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Abstract. The transport pathways of carbon monoxide the Tropical Easterly Jet (TEJ) on the southern flank of the
(CO) in the African Upper Troposphere (UT) during the anticyclone. Asian pollution uplifted to the UT over large re-
West African Monsoon (WAM) is investigated through the gion of Southeast Asia is trapped within the AMA and trans-
assimilation of CO observations by the Aura Microwave ported by the anticyclonic circulation over Northeast Africa.
Limb Sounder (MLS) in the MOCAGE Chemistry Transport South of the AMA, the TEJ is responsible for the tranport
Model (CTM). The assimilation setup, based on a 3-D Firstof CO-enriched air masses from India and Southeast Asia
Guess at Assimilation Time (3-D-FGAT) variational method over Africa. Using the high time resolution provided by the
is described. Comparisons between the assimilated CO field4-D assimilated fields, we give evidence that the variability
and in situ airborne observations from the MOZAIC program of the African CO distribution above 150 hPa and north of
between Europe and both Southern Africa and Southeaghe WAM region is mainly driven by the synoptic dynamical
Asia show an overall good agreement around the lowermosvariability of both the AMA and the TEJ.

pressure level sampled by MLS 215 hPa). The 4-D assim-
ilated fields averaged over the month of July 2006 have been

used to determine the main dynamical processes responsib ;
for the transport of CO in the African UT. The studied period ? Introduction

corresponds to the second AMMA (African Monsoon Mul- carhon Monoxide (CO) plays an important role in tropo-
tidisciplinary Analyses) aircraft campaign. At 220hPa, the gpheric chemistry. It is an atmospheric pollutant produced
CO distribution is ch_aracterlzed by a Iatltgdlnal maximum py incomplete combustion processes (industries, transport,
around 8 N mostly driven by convective uplift of air masses pigmass burning (BB), (seolloway et al, 2000 for a com-
impacted by biomass burning from Southern Africa, uplifted plete review). It affects both climate change, as an ozone
within the WAM region and vented predominantly southward (O3) precursor Daniel and Solomonl998, and the tropo-

by the upper branch of the winter hemisphere Hadley cell.gpneric oxidizing capacity as the main sink of the hydroxyl
Above 150 hPa, the African CO distribution is characterizedgical (OH) Thompson1992. Furthermore, with a life-

by a broad maximum over northern Africa. This maximumis tine of 1-2 months in the troposphere, CO is an excellent
mostly_ controlled by the large scale UT C|rculat|on.dr|ven bY tracer of polluted air masses. Fast economic growth in in-
the Asian Summer Monsoon (ASM) and characterized by theyystrialised Asia have led to a fast increase of G@yrakou
Asian Monsoon Anticyclone (AMA) centered at 3 and  ang Muller 2006 and other @ precursors such as nitrogen
dioxide (NQ) (Richter et al. 2005 and Volatile Organic
CompoundsKu et al, 2006 in the troposphere. Most of the

Correspondence tdB. Barret state of the art Chemistry Transport Models (CTM'’s) under-
BY (barp@aero.obs-mip.fr) estimate tropospheric CO in the Norhern Hemisphere (NH)
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probably because of an underestimation of CO emissionstrong westward winds of the Tropical Easterly Jet (TEJ)
from fossil fuel burning in east Asigshindell et al. 20086. on the southern flank of the AMAS@thiyamoorthy et al.
Airborne and spaceborne observations of tropospheric CQ007. Some evidence of the importance of zonal transport
have been used extensively to study intercontinental transupon African tropospheric $has been given inQhatfield
port of pollution in the lower and free troposphe&ighl et et al, 2004. Based on SHADOZ @soundings, spaceborne
al,, 2002 Duncan et al.2004 Liang et al, 2007). Until tropospheric @ columns and trajectories calculations, they
recently, spaceborne CO observations were based on nadink the South Atlantic @ maximum to middle tropospheric
viewing sensor in the infrared mostly sensitive to the freewestward transport of polluted air masses from the Indian
troposphereeeter et a.2003 McMillan et al, 2005 Bar- Ocean over Africa to the Southern Tropical Atlantic during
ret et al, 2005 Rinsland et al.200§. Since August 2004, boreal spring.Li et al. (2001) have studied the origin of a
the Microwave Limb Sounder (MLS) onboard the Aura satel- summer tropospheric 0zone maximum over the Middle East
lite provides unprecedented information about the global Up-simulated with the GEOS-Chem CTM in agreement with ob-
per Troposphere-Lower Stratosphere (UTLS) CO distribu-served @ vertical profiles. They found that{photochem-
tion (Filipiak et al, 2005 Livesey et al.2008. These obser- ically produced in the Eastern and Southern Asian UT and
vations have allowed a better understanding of the CO transtransported westward by the TEJ accounts for 65% of the
port processes in the UTL&i(et al., 2005 Fu et al, 2006 UT Os supply over the Middle East. In their study about the
Park et al.2007). pollution crossroads over the Mediterranebaljeveld et al.
The North African/Eastern Mediterranean UT is a cross-(2002 have shown that Asian pollution uplifted by convec-
road impacted by transport processes on synoptic to sedion within the Asian Summer Monsoon (ASM) region can
sonal timescales and on regional to intercontinental spatiabe transported westward over Africa and subsequently north-
scales. On seasonal scales, transport in the African UT isvard to the Eastern Mediterranean by the anticyclonic flow
driven by the Hadley meridional circulation which is more on the western flank of the AMA. This transport pathway
intense in the winter Hemisphere. This circulation is char-contributes significantly to the enhanced CO concentrations
acterized by a rising branch in the Inter Tropical Conver- observed over the Eastern Mediterranean in the UTLS. Evi-
gence Zone (ITCZ), poleward horizontal transport aloft and adence of this transport pathway has been further highlighted
sinking branch equatorward of the Suptropical Westerly Jetdy (Scheeren et al2003 who have identified a BB plume
(SWJ).Sauvage et al20073 studied the meridional gradi- originating in South Asia in the eastern Mediterranean UT,
ents of Q in the African UT, observed by in-situ airborne based on aircraft in situ chemical observations and backtra-
measurements provided by the MOZAIC program. They putjectory analyses.
to the forth the impact of uplift of boundary layers§oor The aforementioned studies have given evidence of the
air masses within the ITCZ followed by photochemical pro- strong impact of both Asian emissions through transport by
duction of @ by O3 precursors produced by lightnings or the AMA during the NH monsoon season and African emis-
originating from the surface, within the upper level branchessions through the Hadley circulation upon the African UT
of the Hadley circulation. In particular, during the NH mon- composition. The objective of our study is to address the
soon season in Africa, £precursors emitted by BB south main transport pathways of chemical species in the African
of the ITCZ and further transported to the ITC3quvage et  UT and particularly to further discriminate the influence of
al., 2005 2007h Mari et al, 2007) are likely to play an im-  these two transport pathways during the NH monsoon sea-
portant role upon the African UT compositiolkauvage et son. In order to achieve our goal, we have combined chem-
al. (20073 have also mentioned a possible impact of merid-istry transport modeling and CO spaceborne observations
ional transport by the northward flow on the western flank from the limb viewing Aura/MLS through data assimila-
of the Asian Monsoon Anticyclone (AMA), that dominates tion. Assimilation of spaceborne chemical dataina CTM al-
the UT circulation in the Northern Hemispehere during the lows constraining the distribution of observed species while
summer monsoorHoskins and Rodwell1995 Park et al. meteorological analyses give a realistic dynamical forcing.
2007, over the UT African @ distribution. Saunois et al. Therefore, the assimilation provides 4-D fields that are best
(2008 have used an idealized 2-D model to reproduce thesuited to address transport processes and budget analyses
Oz, water vapor (KHO) and carbon monoxide (CO) merid- (Pradier et al.200§. Furthermore, the assimilated fields
ional gradients in the African UT. Both studies give evidenceallow us to study variations of the transport processes on
of the Hadley circulation control upon the UT meridiona) O synoptic timescales (down to 6 h) while spaceborne obser-
gradient over Africa. However, large uncertainties remainvations from a limb sounder require averaging over several
concerning the impact of zonal transport from Asia upon thedays to provide useful information. In this study we use the
African UT composition. MOCAGE-PALM assimilation system to constrain the CO
In particular, during boreal summer, the African and the UTLS fields in the MOCAGE CTM with MLS observations
Asian UT are strongly connected through synoptic variationsfor the month of July 2006. In the following, we will refer
of the AMA centered at 30N (Popovic and Plumb200%; to our assimilation setup as MOCAGE-MLS. Both models
Randel and Parkk006 and fast horizontal transport by the and spaceborne observations need high quality independent
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observations to be validated. The MOZAIC program has pro-MLS to provide a good spatial coverage in the tropical UT.
vided observations of the tropical UT composition (CO and MLS CO data in the UTLS have a 4 to 5 km vertical resolu-
Oz) for several years and particularly for the period of inter- tion, a 500 to 600 km along-track resolution and a precision
estin this study which corresponds to the second phase of thef ~20 ppbv (Livesey et al.2008. Livesey et al(2008 have
AMMA (African Monsoon Multidisciplinary Analyses) air- made detailed characterization and validation of MLS CO
borne experimeriRedelsperger et ak00G Mari et al, 2005 and  data in the UTLS. The Aura/MLS CO observations
Lebel et al., 200%. We have used those data to evaluate theused in our assimilation system have been screened accord-
MOCAGE model and the MOCAGE-MLS assimilation sys- ing to their recommendations. For the 147, 100 and 68 hPa
tem. MLS retrieval levelsLivesey et al(2008 estimate a scaling
Our paper is organized as follows. Sectis dedicated uncertainty of 30%. Comparing MLS CO and MOZAIC in

to the description of the whole assimilation setup coveringsitu airborne CO observations at northern mid-latitude they
the Aura/MLS CO observations in the UTLS, the MOCAGE show that MLS CO at 215 hPa is roughly a factor of 2 too
CTM and the MOCAGE-MLS assimilation system. The val- high and they deduce a scaling uncertainty-d00% at that
idation of the assimilated fields based on MOZAIC aircraft level. In their validation studie€lerbaux et al(2008 and
in situ CO observations is discussed in S8ctSection4 is Pumphrey et a2007) have compared CO profiles measured
dedicated to the discussion of the July 2006 monthly mearby the ACE-FTSBernath et a].2005 and Aura/MLS instru-
CO UT distributions and to the main transport pathways ofments. They both show that MLS is biased high in the UT
CO in the African UT. Sectiorb provides an analysis of with the highest relative difference~(L00%) found around
the variability of the UT CO distribution over Africa and of 12km and that the bias is the lowest in the Lower Strato-
the dynamical processes responsible for this variability. Fi-sphere (LS) around 18-20 km. On the basis of the validation
nally, summary and conclusions of the study are presented istudies aforementioned, our first concern regarding the as-
Sect.6. similation of MLS CO data has been to find the best way

to estimate the biases of these observations at the 4 UTLS

retrieval levels within the scaling uncertainties described in
2 The Assimilation of MLS CO data in the MOCAGE- Livesey et al(2008. In order to achieve this task, we have

PALM system used the ACE-FTS tropical CO climatology fraRolkins et

al. (20063 (see their Fig. 12). Indeed, some limitations of the
In this section we describe the three elements we have emaCE-FTS sensor (e.g. limited number of profiles measured
ployed to perform the assimilation of Aura/MLS observa- per day, high sensitivity to clouds and humidity, lower cover-
tions. First, we discuss the Aura/MLS CO observations inage of tropical versus polar latitudes) make a direct validation
the UTLS and the way we have actually utilized them. Sec-of our assimilated fields for a one month period at tropical
ond, the main characteristics of the MOCAGE CTM with the |atitudes rather difficult. In Tablé we have reported the cli-
direct simulation we have performed are exposed. Finally Wematological values from ACE-FTS computed Bylkins et
give the main details of both the assimilation setup and they|, (20063 and the mean tropical CO values from MLS at

assimilation performances. the 4 UTLS retrieval levels for the month of July 2006. As
. . expected, the highest difference between the two instruments
2.1 Aura/MLS observations of CO in the UTLS occurs at 215 hPa, with a MLS/ACE ratio of 1.62. Neverthe-

h . h fivi less this ratio is much lower than the value of 2.0 that has
I-Ii—teeinMaLsSul:-Sst;/lrngfr T)tnoiss tr)f)le;r o);lbr:?s?::giTgtSset ';‘ggisz\i/t:rl:been estimated k_)y the validation studies we have mentioned
: before. Comparisons between analyses performed with the

"MLS data at 215 hPa rescaled by factors ranging from (1.0)

the rgllllThetert and iub_—n}}lllrj‘;/etter th?rrTglogmls_,rsrl]onl rtnea- to (1/2.0) and MOZAIC aircraft in situ observations have led
sured at the atmospheric limid/gters et al.2009. The lat- us to use a slightly higher value (1/1.7) to adjust the MLS

gst M.IBS dcg obsirvatmtn slv;/gouseoln th'fstﬁtUdy (\'[/'2.'[2) ar€opservations at 215 hPa. The results of the final compari-
escribed irPumphrey et ali2007. One of the most inter- son, showing an agreement within 5% between analyses and

esting features of MLS is its ability to measure CO and OtherMOZAIC data, are given in Sec8. At 147 hPa, the agree-

constituents in the UTLS where retrievals are made at 4 Iev—ment between the ACE-FTS climatology and the mean MLS

6{'ropical value is rather good, and we have rescaled the MLS
observations by a factor of 1/1.05. The 100 hPa MLS tropical
CO values are biased high by 23% relative to the ACE-FTS
1L ebel, T., Parker, D. J., Bourles, B., Flamant, C., Marticorena, climatology. Therefore, MLS partly misses the steep verti-

B., Peugeot, C., Gaye, A., Haywood, J., Mougin, E., Polcher, J.Cal gradient observed in the tropics from 14.5km to the LS
Redelsperger, J.-L., and Thorncroft, C. D.: The AMMA field cam- DY A(_:E'FTS and confirmed by various aircraft campaigns
paigns: Multiscale and multidisciplinary observations in the West (Folkins et al, 20063. The adjustment of the MLS CO ob-

African region, Ann. Geophys., submitted, 2007. servations by 1/1.2 at 100 hPa will compensate this bias. At

tively low sensitivity of measurements in the millimeter and
sub-millimeter domain to high humidity and clouds allows
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Table 1. CO tropical (20 S—20 N) mixing ratios in the UTLS and scaling factors applied to the Aura-MLS observations. In the tropics,
the 4 altitudes given in this table roughly correspond to the 4 UTLS retrieval pressure levels of MLS (215, 147, 100 and 68 hPa). The ACE
climatological values are from Folkins et al. (2006).

Altitude Tropical CO vmr Scaling factor

(km) ACE MLS MOCAGE MOCAGE-MLS MLS/ACE Applied factor
125 90. 146. 81. 86. 1.62 1.7
14.5 85. 89. 74. 83. 1.05 1.05
16.5 55. 68. 59. 58. 1.23 1.2
18.5 30. 29. 31. 28. 0.97 1.0

68 hPa, the mean MLS tropical value is close to the ACE-CTM (control run) and from the assimilation of MLS CO
FTS climatology, in agreement withumphrey et al(2007) observations with the MOCAGE-MLS system (assimilation
andClerbaux et al(2008 and we have kept the original val- run) for July 2006.

ues.

2.3 Assimilation setup
2.2 Model description

Data assimilation systems have been developed to tackle tro-
MOCAGE is the global CTM developed at the CNRM pospheric chemistry and transport focusing on CO observa-
(Centre National de Recherches Meteorologiques) of Meteotions (see e.gLamarque et al.2004 Yudin et al, 2004
France Bousserez et gl2007 Teyssedre et al2007 Ri- Pradier et a].2006. To our knowledge, the UTLS region
caud et al.2007. It provides numerical simulations of the has not yet been the subject of scientific studies based on
interactions between dynamical, physical and chemical prospaceborne CO data assimilation while new limb sensors,
cesses in the troposphere and the stratosphere. It uses a semicch as Aura/MLSL(ivesey et al. 2008 or Envisat/MIPAS
lagrangian advection scheme to transport the spedessé (Raspollini et al,2006 provide information about the UTLS
et al, 2009. The model is constrained with the European composition. The sparse horizontal sampling of such limb
Center for Medium range Weather Forecast (ECMWF) 6-sensors requires averaging over time periods ranging from
hourly meteorological analyses (horizontal winds, tempera-several days to weeks in order to obtain global distributions
ture, specific humidity, surface pressure). The vertical ve-useful for scientific purposes. However, the UTLS composi-
locities are computed from the ECMWF horizontal wind tion variability, driven by transport and chemistry processes
fields by imposing the mass conservation law for each at-on synoptic timescales cannot be captured by such averaging
mospheric column. The simulations are performed on a regprocedures. The coarse vertical resolution of UTLS space-
ular 22x2° horizontal grid and on 47 hybrids( P) lev- borne measurements does not allow to resolve processes with
els from the surface up to 5hPa. The vertical resolutionfiner vertical scales typical of this atmospheric region. Fur-
typically varies from 40 to 400m in the boundary layer thermore, the lack of regular independent in situ observations
(7 levels) and is about 800 m in the UTLS. The chemicalin the tropical UTLS makes the validation of spaceborne
scheme used is RACMOBUS, which combines the strato-observations particularly difficult in this region. Finally, as
spheric scheme REPROBUSefevre et al, 1994 and the  mentioned in the introduction, global CTM’s have problems
tropospheric scheme RACMs{ockwell et al. 1997). Con-  to reproduce the tropospheric composition and more particu-
vective processes are simulated with the schemBeagth-  larly the CO tropospheric distributioistindell et al.2006.
told et al.(2001), and turbulent diffusion is calculated with Therefore, the goals of the assimilation of UTLS Aura/MLS
the scheme by ouis (1979. For anthropogenic (includ- CO data in the MOCAGE CTM presented in this study are
ing BB) sources, the model uses the emission inventorymanyfold: (i) to estimate the concentrations of CO at al-
from Dentener et al(2005 with a monthly or yearly time-  titudes where they are not observed by MLS (i) to fill in
resolution depending on the species. In particular, nitrogertemporal and spatial gaps from the Aura/MLS CO measure-
oxides (NQ), CO and Volatile Organic Compounds emis- ments to enable the study of the processes responsible for
sions from BB have a monthly time-resolution. The total the CO distribution variability on synoptic timescales (iii) to
CO surface emissions representative of year 2000 amountsvaluate the representation of UTLS CO transport and chem-
to 1094 Tg(CO) yrl. We started our simulations on 1 Jan- istry processes in the MOCAGE CTM and (iv) to support the
uary 2006 from a climatological initial field in order to have a validation of the Aura/MLS CO observations. Our study is
6 months spin-up before July 2006. In the following we will based on the assimilation of UTLS CO observations by the
discuss results from a direct simulation with the MOCAGE Aura/MLS sensor in the MOCAGE CTM with a 3-D-FGAT
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(First Guess at Assimilation Time, assimilation method 2.4 Assimilation results
driven by the PALM software developed at CERFAGIiS
et al, 2006 Massart et al,, 2005. This MOCAGE-PALM In order to evaluate the CO fields from the control and the
assimilation system has been tested for the assimilation ofissimilation runs, we have first checked the consistency be-
stratospheric @within the framework of the Assimilation of tween the mean tropical CO volume mixing ratio (vmr) and
Envisat Data (ASSET) projecGeer et al.2006. The 3-D-  the ACE-FTS climatology used to adjust the MLS observa-
FGAT method has the advantage to take the dynamics of théions in the UTLS. The results are given in Taldle The
system into account to compute the difference between thénodel underestimates CO in the tropical UT 440 ppbv
model and all the observations located in a given temporaWwhile in the tropical LS, mean modelled CO vmr’'s are in
window (3 h in our case). good agreement with the ACE-FTS climatology. At the
The assimilation consists in the iterative minimization of 3 MLS retrieval levels in the UT, the assimilation results in
a cost function computed from the differences between thean improved agreement (withir4 ppbv) with the climatol-
observations and the model background weighted by theiogy. The CO fields from MLS, and from the control and
respective covariance matrices. The choice of the observaassimilation runs, averaged over the period 5-31 July 2006
tion and of the background covariance matrices is thereforeare shown in Figl in a large domain encompassing Africa
important to reach the right balance between the backgroundnd Asia. As expected, the assimilation results in a large im-
and the observations. We have assumed that the observatiopsovement of the agreement relative to the observations. At
at the different retrieval levels were independent and we havéhe 3 lowermost UTLS levels, the correlation coefficients be-
therefore used a diagonal covariance matrix for the observatween model and observations are in the range 0.59-0.71 and
tion error. In order to spread assimilation increments spa-0.85-0.88 between assimilation and observations. At 215
tially, horizontal background correlations are modelled us-and 147 hPa the mean low biases between the control run
ing a generalized diffusion operatoéaver and Courtier — and both the MLS observations and the assimilation run are
2001) with a scale-length of 4and vertical background er- clearly visible in Fig.1. On a more regional scale, important
ror correlations are modelled using an exponential law with adiscrepancies between the control run and MLS/assimilation
scale-length of-2 km (Massart et a).2007. A quantitative  run are occuring around the ASM and WAM regions. At
criterion for the choices of the background and observations215 and 147 hPa over Asia, MOCAGE is biased low rela-
errors is the chi-squarecf) test. The normaliseg? is the  tive to MLS, but the structure of the CO distribution is in
ratio of the cost function to half the number of observationsrather good agreement with the structure detected by MLS.
in the assimilation window. A value gf? close to 1 indicates  Such a low bias can be attributed to the emission inventory
a good balance while a value higher (respectively lower) tharused in MOCAGE that did not take the fast industrial growth
1 indicates an underestimation (respectively overestimationpf Southeast Asia and particularly China in the last years
of the observation or background error covariance matrices(Richter et al. 2005 Stavrakou and Muller2006 Fu et al,
We have performed assimilations with different choices of 2006 into account. Such a problem has been reported by
the background and observation errors in order to reach &hindell et al.(2009 for most of the state of the art global
x?2 value close to 1. Satisfactory results have been achieve€TM’s. At 100 hPa, the CO enhanced concentrations within
using a background error of 10% throughout the UTLS andthe AMA observed by MLS and reproduced by the assimi-
observation errors from the MLS filekigesey et al. 2008 lation run are not visible with the control run. A low bias
scaled by 0.9. During the first day of the assimilation period,in the Asian CO emissions may also explain this low bias
the x2 are of the order of 0.9 and after 2 days of assimila-in the CO distribution. Nevertheless, the difference of struc-
tion the x2 remain stable within the range 0.65-0.75. While ture in the CO observed and modeled distributions at 100 hPa
these values are lower than 1, indicating possible overestimost likely points to a problem related to the model dynam-
mations of the background or observation errors, we havdcs (too weak monsoon circulation) and/or the convective
chosen to decrease neither the background nor the observparametrization in this region. At 215hPa over the WAM,
tion errors. First, comparisons between CO from the controlthe model overestimates the CO concentrations relative to the
run and MOZAIC in situ data show that around 220 hPa, theMLS observations. Important quantities of the CO uplifted
model random error (15-20%) is larger than the 10% errorto that level by WAM convection comes from BB in South-
we have prescribed for the model background. Second wern Africa (Sauvage et gl2005 2007h Mari et al, 2007).
prefer to keep the observation errors prescribed in the assimFherefore, the discrepancy between the control run and MLS
ilation system close to the errors given in the MLS files be- most likely points to an overestimation of the climatological
cause they are based on instrumental consideratidvessgy  African BB emissions in the MOCAGE inventory.
etal, 2008. In order to evaluate our assimilation system and its time
evolution, we have computed the daily mean differences be-
tween observations and assimilated fields, named Observa-
tions minus Analyses (OmA) and between the observations
and the fields simulated by the control run that we name
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MLS MOCAGE MOCAGE—MLS
100. hPa

I
a5,
147, hPa

Fig. 1. CO fields at the 3 MLS retrieval levels in the UTLS averaged over the period 5-31 July 2006: (top panels) 100 hPa, (middle panels)
147 hPa and (bottom panels) 215hPa. From left to right: MLS observations, simulated fields with the MOCAGE model and assimilated
fields with the MOCAGE-MLS assimilation system.

Observations minus Direct (OmD). The OmA and OmD are3 Validation of the assimilated fields
displayed in Fig2 for 100, 147 and 215 hPa for a global do-
main between 40S and 40N and for Asia from 10N to In this section, we first make use of the MOZAIC data to val-
40° N and 60 E to 110 E. Asia has been chosen as a test re-idate the MOCAGE-MLS assimilated distributions. These
gion because the highest differences between the model angbservations are the only available regular UTLS CO in situ
the MLS observations occur over Asia (FD. Over both  observations performed during our study period. Neverthe-
domains and for the three pressure levels, the OmA is conless, as they are carried out onboard commercial aircrafts,
verging to an almost steady value within 1 to 3 days. Overthey only provide information about the lowermost part of
the global domain the OmA remain within theZ)—2 ppbv  the vertical domain under study, namely bele¥200 hPa.
range while the OmD is in the range 2-5, 9-12 ard }- Therefore, we discuss the method we have used to rescale
(—2) ppbv at 215, 147, and 100 hPa, respectively. Over Asiathe MLS data and its possible impact on the vertical struc-
OmD’s are higher and display more variability than over the ture of the MOCAGE-MLS assimilated distributions.
global domain with typical values between 10 and 20 ppbv.
However, after 3 days of assimilation, the OmAs remain 3.1 MOZAIC observations
within the (—5)—5 ppbv range at the 3 pressure levels. There-
fore, we can use the assimilated fields starting conservativelyg part of the MOZAIC program, in-situ measurements
6 days after the beginning of the assimilation period (5 July)of CO and @ have been performed daily from Windhoek
relying on an agreement within 5 ppbv with the MLS obser- (22.5 S, 17.5 E, Namibia) to Frankfurt (50N, 8.6’ E, Ger-
vations. many) since December 2005 with instruments onboard a
commercial Air-Namibia aircraft. From 5 to 31 July, we have
used data from the 27 daily flights. MOZAIC CO and eg-
ular measurements are also available from Austrian-Airlines
commercial flights from Vienna (48N, 16.2 E, Austria)
to Bangkok (13.4N, 100.3 E, Thailand) since beginning
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Fig. 2. Time evolution of the differences between the MLS observations and (solid lines) the MOCAGE-MLS analyses (OmA) and (dashed
lines) the MOCAGE dircet simulations (OmD) at the (top panels) 100, (middle panels) 147 and (bottom panels) 215 hPa pressure levels. The
OmA and OmD are computed for (left panels) a global domain betwe&® 4bid 40 N and for (right panels) Asia from 2N to 40° N

and 60 Eto 110 E.

of 2006. For our study period (5-31 July 2006), we have
gathered data from 13 Austrian-Airlines flights to Bangkok.
MOZAIC measurements carried out with a 30s response
time and with a reported precision of5 ppbv for CO Ned-

elec et al.2003 have been averaged in 1 mn time bins. For
the comparisons, outputs from the control and assimilation
runs have been interpolated to the 1 mn averaged observaz
tion times and locations. We have selected data recordecg’
with a flight pressure level lower than 250 hPa in order to
have enough data for statistical comparisons and to be close
enough to the lowermost level (215 hPa) of the MLS CO ob-
servations used in the MOCAGE-MLS assimilation system.

3.2 Validation results

The comparisons between the MOZAIC CO observations
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and the outputs from the control and assimilation runs areFig. 3. Windhoek (22 S—17 E)-Frankfurt (50 N-%° E) CO lati-

displayed in Fig3 for the Air-Namibia data and in Figt for

tudinal transects above 250 hPa: (crosses and solid line) MOZAIC

the Austrian-Airlines data. The data have been averaged ovegbservations, (dashed line) MOCAGE simulations and (dotted line)

the period 5—-31 July 2006 irf 2atitude bins for Air-Namibia

MOCAGE-MLS assimilated fields. Data have been averaged over

and in 2 longitude bins for Austrian-Airlines. In both cases 5-31 July 2006 in 2latitude bins. The vertical error bars represents

the average biases between the modelled and assimilated
fields and the MOZAIC observations are positive and not ex-
ceeding 4 ppbv or 5%. The good overall agreement between

www.atmos-chem-phys.net/8/3231/2008/
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MOZAIC and the assimilated fields was expected since the |
scaling factor applied to the MLS observations at 215hPa ;|- Ad-
was partly chosen from comparisons between MOZAIC data 1+ &
H H 5 32 | I | 1 | 1 | 1 | | | |
and assimilation tests (Se@.1). The control and the as- m o 0 on 0 10 1w e

similation runs reproduce the observed CO meridional gra- €0 vmr {ppav)
dient correctly (Fig3) with a sharp increase north of 23,

maxima between roughly the Equator a and glob- Fig. 5. Time evolution of CO in the 20N-3C° N latitudinal band

ally decreasl;ng gradlerr]l ts from IfquatdrPg t(;] 35;/I§Zills(; b above 250 hPa over Africa: (crosses and solid line) MOZAIC Air-
crepancies between the control run and the OP-Namibia observations, (dashed line) MOCAGE simulations and

servations are found between° and the equator where (yqtte line) MOCAGE-MLS assimilated fields.

MOCAGE overestimates CO by 10-15ppbv and north of

20° N where the model underestimates the in situ observa-

tions by less than 10 ppbv. The assimilation run displays a . o

very good agreement with MOZAIC betweer?Eand 5 N. An important aspect of the assimilation of spaceborne data
Between 5N and 20 N, the assimilation overestimates CO S its ability to produce 4-D fields enabling to follow pro-
by ~10 ppbv. The differences between the control and theCESSES occuring on synoptic tlmescgles .not fully captured
assimilation runs indicates that this overestimation probablyPy the observations. Thanks to their daily frequency, the
comes from a bias in the MLS observations. The agreementOZAIC Air-Namibia program provides a very good set of
between MOZAIC and the assimilation run is again excel- data to evaluate the ability of our assimilation system to fol-
lent from 20 N to 5¢° N. The longitudinal transect from Ger- 1OW the CO daily variability over Africa. Figuré presents
many to Thailand from MOZAIC, and from the control and the time evolution of the mean daily CO concentration be-
assimilation runs are in very good agreement (B)g.Both tween 20N _and 30 _N and above the 250 hPa level sampled
the model and the assimilation system are able to reproduc@ong the aircraft flight track. Before 18 July and after 27
the south-eastward increase of UT CO. The only noticeable’u!¥: the model and the assimilation system reproduce cor-
discrepancy is an overestimation of the CO vmr's by up torectly the measured CO variations characterized by oscilla-

20 ppbv between 7(E and 85 E by both the model and the tions w'ithin the 80-95 ppbv range. The enhanced CO con-
assimilation system relative to the MOZAIC data. The con- centrations observed by MOZAIC from 19 to 26 July and

sistency between the model and assimilation suggests a bid3€ sharp peak characterized by CO concentrations exceed-
from the model rather than from the MLS observations. Fur-IN9 the background mean value by more than 50 ppbv ob-
thermore for the 7 days with MOZAIC observations below served on 21 July are far better reproduced by the assimila-

250 hPa in this region, the MLS sampling is relatively poor tion system than by the model. From our comparisons with

and consequently the spaceborne observations do not cofl® MOZAIC observations we conclude that the assimilated
strain the model enough to correct the bias. CO distributions at the lowermost boundary of the assimila-

tion region are satisfactory. The mean bias between the as-
similated fields and the in situ observations is below 5%. The

Atmos. Chem. Phys., 8, 3233246 2008 www.atmos-chem-phys.net/8/3231/2008/



B. Barret et al.: Transport of CO in the African upper troposphere 3239

main structures of the transects between Europe and Afric€0O observations in the MOCAGE CTM has two important
and between Europe and Southeast Asia are well reproduceaitivantages to fulfill this task: (i) relative to the sparse MLS
by MOCAGE-MLS and the assimilation system is able to re- observations, the assimilated CO fields have a full 4-D cov-
produce sporadic short events not simulated by the model. erage that allows us to study the dynamical tendencies in
combinations with the ECMWF dynamical analyses (ii) rel-
3.3 Discussion of the MLS rescaling method ative to the MOCAGE CTM, the constraint brought by the
MLS observations allows us to correct biases in the model
The annual cycle of UT tropical CO displays a minimum and to provide more realistic CO distributions at high spa-
during boreal summer (JJAF6lkins et al, 20068. The cli- tial and temporal resolution (Se@.4). Numerous recent
matology ofFolkins et al.(2006g we are using to rescale studies have pointed to the strong uplift of boundary layer
the MLS data is an annual climatology based on 2004—-200%olluted air from India Southeast Asia and South China to
ACE-FTS data. Therefore, our MOCAGE-MLS assimilated the Asian UT during the ASML( et al., 2001, Lelieveld
tropical distributions may be overestimated. In order to quan-et al, 2002 Li et al., 2005 Fu et al, 2006 Park et al,
tify this possible overestimation, we have computed an an2007 Berthet et al.2007. Based on simulations from the
nual and a JJA CO climatology based on ACE-FTS data fortGEOQOS-Chem CTMLi et al. (2005 explain this uplift by
years 2004 to 2007. It has to be noted that due to the spars§) enhanced convection resulting from wind convergence in
sampling of the ACE-FTS sensor in the tropics, less than 5Gouthwest China and, (ii) orographic lifting of the south-
valid tropical profiles are measured per season for the fullwesterly flow from Bangladesh and Northeast India over the
period. The annual climatology, based on about 200 tropi-southern slope of the Himalayas. Using trajectory calcula-
cal profiles, therefore provides a more robust representatiotions Berthet et al(2007) have also highlighted the potential
of the CO vertical structure in the tropics than the JJA cli- of South China, Indian subcontinent as a source of pollutants
matology. Furthermore, our annual climatology falls within transported from the boundary layer to the tropopause region
5% of the climatology ofFolkins et al.(20063 and further  and LS in summer. The mean CO distributions at 100, 150
validates it. The absolute differences between the climatol-and 220 hPa from the assimilation run together with the hori-
ogy of Folkins et al.(20063 and our JJA climatology at 215, zontal winds, the Outgoing Longwave Radiation (OLR) 200
150 and 100 hPa are respectively 11, 15 and 5ppbv. Thereand 220 W/m characterizing deep convectioRerk et al,
fore, applying the JJA climatology to rescale the MLS data 2007 and the dynamical tropopause contours superimposed
would not dramatically change the vertical structure of theand averaged over the period 5-31 July 2006 are displayed in
MOCAGE-MLS distributions. The main effect would be Fig.6. At 220 hPa above Asia, the highest CO concentrations
a reduction of the sharp vertical gradient between 14.5 androm MOCAGE-MLS are located between 28 and 30 N
16.5km from 15 to 10 ppbv/km. Furthermore, using the JJAand more specifically over Northeast India/Nepal and over
climatology at 215 hPa would lead to require a factor (1/1.84)Southwest China (Figic) confirming the transport pathways
to rescale the MLS data and therefore to a 10% underestimahighlighted byLi et al. (2005. From spaceborne observa-
tion of the assimilated fields relative to the MOZAIC in situ tions and back-trajectories calculatiofsy et al.(2006 ar-
observations. This difference, which indicates a possible lowgue that moist convection driven by enhanced surface heating
bias in the ACE-FTS data around 200 hPa, has further enever the Tibetan Plateau is deeper and detrains more water
couraged us to use the annual climatologyrotkins et al.  vapor and CO at the tropopause level than convection over
(20064 rather than our JJA climatology. the ASM region. As already described Bgrk et al(2007),

To conclude, the most important bias of MLS at the the OLR are lower over the ASM region (see the 200 &/m
215 hPa level has been successfully corrected using the ACEDLR contour in Fig.6c) than over the Tibetan Plateau. Fur-
FTS climatology and a slight adjustment with the MOZAIC thermore, no elevated CO concentrations are noticeable right
data (Sects2.1 and 3.2). Furthermore, the use of the over the the Tibetan Plateau at 220 hPa (Big. Our re-
ACE-FTS annual climatology has allowed us to consistentlysults tend to mitigate the possible impact of Tibetan Plateau
correct the MLS biases along the vertical dimension fromconvection as a predominant transport pathway to the Asian
215 hPa upwards. UT. The TEJ centered at 16! and blowing from India and

the Indian Ocean to Africa is responsible for the high CO
concentrations over the Arabic sea and the Arabic peninsula.
4 Transport pathways of CO in the African UT This inflow of CO-enriched air masses from Asia is consis-
tent with the results ofi et al. (2001) concerning the major
In this section, we discuss the main transport pathways irrole of UT westward transport of 43rom Asia to sustain the
the African UT on a monthly scale based on July 2006 av-Middle East tropospheric 0zone maximum in summer.
eraged fields from the assimilation run. The aim is to make Over Asia during the ASM, the UT circulation is domi-
an assessment of the relative impact of long range transporiated by the AMA driven by diabatic heating in the ASM
of pollution from Asia and of local African emissions upon region Hoskins and Rodwell1995 Park et al. 2007). The
the African UT CO distribution. The assimilation of MLS AMA is bounded by the Subtropical Westerly Jet on its
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CO distributions from MOCAGE-MLS at 150 and 100 hPa
(Fig. 6a and b) confirm that polluted air masses are isolated
within the AMA in the upper levels of the UT and in the
LS. However, the uplift processes are still responsible for lo-
calized enhanced CO concentrations at 150 hPa, while the
100 hPa distribution is more homogeneous within the AMA
highlighting slower uplift processes to the LS resulting in
a better mixing of the air masses. At 220 hPa over Africa,
the maximum values of CO (120 ppbv) are located around
the WAM region, identified by low OLR (Figéc). In or-

der to highlight the dynamical processes that drive the UT
CO distributions over Africa we have computed latitude-
pressure cross-sections of CO mixing ratios (Fa). and of

CO dynamical tendencies (Figb, ¢c and d) based upon the
ECMWEF wind analyses and the 4-D CO assimilated fields
for a zonal band encompassing Africa {28-30° E). The
main contributor to the enhanced CO concentrations between
0°N and 12 N and below~180 hPa is convective uplift re-
sponsible for the injection of up to 45 ppbv of CO per day
(Fig. 7d). During the WAM season, BB which occurs in
Southern Africa from 29S to the ITCZ around S (Mari

et al, 2007 is the main source of CO in Africa. In order
to be uplifted to the UT by deep convection to produce the
maximum CO concentrations in the WAM region displayed
in Fig. 6¢c, BB emissions have to be transported to the ITCZ.
Sauvage et al2005 and Sauvage et a2007h point to a
connection between southern regions impacted by BB and
the WAM mid-troposphere through transport by the south-
easterly trade winds above the monsoon laydari et al.
(2007 argue that air masses impacted by BB are transported
out over the ocean by the southern hemispheric African East-
erly Jet (AEJ-S) or toward the continental part of the ITCZ
during the break phase of the AEJ-S. Below 180 hPa, CO
deposited by vertical transport in the WAM region is vented

tional analyses, (white dashed contour) the dynamical tropopausdfimarily by southward advection within the southern Hadley
In panel ¢: white contours indicate deep convection (OLR contourscell, more intense than its northern counterpart, with nega-

220 and 200 W/r%, with values below 200 hatched white), and Ti-

tive tendencies in the range of 20—45 ppbv/day that compen-

betan plateau is shown as black hatched area within black contousate the uplift tendencies (Figb). This southward trans-

where surface altitude is greater than 3000 m. a.s.l.

northern flank £40° N) and by the TEJ on its southern
flank (~10° N) and is extending on average from°2D to
12C°E. Based on UT Aura/MLS observations at 150 hiHa,
et al. (2005 have highlighted the trapping of polluted air
masses within the AMA. Using £and HO tropospheric ob-
servations from the Atmospheric Infrared Sounder (AIRS),
Randel and Park2006 have also established that transient

port results in high concentrations of CO over Southern
Africa down to 10 S at 220 hPa (Figéc) confirmed by the
MOZAIC observations (Fig3). North of the ITCZ, between
12> N and 20 N, zonal advection of polluted air masses by
the TEJ blowing from India is the most important source of
CO (Fig. 7c) to maintain the enhanced concentrations no-
ticeable over Africa at 220 hPa (Figc). Nevertheless, the
validation performed with the MOZAIC data showing an
overestimation of~10 ppbv of CO by the assimilation run
in that region (SecB.2) makes us mitigate the impact of this

convective events were responsible for the vertical transzonal transport upon the CO distribution. Air masses im-

port of HhO enriched and @ poor air masses up to the

pacted by African pollution and uplifted in the WAM region

UT (~13km), where the constituent anomalies are confinedcontribute much less to the CO budget north of the ITCZ

within the AMA. In a more recent studyark et al.(2007)

because northward transport is predominant only north of

have taken advantage of a large range of UTLS spacebornthe ITCZ (Fig. 7b). This result further highlights that the

observations such as Aura/MLS CO3z @nd HO, to estab-

high bias observed between the control run and MOZAIC

lish that this behavior extends to the LS at 100 hPa. Thesouth of the CO maximunm<3° N) over Africa (Sect.3.2)

Atmos. Chem. Phys., 8, 3233246 2008
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Fig. 7. Latitude-pressure cross sections over Africa®(@8-3C° E) for (a) the CO distribution (ppbvib) the meridional advection tendency

(c) the zonal advection tenden¢gt) the sum of the vertical advection and convective tendencies. The zero tendencies are materialized by
white contours and the winds by black dotted (resp. solid) contours for (b) southward (resp. northward) (m/s), (c) westward (resp. eastward)
(m/s), and (d) downward (resp. upward) (cm/s) winds. The thick solid contour corresponds to the zero wind speed.

is probably resulting from too strong African BB emissions tive tendencies around 20 ppbv/day betweehNLand 30 N
during boreal summer in the model. North of°20, the  at 150 hPa (Figrc). Such as at 220 hPa, northward advection
TEJ splits over the Middle East and turns clockwise, bring-on the western flank of the AMA between2® and 35 E is

ing polluted air masses to the Eastern Mediterranean as désringing polluted air to the Eastern Mediterranean UT. At the
scribed inLelieveld et al.(2002. West of 20 E, a well- bottom of the LS (100 hPa, Figa), the CO distribution over
marked westerly flow brings clean oceanic air over NorthernAfrica is also dominated by the AMA and the TEJ but the
Africa. At 150 hPa, the African CO maximum concentra- mean CO concentrations have decreased 89 ppbv prob-
tions (~110 ppbv) are located over the Sahara arourfd\25 ably as a result of slow vertical uplift.

(Figs. 6b and7a). This northward shift of the CO maxi- In this section, we have highlighted the main CO trans-
mum is caused by three main processes. First, convectioport pathways in the African UT based on averaged assimi-
is weaker over the WAM than over the ASM region (see thelated CO and wind fields for the month of July 2006. Below
200 W/n? contour in Fig.6¢c) (even though ASM convec- 150 hPa, pollution in the African UT is mostly coming from
tion is not responsible for the main transport of CO to the African emissions and particularly BB in Southern Africa up-
Asian UT as was discussed above). In the WAM region, posi-lifted within the WAM region and advected southward by the
tive upward tendencies are therefore much weaker at 150 hPainter Hadley cell. At and above 150 hPa, the distribution of
(~10-15ppbv/day) than at 220 hPa (Figd) and the CO  CO over Africa is mainly driven by westward transport of
concentrations do not exceed 105 ppbv. Second, the AMApolluted air masses uplifted to the UT over Asia to Northeast
circulation is stronger at 150 hPa than at 220 hPa and thefrica around 28 N-35" N by the AMA and to the African
CO enriched air masses originating from Asia that have beemtlantic coast by the TEJ south of the AMA.

uplifted to the UT and trapped within the AMA are there-

fore transported over Northeast Africa. Finally, on the AMA

southern flank (between 18 and 25 N) the TEJ whichis g Variability of the CO transport pathways in the
also stronger at 150 hPa than at 220 hPa, is responsible forthe - african UT

westward transport of polluted air masses from Asia to the

African Atlantic coast. Both processes linked to the strong e gynamical processes responsible for the transport of CO
anticyclonic circulation over Asia result in maxima CO posi- paween the Asian and the African UT that were described

www.atmos-chem-phys.net/8/3231/2008/ Atmos. Chem. Phys., 8, 32362008
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Fig. 8. Hovmoller diagrams of 6 lta) PV and(b) CO assimilated mixing ratios at 150 hPa averaged over the latitudinal b&id-35" N
for 5-31 July. The 1.2 PVU potential vorticity contour are represented as black solid lines.

in the previous section are subject to variations on synopthe AMA (black contour in Fig8). On average, the AMA
tic timescales. One of the advantage of the assimilation ofextends westward to 2 but it is subject to a strong vari-
spaceborne observations is to provide 4-D fields with a syn-ability as shown by the PV fields. From 5 to 16 July, the
optic timescale resolution not achievable with the observa-AMA is relatively stable and characterized by two main vor-
tions alone. In this section, we take advantage of this proptices centered at 3& and 80 E. After 17 July, these two
erty of the assimilated fields to study the impact of the varia-vortices weaken and the AMA is starting to strengthen again
tions of the TEJ and the AMA upon the distribution of CO in above Asia between 10& and 120 E and to elongate until
the African UT. The AMA is not a steady feature, it is sub- 24 July. The AMA then splits into two main vortices prop-
ject to important variations on synoptic timescales. Basedagating westward (20-7&) and eastward. Furthermore,
on meteorological data for the years 1987 to 199dpovic ~ between 23 and 27 July two small and weak vortices cen-
and Plumb(2001) have shown that the UT divergent flow tered at 30E and 10 W show up. Over the whole period,
in the Asian Monsoon area, present during the whole seathere is a clear anti-correlation between the CO concentra-
son varies greatly in strength and shape. In particular, eddyions (Fig.8b) and the PV fields (Figa) with a correlation
shedding and westward propagation of the anticyclone areoefficient of—0.73. Within the 1.2 PVU contour, the CO
the most dramatic changes observed. Based on the 4 yearsixing ratios are roughly larger than 90 ppbv. After the split
they have analyzed, they assess that eddy sheddings, that faf the AMA around 24 July, CO enhanced concentrations
low a strengthening and an elongation of the anticyclone byare found within the two main vortices and follow the same
a couple of days, are occuring a few times per summer with ahoehorse shape than the PV contours. Between 23 and 27
duration of 4 to 8 days. Air masses within the AMA are char- July, enhanced CO concentrations are also found in the two
acterized by low PV values arfélopovic and Plumi§2001) weak westernmost vortices. At 100 hPa (not shown), Asian
have used PV fields to determine the position and extensioransient convective events are not perturbing the CO dis-
of the AMA and of the eddy sheddings and westward propa-tribution and the strong anticyclonic circulation is the main
gation events. dynamical process controlling the CO distribution resulting
In order to evaluate the impact of such events upon thdn correlation coefficieqt 0f-0.89 betweer_1 the PV values
CO distribution in the UT, we display the Hovmoller dia- @nd the CO concentrations. At the opposite, at 220 hPa (not
grams of PV computed from the ECMWF analyses and ofshown) the correlation coefficient is reduced-6.47 be-

CO mixing ratios from the MOCAGE-MLS assimilation sys- cause the anticyclonic circulation is weaker and convection
tem averaged in the latitudinal band 25¢8Bat 150 hPa is more important than at 150 hPa. On the southern flank of

(Fig. 8). We arbitrarily use a value of 1.2 PVU to delimit the AMA, south of 28N, the upper tropospheric circulation
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Fig. 9. Hovmoller diagrams of 6 Ifa) zonal wind (greater than 0 for easterlies) dbjiCO assimilated mixing ratios at 150 hPa averaged
over the latitudinal band PIN-25" N for 5-31 July. Black solid lines: 10 m/s zonal wind, black dotted lines: 5 m/s zonal wind.

between Asia and Africa is controlled by westward transport6 Conclusions

by the TEJ (Fig.7c). Therefore, to evaluate the impact of

the variability in the strength of the TEJ upon the CO dis- |, order to study the main dynamical processes responsi-
tribution, we display Hovmoller diagrams of zonal wind ve- pje for the transport of pollution in the African UT during
locities from the ECMWF analyses and of CO mixing ratios summer, we have assimilated MLS UTLS CO obser-
from the MOCAGE-MLS assimilation system at 150 hPa av- \ ations in the MOCAGE CTM with the MOCAGE-PALM

eraged in the 15-23 latitudinal band (Fig9). The TEJ  gystem and a 3-D-FGAT method. Prior to the assimila-
is delimited by the 10 m/s contour of westward wind veloci- tion the MLS CO observations. known to be biased in the
ties (Black solid line). During most of 5-31 July, the TEJis yT|.5 have been adjusted towards a climatological tropi-
confined eastward of TE& with the exception of 7-10 July 4| profile. Around the lowermost pressure level sampled by

and 21-26 July when the TEJ is reachirfigfdand 20W 5 (215 hPa), comparisons with the independent MOZAIC
respectively. In the same latitudinal band, the highest COp iy, opservations have shown that the assimilation allows
concentrations are mostly confined within the boundaries of ¢ . reproduce the CO UT distribution but also the in situ

the TEJ. The westward propagations of the TEJ on 7-11 Julyhqeryations at high spatial and temporal resolution. The
and '21—26 Jul){ are correlqted with similar westward prop-,ost important discrepancy is a high bias-af0 ppbv over
agations of enriched CO air masses. The strong westwardrica hetween 5N and 20 N. The CO assimilated fields

propagation of the TEJ on 21-26 July, weaker but notice-yrqyided by the MOCAGE-MLS system have allowed us to
able at 220 hPa (not shown) is responsible for the sharp peagstablish the main transport pathways of CO in the African

in CO concentrations between20 and 30 N detected by T, Below 150 hPa, convective uplift of air masses impacted
MOZAIC and reproduced by MOCAGE-MLS on 21 July . gg in Southern Africa within the WAM region between
(Fig. 5). For the same reasons than for the PV-CO relation-oo \y and 12 N is the main contributor to the latitudinal CO
ship described above, the correlation coefficients between thg,4vimum. Below~180 hPa. the polluted air masses de-

zonal winds and the CO concentrations are increasing fro”bosited in the UT are vented mostly southward by the upper

0.48 at 220 hPa to 0.61 at 100 hPa (not shown). branch of the winter Hadley cell. At and above 150 hPa the
main contributors are westward transport by the TEJ and the
AMA of Asian polluted air masses that have been uplifted
up to 100 hPa resulting in maxima CO concentrations over
North Africa around 25N. We took advantage of the synop-
tic timescale resolution of the MOCAGE-MLS assimilation
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system to study the impact of the variability of the dynami- Berthet, G., Esler, J. G., and Haynes, P. H.: A lagrangian
cal processes responsible for the interconnection between the perspective of the tropopause and the ventilation of the
Asian and African UT upon the CO distributions. Inthe UT  lowermost stratosphere, J. Geophys. Res., 112, D18102,
(150 hPa) over Northern Africa (25—35° N), the variations doi:10.1029/2006JD008295, 2007.

of the AMA characterized by successive periods of elonga-Bousserez, N., Attie, J.-L., Peuch, V-H., et al. Evalua-
tions and sheddings generate variations of the CO concentra- :g;RﬁTzTﬁogoeiAgﬁng:tem;StgegaﬂsgoréerZOdillgurI'ano gfz
tions by a factor of 2 between 60 and 120 pppv. South of the doi:10.1029/2006\FJ)D00759’5, é007. phys. v ‘ ‘
AMA (150 N-25"N) TEJ westward propagation event; are Buis, S., Piacentini, A., Declat, D., et al.: A Computational frame-
responsible for enhancements of the CO concentrations of ok for assembling high performance computing applications,

up to 50 ppr as far as the African Atlantic coast. This Study Concurrency Computat. Pract. Exper., 18, 247—-262, 2006.
has highlighted the strength of the assimilation of spaceborn&hatfield, R. B., Guan, H., Thompson, A. M., and Witte, J. C., Con-
chemical observations in a CTM to study transport processes vective lofting links Indian Ocean air pollution to paradoxical
in th UT. This first step has opened important perspectives. South atlantic ozone maxima, Geophys. Res. Lett., 31, L06103,
First, the assimilation of CO MLS observations on longer doi:10.1029/2003GL018866, 2004.
time periods will allow us to study the variability of the trans- Clérbaux, C., George, M., Turquety, S., Walker, K. A., Barret, B.,
port pathways in the African and Mediterranean UT on in-  Bérnath, P., Boone, C., Borsdorff, T., Cammas, J. P, Catoire, V.,
traseasonal and seasonal timescales. A further step will also °ff€y: M., Coheur, P-F., Deeter, M., De Mazire, M., Drum-
consist in assimilating ®MLS observations to evaluate the mond, J., Duchatelet, P., Dupuy, E., de Zafra-’ R. Eddpqma’
. F., Edwards, D. P., Emmons, L., Funke, B., Gille, J., Griffith,
'mpaCt of the transport pathways UPO” the U3, On_p"?‘r' D. W. T., Hannigan, J., Hase, F., Hpfner, M., Jones, N., Ka-
ticular, the CO-Q relationship established from assimilated gawa, A., Kasai, Y., Kramer, I., Le Flochmon, E., Livesey, N. J.,
fields will provide a powerful tool to discriminate the origin Lpez-Puertas, M., Luo, M., Mahieu, E., Murtagh, D., Ndlec, P.,
of the air masses. Pazmino, A., Pumphrey, H., Ricaud, P., Rinsland, C. P., Robert,
C., Schneider, M., Senten, C., Stiller, G., Strandberg, A., Strong,
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