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Abstract. Between July and November 2008, simultaneousexist with other data of different originHpllingsworth et
observations were conducted by several orbiting instrumentsl., 2008. Ensuring the consistency of these systems in
that monitor carbon monoxide in the atmosphere, amongspite of the heterogeneous data flows is an important chal-
them the Infrared Atmospheric Sounding Instrument (IASI) lenge for the satellite products since their definition varies
and Measurements Of Pollution In The Troposphere (MO-for each instrumentRodgers et al.2003. Since the be-
PITT). In this paper, the concentration retrievals at aboutginning of this century, several instruments have provided
700 hPa from these two instruments are successively useishformation about the atmospheric concentrations of car-
in a variational Bayesian system to infer the global distribu-bon monoxide CO, a key molecule to inform about the im-
tion of CO emissions. Starting from a global emission budgetpact of human activities on the evolution of the composition
of 479 Tg for the considered period, the posterior estimate obf the atmosphere: MOPITTDEeter et al.2003, Atmo-

CO emissions using IASI retrievals gives a total of 643 Tg, spheric Chemistry Experiment-FTS (ACE-FTE)¢rbaux et
which is in close agreement with the budget calculated withal., 2005, Tropospheric Emission Spectrometer (TES)q
version 3 of the MOPITT data (649 Tg). The regional totals et al, 2007), SCanning Imaging Absorption spectroMeter for
are also broadly consistent between the two inversions. EveAtmospheric ChartograpHY (SCIAMACHY)Buchwitz et
though our theoretical error budget indicates that IASI con-al., 2007) and IASI. Many subjective choices may induce in-
strains the emissions slightly less than MOPITT, because otonsistencies (or biases) between these high-level products,
lesser sensitivity in the lower troposphere, these first resultdike for the selection of the auxiliary datasets that help the
indicate that IASI may play a major role in the quantification concentration retrievals. This may explain why the estima-
of the emissions of CO. tion of the surface emissions of CO, which is a major appli-
cation of these data, has actually been limited to MOPITT
so far @rellano et al, 2004 Pétron et al, 2004 Allen et al,

i 2004 Heald et al. 2004 Pfister et al.2004 Turquety et al.

1 Introduction 2007 Clerbaux et al.2008 Chevallier et al.2009.

The launch of a weather satellite, like METOP, generates In this paper, we compare the inversion of CO emis-
new information flows about the atmosphere and the Earttsions from MOPITT concentration retrievals and from IASI
surface with applications beyond Numerical Weather Pre-retrievals at global scale for a five-month period (from 1
diction. The exploitation of such data usually leads to July 2008 until 30 November 2008) with the aim of eval-
feeding them to data assimilation systems, where they couating the consistency of the two products in such an ap-
plication. CO emissions are retrieved at resolution® 2.5
in latitude and 3.75in longitude from instantaneous satel-

Correspondence td&. Chevallier lite data. Our approach is based on the variational inver-
BY

(frederic.chevallier@lsce.ipsl.fr) sion system ofChevallier et al.(2009, then implemented
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! ! ! ‘ ! ! ! : — the global CO, CH, HCHO and methylchloroform
: (CH3CCl3, MCF) emissions at an 8-day and 375
x2.75 resolution,

— the 3-D-atmospheric source of HCHO from chemical
oxydation of volatile organic compounds (VOC) and
CH, at the same space-time resolution,

— the OH atmospheric concentrations at the same space-
time resolution, except that only four degrees of free-
dom in latitude are actually kept by lack of MCF obser-
vations Bousquet et a]2005,

— the 3-Dinitial conditions of CO, Cil{ HCHO and MCF.

-100 0 190 In this study, the June—November 2008 period is processed
. » ) ) ) at once. However, the first month (June) will not be con-
Fig. 1. Partition of the continents into 13 regions (1=North Amer- g;qereq in the following because the inversion system hardly
ican Boreal, 2=USA, 3=South American Tropical, 4=South Amer- i jishes errors in the fluxes from errors in initial con-
ican Temperate, 5=Northern Africa, 6=Southern Africa, 7=Europe, . .
gentrations for the first couple of weeks.

8=Eurasian Boreal, 9=Middle East, 10=South Asia, 11=South Eas h limi . f

Asia, 12=Australia, 13=Indonesia). This partition is used to synthe- The MlQNS |m|ted-memf)ry quaS|-N§Wton 39 ngre de-

size the results of the grid-point inversion. veloped byGilbert and Lemagchal(1989 is our minimizer.
Fifteen iterations are needed to reduce the norm of the gradi-

ent of J by a 20-fold factor.

by a simplified chemistry moduleChevallier et al.2009. This inversion system follows statistical principles and a
This multi-species system includes the simplified chemistry-full probability distribution function (pdf) of the posterior
transport model (CTM) LMDz-SACS and its adjoiRigon ~ CO emissions could in principle be inferred. With Gaussian
et al, 2009, optimizing the four main reactive species of the Prior and Gaussian observation uncertainties (fully described
methane oxidation chain (GH CO, formaldehyde HCHO by B andR), the posterior pdf follows a multivariate Gaus-

and OH). Data and methods are described in the next secan law. To limit the computational burden, the inversion
tion. The results are shown in Se2t4 and discussed in the System focuses on the solution with the largest probability.
last section. However, the width of the pdf is an important indicator of

the reliability of the inferred emissions. Our approach for de-
termining the posterior uncertainty consists in performing an
ensemble of inversionhevallier et al.2007). The mem-
bers of the ensemble differ by the prior emissions and by the
observations: the ensemble of prior emissions follows the er-
ror statistics given byB and the ensemble of observations
follows the statistics given bR. Doing that, the ensemble
of inverted emissions follows the theoretical posterior error
statistics (see Se@.1).

2 Method and data
2.1 Inversion system

The data assimilation system follows the work initiated by
Chevallier et al.(2005 for CO,. As described inCheval-
lier et al. (2009, it seeks an optimal solution for global CO
sources that is statistically consistent, in a Bayesian sensg 2  Chemistry-transport model

with both the observed atmospheric concentrations and the

available a priori information about the sources. The solu-The global 3-D CTM used in this study is LMDZ-SACS
tion is found by the iterative minimization of a cost function (Chevallier et al. 2005 Pison et al.2009. LMDZ is ver-

J defined as: sion 4 of the general circulation model developed at Labora-
toire de Meteorologie DynamiqueHourdin et al, 2007). It
T = (x=x) "B (X=xp) + (H) —y) " R™HHX) —y) (1)  isrun here at global 3.7%2.75 resolution, nudged towards

the winds analysed by the European Centre for Medium-

‘H is the CTM LMDz-SACS described in the next section Range Weather Forecasts. SACS is the Simplified Atmo-
coupled with the averaging kernels of the satellite retrievals.spheric Chemistry System, which has been conceived as a
Xp are the prior fluxes described in Sez3with error statis-  simplification of the INCA scheme dflauglustaine et al.
tics defined by the covariance matiX y are the observa- (2004 and Folberth et al.(2006§. As described byPison
tions of Section?2.4, the error statistics of which are repre- et al.(2009, SACS aims to represent the oxydation chain of
sented by the covariance mati The state vectox con- methane by solving the chemical interaction between a lim-
sists of the following variables: ited set of four species: CO, GHHCHO and OH. The main

Atmos. Chem. Phys., 9, 8738#43 2009 www.atmos-chem-phys.net/9/8735/2009/
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assumption is to model only the production and the loss of ¥,
z

CHg, HCHO, CO and H and to consider all other reactions 2
as instantaneous. In order to save computing time in the iter-& 40 |
ative inversion system, LMDZ-SACS uses a humber of fields 2 | i
pre-computed from LMDZ-INCA for the transport (e.g., at- 2

]

mospheric mass fluxes) and for the chemistry (e.g., reaction
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2.3 Prior emissions £ E 0 E i &
i
The prior information provided to the inversion system B =i

mainly combines two datasets: version 3 of the Emission

Database for Global Atmospheric Research (EDGAR3) in-gig 4. Comparison of the uncertainty reduction obtained using ei-
ventory valid for 1995 for the fossil fuel emissior@livier ther IASI or MOPITT retrievals in the 13 aggregation regions, in %.
and Berdowski 2001) and version 2 of the Global Fire and

Emission database (GFED-v®an der Werf et al. 2006

valid for 2006 for biomass burning. No effort is made here 2.4 Observation data

to adapt the 1995 EDGAR3 inventory or the 2006 GFED-v2

data to year 2008 in the prior (the adaptation is done by the2.4.1  1ASI CO retrievals

inversion system based on the concentration observations). It

should be reminded that since 1995 or even 2000, global ecoAs part of the payload of the METOP-A platform, the 1ASI
nomic growth, in particular in Asia, has modified the ampli- interferometer has been flying on a low sun-synchronous po-

tude of the fossil fuel emission©fara et al.2007). Emis- lar orbit since October 2006, with equator crossing times of
sions of other species, like the biogenic ones, are those us9:30 and 21:30 LST. Its high spectral resolution allows si-
ally used in the LMDZ-INCA model and described kol- multaneous sounding of key meteorological and climate vari-

berth et al.(2006§. The error standard deviations assigned ables in the atmosphere, like temperature or water vapour,
to the prior emissions in the matrB are set to 100% of the while its large swath of about 2200 km provides near global
maximum value of the emission time series during the cor-coverage of the Earth twice a day. Each observation con-
responding year for each grid point, as@evallier et al.  sists of 4 footprints of 12 km diameter (at nadir), every 50 km
(2009. This choice of a relatively large value has been made(Clerbaux et al.2009. The CO products are retrieved from

to relax the constraint to the prior emissions. This was foundthe IASI radiance spectra on a near real time mode (obser-
especially important for highly seasonal emissions such awation + 3h) at LATMOS. The present study makes use of
fires. Additional tests are reported in the following using athe CO partial columns products as generated by the latest
value of 400%. version of the FORLI-COTurquety et al.2009, a retrieval

www.atmos-chem-phys.net/9/8735/2009/ Atmos. Chem. Phys., 9, 8733-2009



8738 A. Fortems-Cheiney et al.: On the capability of IASI measurements to inform about CO surface emission

—BO" e
-180° -120° -60° o 50" 1207 180° -180° —120° -60° o 607 1207 1807
I T T T T I T T T T
0.0 0.8 1.5 2.5 3.1 3.8 4.6 0.0 0.8 1.5 2.3 3.1 3.8 4.6

(a) IASI observations

ONEF S

(b) Prior simulation

T

e

—-180° -120° 60" o 50" 1207 1807 -180° —120° -60° o 60" 120" 1807
C:.O 0.8 1.5 2|.3 I 3'.1 I 3.8 4.6 {::.0 0.8 1.5 2|.3 ' 3|.1 I 3.8 4.6
(c) 1ASI-based posterior simulation (d) MOPITT-based posterior simulation

Fig. 5. Mean CO partial columns, in #8mol.cn™2, for July 2008 in(a) the IASI retrievals for the level closest to 700 hia), the prior
simulation,(c) the IASI-based posterior simulation ad) the MOPITT-based posterior simulation. The simulations all take the individual
IASI averaging kernels corresponding to (a) into account. Abscissa and ordinate report the longitudes and latitudes.

code based on optimal estimation. The retrieved profiles arage. MOPITT has been operated nearly continuously since
defined on a vertical grid of 19 standard levels (from 0.5 kmMarch 2000. Its products (here Version 3 Level product 2)
to 18.5km) and are provided with individual averaging ker- have been made available at NASA Langley Atmospheric
nels. CO total column products obtained by this processingScience Data Center. They include CO mixing ratios at 7
algorithm have been validated against other spaceborne thestandard pressure levels between the surface and 150 hPa
mal infrared measurement&é€orge et al.2009, including  for cloud free spots. We use the 700 hPa-level CO retrievals
MOPITT. In the continuity of our previous developments for as a compromise between closeness to the surface and noise
MOPITT (Chevallier et al.2009, only the layer closest to level (Deeter et al.2003, together with their associated av-
700 hPa is used here (see next paragraph). Most cloudy sitieraging kernels. Following the MOPITT data quality state-
ations are filtered out before the concentration retrieval. Lessnent fttp://web.eos.ucar.edu/mopitt/dataécess: 4 Febru-
reliable retrievals have been identified for latitudes within ary 2009), only retrievals between®%S and 68 N are used,
25° from the poles, at nightime, and at locations with surfaceas the weight of the a priori CO profile in the MOPITT re-
emissivity greater than 0.98 (icy surface) or lower than 0.93trievals increases towards the pole. Similarly, only the re-
(over desert). Those data are excluded from the inversion. trievals that are well constrained by the MOPITT radiances
(i.e. for which the prior contribution is less than 50%Begter
2.4.2 MOPITT CO retrievals et al, 2009) are exploited. Nightime MOPITT observations
significantly differ from the daytime ones (due to surface
The MOPITT instrument has been flown onboard the NASA temperature changestiawford et al. 2004 Emmons et aJ.
EOS-Terra satellite, on another low sun-synchronous orbi2004 and have been left out.
that crosses the equator at 10:30 and 22:30 LST. The spa-
tial resolution of its observations is about 22 km at nadir.
Its 640-km swath is smaller than for IASI and three days
worth of measurements are needed to achieve global cover-

Atmos. Chem. Phys., 9, 8738#43 2009 www.atmos-chem-phys.net/9/8735/2009/
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Fig. 6. Mean CO concentrations, in parts per million, for July 200&ithe MOPITT retrievals for the 700 hPa pressure lei®lthe prior
simulation,(c) the MOPITT-based posterior simulation aftf) the IASI-based posterior simulation. The simulations all take the individual
MOPITT averaging kernels corresponding to (a) into account. Abscissa and ordinate report the longitudes and latitudes.

2.4.3 Data processing with | the identity matrix ang;, the prior concentrations used
inthe MOPITT (in parts per million) and IASI (in mol.c?)

Both IASI and MOPITT retrievals are averaged on the retrievals.

CTM resolution (2.85x3.75) at the orbit level in order to The averaging kernels inform about the sensitivity of the
reduce the effect of correlated errors between neighbour[etrievals to the true CO prOﬁIe, with the remainder of the
ing observations in the inversion system. About 830 0ooinformation coming from the a priori profilg,. They are
IASI “super-observations” remain in the 6-month inversion valuable indicators of the vertical resolution of the products
against 545000 “super-observations” for MOPITT, that has(Deeter et a.2003. In both IASI and MOPITT products,

a lower spatial coverage. The number of observations is pre@ single prior concentration profile is used for all soundings,
sented in Fig2 according to the 13 continental regions of While an averaging kernel is provided with each profile.

Fig. 1. In comparison, an observing system that would pro- The errors are assigned in the inversion system as a com-
vide one “super-observation” per day on each CTM grid boxbination of the retrieval error reported in the MOPITT and
between 65N and 65 S during the same period would have IASI datasets, and of the CTM errors arbitrarily set to 50%
about 913 500 “super-observations”, which is not much moreof the retrieval values, without correlation.

than the IASI data used here.

As described bfEmmons et al(2004), by Turquety et al.
(2009 and byGeorge et al(2009, and in order to properly
compare MOPITT and IASI retrievalswith the CTM out-
putsy©™  the corresponding averaging kernel matixs
used to create a profife:

3 Results
3.1 Uncertainty reduction
The map of the expected uncertainty reduction on the emis-

sions from IASI is shown in Fig3. The uncertainty reduc-
y=A*™ L1 -A)y, (2)  tion is defined ag1—o,/0;)x100, with o}, the prior error

www.atmos-chem-phys.net/9/8735/2009/ Atmos. Chem. Phys., 9, 8733-2009
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Fig. 7. Scatter plot of the individual IASI concentration retrievals, in parts per million, vs. the MOPITT ones for August 2008 at the level
closest to 700 hPa. The correlation coefficient and the regression slope are reported. The bisector appears in green. Note that since the tw
concentration products have different averaging kernels, full agreement is not expected.

Table 1. CO emission budgets from July to November 2008 beforesdied the inversions, in Tg. The posterior-minus-prior increments are
also given in % of the prior emissions.

prior (Tg) IASI based IASI MOPITT based MOPITT
posterior (Tg) increments(%)  posterior (Tg) increments(%)

North Am Boreal 4 16 +300% 22 +450%
USA 46 41 —-11% 48 +4%
South Am Trop 10 16 +60% 7 —30%
South Am Temp 49 85 +73% 94 +92%
Northern Africa 31 54 +74% 50 +61%
Southern Africa 67 137 +105% 125 +87%
Europe 44 51 +16% 64 +45%
Eurasian Boreal 10 21 +110% 29 +190%
Middle East 9 15 +67% 29 +222%
South Asia 32 31 —3% 29 —9%
South East Asia 57 103 +80% 93 +63%
Indonesia 93 41 —57% 9 —93%
Australia 13 24 +85% 41 +215%
Globe 479 643 +34% 649 +35%

Atmos. Chem. Phys., 9, 8738#43 2009 www.atmos-chem-phys.net/9/8735/2009/
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standard deviation ang, the theoretical posterior error stan- averaging kernel and space-time location. Comparing both
dard deviation (see Se@.1). It is larger than 20% in the Fig. 5c and d and Fig6c and d, we can see that the IASI
emission regions and reaches 50% in some isolated pixels. posterior concentrations are smaller than the MOPITT pos-

The uncertainty reductions on the emissions aggregated iterior concentrations in the Southern Hemisphere, larger in
the 13 continental regions of Fid.are shown in Fig4. In the plumes over Africa and East Asia (in particular when us-
the inversion with IASI retrievals, the uncertainty reduction ing the MOPITT averaging kernels that peak lower in the
is maximal in the South American Temperate region (66%)atmosphere than for IASI) and rather similar elsewhere. A
and minimal in Indonesia (32%). For instance, significantsummary of the differences between both satellite products
reductions are seen in Europe (42%), the USA (52%) and thés shown in Fig.7 for the Northern hemisphere, the Southern
two African regions (57% for both). hemisphere, the Tropics and the whole globe. The patterns

The uncertainty reduction with IASI is higher than with of the two retrieval products are consistent to a large extent
MOPITT for two regions (Eurasian Boreal and South Eastwith a global correlation coefficient of 0.79. Among the three
Asia) and similar or smaller by only a few percentage pointslatitudes bands, the highest correlation (at 0.84) is found in
in most other regions. The largest differences in favor ofthe Tropics (between 3& and 30 N). IASI tends to pro-
MOPITT are the less-emitting regions (Australia, Indonesia,vide values within a smaller range than MOPITT: the slope
Middle East and North American Boreal). As a sensitivity varies between 0.68 in the Southern Hemisphere and 0.81 in
test, the error standard deviation assigned to the prior fluxethe Tropics. For the whole globe, the slope reaches 0.90.
has been set to 400% against 100% (see ReRt. The im-  These differences are consistent with the studfleprge et
pact on uncertainty is found to be small, with differences in al. (2009 who compared the two level-2 satellite products.
the reduction of a few percents only (not shown).

The reasons for the differences between the uncertainty-3 Emissions
reductions of IASI and MOPITT are twofold. First, the av-
eraging kernels exhibit significant variability depending on The total posterior CO emissions from July to November
location and time, through Variabi"ty of the atmospheric 2008 are shown in Tablg Overall, both inversions lead to
temperature profile, surface pressure and temperature, et@h increase of the CO emissions compared to the correspond-
(Deeter et a.2003. In general, the maximum sensitivities iNg prior, with respectively +35% with MOPITT and +34%
for IASI are observed between 6 and 10 Khuiquety et al. ~ With IASI for the whole Earth. Both inversions yield analysis
2004 whereas MOPITT averaging kernels peak between 4increments (posterior minus prior) of the same sign, except
and 7 km. Second, the number of IASI “super observationsfor the USA and the South American Tropical region, where
is larger than for MOPITT, as seen in Fig, except over the increments do not exceed a few Tg anyway. An impor-
Northern Africa. When IASI and MOPITT provide a similar tant increase is observed in Southern Africa, a region which
number of retrievals (e.g., in the Middle East or in Australia), is affected by biomass burning (+87% with MOPITT and
the difference in uncertainty reduction is driven by the differ- +105% with IASI) and for South East Asia (+63% with MO-

ence in averaging kernels, g|v|ng an advantage to MOP|TT,P|TT and +80% with |AS|) as already noted in other studies

whose averaging kernels peak at lower altitudes. (Carmichael et a).2003 Palmer et al.2003 Peétron et al.
2004 Arellano et al, 2004 Allen et al, 2004 Heald et al.
3.2 IASI and MOPITT CO concentrations 2004 Wang et al.2004. These two regions are the largest

emitters of CO among the 13 regions defined, in the MO-

As can be seen in Figha and Fig.6a for July 2008, MO-  PITT and IASI analyses, with respectively 125 and 137 Tg
PITT and IASI agree in the concentration patterns reasonfor Southern Africa, and 93 and 103 Tg for South East Asia.
ably well, with high CO concentrations over Central Africa Positive increments are also seen in the regions North Amer-
and East Asia, respectively associated with biomass burningcan Boreal, South American temperate, Northen Africa, Eu-
and urban pollution. rope, Eurasian Boreal, Middle East, South Asia and Aus-

The observed IASI (a), prior simulation (b) and IASI tralia. Posterior emissions are lower than the prior estimates
posterior simulation (c) CO concentrations are displayed inin Indonesia, likely because the prior biomass burning in-
Fig. 5 for July 2008. The first-guess concentrations fit the ventory corresponds to an ENSO year (200698% with
IASI data rather well in the Southern hemisphere. In theMOPITT and—57% with IASI).
Northern hemisphere, an underestimation by about 60% is The analysed total emissions with IASI differ by less than
seen, and even more over Alaska and East Asia (120%). A% from MOPITT (643 against 649 Tg).
similar feature is seen with MOPITT (Fig). These dis-
crepancies are significantly reduced after the inversion. The
model does not exactly fit the observations since the analysig Conclusions
is pulled both towards the observations and towards the prior.

The MOPITT inversion is verified against the IASI con- This paper shows the first comparison between inversions
centrations and vice versa with each time the appropriatef CO emissions using IASI and MOPITT retrievals of CO

www.atmos-chem-phys.net/9/8735/2009/ Atmos. Chem. Phys., 9, 8733-2009
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