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Abstract. Accurate and temporally resolved fields of free- of OZone and wAter vapour by alrbus in-service airCraft
troposphere ozone are of major importance to quantify thMOZAIC) data, the Ozone Monitoring Instrument (OMI)
intercontinental transport of pollution and the ozone ra-total ozone columns and several high-altitude surface mea-
diative forcing. We consider a global chemical transportsurements. Finally, the analysis is found to be insensitive
model (MOdéle de Chimie Atmosphérique a Grande Echelleto the assimilation parameters. We conclude that the com-
MOCAGE) in combination with a linear ozone chemistry bination of a simplified ozone chemistry scheme with fre-
scheme to examine the impact of assimilating observationgjuent satellite observations is a valuable tool for the long-
from the Microwave Limb Sounder (MLS) and the Infrared term analysis of stratospheric and free-tropospheric ozone.
Atmospheric Sounding Interferometer (IASI). The assimila-

tion of the two instruments is performed by means of a vari-

ational algorithm (4D-VAR) and allows to constrain strato-

spheric and tropospheric ozone simultaneously. The analyl Introduction

sis is first computed for the months of August and Novem- ] . . . o

ber 2008 and validated against ozonesonde measurements t§°Pospheric ozone (§is the third mostimportant gas in its
verify the presence of observations and model biases. Furcontribution to the global greenhouse effect after,Gd
thermore, a longer analysis of 6 months (July—DecembeiCH4 (Solomon et al.2007. It is also a major pollutant in
2008) showed that the combined assimilation of MLS andthe planetary boundary layer, with adverse effects on humans
IASI is able to globally reduce the uncertainty (root mean health Brunekreef and Holgaje2003 and plants Avnery
square error, RMSE) of the modeled ozone columns from 3¢et @, 2011). lts production is mainly driven by emissions
to 15 % in the upper troposphere/lower stratosphere (UTLSOf primary pollutants such as nitrogen oxides (@xarbon
70-225hPa). The assimilation of IASI tropospheric ozoneMonoxide (CO) and volatile organic compounds (VOCs),
observations (1000—225hPa columns, TOC — tropospheriéollowed by photolysis and nonlinear chemistry reactions
O3 column) decreases the RMSE of the model from 40 to(Seinfeld and Pand|$998. Smce_lt_has an average lifetime
20% in the tropics (30S—30 N), whereas it is not effec- of about two Weeksf it can be'eff|C|entIy transported for sev-
tive at higher latitudes. Results are confirmed by a compar€ral thousands of kilometers in the free troposph&fea(g

ison with additional ozone data sets like the Measurement§t al, 2008 Ambrose et al.201]). Quantifying the impact of
tropospheric ozone transport is especially important for those
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countries that, despite air-quality related regulations, expemodels Jackson2007 Dee et al.2011), which are generally
rience a significant ozone background increatafé and based on simplified ozone chemistry schentéser et al.

Ray, 2007, Tanimotq 2009. Moreover, intrusions of ozone- 2007). Assimilation of satellite @ products has also been
rich air from the stratosphere via stratosphere—tropospherawvestigated in a number of studies with CTMs including
exchanges (STE) are among the principal causes of higltomprehensive chemistry schem&ér et al.2006 Lahoz
free-troposphere ozone episod&ohl et al, 2003 Barré et al, 2007h van der A et al.201Q Doughty et al. 2017).

et al, 2012. Therefore, a precise characterization of both Furthermore, chemical data assimilation is becoming more
low-stratosphere and tropospheric ozone is required to propand more part of operational services, as demonstrated by

erly quantify ozone transport. projects like the Monitoring Atmospheric Composition and
Ozonesondes provide observations of tropospheric anclimate initiative (MACC, Inness et a).2013.
stratospheric ozone with high vertical resolutidtomhyr Parrington et al(2008 2009 andMiyazaki et al.(2012

et al, 1995, but their geographical distribution is sparse and assimilated TES data to constrain tropospheric ozone. In
they are not very frequent in time. Satellite observations ofmost of the cases the bias of the respective models with re-
ozone are available since the early 7B®l[etov et al, 2002 gards to ozonesonde data is reduced. Few studies explored
but they provided mainly stratospheric ozone profiles or to-the assimilation of ozone data from IASI, which is the only
tal columns. Since the stratospheric ozone concentration isensor sensitive to tropospheric ozone and with a global daily
higher than the tropospheric one by several orders of mageoverage (night and day). Increasing IASI sampling with re-
nitude, total column retrievals do not provide a strong sen-spect to TES might improve even more the analysis scores by
sitivity to tropospheric ozone. Several studies derived tro-better constraining the ozone dynamics of the mddeksart
pospheric ozone columns by means of subtracting the meaet al. (2009 assimilated 1ASI total columns but did not use
sured stratospheric amount from the total colurdieinke  averaging kernel information to separate tropospheric and
et al, 2006 Kar et al, 201Q Yang et al, 2010. However,  stratospheric signal$dan and McNally(2010 assimilated
these techniques are limited by the difficulties that arise fromlASI radiances in the European Centre for Medium-Range
combining data from instruments with different calibration Weather Forecasts (ECMWF) 4D-VAR system and found
and spatiotemporal resolutionZiémke et al. 2011). The  a better fit of the analysis to ozone profiles from the Mi-
latest generation of thermal infrared spectrometers, onboardrowave Limb Sounder (MLS), but effects on tropospheric
low Earth orbit (LEO) satellites, is able to capture the tro- ozone were not discusse@oman et al(2012 and Barré
pospheric ozone signatureremenko et al.2008 Boynard et al.(2013 assimilated IASI 0—6 km ozone columns in two
et al, 2009 Barret et al. 2011 Tang and Prathe2012. regional CTMs during a summer month and found improved
The Tropospheric Emission Spectrometer (TES) provides folozone concentrations with respect to aircraft and surface
example almost two pieces of independent information (de-data, but the limited availability of ozonesonde data did not
grees of freedom for signal, DFS) in the troposphé&ieafg  allow to draw robust conclusions for the free troposphere. To
et al, 2010 with a global coverage in 16 days. The Infrared our knowledge there is still no study that examined the assim-
Atmospheric Sounding Interferometer (IASI) allows a daily ilation of IASI tropospheric ozone columns globally and for
global coverage at very high spatial resolution (12 km for long periods. Moreover, the combined assimilation of gener-
nadir observations), with a slightly reduced number of tro- ally accurate MLS profiles in the stratospheassart et a.
pospheric DFS+ 1, Dufour et al, 2012, although the DFS 2012 and IASI tropospheric columns is supposed to better
value might also be sensitive to the choice of the tropopauseonstrain the ozone gradients at the tropopause and the ozone
height and the retrieval technique. In general, satellite dat@exchanges between the two layers. Finally, CTMs that use
permits to catch major features of ozone tropospheric distri-detailed chemistry schemes are numerically more expensive
bution Ziemke et al.2009 Hegarty et al.201Q Barret et al, than those using simplified linear schemes for the ozone and
2011 but observation frequency and data gaps (e.g., due teequire emission inventories, which can be quite uncertain
clouds) do not allow a complete view of the underlying dy- in some regions of the worldf{a and van Aardenn&004).
namics at short timescales (e.g., hours). Since the spatial coverage of IASI observations is very high
Chemical transport models (CTM), through data assimila-and the ozone average lifetime is longer than the revisiting
tion (DA), can ingest information from satellite observations time of the satellite, we can expect that the degree of com-
in a coherent way (e.g., by considering the vertical sensitiv-plexity of the CTM used for the assimilation might become
ity of the instrument) and use them to update the modeledess relevant. The objective of this study is to explore the po-
3D ozone field. Likewise, satellite retrievals themselves aretential of IASI and MLS Level 2 products to provide global
normally based on the inversion of the measured radiancanalyses and forecasts of ozone, with a focus on the free-
data with a variational approach, thus requiring an a prioritroposphere dynamics.
profile from a model or a climatology as ancillary inpé&is¢ We assimilate ozone stratospheric profiles from MLS and
kes and Boersm&003. Data assimilation of stratospheric tropospheric partial columns from IASI to constrain the
ozone profiles, total columns or ozone sensitive radianceglobal ozone concentration calculated with the MOdeéle de
is nowadays well integrated in operational meteorologicalChimie Atmosphérique a Grande Echelle CTM (MOCAGE,
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Teyssedre et gl.2007). The model can be used in com- (http://disc.sci.gsfc.nasa.gpand can be downloaded 2—4 h
bination with a linear ozone chemistry parameterizationafter the overpass of the satellite.
(Cariolle and Teysseédre2007 or with a detailed strato-
sphere/troposphere chemistry. In the first case, surface emi.1.2 |ASI partial columns
sions are not considered and a relaxation term to a climato-
logical field is dominant in the troposphere. With this con- IASI-A is the first 1ASI thermal infrared interferometer
figuration we computed ozone reanalysis for the period thataunched in 2006 onboard the Metop-A platfor@idrbaux
goes from July to December 2008. et al, 2009. It is a meteorological sensor dedicated to the
The paper is structured as follows: Sextlescribes the as- measurement of tropospheric temperature, water vapor and
similated observations and those used for the validation, thef the tropospheric content of a number of trace gases.
model and the assimilation algorithm are detailed in S&ct. Thanks to its large swath of 2200 km, IASI enables an over-
Sect.4 contains the discussion of the different simulations pass over each location on Earth’s surface twice daily. The
and their validation. Finally, conclusions are given in SBct.  Software for a Fast Retrieval of 1ASI Data (SOFRID) has
been developed at Laboratoire d’Aérologie to retriegead
CO profiles from 1ASI radianceBarret et al. 2011). The
SOFRID is based on the Radiative Transfer for TOVS (RT-

2 Ozone observations TOV) code and on the 1D-VAR retrieval scheme both devel-
oped for operational processing of space-borne data within

2.1 Assimilated observations the Numerical Weather Prediction — Satellite Application Fa-
cilities (NWP—-SAF). For each IASI pixel, SOFRID retrieves

2.1.1 MLS profiles the G; volume mixing ratio (vmr) on 43 pressure levels be-

tween 1000 and 0.1 hPa. Nevertheless, the number of inde-
The MLS instrument has been flying onboard the Aura satelpendent pieces of information or DFS of the retrieval is ap-
lite in a sun-synchronous polar orbit since August 2004. Itproximately 3 for the whole vertical profileD{four et al,
measures millimeter and sub-millimeter thermal emission a2012. Barret et al(2011) have shown that IASI enables the
the atmospheric limb, providing vertical profiles of several independent determination of the tropospherig €@lumn
atmospheric parametergvaters et al.2006. It allows the  (TOC, 1000-225hPa) and the UTLS (225-70 hPg)cGl-
retrieval of about 3500 profiles per day with a nearly global umn with DFS close to unity for both quantities over tropical
latitude coverage between 88 and 82 N. The version 2.2  regions. The information content analysis fr@ufour et al.
of the MLS ozone product is used in this study. Since the(2012 provides similar conclusions for both the midlatitudes
along-track distance between two successive MLS profilesand the tropics with slightly different definitions of the tro-
(1.5°) is smaller than the model horizontal resolution 2.0 pospheric and UTLS partial columns. In order to be consis-
all the profiles measured within a minute are averaged and agent with these information content analyses and to improve
signed to the same grid cell. This reduces the number of prothe efficiency of our assimilation system, we assimilate I1ASI
files to about 2000 per day. A data screening based on the redOC instead of whole profiles. The IASI TOC was also vali-
ommendations ofroidevaux et al(2008 andLivesey etal.  dated against ozonesonde and airborne observati®@aint
(2008 is used, as iMassart et al(2009 2012. Therefore, etal.(2011). Accuracies of 139 % (relative biast standard
the assimilated ozone profile consists of 16 pressure levels ideviation) have been found at high latitudes and &5 %
the range from 215 to 0.5 hPa, with four of them located inwithin the tropics. Therefore, a global bias correction of 10%
the upper troposphere/lower stratosphere (UTLS). The MLSof SOFRID values is performed, its impact being carefully
ozone profile accuracy is the lowest in the UTLS, with biasesdiscussed further in the paper. In order to remove observa-
that can be as high as 20% at 215 hPa, whereas the predions with little information, pixels with TOC DFS lower
sion is about 5% elsewher&rpidevaux et aJ.2008. The  than 0.6 are also screened out. The filter removes 25 % of
MLS product provides a profile retrieval uncertainty basedlASI retrievals globally, most of them located over ice cov-
on error propagation estimations and information about theered surfaces, mountains or deserts, where the sensitivity of
retrieval vertical sensitivity through the averaging kernelsIASI to the tropospheric ozone spectral signature is signif-
(AVK). The MLS O3 product has been already assimilated icantly decreasedBpynard et al. 2009. The value of 0.6
in multiple models with positive effects on models’ scores in has been chosen based on the histograms in FigDLifafur
the stratosphereléckson and OrsolinR008 Stajner et al. et al. (2012. Some tests have been done with values of the
2008 Massart et a).2009 ElI Amraoui et al, 201Q Barré  threshold set to 0.4 or 0.8 but the value of 0.6 gave the best
et al, 2012. Since the MLS AVK peaks sharply on the re- compromise in terms of removal of pixels over difficult sur-
trieved pressure layers, they can be neglected in the data afaces (deserts, ice, snow) and in terms of analysis quality. The
similation procedureNlassart et a).2012. MLS ozone pro- SOFRID ozone product is not yet operational but production
files are made available in near-real time (NRT) at the God-would be possible within a delay of about 6-12 h after the
dard Earth Science Data and Information Services Centesatellite overpass.
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Fig. 1. Validation of control run (dotted/gray-filled lines) and MLS analyses (blue/red lines) versus ozoneqahdgabal bias (model
minus sondes) normalized with the ozone climatology for August 2(8)8global RMSE for August 2008c) number of ozonesonde
profiles used for the validatiorid, e, f) same aga), (b), (c) but for November 2008. Blue lines are obtained by assimilating full MLS
profiles whereas for red ones the lowermost profile level (215 hPa) is excluded. Positive/negative védjie@)mmean that the model
overestimates/underestimates the ozonesonde measurements.

2.2 Validation observations 2.2.2 MOZAIC measurements

2.2.1 Ozonesonde profiles The Measurements of OZone and wAter vapour by alrbus in-
ervice airCraft (MOZAIC) programMarenco et al.1998
as initiated in the 1990s with the aim to provide a global
and accurate data set for upper-troposphere chemistry and
odel validation. Automated instruments mounted on-board

Ozonesondes are launched in many locations of the worl
on a weekly schedule (Figl), measuring vertical pro-
files of ozone concentration with high vertical resolution
(150-200m) up to approxmately 10hPa. D "’Tta are collecte f several commercial airplanes measure ozone concentra-
by the World Ozone and Ultraviolet Radiation Data Cen- tion every 4s with a precision of abot2 parts per billion

tre (WOUDC,http://www.vyoudc.or@/. Mo;t of the sondes by volume (ppbv) o2 %. Almost 90 % of data is collected
(85 %) are of electrochemical concentration cell (ECC) YP€.4t the airplane cruise altitude-(200 hPa) and the remaining
the rest of them being of carbon-iodide or Brewer—Mast type.1 904 during the takeoff/landing.

This introduces some heterogeneity in the measurement net-

work. However, it has been shown that ECC sondes, which2 23 OMI total columns

constitute the largest part of the network, have a precision"""

of about 5% regardless the calibration procedure employedl_h o Monitoring | OMI board the A
(Thompson et al2003. Errors might increase to 10 % where | "€ ©Zone Monitoring nstrument (OMI), onboard the Aura

0zone amounts are low (e.g., upper troposphere and ups:atellite, is a nadir.vigwing imaging spectr9meter that mea-
per stratospheréomhyr et al, 1995. To exploit the high sures the solar radiation reflected by Earth’s atmosphere and
vertical resolution of ozonesonde data the profiles are Iog_surface_ Levelt et gl, 20(.)6.' It makes spectral measure-
normally interpolated on the coarser model grid (60 sigma—ments n the UItr‘S.‘V'OleUV'S'bI(? wavelgngth range at 0.5nm
hybrid levels, Sect3.1). Information about the horizontal resolution and with a very high horizontal spatial resolu-

drift of sonde measurements is often not given and will nottior_‘ (13kmx 24km pixels). In the standgrd global obsgr-
be considered in the study. vation mode, 60 across-track ground pixels are acquired

simultaneously, covering a horizontal swath approximately
2600 km wide, which enables measurements with a daily
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global coverage. In this study, we use the OMI Level 3 glob-weather prediction model. Among the different chemical
ally gridded total ozone columns (OMDOAQO3e.003) avail- schemes available within MOCAGE, we selected for this
able at the GIOVANNI web portalnttp://disc.sci.gsfc.nasa. study the linear ozone parameterization CARIOLLEA(i-
gov/giovann). This product is based on the Differential Op- olle and Teyssedr007).

tical Absorption Spectroscopy (DOAS) inversiovegéfkind The CARIOLLE scheme is based on the linearization
et al, 2006. OMI DOAS total ozone columns agree within of the ozone production/destruction rates with respect to
2 % with ground-based observatior&a(is et al, 2007, ex- ozone concentration, temperature and superjacent ozone col-
cept for Southern Hemisphere (SH) high latitudes, whereumn, which are precomputed using a 2D (latitude—height)

they are systematically overestimated by 3—-5 %. chemistry model Cariolle and Teyssedre007). Thus, it
o does not account for ozone production/destruction due to
2.2.4 ESRL GMD in situ measurements longitudinal and temporal variability of precursor species

(e.g., NQ), which limits the model accuracy especially in
The Earth System Research Laboratory (ESRL) Global Monyne pianetary boundary layer. It includes an additional pa-

itoring Division (GMD, - http://www.esrl.noaa.govigmd/ g meterization for the polar heterogeneous ozone chemistry,

maintains several US atmospheric composition observatoyhich allows the main features of stratospheric ozone de-
ries and collects data from a number of other institutions

: - ' pletion to be reproduced. It was shown that in the upper
(Petropavlovskikh and Oltmar012). Time series of hourly  5hqgphere and in the lower stratosphere the linear param-

ozone con_centranon are available at 2 sites located abov@terization gives satisfactory result€afiolle and Teysse-
3000m altitude, Mauna Loa (MLO, 19.5M, 155.58 W, 4ra 9007 and performs well in combination with satellite
3397mas.l, US) and Summit (SUM, 7538, 38.48 W, 515 assimilationGeer et al. 2006 2007. An analysis of
3216 mas.l., Greenland), thus representative for the free trog,e gerivatives in the CARIOLLE scheme attests that ozone
posphere. Since the mission of the GMD is to provide ac-nrqqyction/destruction rates are quite small below 20km
curate long-term time series of atmospheric constituents f01(< 1 ppbv L), hence the transport plays the principal role
climate analysis, the calibration stability of these measure, o-one dynamics at the timescales reckoned for satellite
ments is expected to be within 2 % and data quality is assurefla¢4 assimilation (12—24 h). Since no tropospheric ozone re-
by manual inspectiondltmans et a|.2008). moval process is modeled, a relaxation to an ozone climatol-
ogy with an exponential folding time of 24 h is enabled in

3 Model description the lower troposphere, to avoid the excessive accumulation
of ozone in the lowest layers during long simulations. A dis-
3.1 Direct model cussion on the consequences of the relaxation term on the

assimilation are detailed in Appendix A.
MOCAGE is a three-dimensional CTM developed at Météo
France Peuch et a).1999 that calculates the evolution of 3.2 Assimilation system
the atmospheric composition in accordance with dynami-
cal, physical and chemical processes. It provides a numThe data assimilation algorithm built around the MOCAGE
ber of configurations with different domains and grid reso- model is named Valentina and was initially developed in
lutions, as well as chemical and physical parameterizatiorthe framework of the ASSET (Assimilation of Envisat data)
packages. It can simulate the planetary boundary layer, theroject (ahoz et al. 20073. In its first implementation it
free troposphere, the stratosphere and a part of the mesavas based on a 3D-FGAT formulation (3D-Variational in the
sphere. MOCAGE is currently used for several applications:First Guess at Appropriate Time variarfEjsher and Ander-
e.g., the Météo-France operational chemical weather foresson 2001), which was used in humerous studies on conti-
casts Dufour et al, 2005, the Monitoring Atmospheric nental or global scales for the assimilation of MLS or IASI
Composition and Climate (MACC) servicestip://www. O3 data Massart et a).2009 El Amraoui et al, 201Q Barré
gmes-atmosphere.g@nd studies about climate trends of at- et al, 2012.
mospheric compositionTeyssédre et gl2007). It has also In its latest version, a 4D-VAR algorithm was imple-
been validated using a large number of measurements dumented in ValentinaNlassart et aJ.2012), which allows the
ing the Intercontinental Transport of Ozone and Precursorsise of longer assimilation windows in the case of nonneg-
(ICARTT/ITOP) campaignBousserez et 312007). In this ligible ozone dynamics (e.g., due to strong transport) and a
study, we used the°2 2° global version of MOCAGE, better exploitation of the spatiotemporal fingerprint of satel-
with 60 sigma-hybrid vertical levels (from the surface up lite observationsNlassart et a)2010. A 4D-VAR algorithm
to 0.1 hPa). The transport of chemical species is based orequires a linear tangent of the forecast model and its adjoint,
a semi-Lagrangian advection schenimgse et al.20049 which can be numerically very costly for a complete chem-
and depends upon ancillary meteorological fields. The meistry scheme. These operators have been then developed only
teorological forcing fields used in our configuration are the for the transport process and for the linear ozone chemistry
analyses provided by the operational ECMWF numericalscheme. Assimilation windows of 12 h have been used in
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this study. The Valentina observation operatéy &llows the  model minus sonde values for these two months to identify
assimilation of species concentration (e.g., vertical profileshiases and to assess the sensitivity of the analysis to the as-
or surface concentration), total and partial vertical columns,similation parameters (e.g., the background error covariance)
with the possibility to include averaging kernel information (Sects4.1, 4.2 4.3.1); (iii) a longer simulation of 6 months
and multiple instruments at the same time. Since the mode{with/without DA) is performed by considering eventually
prognostic variables are the species concentration, it followghe outcome of (ii) and validated with additional data sets
thatH is also linear. (Sect4.3.9.

The background error covariance matri) formulation The two months considered in (i) allow us to test the anal-
is based on the diffusion equation approadteéver and ysis during different ozone regimes (e.g., the occurrence of
Courtier, 2001) and can be specified by means of a 3D vari- South Pole ozone depletion in November). Moreover, MLS
ance field (diagonal oB, in concentration units or as a % and IASI analyses are first evaluated independently, to better
of the background field) and a 3D field of correlation length understand the impact of the single instruments (Sécts.
scales. and4.2), and coupled later on in Seét.3.

The observation error variance (e.g., the diagonaRpf Sonde data do not cover the upper stratosphere and assim-
can be assigned with explicit values (e.qg., the pixel-based uniation parameters like error correlation length scales cannot
certainty included in some satellite products) or as % of thebe diagnosed using sonde-sparse data. Thereafter, we also
observation values. Only vertical error correlations are im-rely upon results from previous studies, which exploited en-
plemented irR in the case of profile type observations. The semble methods to estimate the error statistics for the same
system provides the possibility for the adjustmerB@ndR model and observations used in this analyslagsart et aJ.
diagonal terms, based on a posterjotistatistics Desroziers ~ 2012). Eventually, sensitivity tests will be used to assure the
et al, 2009. For more details about the assimilation algo- robustness of the analysis to the variation of the assimilation
rithm please refer tPannekoucke and Mass§2008; Mas- parameters (Sect.3.D).
sart et al(2009 2012. Model simulations for August 2008 and November 2008,

are initialized with the MLS analysis from the studyMs-

sart et al(2012. This analysis is considered as a test-bed for
4 Results and discussion assessing the additional benefits of IASI data assimilation.

The 6 month-long simulation (Seet.3.2 is instead initial-
Numerous assumptions about the statistics of the backgrounided with 30 days of free model spin-up, as might be the case
and observation error8(and R matrices) are required in for an operational assimilation system, where previous anal-
data assimilation algorithms (Se@&.2). Furthermore, the ysis are not always available.
paradigm that lies behind an optimal analysis demands that
the model and the observations are unbiased with respect td.1 MLS profile assimilation
the unknown truth. Nevertheless, biases may contribute sig-
nificantly to the overall uncertainty of both models and ob- A MOCAGE-MLS ozone analysis for the entire year 2008
servations. Several methods have been proposed to take inteas examined in the study dassart et al(2012), with a
account model or observation biasBgé and Uppal2009. focus on the stratosphere and on the effects of different back-
However, no general strategy exists when both the model andround error parameterizations. In this section we repeat a
the assimilated observations are biased, which is the case esimilar analysis with particular attention to the tropopause re-
countered in this study (as detailed in Setfor the obser-  gion, which showed an enhanced bia®assart et al(2012
vations and byGeer et al(2007) for the model). Hence, the and is of greater interest for this study.
validation of the analysis against independent and accurate We computed the ozone field with a free run of the model
observations remains the only way to verify the correctnesgwithout DA, also hamed control run) in August/November
of prescribed andR matrices. 2008. The global average difference between this simulation

In this study ozonesonde data are used as reference to ideand the ozonesonde profiles is displayed in HigDiffer-
tify biases and estimate background error statistics. This apences are presented in terms of bias and RMSE components
proach requires that sonde profiles are unbiased and glotand normalized with an ozone climatological profika(l
ally representative for the model, since the background eret al, 1998. The number and the geographical position of
ror must be specified for the full model grid. Although their sonde profiles used to calculate the error statistics are also
geographical distribution is not always homogeneous (e.g.shown. A total of 182 and 167 profiles are globally available
in the Southern Hemisphere), WOUDC sondes are generalljor August and November respectively, with a greater repre-
used to validate global models and satellite retrievislag- sentation in the Northern Hemisphere. The error curves show
sart et al, 2009 Dufour et al, 2012). that the model’s free run has globally a small relative bias

Therefore, we proceed as follows: (i) we first run the (< 10 %) except in November inside the planetary boundary
model with/without DA for two months (August and Novem- layer (PBL,p > 750 hPa). The good free model performance
ber 2008); (ii) we compute global and monthly averages ofis partly due to the accurate initial conditions prescribed
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Table 1. Description of the model configuration for the assimilation experiments.

Type Description
Assimilation 4D-VAR 12 h window
Background Error Vertically variable (1D) Logistic function: 30 % troposphere, 5 % stratosphere
Background Error Zonal Correlation  Horizontally variable (1D) Based on ensenM&ssért et a).2012)
Background Error Meridional Correl.  Constant 300 km
Background Error Vertical Correl. Constant 1 grid point length scale
IASI observation error Percentage of measurement 15%
MLS observation error From retrieval product -
Background standard deviation
e T Lx (km)
10 L | 4npa | AN ===
; . V= — s, -
= 20 —| 35hPa
3
% 30 - — 200 hPa
=N N A
N 40 - — 550 hPa r =
e e ——
50 —| 900 hPa
r 135°W 90°W 45°W 0° 45°E 90°E 135°E
g Cie oo lovyptyoyaty, EEEN [Es | [T
0 10 20 30 40 100 200 300 400 500 600
std (%)

Fig. 2. Main parameterizations of the background covariance maB)x ((eft) background error standard deviation (square root of the
diagonal ofB) in % of the background profile; (right) zonal error correlation length sdalg.(Blue/purple end colors represent values that
fall outside the color scale.

on the first day of each month, which come from the pre-length is set to one vertical model grid poirt {00 m in the
vious MLS analysis. The relatively long lifetime of ozone troposphere;-800m at the tropopause ardl.5km in the
(Sect.3.1) implies that, assuming a good description of the stratosphere). Since the effects of using an ensemble based
transport, the model error keeps memory of those conditionwvariance were not found to be highly significant and no esti-
for several weeks. The RMSE profile in Figshows that be-  mation was available in the troposphere from the cited study,
low 100 hPa the model total error increases up to about 30 %this choice was made to have a time dependent background
with two higher peaks, one below the tropopaus@00 hPa)  error variance across the whole atmosphere. On the basis of
and the other in the PBL. Since the bias does not have sucthe control run validation (Fidl), we set a bigger uncertainty
a distinct shape most of the RMSE error originates from thein the troposphere (30 %) than in the stratosphere (5 %). The
deficiencies of the model in reproducing the variability of choice of a small vertical correlation length arises from the
measured ozone in these two layers. This behavior is not surfact that IASI's averaging kernels already spread their infor-
prising in the troposphere, and especially in the PBL, sincemation vertically and we do not want the contribution from
detailed ozone tropospheric chemical and physical processdbe two instruments to superpose too much in a first instance.
are not taken into account within thegnearized chemistry ~We also simplified the horizontal correlation lengths diag-
scheme. Moreover, since the initial condition comes fromnosed with the ensemble of MLS perturbed analysiglas-
MLS analysis, the model was not constrained by any obsersart et al (2012 with a zonal and time-independent average
vation in the troposphere. We also remark that there is no evfor the zonal length scalex (Fig. 2) and a constant value of
idence of a strong monthly dependence of the error profiles.300 km for the meridional length scaley. All these simpli-

The parameter configuration used for the assimilation exfications are not supposed to influence greatly the analysis,
periments presented in this and in the following sections isgiven the results iMassart et al(2012).
summarized in Tabld. Compared to the study dflassart The validation of the MLS analysis is also shown in Hig.
et al. (2012, the background error variance is given in per- When all MLS levels are used (Se@) both the bias and
centage of the ozone field (Fig) and the vertical correlation the RMSE are reduced in the stratosphere<(100 hPa) but
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Fig. 3. Average differences between control run and IASI tropospheric columns (1000-225 hPa) for Augugap008trol run column
weighted by IASI averaging kernels (AVKqyoq Wherexmog is the model profile)(b) IASI equivalent columnops— Capr+ AVK - xapr,
wherexapy is the IASI a priori profile andCops, Capr the retrieved and a priori partial columng}) number of IASI observationgd) bias
(model minus IASI values)g) standard deviation of model minus IASI valué,|ASI averaging kernels (zonal average in DU vih). Al
IASI values are reduced by 10 % to account for retrieval biases (Hed&lue/purple color ia) and(b) is reserved for values lower/greater
than 3/30 DU. Blue/purple color i(d) is reserved for values lower/greater tha/8 DU. White color in(a, b, d, e)indicates pixels with a
statistically insignificant number of observations< 10).

increased at around 300 hPa. This local degradation of thallows a preliminary quantification of the scatter and the sys-
analysis was already observed in previous MLS assimilatematic biases between the two. Later, the validation of the
tion studies Stajner et a].2008 Massart et a).2012. Since  assimilated fields with independent data will provide further
there is strong evidence of a positive bias for the lower-insights about biases with respect to “true” ozone values.
most MLS level (215 hPa)ackson2007 Froidevaux et aJ. Statistics of the differences between IASI observations and
2008, this level was removed from the assimilated data setthe free model ozone field are reported in Figsnd4, for
leading to a better analysis (red line in FI). The strato-  August and November 2008, respectively. The IASI values
spheric RMSE was globally reduced to almost 10 % both inused to compute these figures have been reduced by 10 %, to
August and November 2008. These results confirm the findcompensate known retrieval biases (Sékt.The impact of
ings of a number of already cited studies that assimilatedsuch a bias correction on the further assimilation is detailed
MLS ozone with other models. Note that, even after the ex-later in this section. IASI tropospheric partial columns (TOC,
clusion of the 215 hPa MLS level, the analysis ozone profile1000-225 hPa) are compared to the free model equivalent
between 200 and 300 hPa still differs slightly from the con- columns by means of the observation operator, thus taking
trol run. Since the vertical error correlation was fixed to 1 into account the spatiotemporal collocation and the satellite
grid point and there is approximately an 8 grid-point separa-averaging kernels. Maps show that in both seasons the model
tion between the lowermost assimilated level (140 hPa) andgignificantly underestimates IASI partial columns at low lat-
the aforementioned layer, those changes are imputable to theudes (30 S—-30 N) in the Middle East, Africa and Cen-
model dynamics, likely through downward ozone transporttral/South America (bias as high as 10 DU (Dobson units),

(STE). corresponding to~ 100 % of model values). A smaller but
positive bias (2—4 DU) is found at lower latitudes (30%9),
4.2 IASI tropospheric column assimilation which is however less significant compared to the greater lo-

cal column amount. Average standard deviations are 2 DU
cIor both seasons with maximum values of about 5 DU local-

IASI retrieved ozone, unlike MLS ozone, has not been use db d d : h h
in many assimilation studies. Therefore, a comparison belzed between 30-6( and over desert regions (the Sahara

tween observations and the correspondent free model valueasnd Australian deserts).
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Fig. 4. Average differences between control run and IASI tropospheric columns (1000-225 hPa) for November 2008. Same plot8as in Fig.

High systematic differences are found in regions domi-zonal averaging kernels (Fig3f, 4f), which depend mostly
nated by dust aerosols, like the Atlantic Ocean band east obn the ocean—atmosphere thermal gradient, have a stronger
the SaharaRemer et al.2008. Dust aerosols are known to peak during winter. Note that the screening based on the DFS
reduce the accuracy of infrared ozone retrievals, like 1ASIvalue (Sect2.1.2 filters out most of the observations over
ones. However, IASI retrievals biases for the ozone totalice and high altitude surfaces (e.g., Greenland, South Pole,
columns are normally lower than 30% in presence of dustHimalayas and Rocky Mountains), which have a poor ther-
(Boynard et al. 2009 so that this cannot entirely explain mal contrast or not enough tropospheric pressure levels avail-
the observed differences (as high as 100 %). Therefore thable. Finally, desert regions show also a decreased number of
remaining systematic differences are mostly attributed toobservations due to issues in correctly representing the sand
the model deficiencies. The model actually underestimategmissivity in the infrared ozone retrieval.
ozone in several regions affected by biomass burning out- Figure5 shows the error profiles for the IASI TOC anal-
flow, like eastern Africa in August, western South America ysis. The initial condition and the assimilation configuration
in November or in the western Indian Oceamarf der Werf  are the same as in the MLS analysis (Sdct.and Tablel)
et al, 2006 Barret et al. 2017). Ozone underestimation ap- but no MLS data are assimilated at this point. Using horizon-
pears also well correlated with regions of high natural VOC tal length scales previously diagnosed with MLS ensembles
emissions from tropical forests, such as the Amazon and th¢Fig. 2) might not be pertinent for the troposphere. Never-
African rain forests Guenther et al.1995. The reason for theless, IASI data coverage is very dense in space and time
such biases is the model simplified tropospheric chemistry(Figs.3, 4) and the impact of the background error horizontal
which does not take into account emissions of ozone precureorrelations is expected to be small. This will also be illus-
sors and their impact on ozone chemistry, both locally andtrated later in the article (Seet.3.J).
along transport paths. This will be confirmed by the indepen- When IASI data are not bias-corrected the analysis is
dent validation carried further in this section. sometimes worse than the control run (F&): the tropo-

The number of monthly observations in Figs.and 4 spheric bias increases by 10—-20% for both months and the
shows that IASI data enable almost a 100 % coverage oveRMSE improves in August but deteriorates in November.
oceans and, over land, more observations during the suminstead, when 10 % of the values is globally removed from
mer months than in the winter ones (August in the North-IASI observations the bias of the analysis improves or stays
ern Hemisphere and viceversa in the Southern one). Thishe same with respect to the control run and the RMSE is
is due to the stronger thermal contrast between the atmoreduced by about 5-10 % in both months. The profile is cor-
spheric layers and the continental surface in summer, whichiected significantly only between 200 and 800 hPa, where the
enhances the DFS and the number of pixels that pass th8VK values are greater than 10 DU vimir (Figs. 3 and 4).

AVK trace filter (Sect.2). This is also the reason why the Comparing the curves in Fig4, 5 we conclude that with
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a) Bias Aug. 2008 b) RMSE Aug. 2008 2008. The purpose was to test the assimilation algorithm and
10 1as Aug. 10 ug. =0 detect issues like observational biases, with the help of sonde
-~ CONTROL RUN data. In this section the combined assimilation of both instru-
20 ] 20 — IASI . . L .
— TAST CORRECTED ments is detailed: still for the 2 months, first separately, and
for a simulation of 6 months (July—-December 2008) later. In
= = addition to the usual validation against sonde data, a com-
Q00 ~ 1 10 1 parison with OMI total ozone columns and free troposphere
Nt in situ measurements is reported. This will better clarify the
- = added value of the IASI assimilation compared to the MLS
on its own.
. = Figure6 depicts the error profiles (bias and RMSE) of the
1600z | 1000 B | combined analysis for August and November 2008 and the
Bias (%) Rmse (%) zonal differences between the analysis and the control run.
C) L, Bias Nov. 2008 d)w RMSE Nov. 2008 Since the increments (differences between the analysis and
- - CONTROL RUN the background) due to the two instruments are quite sepa-
20 20 =—AS1 rated vertically, the error profile of the combined analysis is
= IASI CORRECTED . . . !
almost equivalent to the combination of the error profiles of
50 50 the two separated analyses (Fifys5). The zonal differences
< B L (Fig. 6c, f) show that the ozone concentration is increased by
O 100 - 1 100 — g ; ) :
= d 20-30 % in the tropical region (3&-30 N) both in the tro-
N 200 N 200 posphere and in the lower stratosphere, and decreased by 10—
20% in the southern latitudes’ (30-98) free troposphere
500 500 S and at about 10 hPa. The patterns are similar in August and
sof ‘ 800 ; November, except for the northern latitudes’ (60>-8ij) tro-
-60 -40 -20 0 20 40 6! 0 10 20 30 40 50 60

1000 1000,

Bias (%) Ruse (%) posphere and the tropical stratosphere (in the vicinity of

10 hPa), where the differences for the two months have op-

Fig. 5. Validation of eont_rol run and IASI analyses versus 0zoneson-posite signs. Moreover, the tropospheric positive increment is
des. Same plots as in Fiy(August and November 2008 fromtop to - gjightly shifted toward the northern midlatitudes in summer
bottom). Red curves are obtained removing 10 % of the IASI 0ZOng(4(r N). The average increments are able to partially com-
values before the assimilation. pensate for the deficiencies of the direct model, which are
(i) the lack of ozone precursor emissions and chemistry in

the selected value of the background error vertical correlatn€ tropical/midiatitude troposphere, and (ii) the presence of

tion, the correction brought by the two instruments (MLS and high-latitude stratospheric positive biases due to a too strong

IASI) remains well separated vertically. poleward circulation in the forcing wind fieldCariolle and
Compared with previous attempts of assimilating IAS to- 16ySsedre2007, de Laat et a.2007. _ _

tal 0zone columns in a CTMassart et al.2009, we found A complementary validation of the ozone fields obtained

a clear improvement in the tropospheric ozone profile. TheWith the combined assimilation is provided by a compari-
main reason is attributed to the full exploitation of the 1AS| SON With MOZAIC data. These data allow a good geograph-

tropospheric signal in this study. Neglecting the AVK in- ical and temporal coverage in the Northern Hemisphere, due
formation lead to significantly worse results (not shown), to the daily frequency of eommerCIaI f,l'ghts' but W'th 9,0%
which demonstrates their importance in the vertical local-Of the data vertically confined at the airplane cruise altitude
ization of the assimilation increments. Several assimilation(™ 200 hPa). Scatter plots between model ozone values and
experiments were done with a different definition of the tro- MOZAIC observations above 400 hPa are reported in Fig.
pospheric column, obtained by lowering the top height of theRRaw data were temporally averaged on a minute basis to bet-

column to 300. 400 and 500 hPa. Since the AVK is spreaoter fit the model’s spatial resolution. Some data redundancy

above the specified column’s top height, this was done to reMight still be present, even though the validation statistics

duce the possible contamination of stratospheric air masse&'® N0t supposed to be sensLtive to that. Overall the relative
at high latitudes, which might introduce positive tropospheric €T liés between 35 and 40 %. The scores are in agreement

ozone biases in the analysis. No significant improvementdVith those obtained using sonde data (cf. f8gat 200 hPa
were however observed in any of these analyses. level) and confirm a modest improvement of the correlation

and the RMSE for the IASI+MLS analysis in August and
4.3 MLS+IASI combined assimilation a slight worsening in November. Since the validation with
sonde and aircraft data shows a good agreement but sondes
In the previous sections MLS and IASI ozone products havehave a better global and vertical coverage (cf. Big.only
been assimilated separately during August and Novembesonde validation will be shown hereafter.
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Fig. 6. Validation of control run, MLS analysis and combined IASI+MLS analysis versus ozones@adbsd, e)same plots as in Fid.
(August and November 2008 from top to bottorf), f) average zonal difference between control run and IASI+MLS analysis normalized
with climatology. Dark blue/red color ifc) and(f) is reserved for values lower/greater thaB0/50 %.

Figure8 shows the geographical differences of the tropo- inates from the assimilation of MLS data, which modifies the
spheric ozone column between the control run and the analymore abundant stratospheric ozone. However, the addition of
sis. In addition to Fig6, which already highlighted the zonal 1ASI TOC permits reaching the best agreement between the
features of the increments, we note a significant increasanalysis and OMI data in the tropics, where the stratospheric
of the TOC over the African continent and the Atlantic re- column amount is lower and the total ozone column is more
gion, whereas the local ozone minimum over Indonesia issensitive to the tropospheric amount.
not changed or even slightly decreased. This is consistent
with the preliminary comparison between modeled and IASI4.3.1 Sensitivity of the analysis to the background/

ozone shown in Fig8 and4. The main spatial features of the observation error covariance
analysis in the tropics are well comparable with the satellite
climatology of TOC derived byiemke et al.(2011). Dif- Before calculating the 6 month-long analysis, alternative for-

ferences between the two data sets depend not only on thewulations of the background and the observation error co-
methodology and the measurements being used, but also orariance matrices were tested to verify the robustness of the
the definition of the tropospheric column (1000-225 hPa inanalysis to the choice of the assimilation parameters. The
this study, surface-dynamical tropopause Ziiemke et al.  following cases were considered, where the nonspecified pa-
2011). Hence, a more quantitative comparison would requirerameters are kept as in Talle

the same definition of the tropospheric column to be adopted.

A quantitative comparison of the analysis with OMI to-  _ temporally constant background variance expressed in
tal ozone columns is presented in F&g.The comparison is ozone concentration units and derived from the MLS
done between independent averages of both data sets, which  ensemble Nlassart et a).2012 above the tropopause
do not consider the exact temporal matching. Since OMI per- (full 3D field) and from sonde validation in the tro-
mits a daily global coverage, differences due to this reason posphere (zonally averaged field, three latitude bands
are assumed negligible. The greatest positive correction orig- used);
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Fig. 7. Validation of model ozone values versus MOZAIC observations above 40q&Pscatter plot between control run and MOZAIC

values for August 2008b) scatter plot between IASI+MLS analysis and MOZAIC values for August 20€&]) same aga, b) but for

November 2008. Difference statistics are displayed in each plot in terms of number of pojntofrelation R), bias in ppbv (model—
measurements), relative bias (bias/measurements average), standard deviation in ppbv (Std), relative standard deviation (Std/measuremer
average), RMSE in ppbv and relative RMSE (RMSE/measurements average).

— background variance equal to 20 % of the ozone fieldnot tested in the framework of this study. In all examined
everywhere, constant and homogenous horizontal ercases the comparison with sonde profiles was not found to
ror length scale equal to°4n both horizontal direc- be superior or differences with the reference analysis were
tions; not significant (not shown). The reasons are attributed to

the combination of the high temporal frequency of the as-

— error statistics as in Tablé but optimization ofB  similated satellite observations and the relatively slow ozone
and R matrixes based on a posteriori diagnostics chemistry, which makes the background error strongly de-
(Sect.3.2). pendent on the initial condition. Once the model is corrected
, for the inexact initial conditions, further assimilation incre-

The first two represent two cases of a more/less det@led \\ans only bring minor adjustments, which keep the model
matrix and the last one a case of statistical optimization of;|,qe 15 the temporal trajectory of observations. This can
B andR at the sa}me F'me' Additional possibilities exist: for be better clarified looking at the observation minus forecast
example the verification of the MLS+IASI 4D-VAR back- (omF) global statistics during the initial period of data as-

ground against sonde data can be further used to ulate similation in the case of the long-run experiment (Fig).
and recompute a new analysis. However, this method was
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Fig. 8. Ozone tropospheric columns (1000—-225 hRa) control run for August 2008b) MLS+IASI analysis for August 2008¢) control
run for November 2008d) MLS+IASI analysis for November 2008. Blue/purple color is reserved for values lower/greater ttzn10.

The initial condition is not issued from a previous MLS anal- termine the rapidity of the convergence during the initial as-
ysis in this case but comes from a 30 day model spin-up pesimilation windows.

riod. It follows that, compared to the case of the simulations

for August and November 2008, the model field differs ini- 4.3.2 Validation of the 6 month-long simulations

tially more from the observations, especially the MLS ones. o ) o
It takes approximately 3 days (6 assimilation windows) to ' "€ 6 month-long assimilation experiment (analysis) is ini-
reach the forecast-model minimum for both the OmF averagdi@/ized with a free model spin-up of 1 month in June 2008.
and standard deviation. The model forecast at 10 hPa, whicfl "€ assimilation starts on 1 July 2008 and ends on 31 De-
is initially biased high by 1000 ppbv and has a standard de_cemb(_er 2_008. For the same period a simulation without data
viation of 400 ppbv with respect to MLS measurements, re-asSimilation (control run) is calculated.

duces its bias to 100 ppbv and its scatter to 200 ppbv after Figure 11 shows the Taylor diagram of the collocated

4 assimilation windows (48 h). In the case of IASI the bias M0del-sonde columns. The 6 month period allows to accu-
and the scatter are reduced just after 24 h-@DU for the mulate enqugh sondg profiles to valldat.e. the model sepa-
bias and 1.5—-2 DU for the standard deviation from an initial rately_for different latitude bands. In addition to the tropo-
value of 2 and 3 DU, respectively. Subsequent values of OmSPheric column (TOC, 1000-225 hPa), also the UTLS (225-
are of the order of the prescribed observation errors, which/ 0 NP@) column is considered. This type of plot depicts the
are about 200-300 ppbv for MLS 10 hPa levetdidevaux gapacny of the mpdel to explain the varlab_|I|ty qf the valida-
et al, 2008 or 15% of IASI TOC columns (Fig3), so that tion data set. In FlngandlScqumns/proflles plas, RMSE

a further reduction is not possible. Note that IASI observa-2Nd standard deviation are also displayed to give a complete
tions cover 80 % of the horizontal grid after 48 h, whereasPicture of the model performance. The results can be sum-
MLS attains 40% after 72h (FiglOc). This explains the ~Marized as follows:

faster convergence of IASI OmF statistics. In other words,
observations are dense enough to well constrain the long-
term (> 5days) temporal evolution of the model, regardless
of significant variations of the background covariance ma-
trix. Different choices of the background covariance may de-

— globally the UTLS column scores are signifi-
cantly better for the analysisR(= 0.98, bias< 1 %,
RMSE~ 15%) than for the control runR=0.9,
bias~ 15 %, RMSE~ 30 %);
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Fig. 9. Validation of model total ozone columns versus OMI measuremgjtsontrol run average ozone column for August 20@3 MLS
analysis for August 200§c) MLS+IASI analysis for August 2008d) OMI measurements for August 2008, f, g, h)the same plots but
for November 2008. Blue/purple color is reserved for values lower/greater thad@DDU. White color in(d, h) indicates pixels without
OMI observations.

— the control run shows in particular a very high Other studies also identified difficulties in improving mod-
UTLS error in the 90-60S band (bias-50 %, eled tropospheric column at high latitudes by means of satel-
RMSE~ 60 %), due to the linear chemistry limitations lite data assimilationL@amarque et al.2002 Stajner et al.
with regards to the mechanism of ozone depletion;  2008. With respect to the studies 8arré et al.(2013 and

. Coman et al(2012 on the European domain, we found sim-

— the tropospheric column scores are also globally bety5r conclusions about the capacity of IASI to reduce the
ter for the analysis k = 0.7, bias<5% in magni- 54| free-troposphere bias at northern midlatitudes (30—
tude, RMSE~ 20 %) than for the control rul(= 0.6, gor N). However, it is found that IASI was not able to im-
bias~ —10 %, RMSE~ 25 %), even though to alesser ,qe the model variability (standard deviation) in this re-
extent than in the case of the UTLS layer; gion. We conclude that IASI measurements, even if directly

_ all analysis tropospheric scores are significantly betterS€nSitive to the tropospheric ozone concentration, are not
than those of the control run at the tropics, but only the able to fill this gap. Since modeled TOC at high latitudes is

bias is substantially improved at northern midlatitudes 9uite accurate (RMSE 20 %, Fig.12), we assume that IASI
(bias from—15 to < 5 %): retrieval biases become too large compared to model errors.

Besides, the 10 % bias removed globally from IASI columns

— in the 30-60 S and 60-90N bands the tropospheric could have a zonal dependence, which was not considered
bias of the analysis field increases with respect to thein this study. However, additional validation studies of IASI
control run. It follows that the analysis RMSEs are products would be required to quantify tropospheric retrieval
not improved and the Taylor diagram scores are un-errors at high latitudes.
changed or even deteriorated; Sonde data provide accurate information about the ozone

. _ . ) . vertical profile but their measurement frequency does not al-
the analysis TOC is particularly inaccurate in the | 5 gaily- or hourly-scale validation of model predictions.
90-60 S band & = 0.3, bias~20 %, RMSE~25%).  Thgrefore, hourly measurements from two in situ stations lo-
However, the control run has already poor skills and .5teq above 3000 m are used to verify the free-troposphere
very few IASI observations are assimilated during the ;e gynamics of the models. The two selected sites are at
whole period (Figs3, 4). the tropics (Mauna Loa, 19.58, 155.58 W) and at high

The good quality of the UTLS ozone analysis with MLS data l2titudes (Summit, 75.58N, 38.48 W). Figurel4 shows the
confirm the findings of previous studiedagkson2007 El time series of the analysis, the control run and the correspon-
Amraoui et al, 201Q Massart et a).2012. The results ap- dent observations in August and November 2008. Since the
pear more heterogeneous with regards to the tropospherigZ0ne variability at very small spatial and temporal scales
analysis. The MLS+IASI assimilation has a robust and pos-c2nnot be captured by & & 2° grid model, original hourly
itive impact at low latitudes (30530 N) which, however, ~OPservations have been smoothed in time using a mov-
becomes less evident at high latitudes and in polar regiond"9 average ot=6h. This allows us to enhance the ozone
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a) 5 aemage variability signal due to transport that the model is supposed
— 3 to reproduce. . o
= s i | The cqntrol run underestimates the temporal variability of
observations, as expected from a model that does not ac-
count for tropospheric chemistry. The analysis field has an
increased variability when compared to the control one, still
maintaining its low bias in magnitude. However, the scores in
term of correlation and standard deviation between the anal-
1S ysis time series and the observations (not shown) are not nec-
essarily better than those of the control run. In particular, the
occurrence of ozone minima-(20 ppbv) lasting more than
3 2-3 days in the Mauna Loa time series is mostly due to the

03 MLS (ppb)
(<]
o

03 IASI (Du)

=500 |

-1000

® R R ® R R ® R R ® R

B P S SN R R S NN VR transport of low-ozone air masses from the equatorial bound-
> 48 [ R o ° ® g o [\ J W . . .
Time (UTC) ary layer (below 700 hPa). The duration of these episodes is
b) well captured by the control run but their amplitude is not,
185 s —ik_Staotaid Geviation 4.0 and IASI’s low sensitivity to the lower vertical layers does
__— IASI TOC —— MLS 100 hP: . . . .
Z WS 10t | not permit to account for it. Note that at the Summit site and
— MLS 1 hPa :

during August, the analysis is almost coincident with the con-
trol run because there are very few observations being assim-
ilated in the surroundings (Figc).

This comparison leads to the conclusion that the assim-
ilation of column integrated information corrects well the
model tropospheric column (e.g., at the tropics, Fig2.
ht-8 and 11) but does not necessarily improve the model pre-
0.5 diction at a single vertical level. IASI AVKs redistribute the

satellite information in accordance with their vertical sensi-
tivity and their a priori, but the increments inside the partial

N
5

03 MLS (ppb)
N
o

03 IASI (DU)

[
[

BN NS SR R O SRS SRE SN
G . o column are still assigned proportionally to the model back-
ground profile. Hence, model predictions at a single vertical
¢) Observations coverage level do not necessarily ensure the same accuracy as the one

‘ ‘ found for partial columns.

5 Conclusions

In this study we examined the impact of MLS and IASI
(SOFRID product) ozone measurements to constrain the
ozone field of a global CTM (MOCAGE) by means of varia-
tional data assimilation and with particular emphasis on tro-
pospheric ozone. Given the ozone average lifetime of several
d ® @ @ ® @ @ @ @ o @ weeks in the free troposphere, the high spatial coverage of

36\‘@3“\'@3\‘\‘ S o

o ¥ Y IASI data is able to make up for the deficiencies of the linear
chemistry model used.
Fig. 10. Observation minus Forecast (OmF) statistics for the first Results confirm the effectiveness of MLS profiles assim-
10days of the IASI+MLS long analysis (1-10 July 2008). Assimi- ilation in the stratosphere, with an average reduction of
lated observations minus their model equivalent values are average@MSE with respect to ozonesondes from 30 (control run) to
globally for each hour(a) OmF average(b) OmF standard devi- 15 % (analysis) for the UTLS column. The lowermost level
ation, (c) temporal evolution of the observation’s global coverage of MLS ozone data (215 hPa) was found to increase the anal-
(fraction of model horizontal grid pixels visited by the satellite). ysijs bias in the troposphere and is not further used. Improve-
IASI's tropospheric columns minus their model equivalent (as in ments of the TOC due to IASI £data assimilation depend
Fig_. 3) are repre_sented with a black line. MLS observations minusOn the latitude and highlight the need to properly account
;ﬁigﬂﬁ%;ql:Jn'\éarlsgéxtticer@d (100hPa level), biue (10hPa) anOIfor retrieval biases. When a globally constant 10 % positive
' bias is removed from IASI observations, the TOC RMSE de-
creases from 40 (control run) to 20 % (analysis) in the tropics
and from 22 to 17 % in the Northern Hemisphere (306D

Coverage (%)

o
® O o
Time (UTC)
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Fig. 11. Global and zonal validation of MLS+IASI analysis partial columns (1000-225hPa as TOC and 225-70 hPa as UTLS) versus
ozonesondes for the long analysis run (July-December 20@)8)aylor diagram (control run in black, analysis in red) gbynumber of
used ozonesonde profiles.
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Fig. 12. Global and zonal validation of MLS+IASI analysis partial columns (1000-225hPa as TOC and 225-70 hPa as UTLS) versus
ozonesondes for the long analysis run (July—-December 2008). Leftmost 6 panels: bias (model sondes) normalized with the climatology
(control run in black, analysis in red). Rightmost 6 panels: RMSE normalized with the climatology.

whereas it slightly increases (1-2 %) at other latitudes, prob4iical resolution increases the model variability but does not
ably due to residual IASI biases. Overall, the combined as-ensure a better hourly analysis at a particular vertical level.
similation of MLS and IASI improves the correlations with ~ We conclude that the assimilation of IASI and MLS data
ozonesonde data for both the UTLS and TOC columns at alis very beneficial in combination with a linear ozone chem-
most all latitudes and increases the agreement with OMI totalstry scheme. The high frequency of IASI observations is
ozone column measurements. It is also found that the analyable to partially compensate for the model simplified tropo-
sis is not very sensitive to the parameterization of the back-spheric chemistry, especially at low latitudes and also in re-
ground error covariance, due to the high temporal frequencyions affected by strong seasonal emissions of ozone precur-
of IASI and MLS observations and the strong dependency ofsors (e.g., biomass burnings). Such an assimilation strategy
the ozone field on the initial condition. Finally a comparison provides reliable tropospheric and stratospheric ozone fields
with hourly-resolved in situ measurements in the free tropo-and might be valuable for near-real-time operational services
sphere shows that assimilating information with a coarse verand as benchmark for more sophisticated CTMs. Limitations
concern surface ozone, where IASI’s low sensitivity cannot
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Fig. 13. Global and zonal validation of MLS+IASI analysis versus ozonesonde profiles for the long analysis run (July—-December 2008).
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Fig. 14.Time series of hourly measured ozone mixing ratio (green dots) at the sites of Mauna Loa (MLO N,9158.58 W, 3397 ma.s.l.,
US) and Summit (SUM, 75.58\, 38.48 W, 3216 ma.s.l., Greenland) in August/November 2008 and correspondent model predictions:

control run (black line), IASI+MLS analysis (red line).
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directly make up for missing ozone precursors emissions and O; COLUMN DIFFERENCES AT 12 UTC
chemistry. However, IASI's assimilation remains effective a) DUE TO LINEAR CHEMISTRY
when the focus is on the free troposphere. Future applications son ——— — C

of this system are the evaluation of tropopause ozone flux, a 2
multi-annual climatology of global tropospheric ozone, anal- s "
ysis of major pollution episodes and prescription of chemical
boundary conditions for regional models. Possible improve- o« -
ments of the IASI analysis might be obtained by assimilating
IASI radiances directly into the CTM, thus considering a dy- 455 |-
namical a priori profile in the radiance inversion, instead of

one issued from a climatology. Moreover, the development .
of a 4D-VAR assimilation chain for the complete chemistry 180° 90°w 0 90°E 180°
model will allow in future to consider the feedbacks of satel- b 4D-VAR COLUMN INCREMENT AT

lite ozone assimilation on other species. )

90°N

Appendix A &N *

On the influence of the ozone climatological relaxation o 18

A linear ozone chemistry scheme has been employed in this s %
study (Sect3). The main drawback of this scheme is that
the modeling of tropospheric 0zone sources, sinks and chem- .

istry is missing. These processes are replaced by a relaxation 1o 90w 0 90°E 180°
to a zonal climatology to avoid tropospheric 0zone accumu- e

lation due to the vertical transport during long simulations. 6-54-3-2-101 23 456
This appendix clarifies the deficiencies of the climatolog- DU

ical relaxation within the adopted data assimilation frame-
work. For example, the climatological relaxation counteracts )
the assimilation increments and might lessen the adjustments 4.
produced by observations.

A model simulation has been initialized on 5 July 2008 at ..,
00:00 UTC using the ozone field calculated from the 6 month
analysis (Sect.3.2. On this date the ozone field has been
well constrained by the observations assimilated during the
previous days (Figl0) and it represents an initial condition
quite different from the model climatology. Starting from this
initial condition, a free model simulation of 24 h is computed s i ; .
and compared to a second one obtained with the chemistry 10 - s 150"
module deactivated. The latter represents the evolution of
a passive tracer. This permits the assessment of the impact
of the ozone chemistry on the temporal evolution of tropo-
spheric columns (1000—-225 hPa). The difference between the
2 free simulations after 12 h is depicted in Ffgla. We re-  Fig. Al. Variability of ozone tropospheric columns (1000-225 hPa)
mark that the ozone partial column is decreased by 0.3 DWuring one assimilation window (12 h) on 5 July 20@8) differ-
with regards to the global average, by a maximum of 1.8 DUence between a free simulation with linear ozone chemistry and a
at the tropics, where the relaxation term is stronger due tdree simulation with chemistry deactivated (passive tracer) after 12h
the larger departures from the climatology. These values caff integration,(b) increments added at 00:00 UTC by the assimila-
be compared with the increments produced by the observa_t-'on of sgtellltg observation£;) IAS| observations assimilated dur-
tions assimilated in the analysis during the same time win-Jng the first window (00:00-12:00 UTC). IASI values are computed

- as in Fig.3. Dark blue/red colors ifa) and(b) are reserved for val-
g?\;lvb((;:lf? éB i(r:1) 'nl]gcrr:aingts_r?{ii Z?(;en?dleglgsaIIZr?:?hFe)er? k_ues lower/greater than6/6 DU. Dark blue/purple colors i(c) are

: g . : - p pp g Y-reserved for values lower/greater thath/%0 DU.
pothesis that the chemistry relaxation term plays a relatively

minor role, given the global coverage of IASI observations.

IAS| OBSERVATIONS ASSIMILATED
BETWEEN 00 AND 12 UTC

T T
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