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Abstract. This work evaluates the IASI CO product against lation of CO on the representation of transport into the Arctic
independent in-situ aircraft data from the MOZAIC program region during the POLARCAT summer campaign. A consid-
and the POLARCAT aircraft campaign. The validation is erable increase in CO mixing ratios over the Asian source
carried out by analysing the impact of assimilation of eight region was observed when assimilation was used leading to
months of IASI CO columns retrieved for the period of May much higher values of CO during the cross-pole transport
to December 2008 into the global chemistry transport modekepisode. These higher values are in good agreement with data
LMDz-INCA. A modelling system based on a sub-optimal from the POLARCAT flights that sampled this plume.

Kalman filter was developed and a specific treatment that
takes into account the representativeness of observations at

the scale of the model grid is applied to the IASI CO columns

and associated errors before their assimilation in the modell  Introduction

Comparisons of the assimilated CO profiles with in situ CO

measurements indicate that the assimilation leads to a consid=arbon monoxide (CO) is a good tracer of atmospheric pol-
erable improvement of the model simulations in the middle!ution as its lifetime allows plumes to be transported over
troposphere as compared with a control run with no assimiJong distances. It is emitted by the incomplete combustion
lation. Model biases in the simulation of background values©f fossil fuel and biomass, and is also produced by the oxi-
are reduced and improvement in the simulation of very highdation of methane and biogenic non-methane hydrocarbons.
concentrations is observed. The improvement is due to thd Ne latter production pathway contributes about half of the
transport by the model of the information present in the IAS| background CO (Duncan et al., 2007). CO impacts the over-

CO retrievals. Our analysis also shows the impact of assimi&ll global oxidising capability of the troposphere. It is an im-
portant precursor of the photochemical production of ozone
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in polluted air, and it is an important sink of the hydroxyl and Related chemical Tracers) (Lamarque et al., 2004; Cler-
(OH) radical in low NQ environment (Logan et al., 1981). baux et al., 2001) and MOCAGE (M@tk de Chimie At-

In the last decades several air and space-borne instrumentsospléeriqguea Grande Echelle) CTM (Pradier et al., 2006).
provided information on the distribution of chemical species Here, the CO fields derived from IASI measurements are as-
in the troposphere, leading to an improved understanding oimilated into the LMDz-INCA CTM model (Hauglustaine
the chemical and transport processes as well as emissions. &t al., 2004). The resulting fields are compared with inde-
particular, tropospheric CO columns and profiles have beependent aircraft observations from the MOZAIC (Measure-
obtained from polar orbiting satellites (e.g. Gloudemans etments of OZone and water vapour by Alrbus in-service air-
al., 2006; Luo et al., 2007; Clerbaux et al., 2008; George etCraft) regular data and the POLARCAT (Polar Study using
al., 2009; Deeter et al., 2010; McMillan et al., 2005) and from Aircraft, Remote Sensing, Surface Measurements and Mod-
aircraft data either routinely available (Cammas et al., 2009)ls, of Climate, Chemistry, Aerosols, and Transport) Arctic
or obtained during specific campaigns (e.g. McMillan et al., campaigns.

2008; Paris et al., 2009; Warneke et al., 2009). Moreover, a The manuscript is organized as follows: Sect. 2 describes
large multi-year database with in situ CO surface measurethe CO data as retrieved from the IASI observations. Sec-
ments has been obtained from ground-station networks (e.gion 3 details assimilation routines that were implemented in
Novelli et al., 2003; Zander et al., 2008). Numerous mod-the LMDz-INCA model. Section 4 reports on the impact of
elling studies have been confronted with the available obserassimilation on the column CO while Sect. 5 focuses on the
vations leading to additional insight into the processes leadvalidation of the retrieved product through a comparison of
ing to the distribution and transport of chemical species (e.gthe assimilated product against available aircraft data. Sec-
Klonecki et al., 2003; Shindell et al., 2008). tion 6 contains a summary.

Data from aircraft routine and mission flights as well as
data from ground stations suffer from limited spatial cover-
age. Only satellite missions can provide us with global cov-
erage, however, even for the satellite-based instruments, thé 1ASI CO data used for assimilation
availability of data is limited to the periods of the overpasses
of the satellites and to the periods with favourable geophysi2.1 IASI measurements and CO retrievals
cal conditions that allow carrying out the retrievals (e.g. clear
sky conditions). As previous studies have shown, the jointThe IASI (Infrared Atmospheric Sounding Interferometer)
use of satellite and aircraft data allows to better understandnstrument was launched on 19 October 2006 aboard of the
the pollution transport pathways (e.g. Pommier et al., 2010) polar-orbiting MetOp-A platform. IASI is a nadir-looking
Including models brings additional insight either by using Fourier Transform Spectrometer (FTS) with scanning capa-
direct model simulations (e.g. Sodemann et al., 2011), or bybility across track (swath width of 2200 km) that ensures a
applying data assimilation (e.g. Lamarque et al., 2004). near global coverage twice per 24-hour period with morn-

Assimilation techniques offer a powerful tool to propa- ing and evening measurements (the local time of the equator
gate in space and time the information provided by the satelerossing is 9:30 AM for the ascending orbit and 9:30 PM for
lites. The resulting product is global and continuous with spa-the descending orbit). IASI was designed to record the top
tial resolution corresponding to the resolution of the model.of the atmosphere thermal infrared (IR) radiation emitted by
The problem of lack of coincident data in space and timethe Earth-atmosphere system. From the IASI spectra (645 to
(e.g. Pommier et al., 2010) is thus removed. In particular,2760 cnt?, with an apodised resolution of 0.5 ci) a range
the availability of vertical assimilated profiles facilitates the of molecules can be retrieved (Clerbaux et al., 2009; Clarisse
comparison with in situ aircraft measurements taken at varet al., 2011).
ious altitudes (comparing directly with satellite products re- The CO retrievals used in this study were performed with
quires often a vertical integration of incomplete in-situ pro- the FORLI-CO (Fast Optimal Retrievals on Layers for IASI)
files). Besides providing global concentrations, the assimilatetrieval code described in George et al. (2009) and Hurtmans
tion techniques are also used to constrain surface emissioret al. (2012). This operational software, based on the optimal
of chemical tracers as well as to optimise parameters in physestimation method, can process all the IASI spectra, i.e. 1.3
ical process based emission models (e.g. Elbern and Schmidtjillions of observations per day, in near real time thanks to
1999; Fortems-Cheiney et al., 2009). the use of a fast radiative transfer model on a PC cluster.

Various assimilation techniques exist to assimilate chem- The prior information on CO and the associated variance-
ical tracers in chemistry-transport models (CTM). In this covariance matrix were constructed using a database of ob-
work we use a sequential Kalman filter approach (Kattha-servations that includes aircraft profiles from the MOZAIC
tov et al., 2000) that was previously used to assimilate MO-program (Necélec et al., 2003), and ACE-FTS satellite obser-
PITT (Measurement Measurements Of Pollution In The Tro-vations in the upper troposphere and above (Clerbaux et al.,
posphere) and IMG (Interferometric Monitor for Greenhouse 2008). These observations were complemented with distribu-
gases) satellite CO data into the MOZART (Model of Ozonetions from the LMDz-INCA global model in order to build a

Atmos. Chem. Phys., 12, 44931512 2012 www.atmos-chem-phys.net/12/4493/2012/
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Fig. 1. Monthly mean altitude of the maximum of the IASI CO aver-
aging kernel (in kilometres) for July 2008. The white areas indicate
regions that were filtered out (see text in Sect. 2.2).

Fig. 2. Monthly mean IASI CO columns averaged over model grids
for morning and evening orbit (in molecules cA) for July 2008.

The white areas indicate regions that were filtered out (see text in
Sect. 2.2).

matrix representative of both background and polluted con-

ditions (Tu.rquety etal., 20,09; Hurtmaps etal., 2012). lated 8 months of IASI data, from May to December 2008.
The retrieval code provides 19 partial columns of CO de-Both day (local time for equator crossing — 9:30a.m.) and

fined on a vertical grid with 1 km resolution from the surface night time data (local equator crossing time — 9:30 p.m.) are

up to 18km and the last layer corresponding to the atmo-, <imilated.

sphere from 18 to (.30 km. For gach_ retrieved profile, the re- In order to keep only the more reliable data in the assimila-
tneyal method provides the estlmatlop of the error and averyion two filters were applied: one over high latitudes and one
aging kernel for each layer. As shown in George etal. (2009) o bright surfaces. As discussed in Pommier et al. (2010),

the vertical information content is coarse and generally muchy, . information content for the retrieved CO product is par-
lower than the number of retrieved layers. It varies betweerticularly low over the polar regions (DOFS of only 0.6 to
atotal column_and tWO. partial columns and depends strongly1_2 in April) due to the low surface temperatures and thus
on atmospheric COI’ldIt.IOI’lS and _surface type. Eqr_the theri/veak signal to noise ratio. The retrieved profiles over these
mal IR CO banq used in the r_etrlevals, the sensitivity 9f theregions show some anomalous characteristics, such as fairly
measurements is generally higher for mid tropospheric Iay'strongly negative values of the averaging kernels for the lev-

ers (see Fig. 1), and the boundary layer is visible only WheneIs situated near the surface. For this reason, the data to be

there is thermal contrast between the effective radiative te"T.]Iassimilated were filtered to exclude the poles (latitudes south

p_erature of the surface (that takes into gccqunt surface emi 5t 60° S and north of 75N)).
sivity) and the temperature of the overlying air. For the mom- As independent emissivity data were not available in 2008,

ng o_rb|t _and for measurements over _Ianc_j, on average, th%rrors in the retrieved columns were marked in certain ar-
contr_lbutlon_from the boundary layers is higher than during eas, with especially unrealistically elevated columns for the
evening orbit (Clerbaux et al., 2009). morning orbits above deserts (Clerbaux et al., 2009). To fil-
ter these data, we have used a simple test based on the sur-
face emissivity extracted from the MODIS/Terra climatology

Due to the relatively low vertical information content present (Wan, 2008) and collocated with IASI observations. Data for

in the retrieved CO products, we have chosen not to assimi[egions over which this surface emissivity was below 0.94 are

late the 19 distinct layers present in the retrieval product. In_not.used |_nhthe a]}ssmllat'lor.\. .Slmgarly, c()j 3? over |ce-cov%red
stead, the total vertical CO column is assimilated along Withre?:',OnS W'Zt rs1ur aciemlss!wt)ée:Acge ) | C\A(/)ere ?Ot used.
the vertically integrated averaging kernel. This solution in- " 'gure 2 shows the retaine tota column aver-

creases the robustness of the assimilated product and Iea&ged at the model resolution for July 2008. The month of

to considerably faster execution of the assimilation package>U!Y 1S shown as this period coincides with the POLARCAT

On the other hand, for the cases where the retrieved produ&ummer campaign (see Sect. 5.2).
contains more than one piece of information on the vertical

distribution of CO, this information is no longer contained in

the vertically integrated product. For this study we accumu-

2.2 CO columns used in the assimilation

www.atmos-chem-phys.net/12/4493/2012/ Atmos. Chem. Phys., 12, 44832 2012
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a) after superobservation. We have chosen the length of the
120 assimilation window to be 30 min. This approach is com-
98 monly used in assimilation studies in which the size of model
&6 grids exceeds the measurement footprint and several mea
% surements are available for sampled model grid (e.g. Lamar-
n que et al., 1999; Clerbaux et al., 2001). Figure 3a shows the
61 number of retrieved CO observations over a 12-h period that
51 fall into each model grid.

48 Even though the approach of superobservations is com-
36 monly used, the implementation can depend on the case stud-
28 ied. In this work, due to the frequent presence of high intra-
grid spatial CO gradients, the question of representativeness
1 of observations is addressed. Sharp horizontal gradients in
i the retrieved CO IASI columns exist due to the presence of,

LATITUDE

. for example, pronounced CO plumes from forest fires. When
no. of observations per model grid both elevated and background CO columns fall in the same
model grid, the total error on the superobservation should re-
b) flect not only the individual observation errors but also the

high variability. Figure 3b shows the variability calculated
| o on all of the individual observations for 6 July 2008 that fall
s f , ' 3 i within model grids. The variability can be high and can ex-

100

ceed 30 % of the mean total column. Figure 3b illustrates also

S, l-i‘- i, : 40 the retrieval problems in the Antarctic and certain desert re-
i "‘4‘1 X *".? ® gions (especially the Sahara) where high spatial variability in
2 .I ey § - % the CO column is due to the high variability in emissivity (as
> Ngug ¥ - 2 mentioned in Sect. 2.2 these data are not assimilated).
20 One way to define a superobservation is to calculate a
15 mean, weighted by the errors on the individual measure-
10 ments:
’ Nobs
° > yi (=42
LonenenE Ysuperobservatiof = 1)
(%) Nobs
>, (-2

Fig. 3. (@) Number of individual measurements of the CO column

per model grid during a 12 h periofh): Ratio of the value of stan- wherey; is the individual retrieved column of CO ang

dard deylayon calculated 0n_|nd|V|duaI measurements of the COIS the associated erToNoys is the number of observations
column inside each model grid and the mean value of the CO col-

umn (in %). Both figures are generated for data from 00:00 UTC used to generate a superobservation. Equation (1) reduces to

until 12:00 UTC for 6 July 2008. White areas indicate model gri- & simple arithmetic mean if th? ratio e_,f/y,- is t_he same for
boxes with no observations for this particular period. all the measurements that fall into a given grid of the model.

In a similar way, the error on the superobservation can be
calculated with Eq. (2). This definition corresponds to an av-
) erage error calculated by taking into account the weights of
2.3 Superobservations individual measurements.

The retrieved CO columns characterise CO content in a cone

with a spatial extent corresponding to the size of one IASI

pixel (about 12 km at nadir). As the model gridboxes are con-esuperobservatior™ Ysuperobservation| 1 —
siderably larger (their size is 3.7 longitudex 1.89 in lat-

itude) and as there is often more than one measurement per
model grid for a given assimilation window, a pre-processing
of the data was necessary prior to assimilation. We have usell
an approach in which all the observations taken during a pre-ymea”(ei/yi)' o ) )
defined observation window and falling into a given model The above definitions of superobservation and its error

gridbox are grouped into a single observation, called there'@ve several limitations:

Nobs (2)

e;ly; is the same for all measurements, Eq. (2) reduces to

Atmos. Chem. Phys., 12, 44931512 2012 www.atmos-chem-phys.net/12/4493/2012/
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1. Equation (2) does not take into account the error due tathe second term accounts for the variance. In this definition,
the representativity of the superobservation and the infor Npopsthat is sufficiently high, the second term dominates.
formation on the variability of the observations falling As generally there is a high number of measurements in each
into a given model grid is not taken into account. One grid, we use the variance of these measurements, instead of
can thus have a case, when two sets of observations, ortbe error on the individual measurements, to estimate the ef-
with low and one with high variability will have similar fective error of the superobservation.
errors on the superobservations if the above formula is To have superobservations that are coherent with this def-
used. Since it is desirable to give higher error estima-inition of the error, we define them as:
tion for the latter case, a different formulation is needed
to take into account the representativity of the superob-Ysuperobservatiof= Ysuperobservatiori VvV -Rand 4
servation. The superobservation with low variability can
generally be considered as being more representative
the area covered by model grid.

O\?/hereysuperobservaﬁo,is calculate_d with Eq. (1) an_d _Rand is

a random number generator with standard deviation of one

and mean of zero (Gaussian distribution). In regions with lit-

2. With Eq. (2), a superobservation composed of a largetle spatio-temporal variability in the retrieved values, the sec-
number of observations can have an error that is sim-ond term allows having the same variability on the superob-
ilar to a superobservation composed of only one ob-Servations as was the case for individual observatignsi
servation. Clearly having more observations distributedorder not introduce too much variability on the superobserva-
throughout the grid increases the representativity of thetions in regions with high variability on individual measure-
superobservation on the scale of the model grid. In ad-ments (such as regions close to CO sources), the valie of
dition, in regions with little variability, having several in Eq. (4) is limited to (2.510'" molec cn?)2. This value
measurements can reduce the overall error of the meanvas chosen as it separates well the low and high variability
The exact reduction will depend on the contribution of regions (figure not shown). In the implementation proposed,
the systematic and random errors in the individual re-the superobservations are calculated onlydfs is greater
trievals. or equal to 4.

The averaging kernel for each superobservation is calcu-

3. Finally, the above definition can lead in certain regions |gted using a standard averaging formalism. For a vertical

to a strong inconsistency between the variability of the jeye| £, the definition given in Eq. (5) was applied to average

Superobservations (bOth Spatia| and temporal Variabil-a” NObS averaging kernels for each gnd of the model.
ity) and the error on these values. The errors on super-

observations obtained with Eq. (2) are of the same order

Nobs
as the errors on the individual retrieved columns. How- Z Ak, i)-(1 y,-)

1

ever, in certain regions of the globe far from emission A(k) = = N (5)
sources, like most of the southern hemisphere, due to Y (1 4)2
averaging of a relatively high number of observations, i=1 .

the variability (spatial and temporal) of the superobser- , ) is th | f the obtained ing k | at lével
vations is very weak. We thus have a case where the dif- (k) Is the value of the obtained averaging kernel at léve

ferences between neighbouring superobservations (botf?(k’ i) are the values at levélfor each individual profile.
in space: nearby grids, and in time: superobservations

over a few days) are much smaller than the estimated er3  Assimilation methodology

ror. Clearly the above definition does not lead to a gaus-

sian distribution of superobservations with the specified3.1  The LMDz-INCA model

error.
In this work we have used the Laboratoire dé#brologie

In order to address the above issues, a new definition oDynamique (LMDz) General Circulation Model (Hourdin et
the error on the superobservation is proposed in this work: al., 2006) coupled with the INteraction with Chemistry and
Aerosols (INCA) model (Hauglustaine et al., 2004; Folberth
egupembservaﬁon et al., 2006). The chemical scheme used in this study takes
T Newe +V (3)  into account the ClNO-CO-O; chemistry of the back-

ground troposphere as well as a detailed non-methane hy-
whereesuperobservatio#s the value of the error calculated with drocarbon scheme. We ran the model with a resolution of 96
Eq. 2 andV is the variance of individual observations in a grid points in longitude and 95 in latitudes (37 longi-
grid of the model for a given assimilation window. The first tude x1.89 in latitude) and 19 vertical levels. The model
term on the right hand side accounts for the reduction of theuseso -p vertical coordinates with 19 levels extending from
error if more than one measurement is present in a giverthe surface up to about 3hPa. The vertical resolution is of
grid box during the predefined assimilation window while about 300-500 m in the planetary boundary layer (first level

€superobservatiof \/

www.atmos-chem-phys.net/12/4493/2012/ Atmos. Chem. Phys., 12, 44832 2012
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at 70 m) and between 1 and 2 km in the remaining parts of theservationsK is the Kalman gain matrix and is the ob-
troposphere. The model has been run in a nudged mode withervational operator that allows transforming the information
winds relaxed towards ECMWF reanalysis. The relaxation offrom the model space (CO profiles on a model horizontal and
the GCM winds towards ECMWF meteorology is performed vertical grids) to the observation space allowing a compari-
by applying a correction term to the calculated GCM wind son of model CO profiles () and superobservation for total
horizontal components:( v) corresponding to a relaxation CO columns retrieved from IASI data. The retrieved column
time of 2.5h over the whole model domain. The ECMWF in the optimal estimation algorithm contains a contribution
fields are provided every 6 h and interpolated onto the LMDzboth from the real profile and from the a priori used in the
grid. For the results reported here we use the winds for yearetrieval:
2008 corresponding to the period of interest for the POLAR- . T
CAT campaign. y=A"x+(dp —A)-xap @)

We have used the inventories for anthropogenic emission
prepared for the Climate Model Intercomparison Project

#5 (CMIP5) in support of the Intergovernmental Panel on - .
. . transpose of the vector containing the pressure thicknesses of
Climate Change (IPCC) Fifth Assessment report (ARS) bythe 19 vertical layers. The product@p” andxap gives the a

L_amarque et f'il' (2010). These Inventories pro_wde .em's'priori total CO columnaA is the normalised averaging kernel
sions of chemical precursors for climate simulations in or-

) vector defined on 19 levels. It characterises the contribution
der to study the long-term change of the atmospheric chem-

) . : o of these layers to the total retrieved column. Similar equation
ical cqmp05|t|on. In this study we use the EMISSIONS COMME, \\hich xr is replaced by, is used to construct the corre-
sponding to the year 2000. Grassland burning and forest fir : .

. . . ponding model valueH (xp) in Eqg. (6)).
emissions are prescribed according to the GFEDv2 (Globa K in Eq. (6) is calculated as follows:
Fire Emissions Database version 2) inventories (van der Werf ' '
et al., 2006). GFEDv2 provides a range of information in- K = BHT(HBHT + O+ R)™! (8)
cluding burned area, fuel load, combustion completeness and
emissions from fires for a series of gases and aerosols avhereB is the model variance-covariance error mataxis
1°x 1° spatial resolution. The fluxes used represent a meaithe observation variance-covariance error matrix, Rnis
for the 1997—2004 period. Van der Werf et al. (2006) statesthe representativity error of the superobservation (tefvh-
that this inventory represents well the fire seasonality in bo-Rand in Eq. (4)).
real ecosystems and global wetland due to the improved The method of the Kalman filter allows calculating the im-
modelling of fuel loads. Biogenic emissions from Latla pact of assimilation on the error of the model (the model im-
et al. (2006) are used for isoprene and monoterpenes as wefifoves as a result of assimilation):
as for emissions of other reactive chemical species such as,
methanol, acetone, aldehydes, and organic acids. B"=(-KH)B ©)

Yslvherexr is the real profile (unknown), is the a priori pro-
file used in the inversion of the IASI radiances, alpd is the

whereB?2 is the variance-covariance matrix of the model er-

3.2 Kalman filter L
ror after assimilation.

The assimilation scheme used here belongs to the class %fs Model error
the optimal estimation methods in which a solution that min- "

imizes a cost function is found. The cost function containSgegjges characterizing the error on the observations, it is also

two terms that depend on the difference between the modgleessary to provide an estimation of the model's variance-
and the observations and on the difference between the mode,, 4 iance error matrix. Relative values of model and obser-

and the background knowledge. Both terms are weighted b3(/ational error will determine the impact of observations on

the covariance error matrices that express our confidence le\t, o model's CO column. The vertical correlation and vertical
els in the observations and in background model informa-yisyiption of the model’s error will also have an impact on

tion. The assimilation approach used in this paper is basegeiging which vertical levels of the model will be impacted
on the sub-optimal Kalman filter described in Khattatov et by the assimilation of the CO columns.

al. (2000). In this sequential assimilation approach, for €ach " e harameterisation of the model’s variance-covariance
as_5|m|Iat|on Wln_dow of 3(_) min, a new analysis is calculated p, 5y (B matrix) follows Khattatov et al. (2000). Given the
using the following equation: size of theB matrix, several simplifications are necessary: the
(6) cross-correlation terms in the matrix are based on correlation
lengths and are calculated as needed using the parameteri-

wherex, andx, are the model analysis and forecast respec-sations specified in Table 1. Equation (9) is applied only to
tively. Both x, andx;, are defined on the model vertical lev- calculate the diagonal terms. The initial model error in each
els (in the units of volume mixing ratios) and are provided model grid (f) was set to 50 % of the CO concentrations
for model grids for which information is provided by the ob- at the beginning of the simulation. Several simulations were

Xq =xp +K(y — H(xp))
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Table 1.List of adjustable parameters that define the variance-covariance error Bia@@ is the mixing ratio of CO in (ppbv); andp
are the pressures (in Pa) of two vertical model levels, Dig)(s the horizontal distance between centers of model gridboags j, b; ; is
the calculated term of the model error covariance matrix.

Variable Symbol  Implementation Value used
Initial Error f B=(f*COY for diagonal terms 0.5 (no units)
Error growth term e Ba=B+ (¢ * CO)2 for diagonal terms 0.01 (no units)
S inen ) 2
Vertical correlation length L bij=./biibj; exp(— (W) ) 0.4 (scale height)
, . _ Dist(i., j) \ 2
Horizontal correlation length bij = /bi,ibj jexp| — . 500 (km)

carried out to select optimal values for the remaining ad- z2:zo0 ' ' ' '
justable parameters: error growth ter), @s well as the ver-

tical (L) and horizontal correlation lengthsgl). As speci-

fied in Khattatov et al. (2000) the? (chi2) test and the OmF 180
(Observations minus Forecast) values were used to select fi
nal values: the error growth term was set in this study to -
0.01, and the vertical () and horizontal (ky) correlation
lengths were fixed at O*4atmospheric scale height (atmo-
spheric scale height7 km) and 500 km respectively.

Is
<

chiZ {no units

=]
&

3.4 Chi2test

0.60

In order to test the coherence of the parameterisation of the
model error (Sect. 3.3) and of the superobservations (Sec:
tion 2.3), we apply the chi2 test. The chi2 test allows testing 920 . T . . . T
the coherence of the assimilation by comparing the differ- R N 1o
ence between the model and observations (OmF=y-H(x)) and

the specified model and observational errors. The diagnosti€ig. 4. Chi2 parameter averaged for all model grids for each of the
variable chi2 is defined as follows: 30 min assimilation windows. Chi2 is plotted as a function of the

number of assimilation windows available for July 2008.

chi2= (y— H(xp)"-(HBH"+0+R)~t. (y — Hx}) (10)

For a fully coherent simulation, the mean value of the chi24 Impact of assimilation on the simulated total CO
diagnostic should fall close to 1. Having values different than ~ columns
1 indicates that either the model and/or observational errors ) ) o
are too high (chi2 smaller than 1) or too low (chi2 greater In this sec_tlon we evaluate the |mpac_t of the aSS|m|Ia_t|on
than 1) as compared with OmF. by comparing the !ASI CO prongts with the columns sim-
With the definition of superobservations used in this work ulated with and without assimilation. Note than the model
(Eq. 3 and Eq. 4), it is possible, by selecting parameters forUn time is doubled when IASI dgta are assimilated. Flgurg 5
the model error, to obtain chi2 close to 1. The chi2 values ob-Shows the CO total columns simulated by the model with
tained for the chosen set of parameters are shown in Fig. 4 foRSSimilation (Fig. 5a) and for the control run in which ob-
July 2008. In this figure, chi2 was averaged for each assimServations were not assimilated (Fig. 5b). Figure 5c shows
ilation window over all grids containing superobservations. e impact of assimilation with the difference between the
Even though for certain assimilation windows the value of @SSimilation and control runs. The averaged fields for July
chi2 can be far from 1, the mean value is very close to the de2008 are plotted. Over the Northern Hemisphere assimila-
sired result. In addition, there is no trend in the chi2 values,tion 1eads to a consistent increase in the column CO. The
indicating that the parameterisation (especially model erroiStrongestincrease is over the North Pacific and the Canadian
growth terme) leads to stable values of model error. Arctic where the difference reaches 60" molecules cm?2.
Lower CO columns in the control run indicate a likely un-
derestimation of CO sources from eastern Asia and possi-
bly also from boreal forest fires over North America. As-
similation increases also the CO column over the north At-
lantic and most of Eurasia. There are also two regions in
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Table 2. Quantification of the impact of assimilating observations (IASI CO columns) on the difference between the observgtiand (O
the simulated model CO columns. The results are shown for both model results with assimilatigradl the control run (M ;). The
impact is calculated separately for the 8 months of simulations.

Month Mean absolute Mean absolute Mean relative Mean relative Number of
difference: difference: difference: difference: superobservations
abs(Q - Ma;) abs(Q—Mc,) (I Ma) (2O M)

May 1.07x 10 3.09x 107 0.055 0.149 315880

June 1.0x10t7 2.87x 107 0.056 0.153 331458

July 1.26<10Y7 3.18x 107 0.070 0.171 378687

August 1.15107 2.44x10Y 0.068 0.148 271233

September  1.2710Y7 2.35x 107 0.075 0.145 370937

October 1.26107 2.34x 107 0.076 0.146 365695

November  1.2%10Y 2.17x10Y7 0.076 0.142 367931

December  1.2410'7 2.17x 107 0.081 0.152 266276

3.6E4+18 b) 3.6E+18
34E+18 80N 346418
3IE+18 320418
3.E+18 3.E+18
2.BE+18 40°N 2.BE+18
2.BE+18 26E+18

w 2A4E418 W 246418

o (=]

§ 2.2E+18 § 0 2.2E+18

3 ZE418 3 26418
1BE+18 1BE+18
1BE+18 4005 166418
14E+18 1.4E+18
126418 126418
1E+18 8u°s 1.E+18
BE417 ; . ; ; 5E+17

100°W ae 100°E 100w 0 100°E
LONGITURE LONGITUDE
€O column: with assimilation {molecules/cm2) €0 column: control run (molecules/cm2)
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3EH17
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Fig. 5. Monthly averaged CO columns for July 2008 simulated by the model for a run with assimifajiamodel without assimilation
(control run)(b) and for the difference between these two simulations (impact of assimilation = simulation with assimilation-c(g)trol))
The CO columns are calculated by applying the averaging kernels supplied with each observation to the model analysis.
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C0 column(mol/cm2#*1E18),assimilation run CO column(mol/cm2*1E18), contral run

Fig. 6. Maps for 7 July 2008 for IASI CO superobservations (upper left), IASI CO individual observations (upper right), model with assim-
ilation (lower left), control run (lower right). For individual observations all available data are plotted (both day and night which leads to
overlap) while for the remaining panels the mean values are plotted. The white areas indicate model grid boxes with less than four IASI CO
measurements retained during this 24-h period or regions that were filtered.

the tropics: the eastern equatorial Africa and tropical South2010), is better represented in the run with assimilation than
America where assimilation leads to a consistent decrease im the control run. This transport episode is addressed further
the CO columns. The results shown in Fig. 5 are for columnin comparisons with in situ data in Sect. 5.3.
values; the implications for different levels of the profiles will  The mean positive impact of assimilation on the com-
be discussed in Sect. 5.3. parison with the IASI CO columns is quantified for all
Figure 6 shows the observations (both the individual ob-months of the simulation in the Table 2. These results in-
servations and the superobservations) as well as model radicate that assimilation leads to a considerable reduction of
sults from the runs with and without assimilation for 7 July the mean absolute difference between the model simulated
2008 — a day with a strong cross-pole transport event. Thevalues and the observations. The mean relative absolute dif-
comparison of the two figures showing observations indi-ference between the observations (O) and the model (M)
cates that the superobservations capture well the pattern N abg0—M;) \
and range of values seen in the individual observations. Thefl/NEl : O )> is reduced from about 14-17% error
strong CO plumes are generally well reproduced in the asfor the control run to about 5-8 % error for the run with as-
similation run, even though the highest values in the centresimilation (V in the equation is the number of superobserva-
of the plumes are underestimated with respect to observations in each month, andis the index of the superobserva-
tions. The difference with respect to observations is considertions and corresponding model value).
ably stronger for the control run. For example, the fire plume
that is visible in the 1ASI data and which corresponds to the
strong transport event into the high Arctic (Pommier et al.,
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CO (ppbv): observations MOZAIC 250mb till 200mb may Due to the large number of flights, the average of the
ap MOZAIC data represents well climatological conditions,
however, the data contain also numerous outliers correspond-
ing to aircraft flying through CO anomalies. Figure 7 shows
that the CO values for May 2008 at the cruising altitude are
highly non-uniform. Several air masses with high CO were
sampled mostly over the North American continent. To com-
pare the CO assimilated fields with aircraft observations, we
sampled the model at the time and location of the measure-
ments. The sampling was done by performing temporal and
spatial interpolation of the model results onto the positions of
the measurements. This sampling was done during the execu-
tion of the chemistry transport model in order to benefit from
the original temporal resolution of the model, which corre-
sponds to model’s physical time step. The comparison of the
measured and modelled CO values averaged over three lati-
tude bands and 50 mb pressure bins is shown for the month of
May in Fig. 8. In order to evaluate the impact of assimilation,
the results are shown for both the control and assimilation
runs. The panels on the left side of the figure show that in the
3000 5000 7000 5000 11000 130.00  150.00 mid-troposphere the means and medians obtained with as-
Fig. 7. CO observations (in ppbv) from MOZAIC measurements simila_dion are consideraply closer to the measured values for
taken in May 2008 between 200 and 250 mb. all latitude bands for which the MOZAIC measurements are
available. In the mid-troposphere of the northern hemisphere
(30to 45 N and 45 to 60N) the original mean bias of about
5 Validation of the IASI CO product by comparing 10 to 30 ppbv present in the Control_ si_mulation is consider-
against independent data from aircraft campaigns ably reduced when CO data are assimilated. The mean abso-
lute differences in CO mixing ratios (centre panels of the fig-

The IASI derived CO data have been analysed in detail andire) are reduced to about 10-15 ppbv from the original differ-
validated using other satellite data (George et al., 2009), bugnce that is generally 5 to 20 ppbv higher. Near the surface,

as detailed in Pommier et al. (2010) direct validation of level the positive impact of assimilation is less obvious, especially
2 products using aircraft observation remains difficult. As- in the 30-45N latitude band, where assimilation seems to

similation can be seen as a tool that facilitates this task byincrease the mean bias. As discussed before, the values near

removing the constraint of having both types of observa-the surface are not well constrained by the total column. In
tions collocated in space and time. In addition, assimilatecthe tropics, the original model bias in the mid-troposphere is
products allow comparison at the vertical levels at which thesmaller, and assimilation helps to reduce it even further. For
in situ data are available. To compare directly with satellite Measurements situated near or above the tropopause, due to
data, even if a vertical profile is retrieved, application of the the relatively long vertical correlation lengths that are inde-
averaging kernels to smooth the in situ profiles is necessarpendent of the pressure level (Sect. 3.3) and limited verti-
to have a meaningful comparison (Pommier et al., 2010). Orfal resolution of the model, assimilation can lead to a slight
the other hand, the assimilated products contain the contribudegradation of the results as shown for example for the 45—

tion from the model that can be important in certain cases. 60° N latitude band.
In Fig. 9 we show the results for the 8 months and only

5.1 MOZAIC data for the 45 N-6C° N latitude band which contains the high-
est number of measurements. With the exception of the sur-
We first compare the model results with CO measurementgace values, this figure shows that assimilation helps improv-
obtained by the MOZAIC aircraft measurement programing the seasonal cycle of CO. The impact of assimilation is
(Nécklec et al., 2003). Because these measurements were obeen especially for the first three months of the simulation,
tained by commercial aircraft, their geographical positionsfor which the control run has on average too low CO mix-
are limited to the usual flight corridors (Fig. 7) with most ing ratios, and near the end of the simulation, where these
of the measurements available at the flight altitude of aboutwalues are too high. Near the surface, the improvement is
12 km. The atmospheric profiles are available only near thdess obvious. Similar improvements are also observed for
airports. Despite these limitations, and thanks to the highother latitude bands: 3-30 N and 30 N-45° N (figures
number of measurements, these data remain an exceptionabt shown).
dataset for validating model results.
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Fig. 8. Left column: solid lines indicate monthly averaged CO for: MOZAIC (black curve), LMDz-INCA with assimilation of IASI CO
products (green curve) and LMDz-INCA control run (red curve). Centre column: mean absolute differences between: MOZAIC data and
assimilation run (green curve) and MOZAIC and control run (red curve). The horizontal bars in the left and centre column panels indicate
the 25 and 75 percentiles, and the symbol x indicates the median. The right column indicates the number of MOZAIC measurements. The
number of measurements in the 200-300 mb bin is off the scale of the figure. The results are shown for May 2008, for data in three latitude
bands: 30 S—30 N (top figures), 30 N-45> N (centre figures), and 4]—-6C° N (bottom figures) and 100 hPa pressure bins.
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Table 3. Number of measurement&’] and correlation coefficients) between MOZAIC CO data and model results obtained with assim-
ilating IASI CO data and without assimilation (control). The results are shown for data for 4 pressure bins: pressures higher than 800 mb,
between 800 and 600 mb, between 600 and 400 mb, and between 400 and 300 mb.

Month | P>800mb | 800mb- P >600mb | 600mb- P >400mb | 400mb> P >300mb
N R R N R R N R R N R R
With  Control With  Control With  Control With  Control
May 8271 0.43 0.44 9068 0.66 0.53 8826 0.84 0.73 11474 0.63 0.46
June 11865 0.68 0.65 13787 0.68 0.47 13014 0.78 0.64 18776 0.47 0.57
July 7871 0.61 0.54 9665 0.75 0.63 9694 0.75 0.33 14020 0.56 0.23
August 10384 0.67 0.69 12807 0.86 0.87 12364 052 0.39 19464 0.36 0.51
September| 11725 0.59 0.55 13642 0.89 0.76 13845 0.72 0.67 17943 0.65 0.55
October 10840 0.52 0.51 14686 0.81 0.56 12388 0.85 0.76 17375 0.56 0.46
November | 15838 0.54 0.56 18954 0.45 0.30 17992 057 0.40 27905 0.71 0.47
December| 13744 0.63 0.63 16965 0.46 0.46 14838 058 0.57 20573 0.48 0.26

Finally in Table 3 the correlations between the data fromtic pollution, the flights covered the mid and high latitudes
MOZAIC database and model simulations are tabulated forover the Northern Hemisphere. In this article we use the CO
4 pressure bins and 8 months. These results allow analysinmpeasurements acquired during the summer campaign (July
the impact of the assimilation on the correlation coefficients2008), which overlaps with our simulation. The measure-
for the simulations with and without assimilation. The re- ments provide transects at different altitudes but they also
sults show that near the surface the impact of assimilation omprovide vertical profiles corresponding to descends and as-
the correlation coefficients is negligible. For the remaining cends of the aircraft not only near the airports but also during
pressure bins, the correlation coefficients increase for a gredhe flight.
majority of the months indicating that assimilation helps in  Five different aircraft were involved in the summer cam-
reproducing also the spatial and temporal trends seen in olpaigns: American DC-8 and P-3B aircraft flew mostly over
servations, such as the presence of CO anomalies. This e Canadian Arctic as well as the North Pole, the French
confirmed by reproducing Fig. 8 only for measurements thatand German planes, ATR-42 and Falcon-20 respectively
are higher than the mean plus standard deviation (figure nolew over and in the vicinity of Greenland and the Russian
shown). With assimilation, the model is closer to the obser-Antonov-30 aircraft covered a relatively large area over east-
vations with high CO than the control run indicating that the ern Siberia. The flight paths are shown in Fig. 10. The pre-
assimilation of the high CO episodes had a positive impactision (1 to 5ppbv) and accuracy (1 to 5%) of the various
on model simulations. instruments used for CO measurements, as well as the mea-
surement techniques applied, have been summarised in Pom-
mier et al. (2010). Pommier et al. (2010) contains also a com-

parison of POLARCAT CO measurements with the IASI re-
The results described in the previous section are valid forrievals when collocation is possible.

MOZAIC CO data that were measured by commercial planes e first present a comparison of CO time series obtained

in the vicinity of a small number of airports situated, for during two DC-8 flights that traversed pollution plumes. The
a great majority, over Western Europe and North America.first analysed flight took place on 9 July 2008 over Green-
To extend the comparison to other regions, we used datfand and Canadian Arctic sampling a high altitude plume
acquired during a recent aircraft campaign named POLARith Siberian origins. This plume which contains contribu-
CAT. POLARCAT is an international program involving 18 tions from biomass burning and anthropogenic pollution was
countries within IPY (International Polar Year). Several air- observed by IASI as shown in Fig. 6 and as described in Pom-
craft were deployed in the Arctic during two intensive peri- mier et al. (2010) and Sodemann et al. (2011). The analysis
ods during spring and summer 2008 (Pommier et al., 2010pf the bottom left panel of Fig. 11 shows a significant im-
Paris et al., 2009; Jacob et al., 2010; Adam de Villiers etprovement of the CO level when assimilation is used. The
al., 2010; Roiger et al., 2011; Brock et al., 2011). An effort model with assimilation captures relatively well the presence
was made during POLARCAT to sample polluted plumes of highly polluted air masses in the upper troposphere during
with air masses with different origins (mainly boreal for- the second half of the flight (bottom left panel of Fig. 11).
est fire plumes and anthropogenic pollution) and thereforeThe model values reach 200 ppbv in agreement with obser-
the measurements are often not representative of climatologzations. The control run with the monthly averaged GFEDv2

ical conditions. Since the POLARCAT campaigns focusedemissions is unable to reproduce these high CO signatures
on sources, transport pathways and climate impacts of Arc-

5.2 POLARCAT data
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Fig. 9. Monthly averaged CO data for: MOZAIC (black curve), LMDz-INCA with assimilation of IASI CO products (green curve) and
LMDz-INCA control run (red curve). The plotted data represent the means and standard deviations (error bars) for one latitude band (45—
60° N), for data in four pressure bins: below 800 mb (upper left), between 800 and 600 mb (upper right), between 600 and 400 mb (centre left)
and between 400 and 300 mb (centre right) and from May to December 2008. The data in the lowest panel shows the number of measurement
in each pressure bin as a function of month.

from biomass burning at high latitudes. One day earlier (notanalysed flight took place four days earlier, on 5 July 2008.
shown), on 8 July, the DC-8 aircraft intercepted the outerlt sampled forest fires plumes over the Saskatchewan region
edge of the same plume over the Canadian Arctic at abou¢Canada). For this flight, the model with assimilation repro-
80° N. Again, the model with assimilation reproduces well duces relatively well (and better than the control run) the
the highly elevated values of around 150 ppbv present in theslevated background values but is unable to reproduce the
upper troposphere at the time of the flight while the con-high CO mixing ratios (bottom right panel of Fig. 11). These
trol run predicts mixing ratios below 100 ppbv. The secondpeaks are likely due to relatively fresh emissions that had
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mostly background air and only a limited number of fairly
weak CO plumes was observed near the surface. The verti-
cal shapes of the two simulated CO profiles (assimilated and
control) are similar for the Siberian data with the assimilated
data being consistently higher. In the middle troposphere this
increase brings the assimilated data closer to observations in-
dicating that on average, assimilating IASI CO data helps in
reproducing the correct background CO values in this part
of the atmosphere. In the lower troposphere the control run
was generally in good agreement with in situ data, and the
increase observed for the assimilation run results generally
in values that are too high.
Fig. 10.Flight paths of the five aircraft during the summer campaign ~ Another characteristic that is improved with assimilation
(June and July 2008) of POLARCAT. is the spread of the simulated CO mixing ratios in the mid-
dle and upper troposphere. The spread, indicated by the 25
and 75 percentiles in Fig. 12, is generally too low in both
less time to be diffused and also that were sampled by feweversions of the model, however the simulation with assimi-
IASI assimilation windows than the plumes present at highlation is considerably closer to observations. The centre pan-
altitudes over Greenland on 8 and 9 July. els in Fig. 12 indicate that the mean absolute difference be-
Figure 12 compares model results with all available PO-tween the model and observations decreases to generally be-
LARCAT CO measurements made by the five aircraft usedtween 10 and 20 ppbv in the middle troposphere from about
during the summer campaign during the months of June an@®0 to 60 ppbv for the control run (with the exception of the
July. The panels in the left column show the mean CO pro-Antonov-30 data for which the mean absolute difference with
files for observations and model with and without assimila- control run is generally better than 20 ppbv).
tion, while graphs in the centre column show the mean abso-
lute difference between the observations and the two version5.3 Discussion of the validation results
of the model. Both columns contain as well information on
the median values, 25 and 75 percentiles. All data were averAs shown in the above two sections, the version of the model
aged in 25 hPa bins. In most cases, the assimilation of IASwith assimilation leads to a considerable improvement of
observations improves the agreement between in situ CO vathe model results as compared with in situ measurements
ues and model results. For the control run the model profiledrom the POLARCAT and MOZAIC campaigns. Assimi-
are generally fairly constant in the vertical and are characdation helps both by improving the background values as
terised by the mean background concentrations between 8@ell as the elevated concentrations measured in the pollu-
and 100 ppbv. With assimilation of the CO plumes observedtion plumes. The consistency of these improvements for both
by IASI, the model compares well with the relatively high MOZAIC and POLARCAT data contributes to the validation
measured values of CO in the middle troposphere that aref the original IASI product.
due to the choice of sampling by the aircraft of polluted air For both datasets, and due to the long lifetime of CO,
masses. The position and intensity of these plumes are beassimilation acts primarily to correct errors resulting from
ter simulated than with only climatological emissions presentthe differences between the climatological surface emissions
in the control run. For the ATR-42 and especially Falcon 20used in the simulations and the true emissions that took place
(flights over Greenland) the increase of CO in the upper parduring the analysed period. This difference can be particu-
of the troposphere is due to intense sampling by these aircrafarly strong for emissions from forest fires, as the plumes
of plumes resulting from long range transport from lower sampled during POLARCAT, which are by nature highly
latitudes. This increase is particularly well simulated by the episodic. In the case of boreal forest fires, elevated levels
model when assimilation is used. For the flights of DC-8 andof CO can be injected directly into the middle troposphere
P-3B that covered also regions much closer to the emissiomvhere IASI is the most sensitive. The cross pole transport
regions (e.g. North American forest fires), assimilation leadsevent represented in Fig. 6 and sampled by the DC-8 flights
to a considerable improvement in the upper part of the tropo-on the 8 and 9 July (Fig. 11) is a good demonstration of the
sphere but is unable to simulate the high mean values presepbsitive impact of assimilation on CO levels in biomass fire
near the surface. As mentioned previously, the IASI data argolumes. The cross-polar transport patterns seem to be sim-
only weakly sensitive to these near surface plumes. The medlated well by the model, however, in the version with cli-
dian values, which are comparable to the background valmatological sources and no assimilation, too low CO con-
ues, are however well simulated by the model with assimi-centrations in transported plumes are explained by too low
lation for P-3B data and generally also for the DC-8 flights. background in the region where the plume has originated.
For the Antonov-30 flights in Siberia, the aircraft sampled Assimilating IASI CO helps to increase the concentrations
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Fig. 11. Comparison of model and observed in situ CO values for two flights of DC8: left figures: 9 July over the Arctic and right figures:
5 July over Canada. The top panels show the flight pressure, lower panels show CO mixing ratio from in situ measurements (black) and the
simulation with assimilation (green) and without assimilation (red).

over Siberia and when this air is transported towards the pol&é Summary
(no assimilation is performed north of 7H), CO is in bet-

ter agreement with IASI and also in situ observations. As- ) ) ]
similation seems to modify the impact of sources also in!n this paper we present the work carried out in order to con-
other regions, such as south-east Asia, leading to a considribute to the validation of the CO columns retrieved from the

erable increase of the total CO column over the North Pacifid AS! measurements. Eight months of IASI CO columns from
as shown in Fig. 5. Assimilation can also correct for other May until December 2008 were assimilated into the LMDZ-

model related deficiencies such as, for example, horizontalNCA global chemistry transport model, and the assimilated

transport and especially vertical transport out of the bound-data were compared with in-situ measurements from the
ary layer. MOZAIC program and from the POLARCAT summer cam-

As the IASI CO products are mostly sensitive to the CO paign. One of the advantages of using the assimilated values

column in the middle troposphere, most of the improvement" the comparison is that assimilation provides global and
is present in this part of the atmosphere. Relatively little jm- €Ontinuous maps of the CO column that are not limited to the
provement is observed near the surface. An example can b@verpass of the satellite. In addition, the assimilated product
seen for the POLARCAT data over Siberia sampled by theContains information on th_e ve_rtlcal d|s_tr|but|on of CO. Both.

Antonov-30 aircraft. Over Siberia the CO emissions from ©f these characteristics simplify considerably the compari-

fires and other diffused sources have lower emission height§On With the in situ data that are rarely collocated with the
than for other boreal forest fires. The few near-surface COJASI measurements, and that rarely have enough vertical ex-

rich episodes sampled by the aircraft were not reproduced i€t fora compa_rison to _column-like satellitg o_bsc_arvations. It
the model with assimilation. Assimilation increases however,Was found that in the mid-troposphere assimilation leads to
in agreement with aircraft observations, the mixing ratios in& consistent reduction of the differences between the model

the middle troposphere. Similarly, when model results arev@lueés and in situ aircraft data measured during MOZAIC
compared with in situ surface data (not shown), little or no @d POLARCAT flights. This improvement is observed de-
positive impact of assimilation is seen. Clear improvement isSPite the relatively limited vertical resolution of the IASI CO
observed only in remote polar regions of the southern hemiProduct that smoothes out any features with high vertical res-
sphere. In those regions that are far from strong emission, th@!ution. The general improvement of the model with assim-

vertical profile of CO varies little and by removing the bias ation, as compared with the control simulation, when eval-
in the mid-troposphere, the information is also transportedated against in situ aircraft data in the mid troposphere, is
with time to the lower levels due to vertical mixing. For a0 important contribution to the validation of the 1ASI CO

other remote locations, the version with assimilation, while Preduct. . S

generally improving the background surface values, shows Near the surface the impact of assimilation is much less
episodic CO peaks that are not present in observations. Theeneficial. The lowest troposphere contributes less to the
presence of these peaks corresponds to the CO plumes in th@S! CO product, and the simulated values are not well

higher levels of the troposphere, and indicates a possible to§oNnstrained by the assimilation. Model deficiencies leading
strong vertical mixing in the model. mainly to incorrect CO mixing ratios in the lowest part of

the troposphere, such as incorrect sources, too fast vertical
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Fig. 12.Left column: solid lines show mean CO profiles for simulation with assimilation (green), control run (red) and in situ measurements
(black). Centre column: mean absolute difference between CO data from POLARCAT observations and model with assimilation (green), and
observations and control model run (red). The horizontal bars in the left and centre column panels indicate the 25 and 75 percentiles, and the
symbolx indicates the median. The right column indicates the number of POLARCAT measurements for each aircraft. Data are plotted for
July 2008 for the ATR-4Z%a), the Falcon-2@b), the DC-8(c), the P-3B(d) and the Antonov-3Qe). Continued on next page.

mixing with the free troposphere or incorrect boundary layerestimation of the CO fluxes derived from the inversion of the
height, will not be corrected for. Incorrect mixing and weak IASI data.

sensitivity of the IASI product to the near surface values can In addition to the validation of the IASI CO product, the
lead to errors in any studies leading to the inversion of thearticle is a part of the POLARCAT effort as it simulates the
CO surface source. Too high rate of exchange between th&ansport of pollution plumes sampled by aircraft. We show
boundary layer and free troposphere would lead to an underthat with assimilation the model better simulates the elevated
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Fig. 12.Continued from previous page. Left column: solid lines show mean CO profiles for simulation with assimilation (green), control run
(red) and in situ measurements (black). Centre column: mean absolute difference between CO data from POLARCAT observations and mode
with assimilation (green), and observations and control model run (red). The horizontal bars in the left and centre column panels indicate the
25 and 75 percentiles, and the symbahdicates the median. The right column indicates the number of POLARCAT measurements for each
aircraft. Data are plotted for July 2008 for the P-@B and the Antonov-3Qe).

concentrations inside the plumes reaching the Arctic. This iswvere the pollution concentration is likely to be elevated. The
particularly true for elevated plumes representing transporposterior simulations performed for the POLARCAT flights
from remote sources. As shown for example for the crossshow that indeed the assimilated IASI CO plumes present in
pole transport event that took place on 8-12 July, the conthe model initial conditions are transported in time in good
trol run was not able to simulate the concentrations measuredgreement with the 1ASI observations obtained over the fol-
by aircraft around Greenland because the concentrations itowing day.
the source region over Asia were too small. Assimilation of Assimilation of IASI total CO columns used in this work
IASI CO data led to a considerable increase in CO over Asiais now also performed with 4DVAR methods in the frame-
that corrected for the deficiency of the climatological emis- work of the Monitoring Atmospheric Composition and Cli-
sions and led to a higher, more realistic transport of pollutionmate (MACC-II) project, the current pre-operational atmo-
into the Arctic region (no assimilation was performed above spheric service of the European GMES programme led by
75° N). ECMWEF (Hollingsworth et al., 2008). The near real time
In a parallel experiment related to the POLARCAT cam- assimilation of IASI data (less than 3 h after the observa-
paign, the version of the model with assimilation has beention) allows providing CO forecast for the next three days
run in a forecast mode using forecast winds and initial con-(for maps seehttp://www.gmes-atmosphere.eu/d/services/
ditions updated with the most recent observations. This vergac/nrt/nrtfields). The work presented in this paper has
sion can be a very useful tool for planning the aircraft flight served as the first experience with the assimilation of the
paths during the field missions. The model can act as a toolASI total CO columns.
that transports the plumes seen in the recent IASI CO data
forward in time thus allowing an identification of regions
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