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Abstract

The IASI nadir looking thermal infrared sounder onboard MetOp-A enables the moni-
toring of atmospheric constituents on a global scale. This paper presents a quality as-
sessment of IASI CO profiles retrieved by the two different retrieval algorithms SOFRID
and FORLI, by an intercomparison with airborne in-situ CO profiles from the MOZAIC
program. A statistical analysis shows a very good agreement between the two retrieval
algorithms and smoothed MOZAIC data for the lower troposphere (surface-480 hPa)
with correlation coefficients r ~ 0.8, and a good agreement in the upper troposphere
(480-225 hPa) with r ~0.7. Closer investigation of the temporal variation of the CO
profiles at the airports of Frankfurt and Windhoek demonstrates that on the overall a
very good agreement is found between the 1ASI products and smoothed MOZAIC data
in terms of seasonal variability. At Frankfurt SOFRID (resp. FORLI) is positively biased
by 10.5% (resp. 13.0 %) compared to smoothed MOZAIC in the upper (resp. lower)
troposphere, and the limited sensitivity of the IASI instrument to the boundary layer
when thermal contrast is low is identified. At Windhoek, we find a good reproduction
of the impact of the vegetation fires in Southern Africa from July to November by both
SOFRID and FORLI, with an overestimation of the CO background values (resp. fire
maxima) by SOFRID (resp. FORLI) by 12.8 % (resp. ~10 %). Profile comparisons at
Frankfurt and Windhoek identify a reduced performance of the nighttime retrievals of
both products compared to daytime retrievals.

1 Introduction

Carbon monoxide (CO) is primarily produced at the surface by biomass burning
and fossil fuel combustion. In the atmosphere, oxidation of methane (CH,) and non-
methane hydrocarbons (NMHC), like isoprene, account for nearly half of the global CO
production (Brenninkmeijer and Novelli, 2003). Sources of secondary importance in-
clude emission by vegetation and oceans. The removal of CO is largely (for as much
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as 90 %) determined by the reaction with the hydroxyl (OH) radical. The remaining 10 %
is removed by soils (Brenninkmeijer and Novelli, 2003).

Although not considered as a greenhouse gas, CO has a strong indirect effect on
the radiation balance of the atmosphere. Through its reaction with OH, CO largely
determines the oxidizing capacity of the atmosphere, thereby having a strong impact on
the lifetimes of long-lived trace gases (Bergamaschi et al., 2000). Furthermore, being
involved in the production and destruction of ozone (O3), O3-CO correlation studies
can provide important insight into the photochemical origin of air masses (Parrish et
al., 1993; Chin et al., 1994; Voulgarakis et al., 2011). In addition, having a lifetime
in the troposphere of 1-2 months, CO is an excellent tracer to study the long-range
transport of pollution (Logan et al., 1981; Forster et al., 2001).

Thermal infrared (TIR) nadir sounders are particularly suited for vertical profiling
of atmospheric trace gases with a high spatial resolution. 1ASI, the Infrared Atmo-
spheric Sounding Interferometer, onboard MetOp-A, is dedicated to long-term global
scale monitoring of a series of key atmospheric species, with unprecedented spatial
sampling and coverage (Clerbaux et al., 2009). Laboratoire d’Aérologie (LA) and LAT-
MOS/Université Libre de Bruxelles (ULB) deliver profiles of atmospheric CO based
on two different retrieval algorithms: the SOftware for a Fast Retrieval of IASI Data
(SOFRID), and the Fast Optimal Retrievals on Layers for 1ASI (FORLI). This paper
provides a comparison of the CO products obtained by the two algorithms with high
precision airborne in-situ CO observations from the Measurements of OZone, water
vapour, carbon monoxide and nitrogen oxides by Airbus In-service airCraft (MOZAIC)
program (Marenco et al., 1998).

The SOFRID algorithm was developed at LA for the fast retrieval of O3 and CO pro-
files on a global scale from |ASI spectra. Barret et al. (2011) showed that tropospheric
SOFRID Og profiles can be retrieved with almost 2 independent pieces of information,
the tropospheric ozone column (surface-225hPa) and the upper tropospheric-lower
stratospheric (UTLS) column (225—-70 hPa), with errors smaller than 20 %. Given the
great value of coexistent observations of O and CO on a global scale, SOFRID has
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been expanded to allow the retrieval of CO profiles. Our goal is to describe the SOFRID
CO retrieval in detail and assess the quality of the retrieved profiles through a compar-
ison with MOZAIC aircraft data.

The FORLI algorithm (Hurtmans et al., 2012) provides daily retrievals of CO, O and
HNO;. The FORLI CO product comprises CO total columns, partial columns, profiles,
quality flags and the corresponding averaging kernel vector or matrix. It has undergone
a series of quality assessments. George et al. (2009) evaluated global distributions of
FORLI CO total columns with the nadir-looking TIR instruments MOPITT, AIRS and
TES. A qualitative analysis of the FORLI retrieved CO profiles was made by Turquety
et al. (2009) by analysing the performance of the CO retrievals during extreme fire
events. Pommier et al. (2010) compared total columns, 0-5km partial columns and
profiles with collocated aircraft observations in the Arctic during the spring and sum-
mer 2008 POLARCAT campaigns. This study complements the previous works by val-
idation of FORLI CO profiles against the MOZAIC 2008—2009 dataset. As the FORLI
CO products will be operationally distributed in 2013 through the EUMETCast system
(under the OBMSAF umbrella) this paper is an important step to evaluate the quality of
the CO profile data before widespread distribution.

The paper is structured as follows: In the following section we introduce the two
algorithms developed to retrieve CO profiles from IASI radiances. Section 3 presents
the MOZAIC reference data set used in the validation study and in Sect. 4 the validation
methodology and results are discussed. The conclusion is given in Sect. 5.

2 Retrieval from MetOp-A/IASI radiances

2.1 IASI

IASI is one of the 12 instruments onboard MetOp-A, the first of a series of successive
polar-orbiting satellites. Launched in October 2006, IASI is a Fourier Transform Spec-
trometer (FTS), designed to measure the infrared (IR) spectrum emitted by the Earth
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and the atmosphere, from 645 to 2760 cm‘1, with a spectral resolution of 0.5 cm™! af-
ter apodisation. As compared to other TIR sounders in orbit, IASI offers a large and
continuous spectral coverage of the IR region at a medium spectral resolution (Cler-
baux et al., 2009). It provides global Earth coverage twice a day, with an overpass time
at ~09:30 and ~21:30LT (local time), and a relatively small pixel size on the ground
(12 km at nadir).

IASI’'s objectives are the delivery of highly accurate meteorological products to help
improve operational weather predictions, as well as the monitoring of reactive gases
on a global scale.

2.2 SOFRID

The SOFRID algorithm aims at a fast retrieval of global O5 and CO from MetOp/IASI
radiances. It is based on the RTTOV fast radiative transfer model coupled to a 1D-Var
retrieval scheme. The retrieval of SOFRID Oj profiles is described in detail in Barret et
al. (2011) and a validation study with ozonesondes is given by Dufour et al. (2012). For
this validation study SOFRID v2.0 was used.

The UKMO 1D-Var algorithm (Pavelin et al., 2008) is a retrieval code for nadir-viewing
passive sounding satellites, developed at UK Met Office within the context of the EU-
METSAT Satellite Application Facility for Numerical Weather Prediction (NWP SAF). It
is based on the optimal estimation method (OEM) described by Rodgers (2000). In the
OEM an optimal solution is found given the measurement, a simulation of the observed
radiance, the a priori information and associated errors. Hence, an accurate radiative
transfer model and a representative set of a priori assumptions and their uncertainties
need to be provided.

The radiative transfer calculations are performed with the RTTOV-9.3 model (Saun-
ders et al., 1999; Matricardi et al., 2004; Matricardi, 2009). RTTOV is a regres-
sion model where optical depths are parameterised by a set of predefined profile
dependent-predictors, which are functions of temperature, pressure, absorber amount
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and viewing angle (Matricardi et al., 2004). The RTTOV regression coefficients are
derived from accurate line-by-line calculations performed with the line-by-line radia-
tive transfer model (Clough et al., 2005) using molecular data from the HITRAN 2004
spectroscopic database (Rothman et al., 2005). The land emissivity is calculated with
the RTTOV UWiremis IR land surface emissivity module (Borbas and Ruston, 2010).
Surface pressure, temperature and humidity profiles for the radiative calculations are
taken from the operational MetOp-A Level 2 (L2) IASI product (Schliissel et al., 2005).
Surface temperature, skin temperature and wind speed are provided by the European
Centre for Medium-range Weather Forecasts (ECMWEF).

SOFRID CO retrievals are calculated from radiances in the 2143-2181cm™ spectral
window and are retrieved on 43 fixed pressure levels from the surface up to 0.1 hPa.
The covariance of the measurement error is characterized by a 5-band matrix (i.e.
a pentadiagonal matrix, which is representive for apodised observations) with a radio-
metric noise set to 1.41 x 10'8W(cm23rcm'1)'1. This value is the so-called obser-
vational error, including not only the measurement error, but also the uncertainties in
the temperature and water vapor profile, the spectroscopic parameters and surface
emissivity.

The a priori information was build from a 2 yr dataset of MOZAIC aircraft CO profiles,
complemented by Aura/MLS profiles at altitudes higher than the aircraft altitude. A fixed
global a priori profile x, is used for all the retrievals, shown in the top left panel of
Fig. 1. Its variability is given in the top middle panel, calculated from the square root
of the diagonal of the a priori covariance matrix, given in the upper right panel. We
see the highest variability in the lowermost layers of the atmosphere, due to localised
fossil fuel and biomass burning, with an a priori variability of ~70% at the surface
decreasing to 50 % near 800 hPa (~1.5km) and to 20-30 % for pressures lower than
600 hPa (~4 km).

In this spectral range, H,O is the main interfering gas, while N,O contributes to
the signal at higher wavenumbers. To account for their contributions, both profiles are
retrieved simultaneously with CO, as well as surface temperature.
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A cloud filtering is applied according to Clerbaux et al. (2009), based on the AVHRR-
derived fractional cloud cover from the IASI EUMETSAT L2 products. Only pixels with
a cloud fraction between 0 and 25 % are processed. In addition, the brightness tem-
perature at the 11 um (BT11) and 12um (BT12) IASI channels are compared to the
ECWMF skin temperature. If either the difference between BT12 and the ECMWEF skin
temperature is larger than 10K or if BT11 and BT12 are differing more than £10K, the
pixel is considered as contaminated and eliminated.

2.3 FORLI

The FORLI algorithm has been developed at the Université Libre de Bruxelles (ULB). It
uses pre-calculated look-up tables of absorbance cross sections at various pressures
and temperatures instead of the more time consuming line-by-bine calculations, and
the optimal estimation for the inverse scheme (Hurtmans et al., 2012). CO profiles are
calculated on 19 fixed layers from the surface up to the top of the atmosphere (set to
60 km), corresponding to 18 equidistant layers of 1 km from O km to 18 km, and a top
layer between 18 and 60 km.

FORLI CO profiles are retrieved from radiances in the spectral range 2143—
2181cm™ (same interval as SOFRID). A diagonal measurement error covari-
ance matrix was chosen, with an average measurement noise corresponding to
1.8 x 10'9W(cmzsrcm‘1)‘1, the estimated radiometric noise in this spectral region
(Clerbaux et al., 2009). The operational MetOp-A L2 temperature and humidity profiles
are used for the radiative transfer calculations. To take into account the wavenumber
dependency of the surface emissivity, a climatology built from several years of IASI
data (Zhou et al., 2011) is used. In the few cases there are missing values in the Zhou
et al. (2011) climatology, the MODIS/TERRA climatology (Wan, 2008) is used instead.

The a priori information was constructed from aircraft profiles from the MOZAIC pro-
gram, complemented by ACE-FTS (Clerbaux et al., 2005) profiles at the highest al-
titudes (upper troposphere and above), as well as distributions from the LMDz-INCA
(Hauglustaine et al., 2004) global chemistry transport model. The bottom panels of
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Fig. 1 display the a priori profile, its associated variability and covariance matrix. Com-
pared to SOFRID we see smaller volume mixing ratios (vmrs) near the surface for
the a priori profile, and a steeper descending profile in the upper troposphere. FORLI
presents larger a priori variability in the upper troposphere (~35 %) and in the UTLS
(~45 %). Surface temperature, CO, and N,O total columns, and a H,O profile are re-
trieved in addition to the CO profile.

For profiles in the Arctic, Pommier et al. (2010) found differences between FORLI
CO and smoothed in situ profiles lower than 17 % in spring, and stated that FORLI
overestimates the CO concentrations compared to the in situ data in summer where
differences can reach up to 20 % below 8 km for polluted cases. George et al. (2009)
found total column discrepancies of about 7 % between IASI and the other sounders
(for the NH and equatorial region), going up to 17 % when high CO concentrations are
found e.g. during fire events.

The FORLI CO products are publicly available via the Ether (http://ether.ipsl.jussieu.
fr/) database. The data is updated every day with a delay of one month and includes the
twice daily distributions of CO total columns since October 2007 along with averaging
kernels, associated errors, and quality flags.

For the comparison with MOZAIC data, only the more reliable pixels were taken into
account using the quality flags (super quality flag equal to 0). For more information see
http://ether.ipsl.jussieu.fr/ether/pubipsl/iasi_CO_uk.jsp.

3 MOZAIC

The MOZAIC program provides routine measurements of reactive gases on long dis-
tance commercial aircraft (Marenco et al., 1998). Since 1994, five airliners have been
equipped with O3 and relative humidity instruments, and a CO analyser was success-
fully added in December 2001. One aircraft carries an additional instrument to mea-
sure total odd nitrogen (NO,) since 2001 (Volz-Thomas et al., 2005). With a mea-
surement precision of +5ppbv for a 30s integration time, the CO analyser has a
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horizontal resolution of about 7km and a vertical resolution of about 300 m during
ascents and descents (Nedelec et al., 2003). The MOZAIC data is freely accessible for
scientific use at http://www.iagos.org. Since 2009, the MOZAIC program has been ex-
panded, implementing other commercial in-service aircraft observation programs such
as CARIBIC (http://www.caribic-atmospheric.com) into the IAGOS Research Infras-
tructure (In-service Aircraft for a Global Observing System). In the following however,
for simplicity, we will continue to refer to the MOZAIC data.

For the validation of IASI CO, MOZAIC aircraft observations during take-off and land-
ing were taken for the 2008-2009 period. In addition, we will investigate the temporal
behavior of the data recorded from flights between Frankfurt, Germany (50.1° N, 8.7° E)
and Windhoek, Namibia (22.6° S, 17.1° E). These flights are strongly represented in the
dataset and can give us insight in any latitudinal dependency of the quality of the two
IASI products.

4 Validation
4.1 Methodology and information content

Pixels were selected within £1° in latitude and longitude from the MOZAIC coordinates.
The quality assessment is based on the comparison of partial columns and a distinction
is made between daytime and nighttime 1ASI retrievals. The averaging kernel matrix A
is an important by-product of the retrieval, which characterizes the sensitivity of the
retrieved profile to the true profile. The rows of A are called the averaging kernels and
are peaked functions. For each retrieval level, the width of the averaging kernels cor-
responds to the altitude range contributing to the retrieved value and therefore gives
an indication of the height resolution. The DFS (Degrees of Freedom for Signal) is
calculated from the trace of A and quantifies the number of independent pieces of
information on the vertical for each measurement. Calculation of the DFS, for all coin-
cidences with MOZAIC data, gives values which vary between 1.4 and 2.3 for SOFRID
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and between 1.1 and 2.1 for FORLI. This shows that nearly 2 independent pieces of
information can be deduced from the retrieved SOFRID and FORLI CO profiles in the
best cases.

Daytime and nighttime averaging kernels of SOFRID and FORLI are shown for
Frankfurt (Fig. 2) and Windhoek (Fig. 3). Based on the forms and peaks of the aver-
aging kernels, a lower (surface-480 hPa) and upper (480—-225 hPa) tropospheric partial
columns were defined. The upper limit of 225 hPa was chosen to be within the bound-
ary level of the aircraft profiles. The partial column averaging kernels for the lower
and upper troposphere are given in black and were calculated according to Deeter
(2002). At the two locations, we see differences between daytime and nighttime partial
column averaging kernels: for nighttime measurements the vertical resolution (width
of the averaging kernels) is lower and the maximum sensitivity is shifted upwards for
the lower tropospheric averaging kernels. Especially at Frankfurt, FORLI daytime and
nighttime averaging kernels show strong differences. The sensitivity near the surface
is higher during the day. The lower and upper tropospheric nighttime averaging kernels
are strongly overlapping, meaning that the lower and upper tropospheric information is
correlated. For SOFRID the differences between daytime and nighttime averaging ker-
nels are smaller. At both locations, the maximum sensitivity of the nighttime averaging
kernels in the upper troposphere is shifted towards lower altitudes. The SOFRID lower
tropospheric nighttime averaging kernel at Windhoek shows an irregularity in the upper
troposphere.

4.2 Global comparisons

Global maps of lower (surface-480hPa) and upper (480—-225 hPa) tropospheric CO
columns retrieved with SOFRID and FORLI are displayed in Fig. 4. Daily means are
shown for 1 January and 1 July 2008, characterizing the winter and summer seasons.

In general the same features are captured by the two algorithms. The four top figures
provide a boreal winter picture, with elevated CO values in the lower troposphere over
West Africa, where biomass burning fires are active from October through January
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in the Sahel region. This CO-rich air is convectively uplifted to the upper troposphere
where it disperses over the African tropics towards the east coast of South America and
the South Arabian peninsula (Edwards et al., 2003). In the lower troposphere, higher
CO concentrations are found by FORLI compared to SOFRID for these regions affected
by biomass burning. Over South-East Asia, IASI detects highly polluted air-masses that
are uplifted and advected along the North-East Asian coast. In these pollution cases
higher CO columns are retrieved by FORLI than by SOFRID. In the upper troposphere,
higher CO background values are observed by SOFRID at midlatitudes.

In the bottom four figures, visualising the CO distributions on 1 July 2008, we see
a shift of the biomass burning region from West Africa to Central Africa, featuring the
beginning of the vegetation burning season, which lasts up to November. Both algo-
rithms capture the displacement of a large plume of polluted air originating from North-
East Asia which is rapidly transported over the Northern Pacific towards the Western
Canadian coast. FORLI shows a band of elevated lower tropospheric CO values over
Northern Europe and North Russia, which is not observed by SOFRID. Similar signa-
tures are found on 1 January 2008. Again, higher upper tropospheric CO background
values are observed by SOFRID at midlatitudes.

In conclusion, SOFRID and FORLI show similar global distributions. FORLI retrieves
higher CO concentrations in the lower troposphere for regions affected by biomass or
fossil fuel burning, and lower CO background values in the midlatitudinal upper tropo-
sphere, compared to SOFRID.

4.3 Correlations

Table 1 presents the results of a linear regression analysis between the two IASI re-
trieval products and MOZAIC partial columns for 980 coincident observations in 2008
and 2009. To account for the different resolution between the satellite and high reso-
lution in-situ data, a smoothing was applied to the MOZAIC profiles xyoz by the IASI
averaging kernels:
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Xmoz = Xg + A-(Xmoz — Xa) (1)

where Xy oz is the smoothed or convolved MOZAIC profile and x, and A are the a priori
profile and averaging kernel matrix of the IASI retrieval (SOFRID or FORLI).

Table 1 gives the slope (a), intercept (b) and correlation coefficient (r) of the compari-
son of IASI partial columns with smoothed MOZAIC partial columns. In brackets results
of the comparison with partial columns calculated from the raw MOZAIC profiles are
given. As expected, we see an improvement after smoothing of the in-situ data with the
IASI averaging kernels. A high correlation is found in the lower troposphere (surface-
480 hPa), with r ~ 0.8 for both retrievals. In the upper troposphere (480-225 hPa) the
correlation coefficients are ~0.7. For both algorithms, we see a slight improvement for
daytime compared to nighttime retrievals. Excellent agreement is found between day-
time FORLI and smoothed MOZAIC lower tropospheric columns showing a slope of 1
and an intercept near 0. Daytime lower tropospheric SOFRID and smoothed MOZAIC
are in good agreement with a slope of 0.76 and intercept of 0.32.

Better insight on the quality of the satellite data is gained by analysing the temporal
variations of CO.

4.4 Temporal variation

Figures 5 and 6 present time series of lower and upper tropospheric columns at the
airports of Frankfurt and Windhoek, respectively. Blue lines represent the relative dif-
ference between smoothed MOZAIC and IASI partial columns, and the mean (u) and
standard deviation (o) are displayed in the figures. The retrieval error presented (pink
bars and contours) is the sum of the smoothing error and the measurement error. The
smoothing error is the dominant source of error for CO retrievals in the TIR (Barret et al.,
2005) and accounts for the low vertical resolution of the retrievals. SOFRID provides
a mean retrieval error of 16.1 % (17.5%) for the surface-480 hPa partial column and
of 8.5% (6.5%) for the 480—-225 hPa partial column at Frankfurt (Windhoek). FORLI
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mean errors at Frankfurt (Windhoek) range from 13.5% (16.5 %) in the lower to 6.6 %
(7.2 %) in the upper troposphere. The retrieval errors computed by both algorithms are
therefore in good agreement.

At Frankfurt (Fig. 5), both products capture the same seasonal variability as the
aircraft observations, but underestimate the maxima in winter-spring in the lower tro-
posphere. However, we see a great improvement after smoothing of the MOZAIC data,
clearly visible for the 2009 winter-spring period. This may be linked to the insensitiv-
ity of IASI to boundary layer (BL) pollution in winter-spring when the BL height is low.
A comparison between IASI and MOZAIC profiles will allow us to better understand
these discrepancies (see the discussion below on Figs. 7 and 8). Lower tropospheric
columns of SOFRID and smoothed MOZAIC are in very good agreement, with ex-
ception of the small positive bias in July—October 2008, leading to a mean relative
difference with smoothed MOZAIC of -3.6 %. Note the excellent agreement in terms
of small-scale variability from January to September 2009. FORLI overestimates the
lower tropospheric CO concentration relative to smoothed MOZAIC with a mean pos-
itive bias of 13.0 %. Furthermore, differences larger than 30 % occur throughout the
studied period. In the upper troposphere, FORLI and smoothed MOZAIC are in close
agreement, with alternating slightly higher and lower CO concentrations, leading to
a mean relative difference of 0.9 %. SOFRID underestimates the seasonal variability in
the upper troposphere and shows overall a positive bias of 10.5 % relative to MOZAIC.
The standard deviation of the relative difference between retrieved and smoothed par-
tial columns (o) is comparable for the lower and upper troposphere and is ~14 % and
~16—-17 % for SOFRID and FORLI, respectively. With exception of the lower tropo-
spheric value of 14.3 % for SOFRID, these values are higher than the retrieval errors
estimated (pink contours), especially in the upper troposphere.

At Windhoek (Fig. 6), for both algorithms, we see a very good reproduction of the
variability resulting from the vegetation fires in Southern Africa from August to Novem-
ber. In the lower troposphere, excellent agreement is found between SOFRID and
smoothed MOZAIC for the fire emission peaks, but we see an overestimation of the
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background CO values in December—July, leading to a mean relative difference of
-12.8 %. Lower tropospheric FORLI and smoothed MOZAIC are in excellent agree-
ment over the whole period with a mean relative difference of —1.6 %, although slightly
higher values for the fire maxima are observed by FORLI relative to smoothed MOZAIC
(~10%).

In the upper troposphere, FORLI is biased low relative to both raw and smoothed
MOZAIC, most pronounced in 2008, giving a mean relative difference of 10.2 %. Upper
tropospheric SOFRID and smoothed MOZAIC are in very good agreement (-3.7 %).
Note the great improvement after smoothing for the third fire maxima in October 2008,
where SOFRID overestimates the CO concentration compared to raw MOZAIC (the
same holds for FORLI as well, if one would correct for the bias). In this case, a possible
cause could be the contamination of upper tropospheric CO with lower tropospheric
CO. As can be seen from Fig. 3, the averaging kernel of the upper tropospheric partial
column (dashed black line) shows sensitivity to the lower troposphere. The extreme CO
values found during the vegetation fire season, in combination with the high extension
of the fire plumes (see discussion below) lead to this contamination effect. However,
strong differences between the raw and smoothed MOZAIC data seem to be limited to
this specific period.

In order to produce a complete picture of the performance of both retrievals, time se-
ries and mean differences of MOZAIC and IASI CO profiles at Frankfurt and Windhoek
are displayed in Figs. 7 and 8. IASI daytime and nighttime comparisons with raw and
smoothed MOZAIC profiles are shown. It is worth noting that Figs. 7 and 8 clearly high-
light the different pollution conditions we have at the two airports; Frankfurt, a region
affected by BL pollution (typically below 800 hPa), and Windhoek, a region affected by
biomass fire plumes in Southern Africa, which are injected to higher altitudes (up to
~500 hPa; Rio et al., 2010).

At Frankfurt (Fig. 7), we see a confirmation of the earlier assumption that the high CO
concentrations observed by MOZAIC correspond to local CO emissions only affecting
the BL. This pollution is not detected by the IASI instrument in winter when thermal
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contrast and the BL are low, leading to relative differences between raw MOZAIC
and SOFRID profiles up to 40 % at the surface. After smoothing we see a much bet-
ter agreement in the lower troposphere, with relative differences between smoothed
MOZAIC and daytime SOFRID profiles of less than —3 %. SOFRID nighttime retrievals
underestimate the BL pollution and slightly overestimate the CO background concen-
trations leading to differences with smoothed MOZAIC ranging from +13 % at the sur-
face to —7.5 % at 400 hPa. In the upper troposphere, SOFRID shows a rather flat dis-
tribution with a positive bias, as previously seen in Fig. 6.

FORLI retrieves well the BL pollution compared to raw MOZAIC, with exception of the
winter period due to the earlier explained limited sensitivity of IASI. Also, elevated CO
values are retrieved by FORLI in July—August 2008 (most pronounced in the nighttime
set), which are not observed in the raw MOZAIC data. The smoothed MOZAIC profiles
demonstrate that the FORLI vertical resolution results in a diffusion of the raw MOZAIC
BL CO concentrations to higher altitudes and leads to differences ranging from more
than —20 % at the surface to 0% at 510 hPa between smoothed MOZAIC and FORLI
daytime profiles (around —15 % in the free troposphere for nighttime retrievals).

At Frankfurt, FORLI nighttime profiles are more smoothed over the lower troposphere
than daytime retrievals. This difference results from the lower resolution for nighttime
retrievals, as evidenced with Fig. 2 in Sect. 4.1.

At Windhoek, we can deduce from the raw MOZAIC profiles (Fig. 8 upper panels)
that the CO emitted by the vegetation fires in Southern Africa mostly impacts the tro-
posphere up to 400 hPa. During the fire periods, IASI retrieved profiles and MOZAIC
smoothed profiles show high CO concentrations up to 225 hPa indicating a contamina-
tion by the fire emissions above 400 hPa.

Nighttime SOFRID retrievals underestimate the high CO concentrations in the low
and free troposphere during the vegetation fire period and overestimate the low
CO background values, leading to the overall positive bias estimated by the rel-
ative differences. The same kind of behaviour was found at Frankfurt indicating
a smoothing of the extreme CO values by SOFRID nighttime retrievals larger than
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indicated by the MOZAIC smoothed data. The radiometric noise set conservatively to
1.41x1078 W(cm2 srcm‘1)‘1 may be too high resulting in a reduced retrieved variabil-
ity.

The negative bias of 10.0 % previously identified for FORLI in the upper troposphere
(Fig. 6), is seen here by the underestimation of the CO concentrations above 480 hPa
compared to MOZAIC. This bias is more pronounced for the daytime compared to
nighttime retrievals.

5 Conclusions

This study presented tropospheric CO profiles retrieved from |IASI spectra by two differ-
ent retrieval algorithms, SOFRID and FORLI. A quality assessment of the retrieved IASI
CO products was given by a detailed comparison with airborne observations from the
MOZAIC program, for the years 2008—2009. A correlation study of the coincidences be-
tween MOZAIC and the two IASI products of lower (surface-480 hPa) and upper (480—
225hPa) tropospheric partial columns showed a very good (resp. good) agreement
for lower (resp. upper) tropospheric columns, with correlation coefficients r ~ 0.8 (resp.
r ~0.7). In the lower troposphere, FORLI reproduced the amplitude of the variations
of smoothed MOZAIC data better than SOFRID (slopes closer to 1). The variability of
the MOZAIC smoothed data was slightly better captured by SOFRID, showing higher
correlation coefficients.

The temporal variation of lower and upper tropospheric columns, as well as day-
time and nighttime CO profiles, was investigated in detail at the two airports Frankfurt
and Windhoek. On the overall, both retrieval products showed a good agreement with
smoothed MOZAIC partial columns in terms of seasonal variability, and especially in
the lower troposphere. At Frankfurt, the pronounced smoothing of the MOZAIC profiles
by the averaging kernels of SOFRID and FORLI in the winter-spring period, indicated
the insensitivity of IASI to BL pollution when thermal contrast is low.
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SOFRID partial columns were found to be in very good agreement with smoothed
MOZAIC in the lower troposphere (-3.8 % at Frankfurt), with exception of the overes-
timation of the low CO background values (12.8 %) at Windhoek. In the upper tropo-
sphere, SOFRID was biased high (10.5 %) at Frankfurt but showed a very good agree-
ment with smoothed MOZAIC at Windhoek (-3.7 %). Profile comparisons demon-
strated an overestimation of CO background values and an underestimation of the
high CO values by the nighttime SOFRID retrievals.

FORLI lower tropospheric columns were positively biased (13.0%) at Frankfurt.
A closer investigation of the profiles revealed that the nighttime retrievals could not in-
form on the polluted boundary layer concentrations. At Windhoek, we found a very good
agreement between FORLI and smoothed MOZAIC, with only slightly higher values for
the fire maxima (~10 %). In the upper troposphere, FORLI showed a very good agree-
ment with MOZAIC at Frankfurt (0.9 %) and was biased low at Windhoek (10.0 %).
Daytime and nighttime profiles at Windhoek of both SOFRID and FORLI indicated sig-
natures of lower tropospheric contamination in the upper troposphere.

In conclusion, SOFRID and FORLI demonstrated to be in good agreement with the
MOZAIC reference set and showed their ability to correctly reproduce the CO vari-
ability in the lower and upper troposphere. Discrepancies found between the two |ASI
products and MOZAIC could mostly be traced back to a reduced performance of the
nighttime retrievals, which is related to the lower thermal contrast during nighttime com-
pared to daytime, which leads to less vertically resolved nighttime measurements.
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Table 1. Slope (a), intercept (b) and correlation coefficients (r) of the linear least squares fit
of CO partial columns computed from MOZAIC profiles and I1ASI retrieved profiles (SOFRID —
top, FORLI — bottom). Results are given for lower (surface-480 hPa) and upper (480—225 hPa)
tropospheric partial columns of raw (brackets) and smoothed MOZAIC compared to daytime
and nighttime IASI retrievals.

SOFRID
a b r
surface-480hPa day (0.52) 0.76 (0.52) 0.32 (0.69) 0.85
night (0.42) 057 (0.66) 0.53 (0.70) 0.80
480-225hPa day (0.37) 0.51 (0.30) 0.24 (0.58) 0.70
night (0.30) 0.43 (0.35) 0.29 (0.50) 0.62
FORLI
a b r
surface-480hPa day (0.64) 1.01 (0.47) 0.09 (0.63) 0.79
night (0.54) 0.84 (0.59) 0.30 (0.65) 0.74
480-225hPa day (0.30) 057 (0.25) 0.14 (0.42) 0.71
night (0.31) 0.59 (0.27) 0.17 (0.42) 0.65
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Fig. 5. Temporal variation of lower (surface-480 hPa) (top panels) and upper tropospheric (480—
225hPa) (bottom panels) partial columns at Frankfurt of MOZAIC versus SOFRID (left pan-
els) and FORLI (right panels). IASI retrieved partial columns are given in red, MOZAIC partial
columns in grey and MOZAIC data smoothed with the averaging kernels of the respective 1ASI
algorithm (SOFRID left, FORLI right) in black. The pink vertical bars represent the IASI partial
column retrieval error. The relative difference between smoothed MOZAIC and IASI (MOZAIC-
IASI/((MOZAIC + IASI)/2), in percentage) is given below each figure in blue, with its mean (u)
and standard deviation (o). The pink contours represent the IASI retrieval error. The data is

smoothed by a 5-point moving average.
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Fig. 6. As in Fig. 5 for Windhoek. Note the different timescale (MOZAIC flights to Windhoek
stopped in July 2009).
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Fig. 8. As Fig. 7 for Windhoek from January 2008 to July 2009. @
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