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Abstract. With the use of data assimilation, we study the 1 Introduction

quality of the Infrared Atmospheric Sounding Interferome-

ter (IASI) total ozone column measurements. The IASI dataModern low-Earth orbits (LEO) satellites carry on board a
are provided by the inversion of IASI radiances performed atn€w generation of instruments with higher resolution in fre-
the Laboratoire ATmospires, Milieux, Observations Spa- guency and space sampling and with a broader spectral cov-
tiales (LATMOS). This data set is initially compared on a €rage. They perform very accurate observations of numerous
five-month period to a three-dimensional time varying ozoneparameters of the atmosphere: vertical profiles of tempera-
field that we take as a reference. This reference field refure, humidity and trace gases measurements for example.
sults from the combined assimilation of ozone profiles from Moreover, flying at low orbital altitude, the LEO satellites
the Microwave Limb Sounder (MLS) instrument and of total can achieve a global coverage in less than one day. Recently,
ozone columns from the SCanning Imaging Absorption Speclhe LEO MetOp-A satellite, with the Infrared Atmospheric
troMeter for Atmospheric CHartographY (SCIAMACHY) Sounding Interferometer (IASI) onboard was launched. At
instrument. It has low systematic and random errors wher@n altitude of 817 km, MetOp-A takes about 100 min to com-
compared to ozonesondes and Ozone Monitoring InstrumerfRlete one orbit. During that time, the Earth has rotated by
(OMI) data. The comparison shows that on average, thearound 23. This means thata complete mapping of the Earth
LATMOS-IASI data tends to overestimate the total ozoneis obtained in about one day.

columns by 2% to 8%. The random observation error of the IASI is one of the five European new generation instru-
LATMOS-IASI data is estimated to about 7%, except over ments onboard MetOp-A. It measures the infrared (IR) ra-
polar regions and deserts where itis higher. The daytime datdiation emitted from the surface of the Earth and the atmo-
have generally lower biases but higher random error than théphere. Due to its very high resolution, data of excellent ac-
nighttime data. Using this information, the LATMOS-IAS| curacy and resolution are obtained. These data are mainly
data are then assimilated, combined with the MLS data. Thigatmospheric humidity and temperature profiles in the tropo-
first LATMOS-IASI data assimilation experiment shows that sphere and lower stratosphere, as well as the concentration
the resulting analysis is quite similar to the one obtainedof the chemical components (methane, carbon monoxide,
from the combined MLS and SCIAMACHY data assimila- 0zone) that play a key role in atmospheric chemis@ie(-

tion. The differences are mainly due to the lack of SCIA- baux et al. 2009. Aside the exploitation of IASI for im-
MACHY measurements during polar night, and to the higherproving short-term weather forecasting, this instrument can

LATMOS-IASI random errors especially over the southern also be used to monitor the atmospheric content of the chem-
polar region. ical species or to contribute to the improvement of short-term

chemical weather forecasting systems.

At the time this article is written, IASI is a new instrument
and retrieval algorithms are still in a development stage. The
first main objective of this work is therefore to obtain a cross-

Correspondence tdS. Massart validation of the IASI retrieval algorithm developed by the
m (massart@cerfacs.fr) Laboratoire ATmospéres, Milieux, Observations Spatiales

Published by Copernicus Publications on behalf of the European Geosciences Union.



http://creativecommons.org/licenses/by/3.0/

5074 S. Massart et al.: Towards the assimilation of IASI ozone data

(LATMOS) (Turquety et al. 2004. One way to validate bined assimilation of SCIAMACHY and MLS ozone data
satellite data is to perform detailed comparisons of their re-into the MOCAGE-PALM system. In contrast to the usual
trievals with independent data sets. Those reference data sed@rect comparison of different data sets, this methodology
generally result from in situ measurements. Such intercomallows the computation of ozone fields at the time and the
parisons have been performedMjygliorini at al. (2004 for location of the observations, within the time and space res-
the ozone measurements from the Michelson Interferomeelutions of the used CTM. Moreover, the computed ozone
ter for Passive Atmospheric Sounding (MIPAS) instrument, field is a good estimate of the true ozone distribution since
and for the IASI temperature and water vapour retrievals, byit results from an assimilation process. Finally, the compari-
Pougatchev et a(2009. Unfortunately, in most cases, the son with the field from the combined assimilation of SCIA-
reference data have different characteristics, non-negligiblMACHY and MLS data is better than a comparison with only
errors, and perform their measurements at close but differendbne of them, since the combined assimilation gives accurate
times and locations than the data to be validated. In order tanformation trough the whole atmospheric column.
obtain systematically a reference value in a close neighbour The next sections describe the characteristics of the ozone
of each observation, the reference data can be complementethta used (either assimilated or used for validation), the re-
with the outputs of a numerical model. This was done for ex-sults from the combined assimilation of SCIAMACHY and
ample byRicaud et al(2009 who compared total columns MLS ozone data, and the validation of the corresponding
of nitrous oxide from IASI retrievals to the outputs of the analysid. Section 4 focuses on the determination of the
3-D Chemistry Transport Model (CTM) Mede de Chimie  error of the LATMOS-IASI ozone data in comparison with
Atmospleriquea GrandeEchelle (MOCAGE). In order to  ozone analysis obtained from the assimilation of the SCIA-
further reduce the errors of the reference data, one can alsBIACHY and MLS data sets. Section 5 presents the first re-
use the outputs from a data assimilation systéfassart et  sults of the assimilation of LATMOS-IASI ozone data within
al. (2007 applied this methodology to evaluate the quality of our MOCAGE-PALM system.
the ozone measurements from the Sub-Millimetre Radiome-
ter (SMR) instrument.

Even if the use of data assimilation for atmospheric chem-2 Ozone observations
istry is quite recent if compared to other geophysical ap- . ] o
plications, these techniques are nowadays robust and effilhe ozone data used for this stu_dy are glther assimilated or
cient enough to be used for scientific purposeahpz et used as independent source of information to evaluate out-
al, 20073. The early assimilation systems for the atmo- PUts from the assimilations process. They come from both
spheric chemistry were mainly focused on stratospheric conSPacecraft and in situ instruments.
stituents, especially ozone, with the first implementation of ) o
an ozone assimilation system made at the NCEP at the end g1 Ozone observations for the assimilations
the 1990sCaplan et a].1997). The current assimilation sys-
tems are built on top either of Numerical Weather Prediction

(EWP) syséelr:’n s[Qer:)QeOr Oet. aEl.1kQQS Detfg‘,OZOO_C?hor CJMS A clear-sky retrieval scheme for the near real time inversion
(Errera and Fontey % Eskes et a).2003. The advan- of the concentrations of ozone and other trace gases was de-

tage of using a CTM for the assimilation process is that aveloped at the LATMOSTurquety et al.2004). It includes

CTM has generally a more complex representation of Chem'the inversion module, based on a neural network approach,

ical processes compared to the representation included intgS well as an error analysis module. The efficiency of the al-

. . %orithm was demonstrated by its application to the treatment
often used for the analysis and the forecast of chemical CONZ¢ the atmospheric nadir measurements provided by the In-
stituents. Most of them are based on satellite level 2 product$, ¢ ) <tric Monitor for Greenhouse Gases (IMG)/ADEOS
that include vertical profiles of trace gases or partial and to'(CIerbaux et a].2003. Applied to the IASI spectra, this al-
tal column determination. For the assimilation of the MIPAS orithm provided data with a maximum sensitivity i’n the free

ozone pr.ofiles, the state of the art system.s have proven to b?’r‘opospherﬂ(urquety et al.2009. The sensitivity extends
efficient in most of the stratosphere and in the lower MeSO5 in the stratosphere to around 1hPa. In the lower atmo-

sphere, compared to independent d&&dr et al. 2006. s P .
X phere the sensitivity is directly linked to thermal contrast
The MOCAGE-PALM system was one of them. In this study, (difference between the surface and the atmospheric temper-

we use a more sophisticated version of this system that benéture) as discussed Glerbaux et al(2009. When the ther-
efits of new developments of the assimilation algorithm BSmal céntrast is large and positive, the measurement is sensi-

described in Sect. 3. . o o
o . . . tive to the ozone content inside the lower layers. When it is
The validation of the LATMOS-IASI data is achieved in y

this study by performing comparisons over a five-month pe- 1y this paper, an analysis will refer to a four dimensional (3-
riod (from August to December 2007) between their level 2D in space plus time) field, computed on the model grid, resulting
ozone data and the ozone fields computed through the confrom the assimilation process.

2.1.1 LATMOS-IASI

Atmos. Chem. Phys., 9, 50730691, 2009 www.atmos-chem-phys.net/9/5073/2009/
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small, the sensitivity in the lowest levels decreases accordsphere or surface in the ultraviolet, visible and near infrared
ingly. Detailed information of the LATMOS-IASI vertical wavelength region. With its moderate spectral resolution and
sensitivity is assessed Boynard et al(2009. a wide wavelength range, SCIAMACHY can measure many
Global distributions of total ozone column are now rou- different trace gases despite their low concentrations. SCIA-
tinely extracted from the IASI radiances data at the LAT- MACHY has three different viewing geometries: nadir, limb,
MOS (Clerbaux et a].2009. Using a perturbation method, and sun/moon occultations which yield total column values
the neural network can also provide the averaging kernelsis well as vertical profiles of trace gases and aerosols in the
associated with the retrieval§yrquety et al.2004. Unfor- stratosphere and in the troposphere. SCIAMACHY can ob-
tunately, as it is time consuming, the present real-time pro-serve the whole Earth with a coverage at the equator achieved
cessing of the IASI data does not allow deriving both the within 3 days when using only nadir or limb modes.
columns and the averaging kernels on the global scale. Thus, In this study, we use the ozone columns retrieved from
the IASI total ozone column averaging kernels were not con-the SCIAMACHY spectra by the TOSOMI algorithm devel-
sidered in this study. Systematic validations of these totaloped at the Royal Dutch Meteorological Institute (KNMI).
column measurements and profiles retrievals (with averaginghe retrieval algorithm is an application to SCIAMACHY of
kernels), using ground-based and other satellite observationshe GOME algorithm TOGOMIValks and van Os2003.
are provided inBoynard et al.(2009. Preliminary results  This algorithm is based on the total ozone DOAS (Differ-
show that, compared to GOME-2, the LATMOS-IASI data ential Optical Absorption Spectroscopy) algorithm devel-
overestimate the ozone total columns by about 6% at midoped for the OMI instrumentMeefkind et al, 2006. This
latitudes with an excellent correlation of about 0.92. Over thejs suitable as the OMI, SCIAMACHY and GOME instru-
polar regions and tropics, the correlation is found to be lowerments are very similar with respect to total ozone column
and the LATMOS-IASI data still overestimate the ozone con-retrieval using the DOAS method. The TOSOMI SCIA-
tent. MACHY total ozone data (value and error) are available
The current version of the LATMOS algorithm still en- from http://www.temis.nl They will be further referred as
counters problems in case of observations recorded over icBCIAMACHY data in this paperEskes et al(2005 have
and sandy surfaces. This is due to the lack of available auxpresented comparisons between two years of SCIAMACHY
iliary data related to surface emissivity and solar reflexion.data and co-located ground based measurements, and be-
They should be included in the METOP level 2 products, andtween 6 months of SCIAMACHY data and GOME retrievals.
should be implemented in the next version of the algorithm.They found that SCIAMACHY ozone columns are, on av-
In this paper, we chose not to use the observations recordegrage, 1.5% lower than the others data, without any strong
over icy and sandy surfaces that represents about 12% of thgependence on geographical location.

overall data set. Both daytime and nighttime measurements |n g similar way to what is done for LATMOS-IASI data,
are used with a discrimination between them as they ha.VQhe SCIAMACHY ozone columns have been a\/eraged with
different vertical sensitivities and accuracies. a simple mean for the assimilation, on the CTRI &/ 2°
During the period under study (153 days), there arejatitude-longitude grid and are used without taking account
12 days without LATMOS-IASI observations due to some of the averaging kernels. During the period under study, there
MetOp-A calibration operations. Otherwise, an average ofare 3 days without measurements. Otherwise, an average of

about 135000 retrievals of total ozone column are produce®5 000 aggregated measurements of total ozone column is
per day. With the aim of assimilating these data into aavailable each day.

system with a 2x2° global grid, we have to build super-

observations since the IASI footprint on the ground is about

12 km at nadir and 4 measurements are performed at the sanfel-3 Aura/MLS ozone profiles

time (every 50 km). The super-observations are obtained by

the computation of the simple mean of all the observationsThe Microwave Limb Sounder (MLS) instrument has been

made at the same time (within a minute) in the correspondflying onboard the Aura satellite in a sun-synchronous polar

ing 2°x2° cell. This procedure reduces the daily number of orbit since August 2004. Vertical profiles of several atmo-

observations to an averaged value of the order of 21500. spheric parameters are retrieved from the millimeter and sub-
millimeter thermal emission measured at the atmospheric

2.1.2 TOSOMI SCIAMACHY ozone columns limb (Waters et al.200§. Measurements are performed
between 82S and 82N, with a long-track resolution that

SCIAMACHY (SCanning Imaging Absorption spectroMeter varies from about 165 km to nearly 300 km. For our study

for Atmospheric CHartographY) is a scanning spectrometemwve have used the latest version (v2.2) of MLS ozone prod-

whose primary objective is to perform global measurementauct. A detailed validation of this product and comparisons

of trace gases in the troposphere and in the stratosphengith other data sets are availableRmidevaux et al(2008

(Bovensmann et gl1999. It is designed to measure sun- and Livesey et al.(2008. They found that in the middle

light transmitted, reflected and scattered by the Earth’s atmostratosphere, the MLS ozone data have small biases, with a

www.atmos-chem-phys.net/9/5073/2009/ Atmos. Chem. Phys., 9, 5093-2009
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random error of the order of 5%. The error is similar in the swath of approximately 2600 km wide on the surface, which

upper troposphere and lower stratosphere but can reach 20%nables measurements with a daily global coverage.

at 215 hPa. In this study, we use the OMI total ozone columns
The ozone observations assimilated in our study weregdata available fronttp://www.temis.nj produced with the

screened according to their recommendations. We rejectefNMI DOAS method {eefkind et al. 200§. The OMI-

the measurements with odd “Status” fields, with “Quality” DOAS total ozone columns have showed a globally aver-

fields lower than 1.2, and with “Convergence” fields greateraged agreement better than 2% with the ground-based ob-

than 1.8. We also restricted the data used to the pressurgervationsBalis et al, 2007). The data shows no significant

range from 215hPa to 0.5hPa, which represents measurélependence on latitude except for the high latitudes of the

ments at 16 pressure levels per profile. One interesting feaSouthern Hemisphere (SH) where it systematically overesti-

ture of MLS is its ability to measure constituents in the Upper mates the total ozone value by 3% to 5%.

Troposphere-Lower Stratosphere (UTLS) where retrievals

are made at 4 levels, namely 215 hPa, 147 hPa, 100 hPa arfd2-2 ©zone sondes

68 hPa. Nevertheless, the error is higher in this region with

values from 5% to 100% below 100 hPa, from 2% to 30% at

100 hPa, while it is below 10% at lower pressure levels.

Ozone soundings were obtained from the World Ozone
and Ultraviolet Radiation Data Centre (WOUDGttp://
www.woudc.org)f and the Southern Hemisphere Additional

The measurement error is also a product of the retrievabzonesondes project (SHADOZttp://croc.gsfc.nasa.gov/
algorithm. These errors are used as the standard deviatiogh,ﬂdoZ Thompson et a.2003. In this study, we use

of the observation error in order to construct the diagonal Ofdata from 23 locations mainly located in the latitude band
the observation error covariance matrix, which is required byfrom 30°S to 60N (Fig. 1). Most of the stations are

the assimilation algorithm. The off-diagonal terms are set toequipped with Electrochemical Concentration Cell (ECC)

zero. This means that the random observation error of ongg4as Eour of them are equipped with Carbon-lodide son-
measurement is assumed to be independent of the randofl.s 4nd one with Brewer-Mast sondes

observation error of other measurements along the same pro-

file and the measurements of other profil_es. At Iastide- be somewhat heterogeneous, this heterogeneity is acceptable
vaux et al.(2008 showed that the averaging kernels’ peaks

_ - .~ in order to obtain a wider coverage. According to laboratory
are near unity for the levels we assimilate the data, which

h ith ifving th ina k comparisons of the three sonde typ8sft et al, 1999, the
:]neelgns we can use them without specifying the averaging €lrandom variability of the overall data is estimated at about 10

S _ _ to 15% in the UTLS and near 5% in the middle stratosphere
For the assimilation, in a manner consistent with the use ofyhere o0zone concentrations are maximums.

the other data sets, we averaged the measurements and their

errors that lie at a distance below.2The average is a sim-

ple mean that does not take into account individual errors3 Production of the ozone analysis
It gives about 2000 measurements per day, and for the pe-

riod in consideration, there are 16 days without Aura/MLS One aim of this paper is first to compare LATMOS-IASI
measurements. total ozone column with data sets from other instruments.

The way we perform this comparison is similar to what was
completed inMassart et al(2007. The LATMOS-IASI to-

tal ozone columns are compared to the columns computed
from an ozone analysis. The analysis is obtained from the
combined assimilation of MLS and SCIAMACHY data into
o the MOCAGE-PALM system. The next sections describe the
Also onboard Aura, the Ozone Monitoring Instrument (OMI) 5gsimilation system and the resulting the ozone analysis ob-

is a nadir viewing imaging spectrograph that measures thgyined for the five last months of 2007.
solar radiation backscattered by the Earth’s atmosphere and

surface Levelt et al, 200§. OMI combines the advantages 3.1 Assimilation system

of European ESA instruments GOME and SCIAMACHY

with the characteristics of the NASA's TOMS instrument, The assimilation system is similar to the one used/ms-

that measures the complete spectrum in the ultraviolet/visiblesart et al.(2007). It is based on the MOCAGE-PALM sys-
wavelength range with a very high spatial resolution and atem developed jointly by CERFACS andé#o-France in the
daily global coverage. During one Aura orbit, OMI per- framework of the FP5 European project ASSE@l{oz et al.
forms approximately 1650 measurements on the sunlit por2007h and then extended with the support of the Ether centre
tion of the Earth. In the standard global observation mode, 6Gor atmospheric chemistry products and services. The assim-
across track ground pixels are measured simultaneously, thiation algorithm is a 3D-VAR, in the FGAT (first guess at
pixel size being 13 km 24 km. These measurements cover a appropriate time) varianF{sher and Andersqr2001). The

As stressed biieer et al(2006, even if this data set may

2.2 Ozone observations for evaluation of the analyses

2.2.1 OMI-DOAS total ozone columns

Atmos. Chem. Phys., 9, 50730691, 2009 www.atmos-chem-phys.net/9/5073/2009/
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(square of the forecast error standard deviation). The corre-
lation matrix is divided into a horizontal and a vertical oper-
ator, both modelled using a diffusion equatidigaver and
4 Courtier, 2001). A preliminary work based on an ensem-
. ble of assimilation runs allowed us to estimate the different
200 80 60 40 20 o0 20 40 60 80 length-scales of the forecast error correlation functions (as-
Latitude sumed to have a Gaussian shape). The length-scales were
found strongly inhomogeneous in time and space with values
ranging from 100 km to 300 km in the meridional direction,
Fig. 1. Number of ozonesonde stations used for validation, by lati- g3nd from 100 km to 600 km for the zonal ones. However,
tude (in 10 bins). the assimilation system is based on a homogeneous horizon-
tal length-scale. Therefore, the horizontal correlation of the
forecast error is computed with a trade-off value for the ho-

system is based on the@o-France comprehensive three- ,ene0us length-scale of 220 km (that corresponds to a dis-
dimensional chemistry transport model (CTM) MOCAGE 51ce of 2 at the equator).

and the CERFACS PALM softward(iis et al, 2009. The The vertical correlation is computed with a space depen-
CTM MOCAGE covers the planetary boundary layer, the gent dimensionless length-scale The correlationy;; be-
free troposphere and the stratosphere. It provides a numbgfeen two pressure levelsand j is expressed as a locally

of optional configurations with varying domain geometries g5ssian function of the logarithm of their pressure ratio
and resolutions, as well as chemical and physical parame(pi/pj) and a local length-scale;;

terization packages. MOCAGE is currently used for sev-
eral applications, with recent examples in chemical weather [ 1 o2 (1,1. )} O
—— -log 1
2

Count
O R, N WM OOTO
T

forecasting Pufour et al, 2004, chemistry-climate interac-  #ij = €Xp —
tions (Teys®dre et al.2007) and intercontinental transport
of ozone and of its precursorB¢usserez et a12007). In order to increase the consistency of our analysis, we
The first version of the MOCAGE-PALM assimilation sys- added several diagnostics as discussedebygroziers et al.
tem (Massart et a).2005gb), as it was originally imple-  (2005. Based on the combinations of assimilated obser-
mented for the ASSET project, provided good quality ozonevations minus background, assimilated observations minus
fields compared with ozonesondes and UARS/HALOE mea-analysis, and background minus analysis, they provide a set
surements with errors of the same order as those produceof consistency checks of an assimilation experiment. In our
by several other assimilation systen@egr et al.2006. In case, these diagnostics are used to compute two multiplica-
order to improve our assimilation system, several changesive correction coefficients, ands,. The first one is applied
have been recently made on the model resolution and on th B, the covariance matrix of the forecast error, so that the
characterization of the forecast errdgssart et a).2007, assimilation is performed with,fB. The second coefficient
Pannekoucke and Massa&009. is applied orR, the covariance matrix of the observation er-
In this study, the domain geometry and resolution coverror, so that the assimilation is performed wifiR. In theory,
a global 2 by 2° horizontal grid with 60 level vertical lev- these coefficients are suitable for the assimilation period dur-
els from the surface up to 0.1 hPa. The meteorological forcing which they are computed. In practice, they are computed
ing fields are provided by the operational European Cen-over a daily period divided into 8 assimilation windows and
tre for Medium-Range Weather Forecasts (ECMWF) numer-are used for the next day. This procedure can be adopted due
ical weather prediction model. For computing the ozoneto the slow variation found in the standard deviation of the
chemical fields, we adopted the linear ozone parameterizaforecast and observation errors.
tion developed byCariolle and Teyssdre (2007 in its lat-
est version 2. It is based on the linearization of ozone pro3 2  Numerical experiment
duction/destruction rates using an altitude/latitude chemical
model. So in the troposphere the model does not account forhe period under study spans from first of August to the
local ozone productions due to precursor emissions (e.g. NOend of December 2007. Initial global ozone concentra-
emissions). Therefore we expect the ozone parameterizatiotions for 1 July 2007 were built from a July climatological
to have limitations in the boundary layers. In the free tro- ozone. A 15 days assimilation of MLS data from this ini-
posphere and the stratosphere the parameterization perforngal state was performed to obtain coherent ozone concen-
with accuracies similar to full chemical modelSder et al.  trations for 15 July 2007. All the assimilation experiments
20079). start from this date. The computation of the diagnostics for
The forecast error covariance matrix of the MOCAGE- the intercomparisons begins 1 August 2007 so that the fields
PALM assimilation system is split into a correlation matrix have little-dependence on the initial condition. A simulation
and a diagonal matrix filled with the forecast error varianceof MOCAGE in the free mode (without any assimilation)

ij pj

www.atmos-chem-phys.net/9/5073/2009/ Atmos. Chem. Phys., 9, 5093-2009
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Fig. 3. Average difference (in DU) between the total ozone columns
04 Aug 11 Aug 18 Aug 25 Aug © from the SCIAMACHY analysis minus the total ozone columns

from the MLS analysis (black line) for the period 1 August to 31 De-
cember 2007. The shaded area represents the average plus and mi-

Fig. 2. Diagnostics of the SCIAMACHY assimilation for August nus the standard deviation of the difference for the same period.

2007.(a) Values of the cost function at the minimum divided by the

half number of observations. Values of the diagnoggdbserva-

tion and(c) forecast error correction coefficients. observations. On average, the resulting observation error is

approximately the same as the one specified in the data. The

standard deviation of the forecast error is about 15% of the

starting on 15 July 2007 is also performed in order to pro-ozone concentration for the MLS assimilation, and 2% for
duce areference from which the impact of the assimilation isthe SCIAMACHY assimilation.

evaluated. Even if the MLS data only provides ozone profiles, the
We assimilate the combined information from MLS and total ozone columns computed from the MLS analysis, ac-
SCIAMACHY measurements. The major advantage in thiscount for the information brought by the instrument. There-
combined assimilation is that the MLS data give constrainsfore the total ozone columns computed from the MLS analy-
to the computed ozone profiles in the stratosphere and in theis and those computed from SCIAMACHY analysis can be
upper troposphere, whereas the SCIAMACHY data bringslegitimately compared. We computed for the whole period,
information on the integrated ozone columns. Before com-the average and the standard deviation of the difference be-
bining the two data sets, it is important to ensure coherencéween the analysed SCIAMACHY total ozone columns and
between these two sources of information. This is achievedhe analysed MLS ones. MLS having no measurements be-
by comparing the analyses of the two single instrument asyond 82 S and beyond 82N, we assumed that the differ-
similation experiments of the two types of 0zone measure-ence in this polar regions is constant and equal to the one

ments. computed on 82S and on 82N for, respectively the South-
ern and Northern polar regions. FigBshows that there is
3.3 Separate MLS and SCIAMACHY assimilations a good consistency between the two sources of information,

the averaged difference being mostly below 10 Dobson Unit
We first assimilated MLS and SCIAMACHY datain two sep- (DU) in absolute value. The variation of the difference from
arated experiments. For these experiments, the dimensiorene month to another is also below 10 DU. In the region be-
less length-scale used for the vertical correlation model oftween about 60S and 20N, for all months from August
the forecast error is set to a value of 0.35. The standard deto December, the total ozone columns from SCIAMACHY
viation of the background error is prescribed as a percentaganalysis are lower than those from the MLS analysis, with
of the ozone concentration, with a proportionality coefficient little variations from one month to another. The monthly av-
adjusted using the previously described a posteriori diagnoseraged differences are nearly systematically positives in the
tics. As illustrated in Fig2, the tuning of the correction co- polar regions, with the SCIAMACHY analysis being larger
efficients for the standard deviation of the forecast and thehan the MLS one. In the Southern Polar Region (SPR), the
observation errors, insures a good consistency of the assindifferences are larger for the three first months (August to
ilation system. All along the assimilation period, the mini- October), while the maximum differences are found from
mum of the cost function remains close to half the number ofOctober to November over the Northern Polar Region (NPR).
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The differences between the two analyses are of the ordero
of the contribution of the tropospheric fraction to the total g
ozone column. Since the assimilation of the MLS data does os
not strongly constrain the tropospheric ozone concentrations, '
the difference can arise from a tropospheric bias in the model

as well as a bias in the MLS or SCIAMACHY data. It may s
also results from the error introduced while neglecting the 1o
SCIAMACHY averaging kernels.

Before performing a combined assimilation, we removed s .
the difference between the two data sets. Changing the tro-rom i
pospheric parameterization of the model in order to have co-
herent data sets, proved to be more complex than modifying s
the data values. We decided to modify the SCIAMACHY o
data rather than the MLS one because we could otherwise
introduce new error sources when projecting a total column
difference back to a vertical profile. In addition, we give a Fig. 4. Zonal average of the August to December 2007 diagnosed
less confidence to the SCIAMACHY data because we do nofzone forecast error standard deviation (in %) as a function of pres-
use the associated averaging kernels. Consequently, for eagHre- The diagnostic is obtained from an ensemble of perturbed
month, the differences between the SCIAMACHY and the combined assimilations of MLS and SCIAMACHY data.

MLS total ozone column analyses were averaged in time and

longitude. Then, the SCIAMACHY data were corrected by - L
puted statistics are an underestimation of the true ones. But

subtracting the monthly latitude dependent difference. for the standard deviation, we expect that its shape is correct
In addition, since the diagnosed SCIAMACHY and MLS S . : . P shap .
while its amplitude is adjusted using the previously describes

observation errors were of the same magnitude than the SPeC ective coefficiens,. To et a more brecise estimation
ified instrumental errors, we combined the MLS data and b: g P '

the corrected SCIAMACHY data without any change to the one can use for each run a pertu_rbec_i dynamics a_ccor(_jmg to
e its own error. But such perturbation in the dynamical fields
specified instrumental errors.

are difficult to build.

3.4 Forecast error parameterisation Figure4 illustrates the standard deviation of the forecast
error diagnosed for the whole period. It shows that on av-

In order to improve the quality of our combined analysis, we €rage the standard deviation is higher in the UTLS region
used a more efficient parameterisation of the forecast errotVith values between 3% and 5%. Below, in the troposphere,
In our previous works, we assumed that the standard devithe standard deviation is higher over the polar regions than
ation of the forecast error is proportional to the ozone con-OVer the other regions of the globe. Itis higher over the NPR
centration, and that the length-scale for the vertical correlalN August and September, and higher over the SPR in De-
tion of the forecast error is constant. In this study, following ¢€émber (figure not shown). In the middle stratosphere, the
the work we carried out iPannekoucke and Mass&2008), standard deviation is higher over the NPR at the end of the
we determined the standard deviation and the length-scalB€riod while itis higher over the SPR in August. In the upper
using an ensemble of assimilation runs that has previousbﬁtratosphere, the standard deviation is rather homogeneous.
proved to be efficient in the meteorological forecast frame-S0, the assimilation process gives more confidence to the ob-
work (Belo Pereira and Berr@006. The method consists Servations in the UTLS and in the polar regions.

on the construction of an ensemble of realizations of the ran- Figure5 shows the length-scale of the vertical correlation
dom forecast error starting from the output of an ensembleof the forecast error diagnosed for the entire period. The
of assimilation runs. Statistical calculations on the ensemiength-scale is nearly constant in the middle stratosphere, in-
ble of realizations allow the estimation of the standard devia-creases in the UTLS region, and decreases in the troposphere.
tion and the correlation length-scales of the forecast error. Tdn the upper stratosphere and mesosphere, it increases up to
build the ensemble, five sets of perturbed data are obtaine@.5hPa and decreases above that level (probably due to the
using a random generation. For each observation of the refetop boundary effects). In terms of data assimilation, the in-
ence data set, five observations are generated by a Gaussif#imation brought by an observation is spread over a larger
random noise with a mean equal to the value of the referenceertical range if the length-scale is higher. So, the spread is
observation and a standard deviation equal to the observatiofiore important in the upper stratosphere above 10hPa, and
error. The monthly statistics are hence computed using fouin the troposphere but to a lower extent.

forecasts per day, given an ensemble of about 600 realiza- The seasonal and regional variability of the length-scale
tions for each 30 days period. As each assimilation run isis higher in the upper stratosphere and mesosphere (see the
performed with the same dynamics and chemistry, the comshaded area in Fig). Since our objective is mainly focused
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01 ! ! ! Table 1. Number of ozonesonde profiles used over the period Au-

gust to December 2007 as a function of latitude band.

9°S-60S 3CS-30CN 30°N-60°N
62 133 233

Pressure (hPa)
=
o
T
i

. 3 3 3 3 : are then computed over the globe and aggregated over lat-
L S o R S 3 itude bands of 30 degrees, except for the equatorial region
i 1 1 1 1 1 where they are averaged over a larger band of 60 degrees.
E | | | | 3 The results are analysed only between the surface and the
1000 E ' ' ' ' : > 5hPa level since ozonesondes have large errors above that
0 02 0.4 0.6 0.8 1 12 .
Vertical lenght-scale level. Unfortunately, for the period under study, ozonesond-
ings were unavailable for the two latitude bands°[66
30° S] and [60 N—90C° N]. The number of ozonesonde pro-
Fig. 5. Global average of the August to December 2007 diagnosediles per latitude band used for the validation on the ozone
dimensionless length-scale of the vertical forecast correlation eranalyses is given in Table
ror, as a function of pressure. The diagnostic is obtained from an  Figure6 shows the average difference between ozoneson-
ensemble of perturbed combined assimilations of MLS and SCIA-des and the free simulation, and between ozonesondes and
M{-\CHY data. The shaQeq area represents the Iength-scalle plus an[q;ile combined MLS and SCIAMACHY analysis. It appears
minus its standard deviation calculated over the same period. that the free simulation has a global bias below 20% in ab-
solute value, with an overestimation of the ozone concen-
on tropospheric and stratospheric ozone, the optimizationrations in the stratosphere, and an underestimation in the
of our system in the upper stratosphere and mesosphere {foposphere. The largest ozone overestimation is found in
not crucial. In consequence, we adopted a vertical varyinghe SPR, between 250hPa and 50hPa. This overestima-
length-scale that is the same for the whole globe. This choicgion is maximum around 150 hPa, and is more pronounced
allows a significant reduction of the numerical cost of the pa-in November and December at the end of the ozone deple-
rameterisation. tion period and the beginning of the ozone recovery (fig-
ure not shown). The model also overestimates the ozone by
about 20%, each month, in the’30-6C N region between
100hPa and 10hPa. This apparent accumulation of ozone

The ozone analysis obtained by the combined assimilation oPVe" the polar regions with the free simulation can be related
MLS and SCIAMACHY data as described previously, must to a too efficient equator to pole meridional circulation in

be compared to independent data. The benefit brought b§€ forcings of the model. Such a bias in the ECMWF wind

the assimilation is evaluated in comparison to the free sim-analyses that force the CTM has been identifiedimnge-

ulation of MOCAGE. Since ozone total columns and pro- SanZ et al(2007) andCariolle and Teyssdre(2007). In the

files are assimilated, the evaluation is carried out by comparEduatorial region, the free model simulation tends to under-
ison with profiles from ozonesondes, and with total ozone€Stimate ozone particularly in the mid and upper troposphere

4 Validation of the ozone analyses

columns from OMI-DOAS. (below 100 hPa). This results from the overestimation of the
vertical wind velocities associated with the meridional circu-
4.1 Comparison with ozonesondes lation bias.

The tropospheric biases showed by Fgre not coherent
To compare ozonesonde measurements with the free modelith the difference between the total ozone column obtained
simulation and with the MLS plus SCIAMACHY analysis with the MLS and the SCIAMACHY analyses. Assuming
fields, all the observed profiles have been interpolated on &hat the assimilation of the MLS data constrains mainly the
common vertical pressure grid. Then, for each interpolatedstratosphere without bias, the MLS analysis would underes-
observed profile, the co-located (in space and time) modetimates the total ozone in the equatorial region and overes-
profile is computed using the nearest neighbour for the spatimates it in the SPR. However, Fi§.shows the opposite.
tial interpolation and a linear time interpolation. Follow- As a consequence, the difference between the SCIAMACHY
ing Geer et al(20086, the difference in the vertical profiles analysis and the MLS analysis is not dominated by the tropo-
is normalized by a combination of tHeogan (1999 tro- spheric biases in the model. But, it could come from biases in
pospheric climatology with th&ortuin and Kelder(1998 the data or most probably by the fact that the SCIAMACHY
stratospheric climatology. The average and standard deviaaveraging kernels were neglected.
tion of the normalized differences, expressed as percentages,
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(a) Global (428 obs.)

(b) 90S to 60S (62 obs.)

(a) Global (428 obs.)

(b) 90S to 60S (62 obs.)
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Fig. 6. Mean of [ozonesondes — analysis] (black line) and Fig. 7. Same as Fig6 for the standard deviation.
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[ozonesondes — free simulation] (dotted line) ozone profiles, nor-

malised by climatology, for the period 1 August to 31 Decem- . . :
ber 2007. The latitude band limits and the number of ozonesondéS of the same magnitude as the measurement error. The er

profiles used are given in the title of each sub-plot ror grows below 100 hPa and reaches about 50% at 250 hPa.
' The error is nearly the same for all latitudes, except over the

. o SPR with slightly higher values, with no significant varia-
The combined assimilation of MLS and SCIAMACHY re- {ions from one month to another. Analysis reduces the stan-

duces the biases. In particular, in the stratosphere, betweegh g deviation. However, the reduction occurs mainly in the
150 hPa and 10 hPa, the difference between ozonesondes aggr petween 200 hPa and 15 hPa. In particular, at 150 hPa
the analysis is below 3% in absolute value. In the uppene standard deviation decreases from 54% for the free simu-
stratosphere above 10hPa, since the standard deviation fiion to 209 for the analysis. In other regions, the reduction
the forecast error is low, observations have a smaller weight.q\ers mainly the 200 hPa to 15 hPa altitude range. A small

and the analysis remains close to the free simulation. In thg,crease of the standard deviation can be noticed in the tro-
UTLS, the standard deviation of the forecast error is larger,

e - - posphere.

and the analysis is driven towards the MLS dafisang et

al. (2007) reported that, compared to the ozonesondes, ML%.2  Comparison with OMI-DOAS

products overestimate ozone at 215 hPa by about 20% at mid-

dle and high latitudes. Similarly, the assimilation of MLS The daily total ozone columns from OMI-DOAS were aver-

data produces an ozone overestimation at this altitude rangaged on the 2by 22> MOCAGE horizontal grid. Moreover,

especially over the SPR. Elsewhere in the UTLS and in theall the measurements are assumed to be made at 12 UTC and

mid-troposphere, the information brought by the data is ver-the real measurement time is neglected. The difference be-

tically spread and the biases are reduced. tween this averaged OMI-DOAS data and the free simula-
Figure 7 shows the standard deviation of the difference tion or the analysis, normalized by the OMI-DOAS ones, is

between ozonesondes and the free simulation and betwedhen computed each day at 12 UTC, which means that the

ozonesondes and the MLS plus SCIAMACHY analysis for comparison is not done at the observation time. Fidre

the period under study. It appears that the random error beshows the zonal average and the standard deviation of this
tween the model without assimilation and the ozonesondes idifference.

globally below 20% between 10 hPa and 100 hPa. This value

www.atmos-chem-phys.net/9/5073/2009/ Atmos. Chem. Phys., 9, 5093-2009
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S. Massart et al.: Towards the assimilation of IASI ozone data

The computed total ozone columns from the analysis of
the combined MLS and SCIAMACHY data agree well with
the OMI-DOAS measurements. This is consistent with the
low biased of the analysis compared to the ozonesondes in
the altitude range where the largest fraction of the strato-
spheric ozone lies. Figur@shows that the analysis under-
estimates by less than 1.5% the total ozone columns between
30° S and 80. It also shows that over the SPR, the analysis
overestimates the ozone content by 3% to 8% with the largest
contribution for the November month.

The lower panel of Fig8 shows that the free simulation
produces total ozone columns that deviate by 3% to 6% from
the OMI-DOAS ones at most latitudes. The error is however
the largest between 5@ and the South Pole. It peaks to
12.5% at 67 S. This error peak is present all over the period
under study, with a maximum in September. Its location cor-
responds to the edges of the ozone hole, where ozone merid-
ional gradients are maximums. The model error could come
from a difficulty with the free simulation to locate the vor-
tex edges with a sufficient accuracy. It could also come from
the fact that the comparison is not done at the exact observa-
tion time and the dynamical situation changes rapidly within
a day in this region.

Figure8b indicates that the standard deviation of the anal-
ysis is reduced compared to the free simulation. It lies be-
tween 2 and 4% in most regions and represents an important
improvement compared to the free simulation. In particu-
lar, the standard deviation computed with the analysis around
67° S is significantly reduced by a factor 2. The analysis

Fig. 8. (a) Mean and(b) standard deviation of (OMI-DOAS-  reduces substantially the uncertainties around the edges of
simulation)/OMI-DOAS total ozone column. All the plots are the Antarctic vortex. Nevertheless, the error is higher than
drawn for the period 1 August to 31 December 2007. The dot-jn most of the other regions. This is probably the result of
ted I|n_e represents the free simulation, the black line represents thme comparison which does not consider the time-shift of the
combined MLS and SCIAMACHY ozone analysis. analysis with the observations. At least, inside the South-
ern Polar vortex, there is no significant improvement in the

The first panel of Fig8 shows that the free simulation Statistics, especially for the month of November.

has an important bias in terms of total ozone columns com- . .
pared to OMI-DOAS ones. The free simulation systemati—A"3 Synthesis on the MLS plus SCIAMACHY analysis

Ca”y overestimates the tot_al ozone _columns_ in the pola_lr "®Ihe combined assimilation of MLS and SCIAMACHY data
gions by 20% to 30%. This is consistent with the previous . . . .
provides ozone concentrations in a good agreement with

comparison with ozonesondes and it is related to the inten;, . L
. - . ; ) the independent ozonesondes measurements mainly in the
sity of the meridional circulation. So, the biases of the free

. . . : . : - stratosphere (with a difference below 3%). As for the anal-
simulation are minimum at mid-latitudes, and increase again . .
. . : : ysed total ozone columns, they are slightly biased (predom-
at low latitudes where the free simulation systematically un-; ntlv below 1 506) compared to the independent OMI-
derestimates the total ozone columns by 5% to 10%. Thi y ' P P

bias shows little variations from one month to another. TheﬁDOAS data. N .
In terms of random variability, the difference between

. op i X . )
maximum value of 16.5% is reached in the middle of Octo the analysis and the ozonesondes is lower than 20%. As-

r around 10N. In the SPR, the bias is lower in Decem- i . . .
ber around 10 the SPR, the bias is lowe ece suming that this error is the sum of the analysis error and

ber, while it is lower in August over the NPR. The maximum . .
the ozonesondes error, with an instrument accuracy around

biases are reached in the mid-September for the NPR wit. 0 - L
about—30%. and in the middle of November for the SPR r%/o to 15% the random varlabll'lty of our analy§|s is about
10% for the ozone concentrations. Concerning the total

I _ 0
with about—65%. ozone columns, the difference between the analysis and the
OMI-DOAS data are mainly below 4%, the instrumental er-
ror being around 2%. With the same assumptions on the error
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summation, the random variability of our analysis is below
2% for the total ozone columns. Notwithstanding, the errors
are higher at the edges of the Antarctic vortex and over the | & PSgs
South Pole in November. i

B0 —

40

5 Assimilation of the LATMOS-IASI ozone data ]
The previous section showed that our ozone analysis pro- 1~
vides a satisfying four dimensional (3-D in space plus time)

representation of the true distribution with low systematic 7
and random errors. It is thus pertinent to first compare the
LATMOS-IASI data to these quality ozone fields before any _, |
attempt of assimilation.

5.1 Methodology

. . Fig. 9. Number of LATMOS-IASI measurements computed &n 2
The comparison between the reference (not spatially averpy 2 cells, for the period 1 August to 31 December 2007.
aged) LATMOS-IASI ozone daty;,; and the combined
MLS and SCIAMACHY analysisxg, , is performed at
the LATMOS-IASI time and space resolution. For each As the LATMOS-IASI observation errop?, ;—Hx’ and
LATMOS-IASI data, we compute the co-located (in space the MLS and SCIAMACHY analysis errar?,, —x' are in-

and time) analysis using an observation operétahat is  dependent, the variance (denoted[vijrof the departure is
the combination of a vertical integration (in order to com- given by the sum of the two variances,

pute a single column) with a bi-linear spatial interpolation

and a linear time interpolation between two successive analvar[ys—Hx(, | = var[yjs—Hx']

ysed fields separated by 3 h. Afterwards, the difference be- + Hvar[(x¢ ,—x")]HT, ©)
tween the LATMOS-IASI data and the co-located analysis,

further referred as departure, is computed. This departure iswhereH” is the transpose of the linear observation operator
then projected on the°2by 2° horizontal model grid. Do- H.

ing so, we obtained in each cell of the mesh, an ensemble of Then, the variance of the LATMOS-IASI observation er-
differences between LATMOS-IASI measurements and theror can be expressed as the difference between the vari-
co-located analysis. Figur@ shows the repartition of the ance of the departure and the variance of the MLS and
number of these departures per cell over the globe. ThiSCIAMACHY analysis error (projected into the observation
number varies from 200 to 3000 except in regions where thespace),

LATMOS-IASI data has been discarded due to insufficient

knowledge of the emissivity properties of the ground. The Var[Yiasi—Hx'] = var[yjg—Hxj, ]

distribution between daytime and nighttime measurements is — Hvar[ (x4 ,—x")]H". 4)
similar except over the NPR where the number of nighttime
measurements can be 40% h|gher than the daytime ones. In order to estimate the variance of the LATMOS-IASI ob-

For each cell, we computed the average and the variancgervation error, we estimated the variance of the MLS plus
of the ensemble of the departures. The average represen®&-IAMACHY analysis error in a similar way to the esti-
the systematic error in terms of total column ozone betweernation of the variance of the forecast error, using the en-
the LATMOS-IASI measurements and the combined MLS semble of perturbed observations previously described. We
and SCIAMACHY ana|y5i5_ To ensure coherence betweerfound that the standard deviation of the analysis error is of
the data and the model, this error has to be removed befor8.5% at the equator and increases to 1% at the Pole. This
assimilating LATMOS-IASI measurements. The variance of result is consistent with the previous evaluation of an error
the departures gives information on the variance of the obOf about 2% obtained by the comparison between the MLS

servation error. The departure is expressed as plus SCIAMACHY analysis and the OMI-DOAS data. Con-
sequently, we can assume that the variance of the forecast
Vinsi — HX0 o = Yiasi— Hx' —H (x5, — x7) (2)  erroris negligible compared to the variance of the LATMOS-

‘ . |ASI observation error. The variance of the LATMOS-IASI
wherex’ represents the true unknown ozone concentration

. : s observation error is then simply obtained by computing the
and the linear observation operatéris expressed as a ma- :
trix variance of the ensemble of departures.

To measure the benefit of assimilating LATMOS-IASI
data instead of SCIAMACHY data, we can compare the
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the two analyses (MLS plus SCIAMACHY in one hand and o=

MLS plus LATMOS-IASI in another hand) and the sound- . : Lt F
ings or the OMI-DOAS measurements. Considering thatthe | _ ‘ : , v
subscriptm+i refers to the combined assimilation of MLS 7 B il \g x%

and LATMOS-IASI, we computd;, .. andd,, , ., whered“ : ko,

m-+i . :
is the departure of the analysis, e O RNeler s oatdl

mean and the standard deviation of the differences betweer : : e — :

d® = y° — Hx?, (5) ] " A R

—ap o -

with y° representing either OMI-DOAS or ozonesondes data .
andH the corresponding observation operator. e
The meank [d“] and the standard deviation '] of g T -
these departures can next be computed. Finally, a gigin ' —teo ' . ' 08 '
for the mean and a gajsq for the standard deviation can be  (b) o
expressed with '

|E[d5,.]|-|E[d5,,]
— 100 m+i ,
Bave = S ELds, T E;, . D72 ©) I A
stdd¢ , ] -Stdd® ; i N it B 4
- :

-
40— j P Tl & ~

~

m+i B
(stddy,. ]+sddy, ;])/2 g ]
When the differencel ; between the independent obser-
vations and the analysis of MLS and LATMOS-IASI data is
the same on average than the differedif;e . between the in- :
dependent observations and the analysis of MLS and SCIA- 4 b -
MACHY data, the gaingave is null. When the difference 's"Tw“ ) i Hf
d; ; is lower than the differencdy, ., the gain is positive, . . . . . ‘
with an extreme value of 200% whelj, ,=0. On the oppo-
site, the gain is negative when the differemje ; is higher
than the differencd;, , .. The behaviour 0gstqis similar. Fig. 10. Average of the difference in % between the LATMOS-IASI
ozone data minus the co-located combined MLS and SCIAMACHY
5.2 Statistics onthe LATMOS-IASI data by comparison  ozone analysis normalized by the IASI measurement, for the period
with ozone analysis 1 August to 31 December 200{&) Nighttime LATMOS-IASI data.
(b) Daytime LATMOS-IASI data.

The time average of all the computed departures between
the LATMOS-IASI data and our combined MLS and SCIA-
MACHY analysis, is given in FiglOwhere the daytime and ~ Over Europe and North America, there is a good agree-
nighttime measurements have been dissociated. It shows thatent between the LATMOS-IASI data and our analysis, es-
the systematic difference between the LATMOS-IASI datapecially during the daytime. Nevertheless, the LATMOS-
and the analysis lies between 2% and 8% which is consistenfAS| data underestimates the total ozone over icy regions
with the conclusions aBoynard et al(2009. such as Siberia and Canada. In those regions the algorithm

The largest discrepancies are found at low and mid-could still suffer from inadequate prescription of the ground
latitudes. They could be the result of the presence of aerosolemissivity. Ground based temperatures being low over icy
in large concentration whose signature is better seen in theegions, the background IR signal is weak and can lead to
IR sensor of the IASI instrument than in the SCIAMACHY erroneous ozone values. This effect is increased over ocean
sensor. At low and mid-latitudes, the LATMOS-IASI data as it is combined with weak thermal contrast and low tem-
overestimates the total ozone column by 6% on average. Thgerature Clerbaux et al. 2009. This explains why the
maximums differences are reached over the Pacific and theATMOS-IASI data overestimates the total ozone over the
Atlantic Oceans with values of 11% and 13%, respectivelyArctic ocean, with values ranging from about 10% to 15%
while the difference is lower over the Indian Ocean. The and with maxima at night.
overestimation of the LATMOS-IASI ozone data is also |al’ge Figure 11 ShOWS the standard deviation of the ensemble

in the vicinity of the desert regions of the North Africa and of departures between the LATMOS-IASI data and our com-
the Persian Gulf. These trends are similar for the daytime angjined MLS and SCIAMACHY analysis, for the daytime and
the nighttime data, even if the bias is lower for daytime mea-pighttime measurements. As explained previously, we as-
surements. However, over Australia, the daytime and nightsyme that this standard deviation can be attributed to the
time differences show an opposite sign. standard deviation of the LATMOS-IASI observation error.

gstd = 100
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Fig. 11. Same as FiglOfor the standard deviation. deviation of the difference in % between the LATMOS-IASI ozone
data minus the co-located combined MLS and SCIAMACHY ozone
analysis normalized by the IASI measurement, as a function of the

. . round emissivity, for the period 1 August to 31 December 2007.
Thus, the figure shows that the random observation error oEhe black line represents the daytime and nighttime data. The dot-

i . 0 . .
the LATMOS I,A,‘SI dqta is about 7,/0 except in polar reglons ted line represents the nighttime data. The dash line represents the
and over specific regions. In particular, the observation eIT0laytime data.

can reach 10 to 15% over dry regions like Australia, North

Africa or China and in a lesser extent, over the west coast of

the United States, the west coast of the South Africa and th‘%Wan, 2009. Then, we calculated the average of the bias
south part of the South America. The error also grows signif-ang standard deviation of the LATMOS-IASI data for each
icantly over the polar regions and reaches 10% for the Northe|ass of ground emissivity. The upper panel of Rigshows
and 40% for the South. This largest error seems to match thgnat as expected the bias increases as the ground emissivity
distribution of the ice caps. In addition to the effect due to deyiates the value of 0.9813. But, this behaviour is mainly
the low ground temperatures, as the ozone concentrations atfiven by the nighttime measurements. The bias is higher for
small over the SPR, the IR signal is weaker and noisier andoyy values (near 0.94) that correspond to desert regions such
the retrieval is less accurate. In that case, a larger weight igs Africa, Persian Gulf, and Australia. The bias is lower for
given by the neural network algorithm to the mean climato- high values (near 0.97) that correspond to North of Europe,
logical ozone profiles. Canada and most of South America. The oceans emissivity
The LATMOS neural network algorithm is based on a con- is assumed to be constant (with a value of 0.963), and the up-
stant ground emissivity of 0.9813frquety et al.2004). It per panel of the figure does not show any specific behaviour
was found that the bias of the LATMOS-IASI data is higher around this value. Thus, the retrieval algorithm gives stable
over sandy region that have the lower ground emissivity. Inproducts over the oceans and the impact on the algorithm of
order to find a link between the measurement errors and théhe aerosol contents should be further investigated.
ground types, we averaged on al® 2° grid the surface The lower panel of Figl2 shows that the standard de-
emissivity derived from a climatology based on the MODer- viation is also a decreasing function of the ground emissiv-
ate resolution Imaging Spectroradiometer (MODIS) sensotity. This is mainly true for the daytime measurements. The
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5.3 LATMOS-IASI assimilation

To assimilate the LATMOS-IASI data, we first removed the Fig. 14. Gain in % on the mean of ozonesondes minus MLS plus
monthly bias from the LATMOS-IASI super-observations. LATMOS-IASI analysis compared to the mean of ozonesondes mi-
These monthly biases are aldy 2 latitude-longitude field  nus MLS plus SCIAMACHY analysis, for the period August to De-
computed from a monthly time average of the differencescember 2007.
found between our previous analysis and the LATMOS-IASI
data. No distinctions have been made between nighttime
or daytime data. The diagnosed standard deviation of th&-ATMOS-IASI data over the SPR. As a consequence, the
LATMOS-IASI observation error obtained for the whole data tropospheric ozone over the SPR is more constrained by the
(night plus day) is used to set the variance of the SuperﬁSSim”ation of the SCIAMACHY data than by the assimila-
observation error required by the assimilation system. Ac-tion of the LATMOS-IASI data. This explains why the main
cordingly to what was done with MLS and SCIAMACHY, differences in the analyses are found in the middle tropo-
we assimilate the combined MLS and LATMOS-IASI data Sphere of the SPR, from 700 hPa to 200 hPa. Besides, lower
sets. As the determination of the most adequate standard délifferences appear in the lower stratosphere, especially over
viation and length-scales of the forecast error by an ensemblée equatorial region and the SPR. Elsewhere, the differences
method requires a lot of computational time, we simply usedare small.
those previously determined for the combined assimilation The gain on the mean computed with the ozonesondes is
of MLS and SCIAMACHY. This allows a direct comparison displayed in Fig14. It shows that the gain is globally pos-
between the two analyses. itive between 80 hPa and 10 hPa. As the difference between
The difference in terms of ozone concentration betweenMLS plus SCIAMACHY analysis and ozonesondes is very
the two analyses is illustrated by Figj3. It shows that, on low in this altitude range, it means that there is no real im-
average, the two analyses differ mainly in the tropospheregprovement or damage on the ozone bias in the stratosphere
over polar regions. The stratosphere is mainly constrainedy assimilating LATMOS-IASI instead of SCIAMACHY.
by the MLS data whereas the LATMOS-IASI data is the only In this region, the analysis is mainly constrained by the
dataset to bring information on the troposphere over the pogood-quality MLS data, and the assimilation of total ozone
lar regions during wintertime. During summer, there is lesscolumns has a small impact. Below, the assimilation of
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Fig. 16. Gain in % on(a) mean and orfb) standard deviation of
OMI-DOAS minus MLS and LATMOS-IASI analysis compared to
OMI-DOAS minus MLS and SCIAMACHY analysis, for the period

Fig. 15. Same as Figl4 for the standard deviation. August to December 2007.

LATMOS-IASI reduces the tropospheric bias over the SPR,below 500 hPa, the assimilation of the combined MLS and
whereas the bias increases at mid-latitude of the Northert, ATMOS-IASI data reduces the standard deviation com-
Hemisphere (NH), between 30l and 60 N. Compared to  pared to the combined MLS and SCIAMACHY analysis.
the free simulation, the assimilation of SCIAMACHY data  The gains on the mean and on the standard deviation,
increases the bias in the troposphere over the SPR. As weonsidering the OMI-DOAS total columns, are displayed
imposed large observation errors to the LATMOS-IASI dataon Fig. 16. This gain is positive over the SPR till 48.
in this region, the analysis is less constrained by their as-This comes from the contribution of the lower stratosphere
similation. The tropospheric ozone concentrations from theand troposphere, as found previously. Elsewhere, the bias
LATMOS-IASI analysis are then close to the ones of the freeincreases (plus 2% to 4%) with the assimilation of the
simulation, which are lower than those from the assimila-LATMOS-IASI data compared to the assimilation of the
tion of SCIAMACHY data. A similar behaviour is found in SCIAMACHY ones. As the observation error on the SCIA-
the troposphere between<3d8 and 60 N. The assimilations MACHY data is lower than the ones on the LATMOS-IASI
of SCIAMACHY or LATMOS-IASI data both decrease the data, the assimilation of the LATMOS-IASI data gives less
bias compared to the free simulation. But the LATMOS-IASI constrains on the computed ozone columns. This explains
data are less effective due to their larger errors. why the bias with OMI-DOAS is increased while assimilat-
In terms of standard deviation, Fij5 shows that there is  INg LATMOS-IASI instead of SCIAMACHY ones.
a slight global improvement in the troposphere when assim- The gain on the standard deviation of the analysed total
ilating LATMOS-IASI data instead of SCIAMACHY ones. 0zone column against OMI-DOAS data is mostly negative
The improvements are mainly visible over the SPR. The(bottom panel of Figl6). Between 40S and 40N, the gain
standard deviation computed with the MLS and LATMOS- is lower than—10% which signifies an increase of 10% on
IASI analysis is close to the one computed with the MLS the standard deviation between the two analyses. Over the
analysis between 200 hPa and 500hPa. Notwithstandingdolar regions, the gain is slightly increasing.
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6 Conclusions many improvements would be required. First, the quality of
the retrievals can be increased in specific regions by an im-
For a period of five months which spans from August to De- proved training of the neural network algorithm for these spe-
cember 2007, the MetOp-A/IASI initial data set provided by cific situations, e.g. with more detailed emissivity databases.
the LATMOS inversion algorithm was compared to a four In the near future, emissivity products should also be avail-
dimensional ozone field. This field results from the com- able as a METOP product. It would be also interesting to
bined assimilation of ozone profiles from the MLS limb in- separate in the assimilation process, daytime from nighttime
strument and of total ozone columns from the SCIAMACHY data and, given their own errors characteristics, to explore
nadir instrument. In comparison with ozone soundings ancheir relative contributions to the analysis.
OMI-DOAS total ozone columns, we found that this anal-  Secondly, in terms of assimilation, one major expected im-
ysed ozone field has low bias for the total columns (be-provement would be the use of averaging kernels, given that
low 1.5%) and for vertical profiles in the stratosphere (be-the SCIAMACHY and IASI vertical sensitivities differ. Here
low 3%). Its standard deviation is between 10% and 20%also, the distinction between daytime and nighttime IASI
in the stratosphere and between 30% and 50% in the trodata will be important. Using appropriate averaging kernels,
posphere. Its standard deviation in terms of total ozonea new ensemble of assimilation would be carried on in or-
columns is mainly between 3% and 6%. Therefore, this analder to extract information on the covariance matrix of the
ysed ozone field was chosen as a reference to compare witforecast error. This is an important ingredient that can sig-
day/night LATMOS-IASI data. As daytime and nighttime nificantly improve our analysis system.
IASI observations have different vertical sensitivities and ac-  Finally, in order to make the best use of the whole infor-
curacies, the comparison was performed separately. Thankgation from the high horizontal 1ASI resolution, it would
to this comparison, it is estimated that the LATMOS-IASI be interesting the increase the model grid resolution to avoid
data tends to overestimate the total ozone columns by 2%he use of super-observations. Going towards higher resolu-
to 8%, which is consistent with the findings Bbynard et  tion, we also expect to gain in model accuracy due to a better
al. (2009. The maximum overestimation is first encoun- representation of the horizontal gradients. Current model de-
tered over the equatorial region with values slightly higher velopments will allow us to use grid resolutions beloWir
for the nighttime data. This is probably due to the presencehe near future.
of aerosols in this region. The overestimation is also maxi-
mum in the vicinity of desert regions for daytime and night- AcknowledgementdASI has been developed and built under the
time data, and for the nighttime over the Arctic ocean cov- responsibili.ty of the Centre National d’Etudgs Spatiales (CNES,
ered by ice caps. The bias is related to the difficulty of theFrance). Itis flown onboard the Metop satellites as part of the EU-
neural network algorithm to account for the ground emissiv-METSAT Polar System. The IASI L1 glata} are rec_elved through the
. o . . EUMETCast near real time data distribution service.
ity variability over sandy regions, and to the weak IR signal
due to the low ground temperatures over icy regions. Thelhe authqrs would like to thank O. Pannekou_cke_for his previous
bias is also enhanced by the lack of information due to thecollaborathn on the.forecast error parameterisation and I. Sandu
unused averaging kernels. The random observation error gP" Ner advices on this paper.
the LATMOS-IASI night/day data is about 7% except over The development of the MOCAGE-PALM assimilation system
polar and dry regions where it is higher for the daytime data.has b_enefit from the support of_ the Ether cent_re fc_>r at_mospheric
Over sandy regions, this is also related to the ground emissive"emistry products and serviceshttp://munk.ipsl.jussieu.fy/
ities. Over polar regions, this is due to the large weight given2"d the French ADOMOCA project within the LEFE programs
: . g . (http://lwww.insu.cnrs.fr/collefe
to mean climatological ozone profiles, and to an important
noise due to smaller ozone concentrations.

A new set of LATMOS-IASI data was built removing the
difference with the MLS and SCIAMACHY analysis, and
specifying the standard deviation of their observation error.
This LATMOS-IASI data set was assimilated in combina-
tion with the MLS data. The combined MLS and LATMOS-
IASI analysis agrees well with the MLS and SCIAMACHY
one, with the main differences located in the troposphere
and lower stratosphere over the SPR. Those differences are
mainly driven by the lack of SCIAMACHY measurements the pyplication of this article is financed by CNRS-INSU.
during polar night, and by the fact that the model is less con-
strained by the LATMOS-IASI data due to their higher errors
(about 7%) compared to SCIAMACHY one (about 1%).

This work is first attempt to assimilate the IASI ozone data
into a CTM. To further explore the potential of the IASI data,
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