane hydrocarbons
by the hydroxyl radical (OH) (Duncan et al., 2008). It is the
largest global sink of the OH radical and thus plays an im-
portant role in the oxidizing power of the atmosphere and in
the concentrations of greenhouse gases such as methane and
O3. Because of its relatively long lifetime (a few weeks to a
few months depending on latitude and time of year), CO has
been extensively used as an atmospheric tracer of transport
(Logan et al., 1981).

CO is routinely measured by ground-station networks
(Kurylo, 1991; Pougachev and Rinsland, 1995; Novelli et al.,
1998; Yurganov et al., 2004, 2005; Velazco et al., 2007; Zan-
der et al., 2008), airborne measurement campaigns, airborne
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networks (Nedelec et al., 2005) and by instruments onboard
satellites. In recent years, extensive CO observations from
space, from a number of satellite platforms, have yielded
a global view of the CO distribution, from the troposphere
to the mesosphere. Limb-sounders (in absorption or emis-
sion) can derive vertically resolved profiles for the mid/high-
troposphere and higher, with a limited spatial coverage, e.g.
SMR/ODIN (Barret et al., 2006), MIPAS/ENVISAT (Funke
et al., 2007), MLS/AURA (Pumphrey et al., 2007; Livesey et
al., 2008) and ACE-FTS/SCISAT-1 (Clerbaux et al., 2008a).
Nadir viewing remote sensors offer the advantage of sound-
ing into the lower atmosphere, although with a limited verti-
cal resolution, as was demonstrated from MOPITT/TERRA
(Deeter et al., 2003; Edwards et al., 2004), SCIAMACHY
(Buchwitz et al., 2004, 2007; de Laat et al., 2006, 2007;
Frankenberg et al., 2005), TES/AURA (Rinsland et al., 2006;
Luo et al., 2007a and b), AIRS/AQUA (McMillan et al.,
2005), and IASI/MetOp (Turquety et al., 2004; Clerbaux et
al., 2009). Both nadir viewing and limb viewing instruments
are often impacted by the presence of clouds. Time series
of CO measurements show the impact of inter-annual varia-
tions, for example a moderate El Niño event in 2006 (Rins-
land et al., 2008).

Validation of satellite CO retrievals with space-borne, air-
borne or ground-based measurements has already been per-
formed in the frame of different exercises or campaigns
(Clerbaux et al., 2002, 2008a; Emmons et al., 2004, 2007,
2009; Warner et al., 2007; Luo et al., 2007a and b; Yurganov
et al., 2008). In this paper, we focus on the analysis of global
CO distributions recently calculated from the radiance spec-
tra recorded by the IASI instrument. A case study of the
Mediterranean fires during the summer of 2007, which illus-
trates the capability of IASI to measure extreme CO concen-
trations and to track the plume from wildfires, is presented in
a companion paper (Turquety et al., 2009). Here we compare
the IASI global distributions with CO observations available
from other nadir looking instruments which also record sur-
face and atmospheric signals in the thermal infrared (TIR)
spectral range: MOPITT, AIRS and TES. The paper presents
a preliminary and non exhaustive validation exercise. It is
focused on the CO total column products obtained with the
FORLI-CO retrieval code in near real time. Basic theoretical
elements of the software are provided but for a more in-depth
description on the CO radiative transfer and retrieval algo-
rithm we rather refer to Turquety et al. (2009) and Hurtmans
et al. (2009).

The comparison is performed on monthly averaged CO
data for three months, August 2008, November 2008, and
February 2009. In order to take into account the different a
priori used for CO retrieval by each instrument, we have fol-
lowed the method suggested by Rodgers and Connor (2003)
and Luo et al. (2007a). The columns have been adjusted
according to the a priori used by the different teams. A
full treatment that takes into account the averaging kernels
(Rodgers and Connor, 2003) is presented for TES and IASI,

the two instruments with the largest differences in terms of
vertical resolution.

The paper is organized as follows: First we describe the
IASI-CO measurements as routinely retrieved from the op-
erational Eumetsat radiance products. Next we compare the
CO total column distributions retrieved by MOPITT, AIRS
and TES data for August 2008, November 2008 and Febru-
ary 2009. And finally we conclude with an analysis of the
observed agreement and discrepancy.

2 IASI: CO column and profile retrievals

2.1 The IASI mission

The polar-orbiting MetOp-A, launched on 19 October 2006,
is the first of three successive MetOp satellites. As a com-
ponent of the space segment of the Eumetsat Polar Sys-
tem (EPS), this operational meteorological platform carries
the IASI instrument, a nadir-looking high resolution Fourier
Transform Spectrometer (FTS). IASI is designed to provide
atmospheric temperature and water vapour profiles for op-
erational meteorology. Owing to its apodized spectral reso-
lution of 0.5 cm−1 (with a spectral sampling of 0.25 cm−1),
its extended spectral range (from 645 to 2760 cm−1 with no
gaps), and its low radiometric noise (from on-flight analy-
sis the Noise Equivalent Delta Temperature, NEDT, is es-
timated to range from 0.1 to 0.4 K; Clerbaux et al., 2009),
atmospheric concentrations for several key species important
to climate forcing and atmospheric chemistry monitoring can
be derived from IASI radiance measurements. Such species
include not only the predominant CO (Turquety et al., 2009),
O3 (Boynard et al., 2009), CH4 (Razavi et al., 2009), HNO3
(Wespes et al., 2009) molecules but also weakly absorbing
molecules detected during extraordinary events, such as SO2
during volcanic eruption (Clarisse et al., 2008) or reactive
species in fire plumes (Coheur et al., 2009). In addition, IASI
offers an excellent horizontal coverage due to its across track
swath width of 2200 km, allowing global coverage twice a
day, with a field of view sampled by 2×2 circular pixels each
with a 12 km footprint diameter.

2.2 CO retrievals

CO distributions are retrieved from IASI radiance spectra us-
ing a dedicated software, FORLI-CO, developed at Univer-
sité Libre de Bruxelles (ULB) to handle as fast as possible
all the IASI spectra, i.e. 1.3 millions of observations per day,
dissiminated through the Eumetsat data distribution system
Eumetcast about 3 h after observation. The code is based on
the validatedAtmosphitsoftware (Barret et al., 2005; Co-
heur et al., 2005), but instead of using line-by-line calcula-
tions, the FORLI radiative transfer uses pre-calculated tables
of absorbances at various pressure and temperature, in the
spectral region of the CO 1-0 band. The code can accommo-
date temperature and humidity profiles coming from various
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Fig. 1. Left panel: Spectral range used for the FORLI-CO retrieval. The spectrum (in brightness temperature units) was recorded around
09:30 local time, on 1 August 2008, close to Los Angeles (USA). The residual difference (blue) between the measured spectrum (black) and
the calculated spectrum (red) is within the IASI radiometric noise (0.2 K). Right panel: FORLI-CO averaging kernels functions, for the same
observation, for different merged vertical layers.

sources/models, including the operational MetOp Level 2
meteorogical products (Schluessel et al., 2005). These Level
2 products are validated, although some issues remain for
water vapour (see Zhou et al., 2008 and Pougatchev et al.,
2009).

Figure 1 illustrates, in equivalent brightness temperatures,
the IASI spectral range that is used for the CO retrieval
(2143−2181.25 cm−1). It was chosen in order to avoid most
of the other absorbing species in the CO spectral range (i.e.
H2O, O3, CO2 and N2O). The plot also shows the (observed
– calculated) residual after the retrieval for an observation
(located over the West coast of the USA), which can be di-
rectly compared with the IASI radiometric noise level.

FORLI-CO provides CO profiles for at most 19 layers
(from the surface to the top of the atmosphere). The re-
trieval scheme is based on the Optimal Estimation Method
(OEM) described by Rodgers (2000). Given a measurement
y (IASI radiance spectra), with error covariance Sε and a for-
ward modelŷ =F(x), the OEM then seeks the optimal solu-
tion for the state vectorx (CO profile) to be retrieved. Since
more than one solution could fit the observations (ill-posed
problem), it is necessary to constrain the results with a pri-
ori information containing both the averaged value expected,
xa and allowed variability around this average given by a co-
variance matrixSa . The solution can be found by iteratively
applying:

x̂i+1 = xa +Dy[y −F(x̂i)−K i(xa − x̂i)] (1)

with Dy =ŜiKT
i S−1

ε and Ŝi+1=(KT
i+1S−1

ε K i+1 + S−1
a )−1

whereK i =( δF
δx

)i is the Jacobian at statexi , KT
i is its trans-

pose, and̂xi+1 is the updated state vector. The matrixDy

is known as the matrix of contribution functions. The error
covariance of the solution is given bŷSi+1. The iteration
starts with some initial estimate of the state, chosen to be
the a priori informationxa , of covarianceSa , and terminates
when convergence has been reached. An important element
for the retrievals in the thermal infrared is the choice of the

prior information. Here the a priori mean profile and asso-
ciated variance-covariance matrix were constructed using a
database of observations that included aircraft profiles from
the MOZAIC (Measurement of OZone and water vapour by
AIrbus in-service air-Craft) program (Nedelec et al., 2003),
and ACE-FTS satellite observations in the upper troposphere
and above (Clerbaux et al., 2005). These were complemented
with distributions from the LMDz-INCA global model (Tur-
quety et al., 2008) in order to build a matrix representative of
both background and polluted conditions.

The characterization of the retrieved products also uses the
optimal estimation formalism; diagnostic tools therefore in-
clude retrieval errors from various sources (smoothing, mea-
surements) and averaging kernels. The latter (see Fig. 1 for
an example of IASI averaging kernels) characterize the sen-
sitivity of each measurement to the true CO profile, with the
remainder of the information provided by the a priori profile:

x̂ = Ax +(I −A)xa (2)

with x̂ the retrieved profile,A the averaging kernels matrix,
x the true profile andxa the a priori profile. The rows of the
averaging kernel matrix describe the change to the retrieval
state at a specific altitude to a perturbation of the true state
vector and provide an estimation of the vertical resolution
(full width at half maximum). The trace of the matrix, known
as the degrees of freedom for signal (DOFS), is a metric used
to measure the number of independent pieces of information
available from the retrieval (Rodgers, 2000). In the exam-
ple presented in Fig. 1, the set of averaging kernels presents
two maxima (at the surface and around 6 km) and the DOFS
number is 2.14. As described in previous papers (e.g. Deeter
et al., 2007; Clerbaux et al., 2008b, 2009) the thermal con-
trast (i.e. the temperature difference between the surface and
the first atmospheric layer) is a critical parameter for the un-
derstanding of the vertical information contained in the CO
product. For the example described here, the measurement is
performed at a location associated with a large thermal con-
trast (close to Los Angeles, USA, morning orbit) and hence
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Fig. 2. IASI global distributions on 1 August 2008, for daytime (left) and night time (right). Cloud free observations are binned on
a 0.5◦×0.5◦ grid. (a) CO total column distribution as retrieved by FORLI-CO.(b) Surface temperature (available from Eumetsat).(c)
Thermal contrast as calculated from the difference between surface temperature and the temperature of the first available level of temperature
profile. (d) Degrees of freedom of the signal (DOFS) as calculated from the averaging kernel matrices.

the averaging kernels corresponding to the lower layers ex-
hibit large sensitivity at the surface. Two independent par-
tial columns can be retrieved for that observation, allowing
the separation of the CO concentration in the boundary layer
from the mid troposphere. It is worth noting that for other
atmospheric conditions, where the thermal contrast is less
significant, there is no sensitivity at the surface.

Typically, with the computational power in place at ULB
(76 CPUs), the full procedure of ray-tracing, radiative trans-
fer calculations and iterative retrievals allows treating IASI
data in near-real-time, only one hour after reception through
Eumetcast; thus four hours after the recorded observation.
For the study presented here, only cloud free data (see Cler-

baux et al., 2009, Sect. 3.2.1) are analysed. Figure 2 il-
lustrates one day (1 August 2008) of IASI CO observa-
tions, both for day and night measurements, along with the
corresponding surface temperature from IASI Level 2 data,
thermal contrast (as calculated from the difference between
surface temperature and the temperature of the first avail-
able atmospheric level), and DOFS. As expected, differences
appear between day and night distributions, which can be
linked directly to the thermal contrast, which is much more
pronounced during the day than during the night. This re-
flects onto the DOFS numbers that are larger over areas
where the thermal contrast exceeds a few degrees. On the
global scale, DOFS values range between 0.8 and 2.4, for
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Fig. 2. IASI global distributions on 1 August 2008, for daytime (left) and night time (right). Cloud free observations are binned on
a 0.5◦×0.5◦ grid. (a) CO total column distribution as retrieved by FORLI-CO.(b) Surface temperature (available from Eumetsat).(c)
Thermal contrast as calculated from the difference between surface temperature and the temperature of the first available level of temperature
profile. (d) Degrees of freedom of the signal (DOFS) as calculated from the averaging kernel matrices.

the averaging kernels corresponding to the lower layers ex-
hibit large sensitivity at the surface. Two independent par-
tial columns can be retrieved for that observation, allowing
the separation of the CO concentration in the boundary layer
from the mid troposphere. It is worth noting that for other
atmospheric conditions, where the thermal contrast is less
significant, there is no sensitivity at the surface.

Typically, with the computational power in place at ULB
(76 CPUs), the full procedure of ray-tracing, radiative trans-
fer calculations and iterative retrievals allows treating IASI
data in near-real-time, only one hour after reception through
Eumetcast; thus four hours after the recorded observation.
For the study presented here, only cloud free data (see Cler-
baux et al., 2009, Sect. 3.2.1) are analysed. Figure 2 il-

lustrates one day (1 August 2008) of IASI CO observa-
tions, both for day and night measurements, along with the
corresponding surface temperature from IASI Level 2 data,
thermal contrast (as calculated from the difference between
surface temperature and the temperature of the first avail-
able atmospheric level), and DOFS. As expected, differences
appear between day and night distributions, which can be
linked directly to the thermal contrast, which is much more
pronounced during the day than during the night. This re-
flects onto the DOFS numbers that are larger over areas
where the thermal contrast exceeds a few degrees. On the
global scale, DOFS values range between 0.8 and 2.4, for
this specific day, but these values are also representative for
other time periods. Generally, for latitudes above 60◦ N and
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Table 1. Description of current missions and instruments that measure tropospheric CO from nadir TIR radiances. All missions are on polar
sun-synchronous orbiting platforms. Specifications are given for the CO thermal IR spectral range only, and for the nadir geometry.

Mission/Plate-form
Agency
Launch date
Data (L1) availability

Plate-form altitude
Equator crossing time, descend-
ing/ascending orbit
Instrument type

Spectral coverage (cm−1)
Pixel size, Spatial coverage
Spectral resolution
Radiometric precision for CO lines
(NeDT@280K)

References

IASI/MetOp
EUMETSAT/CNES
October 2006
May 2007

817 km
09:30, d
FTS, 8461 channels, OPD 2 cm

645 to 2760
12 km diam×4 pixels, swath 2200 km
0.5 cm−1 (apodized)
0.25 K

Schluessel et al., 2005
Turquety et al., 2004
Clerbaux et al., 2007, 2009

MOPITT/TERRA
NASA (EOS)
December 1999
March 2000

705 km
10:30, d
Gas correlation radiometer, 3 bands,
8 channels

2140–2192, 4265–4305
22×22 km, swath 640 km
0.04 cm−1 (effective)
0.05 K

Drummond, 1989
Edwards et al., 2004
Deeter et al., 2003, 2007

AIRS/AQUA
NASA (EOS)
May 2002
August 2002

705 km
13:30, a
Grating spectrometer, 2378 channels,
resolving powerλ/1λ = 1200

650–1136, 1216–1613, 2170–2674
13.5×13.5 km×9 pixels, swath 1650 km
∼1.8 cm−1 (2170–2200 cm−1)
0.14 K

McMillan et al., 2005, 2008
Aumann et al., 2003

TES/AURA
NASA (EOS)
July 2004
August 2004

705 km
10:45, a
FTS, 40 540 channels, OPD 8.45 cm

652–919(2B1), 923–1160(1B2), 1090–
1339(2A1) and 1891–2251(1A1)
0.53×8.3 km×16 pixels
0.10 cm−1 (apodized)
1.5 K (@300 K)

Beer et al., 2006
Bowman et al., 2006
Rinsland et al., 2006
Luo et al., 2007a and b
Worden et al., 2006

below 60◦ S only a total column (DOFS around 1) can be re-
trieved. At mid latitudes, the information ranges between 1.5
and 2, allowing the lower and upper troposphere to be distin-
guished. For very cold areas, e.g. Antarctic during the night,
the retrieval profile consists merely of the a priori profile.
On the contrary, for hot locations during the day, the DOFS
can provide two pieces of independent information and the
retrievals are much less weighted by the a priori.

3 CO correlative measurements distribution

In order to evaluate the FORLI-CO results we use simi-
lar products available from other currently operational nadir
looking TIR instruments: MOPITT, AIRS and TES. A gen-
eral description of the different missions and instrument
specifications is provided in Table 1.

In the following sections, we present briefly the retrieval
methods and the a priori of each instrument. The differ-
ent spectral resolutions and vertical sensitivities are also dis-
cussed. We then focus on comparison of monthly averaged
total column CO distributions for three months at different
seasons, in order to derive general trends in terms of discrep-
ancies.

Fig. 3. A priori profiles and standard deviations used in the differ-
ent retrievals: IASI (left), MOPITT and AIRS (middle) and TES
for August (right). For IASI and MOPITT, the standard deviations
are from the diagonal elements of the a priori covariance matrix
Sa . MOPITT V3 retrievals use the mean profile and covariance
matrix values at the seven levels shown by the blue dots. AIRS
V5 retrievals do not employ a covariance of the a priori. TES a
priori profiles vary in time and location (monthly, 10◦ lat×60◦ lon
blocks), and only the profiles for the August climatology are pre-
sented here. See Fig. 6 in Luo et al. (2007a) for a representation of
Sa for TES.

www.atmos-chem-phys.net/9/8317/2009/ Atmos. Chem. Phys., 9, 8317–8330, 2009



8322 M. George et al.: Carbon monoxide distributions from the IASI/METOP mission

Fig. 4. IASI, TES and AIRS radiance spectra (in brightness temperature) around Northern Brazil, on 1 August 2008. The spectral range used
for the CO retrieval are highlighted in grey. For the full spectral range covered by each on the left and zoomed for the CO window on the
right (IASI [2143 2181.25]; TES [2086.06 2176.66] and AIRS [2181.49 2221.12]).

3.1 Retrieval methods and a priori

3.1.1 MOPITT

MOPITT uses correlation radiometry (Drummond, 1989)
and the terrestrial thermal emission to sound tropospheric
CO. More recently, it was also shown that the solar chan-
nels provide supplementary information (Deeter et al., 2009).
CO retrievals are obtained by using a maximum a posteriori
method that incorporates a priori information of the physical
and statistical variability of the trace gas distribution in the
atmosphere (Pan et al., 1998). For this study we use MO-
PITT V3 data which are filtered for clouds. This version
uses a single CO a priori profile and the covariance matrix
is derived from several hundred in situ CO data distributed
globally (Deeter et al., 2003) (Fig. 3). It is worth noting that
MOPITT V4 products (that were not available at the time of
this study) include log-normal statistics for VMR, a mod-
ified forward model that handles extreme pollution condi-
tions, and variable a priori profiles. Differences between the
global a priori profile used in V3 and the geographically and
temporally variable a priori profiles used in V4 might lead to
significant differences in CO total column values.

3.1.2 TES

TES nadir Global Survey (GS) observations consist of 16
orbits in a 26 h period; a new GS starts every other day.
The along orbit observations are made approximately every
180 km. The TES CO prior information is derived from a
year of simulation with the MOZART model (Brasseur et
al., 1998). The prior profiles are monthly means in blocks

of 10◦
×60◦ (latitude by longitude) (See Fig. 3, for August).

TES CO retrievals apply modified Tikhanov constraints (Ku-
lawik et al., 2008). Spectral micro windows with isolated CO
lines are used in CO retrievals (Rinsland et al., 2006). Here
we use TES V004 GS data. Data quality and cloud filtering
criteria are used to select TES CO total columns according to
TES Level 2 Data User’s Guide (Osterman et al., 2008).

3.1.3 AIRS

Tropospheric CO abundances are retrieved from AIRS cloud-
cleared radiances, utilizing a set of overlapping trapezoidal
perturbation functions, similar to the retrieval of all AIRS
products (Susskind et al., 2003). Version 5 (V5) AIRS CO re-
trievals used in this analysis differ from the V4 products used
in previous studies (McMillan et al., 2005 and 2008; Warner
et al., 2007; Yurganov et al., 2008) in terms of the num-
ber of trapezoidal functions and the first guess profile. V5
employs the MOPITT V3 a priori profile as a single global
first guess profile (see Fig. 3) with nine trapezoidal pertur-
bation functions (Comer, 2006). The lowest of these nine
functions were chosen to closely coincide with the seven re-
porting levels for MOPITT CO retrievals. Overall, the nine
functions better define the shape of the AIRS CO averaging
kernels verses the V4 four trapezoidal functions described in
McMillan et al. (2008). The nine functions represent coarse
supersets of the AIRS 100 layer radiative transfer model.
The largest DOFS numbers are 1.5 in AIRS CO retrievals,
but typical values are closer to 0.8. For this study, AIRS
V5 data were accessed through the NASA Goddard DAAC
and filtered with QualCO = 0, CloudFrcStd< = 0.8, TSurf-
Std =>250 K and (PSurfStd – Pbest)<200 mb.

Atmos. Chem. Phys., 9, 8317–8330, 2009 www.atmos-chem-phys.net/9/8317/2009/
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Fig. 5. Averaging kernel matrices and DOFS provided by each re-
trieval team for IASI(a), MOPITT (b), AIRS (c) and TES(d), for
a coincident observation around 36◦ N–98◦ W, on 1 August 2008.
Each coloured line corresponds to the altitude indicated by the
coloured dot. The averaging kernels depend on vertical grid spac-
ing, which is different for each instrument. The suplots(e) and(f)
provide the averaging kernels corresponding to total columns and to
[0–6 km, plain line] and [6–12 km, dashed line] partial columns.

3.2 Spectral resolution and vertical sensitivity

Spectra recorded above the same area by the three spectrom-
eter type instruments, IASI, TES and AIRS, are presented
in Fig. 4, for the full spectral range covered by each device
(see Table 1). On the right part of the plot, an enlargement
is shown with the spectral window used for the CO retrieval
(different for each mission). The data correspond to nadir
along track observations only (North Brazil), which explains
the relative poor coincidence criteria, and the time of record-
ing differs by a few hours at maximum. From these plots
the TES higher spectral resolution is well marked, as are the
advantages of AIRS in terms of signal to noise ratio and of

IASI in terms of spectral coverage. As MOPITT is a gas cor-
relation radiometer, the radiance signal is not directly com-
parable.

Figure 5 illustrates the averaging kernel functions for
IASI, MOPITT, AIRS and TES at another coincident ob-
servation (over the USA). For each instrument, the raw av-
eraging kernel matrix provided by each team at the differ-
ent retrieved levels is plotted in Fig. 5a, b, c and d. The
functions have similar shapes, with low sensitivity near the
surface and maximum sensitivity in the low troposphere (4–
6 km), which highlight more the dependencies of the infrared
nadir observation to the geophysical scene rather than to the
instrument performance. The number of retrieved altitude
levels differs markedly for each instrument (IASI = 19, MO-
PITT = 7, AIRS = 9, TES = 67) and is not representative of
the vertical resolution. This also explains the different abso-
lute values of the averaging kernels, with higher peak values
for thicker layers. For the four instruments, the DOFS are
larger than 1, illustrating that the information of the total col-
umn comes from more than one layer of the atmosphere. Fig-
ure 5e presents the averaging kernel functions corresponding
to total columns. For this specific observation, TES is closest
to ideal (i.e. closest to 1 on all vertical levels) while the other
instruments show important positive deviations in the free
troposphere. In Fig. 5f we plotted the averaging kernels for
the [0–6 km] and [6–12 km] partials columns. These two par-
tial columns correspond to the two independent atmospheric
layers usually identified for IASI or TES, and not accessible
from AIRS. In general it is worth noting that the comparison
of such averaging kernel functions and DOFS numbers is in-
dicative but not quantitative as the a priori and the retrieval
methods are different.

3.3 Comparison of CO total column on the global scale

The comparison is performed on cloud-free monthly aver-
aged data, over a 1◦

×1◦ grid, in order to lower the differences
associated with the different temporal and spatial ranges of
each satellite. Only daytime observations are shown here.

3.3.1 Direct comparison for August 2008 distributions

Figure 6 presents the CO total column global scale distri-
bution retrieved from IASI, MOPITT, AIRS and TES data
available for August 2008. August is an interesting pe-
riod to observe high CO concentrations in Africa due to in-
tensive agriculture fires. A good agreement is found be-
tween the four distributions, with CO total column values
ranging from 4×1017, molecules/cm2 (background level) to
more than 4×1018 molecules/cm2 (fire events), though the
IASI background data are lower than those associated with
the other distributions. IASI and AIRS results have the
best horizontal coverage. The largest concentrations are ob-
served by all four instruments, although with different mag-
nitude, over China (pollution), Africa and South America
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Fig. 6. Averaged IASI, MOPITT, AIRS and TES CO total column distributions, binned on a 1◦
×1◦ grid, for August 2008. All observations

are for day-time, and were cloud-filtered following the recommendation provided by each retrieval team. There are more TES data between
30◦ E and 90◦ E because data are recorded every 2 days for 26 h.

Table 2. Correlation coefficients for August 2008 (see associated scatter plots in Fig. 7), November 2008 and February 2009. The IASI total
columns are adjusted with the MOPITT, AIRS or TES a priori. The coefficients corresponding to the comparison of IASI total columns with
TES total columns smoothed by IASI averaging kernel functions are shown in italic.

MOPITT AIRS TES [smoothed by AK IASI]

Aug 08 Nov 08 Feb 09 Aug 08 Nov 08 Feb 09 Aug 08 Nov 08 Feb 09

Global Corr. coeff. 0.83 0.87 0.92 Corr. coeff. 0.92 0.91 0.94 Corr. coeff. 0.84 [0.84] 0.79 [0.81] 0.88 [0.82]
Slope 0.92 0.84 0.83 Slope 1.67 1.45 1.46 Slope 0.88 [0.84] 0.86 [0.84] 0.95 [1.01]
Intercept −0.01 0.08 1.16 Intercept −1.25 −0.91 −0.92 Intercept 0.27 [0.37] 0.28 [0.38] 0.23 [0.22]

Lat [45◦, 90◦] Corr. coeff. 0.69 0.66 0.73 Corr. coeff. 0.88 0.85 0.85 Corr. coeff. 0.57 [0.59] 0.40 [0.51] 0.41 [0.36]
Slope 0.57 0.43 0.47 Slope 1.29 1.13 1.10 Slope 0.49 [0.44] 0.27 [0.33] 0.28 [0.25]
Intercept 0.74 0.83 0.96 Intercept −0.48 −0.36 −0.21 Intercept 1.02 [1.12] 1.40 [1.31] 1.66 [1.81]

Lat [15◦, 45◦] Corr. coeff. 0.81 0.79 0.76 Corr. coeff. 0.83 0.82 0.83 Corr. coeff. 0.68 [0.74] 0.70 [0.75] 0.69 [0.70]
Slope 0.96 0.79 0.73 Slope 1.39 1.18 1.19 Slope 0.80 [0.84] 0.72 [0.75] 0.72 [0.76]
Intercept 0.02 0.20 0.39 Intercept −0.70 −0.37 −0.37 Intercept 0.44 [0.40] 0.57 [0.56] 0.69 [0.71]

Lat [−15◦, 15◦] Corr. coeff. 0.92 0.90 0.89 Corr. coeff. 0.95 0.96 0.94 Corr. coeff. 0.89 [0.90] 0.79 [0.81] 0.85 [0.85]
Slope 0.86 0.82 0.86 Slope 1.70 1.84 1.75 Slope 0.91 [0.89] 0.85 [0.82] 0.91 [0.90]
Intercept 0.20 0.31 0.26 Intercept −1.32 −1.56 −1.35 Intercept 0.24 [0.29] 0.34 [0.46] 0.35 [0.36]

Lat [−45◦, −15◦] Corr. coeff. 0.75 0.82 0.72 Corr. coeff. 0.89 0.90 0.80 Corr. coeff. 0.77 [0.75] 0.73 [0.72] 0.69 [0.64]
Slope 0.75 0.82 0.66 Slope 1.25 1.51 1.11 Slope 0.66 [0.57] 0.72 [0.64] 0.64 [0.51]
Intercept 0.20 0.15 0.42 Intercept −0.60 −1.02 −0.42 Intercept 0.50 [0.64] 0.36 [0.51] 0.47 [0.60]

(vegetation fires). IASI and MOPITT distributions show very
similar intensities for the African fires. IASI and AIRS have
some problems with the inversion of spectra recorded above
deserts in North Africa or in the Arabic Peninsula: high con-

centrations are visible for IASI and the data were filtered for
AIRS (in light grey, bottom left plot in Fig. 6). In fact, ra-
diative transfer issues occur when processing the IASI data
over very cold/icy and very hot/sandy surfaces. The local
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Figure 7 3 
 4 Fig. 7. Scatter plots between IASI and MOPITT, AIRS, TES, for August 2008, for different latitudes bands (see correlation coefficients in

Table 2) and histograms of the differences in percent (200×(IASI−INSTR)/(IASI + INSTR)).

emissivity influences the sensitivity at the surface level and
for the moment, emissivity data are not available from Eu-
metcast.

3.3.2 IASI retrievals adjusted with MOPITT, AIRS or
TES a priori

The CO measurements are retrieved using different a priori
assumptions and vertical resolutions so we should allow for
the differing characteristics of the observing systems. In or-
der to deal with the different a priori, we followed the method
proposed by Rodgers and Connor (2003) and presented in
more detail for TES and MOPITT comparisons in Luo et
al. (2007a).

Here, the IASI columns have been adjusted according
to the a priori used by MOPITT, AIRS or TES. To per-
form the comparison, monthly averaged data are binned in
a 1◦

×1◦grid, so for each point of the grid, the Eq. (3) is ap-
plied to the IASI mean retrieved CO profile to obtain the IASI

adjusted profile and then the total column is derived:

xIASI
adjusted= xIASI

retrieved+(AIASI
− I)(xIASI

a −xINSTR
a ) (3)

With xIASI
adjustedthe IASI profile adjusted to the INSTR (i.e.

MOPITT, AIRS or TES) a priori,xIASI
retrievedthe IASI retrieved

profile, AIASI the IASI averaging kernel matrix,xIASI
a and

xINSTR
a the a priori profile used for the IASI and the INSTR

retrievals.
The two above-mentioned papers also recommend to

smooth the CO profile of the instrument with the higher pro-
filing capability with the averaging kernel functions of the
instrument with the lowest vertical sensitivity. The equation
to obtain the smoothed column is:

xhigh
smoothed= alowx

high
retrieved+(i −alow)x low

a (4)

With xhigh
smoothedthe high resolution column smoothed by

the averaging kernels of the low resolution instrument,alow
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the low resolution instrument averaging kernel vector cor-
responding to the total column,x

high
retrieved the high resolution

retrieved profile andx low
a the low resolution a priori profile.

Some extended tests were performed to compare IASI and
TES CO total columns using Eq. (4), in order to take the aver-
aging kernel information into account. Because of TES’s bet-
ter spectral resolution, the TES CO profiles were smoothed
by the IASI averaging kernel information. It is worth noting
that even with a higher intrinsic vertical sensitivity TES can
exhibit in some cases (e.g. see Fig. 5), depending on the ge-
ographic situation, a smaller DOFS than IASI because of the
different a priori assumptions that lead to different averag-
ing kernels and DOFS. As we lacked some of the averaging
kernel information for other instruments, as the vertical reso-
lutions are more similar, and as the impact on the coefficient
correlations for TES-IASI was found to be limited (see Ta-
ble 2, italic values), we restricted the application of Eq. (4)
to TES. It is worth mentioning that this impact is limited be-
cause we compare integrated columns, and that it has a much
larger impact when profiles are directly compared.

Figure 7 shows scatter plots of the averaged CO total
columns (1◦×1◦ gridded) for IASI as compared to MO-
PITT, AIRS and TES (without smoothing), for August
2008, for different latitude bands (Global = [−90◦; 90◦],
[45◦; 90◦], [15◦; 45◦], [−15◦; 15◦] and [−45◦; −15◦]).
Also shown are the histograms of the relative differences
in percent (200× (IASI-INSTR)/(IASI+INSTR), with IN-
STR = MOPITT, AIRS or TES) averaged the same way.
Other periods/seasons have also been examined. Table 2 pro-
vides a summary of the correlation coefficients, the slope,
and the intercept of the linear regression line, that were ob-
tained from the analysis of August 2008, November 2008
and February 2009. As can be seen from Table 2, the corre-
lation is generally good, although some biases are observed.
For data averaged over all latitudes, the correlation coeffi-
cients averaged over the three months investigated are 0.87
(IASI/MOPITT), 0.92 (IASI/AIRS) and 0.84 (IASI/TES).
This indicates that the four instruments can capture the dy-
namic range of the CO concentration with a good agree-
ment. In the equatorial region (latitudes [−15◦; 15◦]) MO-
PITT, AIRS and TES are very well correlated with IASI, with
correlation coefficients of 0.90, 0.95 and 0.84 respectively.
However MOPITT is higher than IASI with an average bias
of 9.6% for data averaged over all latitudes (11.4% for lat-
itudes [45◦; 90◦] and 1.1% for latitudes [−15◦; 15◦]) (see
Fig. 7p, q and s for August 2008). This is consistent with
a positive bias reported for MOPITT (V3 data) as shown in
Emmons et al. (2009). AIRS shows a significant bias for the
southern latitudes: 13.5% higher than IASI between 15◦ S
and 45◦ S but is in close agreement with IASI between 45◦ N
and 90◦ N (see Fig. 7t and q for August 2008). In other re-
gions, AIRS CO data seems to be larger than IASI for weak
concentrations but lower for high concentrations (Fig. 7f,
h and i for August 2008) indicating a more restricted dy-

namic range for AIRS retrievals due to the lower DOFS for
AIRS CO as has been previously noted (Warner et al., 2007;
Yurganov et al., 2008). On the contrary, TES is lower than
IASI in all the latitude regions (6.2%, see Fig. 7p for August
2008).

4 Summary and conclusions

This paper presents a first assessment of the capabilities of
IASI to measure CO on the global scale. The results pre-
sented here were obtained with the FORLI-CO algorithm, a
near real time processing code that delivers atmospheric pro-
files of CO about four hours after the observation. Several
months of observations have been analyzed, and both total
column and coarse vertical profiles have been measured on
the global scale, twice a day. CO quick-look distributions
maps with different projections can be viewed from the LAT-
MOS website athttp://iasi-chem.aero.jussieu.fr. The verti-
cal information available is strongly dependent on ground
temperature, local emissivity and thermal contrast, with the
daytime data being more useful for studying the atmospheric
composition in the lowest parts of the atmosphere. Several
radiative transfer issues remain when processing the IASI
data over very cold/icy and very hot/sandy surfaces, as lo-
cal emissivity data are not yet available from Eumetcast.

This paper compares the IASI CO total column global dis-
tribution, averaged over one month and for different seasons,
with similar CO products provided by other space-borne in-
struments that also exploit the thermal infrared spectral range
to sound the atmosphere. In the Northern Hemisphere and
in the equatorial region, the comparisons show an agree-
ment better than∼7% between IASI and the three other IR
sounders. In the Southern Hemisphere, under 15◦ S, IASI is
about 11% lower on average than MOPITT and AIRS. For
large concentrations of CO, such as in fire events for August
2008, IASI and MOPITT are in good agreement, but AIRS
is systematically lower than IASI (∼17%), likely due to the
combination of AIRS coarser spectral resolution and larger
retrieval footprint. TES shows a similar distribution struc-
ture but is slightly lower than IASI, for all latitudes bands.
Further studies are needed to improve first guess a priori pro-
files, climatologies, statistics, and ancillary data. There is
also a need to provide better knowledge of the Earth’s sur-
face temperature, local emissivity, atmospheric temperature
and humidity profiles. Such improvements would improve
the accuracy of CO satellite remote sensing retrievals, espe-
cially for nadir viewing thermal sounding instruments such
as TES, AIRS, MOPITT and IASI.
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Murtagh, D., Ńed́elec, P., Pazmino, A., Pumphrey, H., Ricaud, P.,
Rinsland, C. P., Robert, C., Schneider, M., Senten, C., Stiller, G.,
Strandberg, A., Strong, K., Sussmann, R., Thouret, V., Urban, J.,
and Wiacek, A.: CO measurements from the ACE-FTS satel-
lite instrument: data analysis and validation using ground-based,
airborne and spaceborne observations, Atmos. Chem. Phys., 8,
2569–2594, 2008a,
http://www.atmos-chem-phys.net/8/2569/2008/.

Clerbaux, C., Edwards, D. P., Deeter, M., Emmons, L., Lamar-
que, J.-F., Tie, X. X., Massie, S. T., and Gille, J.: Carbon
monoxide pollution from cities and urban areas observed by
the Terra/MOPITT mission, Geophys. Res. Lett, 35, L03817,
doi:10.1029/2007GL032300, 2008b.

Clerbaux, C., Boynard, A., Clarisse, L., George, M., Hadji-Lazaro,
J., Hurtmans, D., Herbin, H., Pommier, M., Razavi, A., Turquety,
S., Wespes, C., and Coheur, P.-F.: Monitoring of atmospheric
composition using the thermal infrared IASI/METOP sounder,
Atmos. Chem. Phys., 9, 6041–6054, 2009,

www.atmos-chem-phys.net/9/8317/2009/ Atmos. Chem. Phys., 9, 8317–8330, 2009

http://ether.ipsl.jussieu.fr
http://www.atmos-chem-phys.net/4/1945/2004/
http://www.atmos-chem-phys.net/7/2399/2007/
http://www.atmos-chem-phys.net/8/7723/2008/
http://www.atmos-chem-phys.net/8/2569/2008/


8328 M. George et al.: Carbon monoxide distributions from the IASI/METOP mission

http://www.atmos-chem-phys.net/9/6041/2009/.
Coheur, P.-F., Barret, B., Turquety, S., Hurtmans, D., Hadji-Lazaro,

J., and Clerbaux, C.: Retrieval and characterization of ozone ver-
tical profiles from a thermal infrared nadir sounder, J. Geophys.
Res., 110, D24303, doi:10.1029/2005JD005845, 2005.

Coheur, P.-F., Clarisse, L., Turquety, S., Hurtmans, D., and Cler-
baux, C.: IASI measurements of reactive trace species in biomass
burning plumes, Atmos. Chem. Phys., 9, 5655–5667, 2009,
http://www.atmos-chem-phys.net/9/5655/2009/.

Comer, M. M.: Retrieving Carbon Monoxide Abundances from the
Atmospheric Infrared Sounder (AIRS), Ph.D. Dissertation, Uni-
versity of Maryland Baltimore County, USA, 2006.

Deeter, M. N., Emmons, L. K., Francis, G. L., Edwards, D. P., Gille,
J. C., Warner, J. X., Khattatov, B., Ziskin, D., Lamarque, J.-F.,
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erational trace gas retrieval algorithm for the Infrared Atmo-
spheric Sounding Interferometer, J. Geophys. Res., 109, D21301,
doi:10.1029/2004JD004821, 2004.

Turquety, S., Clerbaux, C., Law, K., Coheur, P.-F, Cozic, A., Szopa,
S., Hauglustaine, D., Hadji-Lazaro, J., Gloudemans, A., Schri-
jver, H., Boone, C. D., Bernath, P. F., and Edwards, D.: Anal-
ysis of CO transport from Asia using nadir (MOPITT, SCIA-
MACHY) and solar occultation (ACE-FTS) satellite measure-
ments with global modelling, Atmos. Chem. Phys., 8, 5187–
5204, 2008,http://www.atmos-chem-phys.net/8/5187/2008/.

Turquety, S., Hurtmans, D., Hadji-Lazaro, J., Coheur, P.-F., Cler-
baux, C., Josset, and D., Tsamalis, C.: Tracking the emission
and transport of pollution from wildfires using the IASI CO re-
trievals: analysis of the summer 2007 Greek fires, Atmos. Chem.
Phys., 9, 4897–4913, 2009,
http://www.atmos-chem-phys.net/9/4897/2009/.

Velazco, V., Wood, S. W., Sinnhuber, M., Kramer, I., Jones, N. B.,
Kasai, Y., Notholt, J., Warneke, T., Blumenstock, T., Hase, F.,
Murcray, F. J., and Schrems, O.: Annual variation and global
distribution of strato-mesospheric carbon monoxide measured by
ground-based Fourier transform infrared spectroscopy, Atmos.
Chem. Phys., 7, 1305–1312, 2007,
http://www.atmos-chem-phys.net/7/1305/2007/.

Warner, J., McCourt Comer, M., Barnet, C. D., McMillan, W. W.,
Wolf, W., Maddy, E., and Sachse, G.: A comparison of satel-
lite tropospheric carbon monoxide measurements from AIRS
and MOPITT during INTEX-A, J. Geophys. Res., 112, D12S17,
doi:10.1029/2006JD007925, 2007.

Wespes, C., Hurtmans, D., Clerbaux, C., Santee, M. L., Mar-
tin, R. V., and Coheur, P.-F.: Global distributions of nitric acid
from IASI/MetOP measurements, Atmos. Chem. Phys., 9, 7949–
7962, 2009.

Worden, H., Beer, R., Bowman, K. W., Fisher, B., Luo, M., Rider,
D., Sarkissian, E., Tremblay, D., and Zong, J.: TES Level 1
Algorithms: Interferogram Processing, Geolocation, Radiomet-
ric, and Spectral Calibration, IEEE T. Geosci. Remote Sens., 44,
1288–1296, 2006.

Yurganov, L. N., Blumenstock, T., Grechko, E. I., Hase, F., Hyer,
E. J., Kasischke, E. S., Koike, M., Kondo, Y., Kramer, I., Le-
ung, F.-Y., Mahieu, E., Mellqvist, J., Notholt, J., Novelli, P. C.,
Rinsland, C. P., Scheel, H. E., Schulz, A., Strandberg, A., Suss-
mann, R., Tanimoto, H., Velazco, V., Zander, R., and Zhao, Y.:
A quantitative assessment of the 1998 carbon monoxide emis-
sion anomaly in the Northern Hemisphere based on total column
and surface concentration measurements, J. Geophys. Res., 109,
D15305, doi:10.1029/2004JD004559, 2004.

Yurganov, L. N., Duchatelet, P., Dzhola, A. V., Edwards, D. P.,
Hase, F., Kramer, I., Mahieu, E., Mellqvist, J., Notholt, J., Nov-
elli, P. C., Scheel, H.-E., Schneider, M., Schulz, A., Strandberg,
A., Sussmann, R., Tanimoto, H., Velazko, V., Drummond, J. R.,

www.atmos-chem-phys.net/9/8317/2009/ Atmos. Chem. Phys., 9, 8317–8330, 2009

http://www.atmos-chem-phys.net/3/1551/2003/
http://www.atmos-chem-phys.net/9/6453/2009/
http://www.atmos-chem-phys.net/8/5187/2008/
http://www.atmos-chem-phys.net/9/4897/2009/
http://www.atmos-chem-phys.net/7/1305/2007/


8330 M. George et al.: Carbon monoxide distributions from the IASI/METOP mission

and Gille, J. C.: Increased Northern Hemispheric CO burden in
the troposphere in 2002 and 2003 detected from the ground and
from a satellite, Atmos. Chem. Phys., 5, 563–573, 2005,
http://www.atmos-chem-phys.net/5/563/2005/.

Yurganov, L. N., McMillan, W. W., Dzhola, A. V., Grechko, E. I.,
Jones, N. B., and van der Werf, G. R.: Global AIRS and MO-
PITT CO measurements: Validation, comparison, and links to
biomass burning variations and carbon cycle, J. Geophys. Res.,
113, D09301, doi:10.1029/2007JD009229, 2008.

Zander, R., Mahieu, E., Demoulin, P., Duchatelet, P., Roland, R.,
Servais, C., De Mazière, M., Reimann, S., and Rinsland, C. P.:
Our changing atmosphere: Evidence based on long-term infrared
solar observations at the Jungfraujoch since 1950, Sci. Total Env-
iron., 391, 184–195, doi:10.1016/j.scitotenv.2007.10.018, 2008.

Zhou, D. K., Smith, W. L., Larar, A. M., Liu, X., Taylor, J. P.,
Schl̈ussel, P., Strow, L. L., and Mango, S. A.: All weather
IASI single field-of-view retrievals: case study – validation with
JAIVEx data, Atmos. Chem. Phys., 9, 2241–2255, 2009.

Atmos. Chem. Phys., 9, 8317–8330, 2009 www.atmos-chem-phys.net/9/8317/2009/

http://www.atmos-chem-phys.net/5/563/2005/

